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ABSTRACT

Lu, Zexi PhD, Purdue University, December 2018. Multi-scale Simulations of Non-
equilibrium and Non-local Thermal Transport. Major Professor: Xiulin Ruan,
School of Mechanical Engineering.

Metallic components and metal-dielectric interfaces appear widely in modern elec-

tronics and the thermal management is an important issue. A very important feature

that has been overlooked in the conventional Fourier’s equations analyses is the non-

equilibrium thermal transport induced by selective electron-phonon (e-p) coupling

and phonon-phonon (p-p) coupling. It significantly affects many processes such as

laser heating and ignoring this phenomenon can lead to wrong or misleading pre-

dictions. On the other hand, as devices shrink into nano-scale, heat generation and

dissipation at the interfaces between different components start to dominate the ther-

mal process and present a challenge for thermal mitigations. Many unresolved issues

also arise from interfaces, such as the unexpected high interfacial thermal conduc-

tance (ITC) at metal-diamond interfaces. Both of these require a deep understanding

of the physics at interfaces.

Therefore in this work, I present multi-scale simulations in metals/dielectrics and

interfaces based on two-temperature model (TTM) and establish the new multi-

temperature model (MTM). The methods are combined with Fourier’s Law, molecular

dynamics (MD), Boltzmann transport equations (BTE) and implemented to predict

the thermal transport in several materials and interfaces where e-p coupling and p-p

coupling are important. First-principles studies based on density functional theory

(DFT) are also presented as predictive approaches to acquire the properties, as well

as investigating the new physical phenomenon of non-local e-p coupling in metals.

This research seeks to provide general, sophisticated but also simple simulation ap-

proaches which can help people accurately predict the thermal transport process. It
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also seeks to explore new physics which cannot be captured and predicted by conven-

tional analyses based on Fourier’s Law and can advance our understanding as well as

providing new insights in the current thermal analysis paradigm.

The first part of this thesis focuses on the non-equilibrium thermal transport

in metals and across metal-dielectric interfaces based on TTM. First of all, non-

equilibrium thermal transport in metal matrix composites (MMC) is investigated.

Metal particle is usually added to polymer matrix for enhanced thermal performance.

Here we apply TTM calculations and manifest a “critical particle size” above which

the thermal conductivity of the composite material can be enhanced. MD simula-

tions are performed to predict the thermal properties. TTM-Fourier and TTM-BTE

calculations are conducted as comparisons. The widely used Au-SAM (self-assembly-

monolayers) material pair is chosen to demonstrate our models. For a 1-D SAM-

Au-SAM sandwich system, the two calculation approaches present almost identical

results, and the critical particle size is 10.7 nm. A general interpretation of thermal

transport in sandwiched metal thin films between two dielectric materials is also pre-

sented. It is found that when the film thickness is on the order of several nanometers,

due to strong e-p non-equilibrium the thermal transport is dominated by phonons

and electrons hardly contribute.

Then the e-p non-equilibrium thermal transport across metal-dielectric interfaces

is investigated using TTM-MD. One possible explanation to the unexpected ITC

at metal-diamond interfaces is the cross-interface e-p coupling mechanism, which

is based on the hypothesis that electrons can couple to phonons within a certain

distance rather than just those at the same location. Therefore we extend TTM-MD

by modifying its governing equation to a non-local integral form. Two models are

proposed to describe the coupling distance: the “joint-phonon-modes” model and

the “phonon-wavelength” model. A case study of thermal transport across Cu-Si

interfaces is presented, and both models predict similar coupling distances of 0.5 nm

in Cu and 1.4 nm in Si near the interfaces. The cross-interface e-p coupling can

increase the ITC by 20% based on our models. Based on the results, we construct a
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new mixed series-parallel thermal circuit. It is shown that such a thermal circuit is

essential for understanding metal-nonmetal interfacial transport, while calculating a

single resistance without solving temperature profiles as done in most previous studies

is generally incomplete.

Inspired by the previous work, we investigate further into the physics of non-

local e-p coupling. First-principles calculations based on DFT is used due to their

predictive feature without assumptions or adjustable parameters. By calculating the

e-p coupling in metal films of different sizes, we find that e-p coupling has size effect

which can only be explained by a non-local coupling picture. Results show that in Al,

electrons and phonons can couple to each other in a range of up to 2 lattice-constants,

or 0.8 nm. The coupling strength between electrons and phonons in adjacent atomic

layers still has 75% of that in the same layer. Comparative studies are also performed

on Cu and Ag. Results show that their non-local e-p coupling is not as significant

as in Al, with coupling distances of 0.37 nm for Cu and 0.49 nm for Ag. Similar

results in Cu and Ag also indicate that materials with similar electronic structures

have similar non-local e-p coupling properties.

In TTM, it is assumed that phonons are in thermal equilibrium and have a com-

mon temperature. In the second part of this thesis we go beyond TTM to investigate

the non-equilibrium between phonons as well. TTM is extended to a general MTM

with e-p coupling strength for each phonon branch. An averaged scattering lattice

reservoir is defined to represent p-p scattering. The thermal transport process in

single-layer graphene under constant and pulse laser irradiation is investigated. Re-

sults show that the phonon branches are in strong non-equilibrium. A comparison

with TTM reveals that MTM can increase the thermal conductivity prediction by 50%

and the hot electron relaxation time by 60 times. We also perform MTM simulations

on Si-Ge interfaces to investigate the effect of non-equilibrium thermal transport on

ITC. Results show that thermal non-equilibrium between phonons will introduce ad-

ditional resistance at the interfaces, which is similar with e-p non-equilibrium’s impact

on ITC at metal-dielectric interfaces.
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1. INTRODUCTION

1.1 Motivation

Nowadays as electronics shrink into nano-scale and operate with increasing vol-

umetric power consumption, thermal management in devices becomes an important

issue in advancing the technology. The thermal transport process in metallic systems

draws researchers’ attention as metal components and metal-dielectric interfaces ap-

pear widely in modern electronics, such as central processing unit in computers, hard

drives, heat-assisted magnetic recording (HAMR) devices and laser diodes [1–5]. A

very important feature in such systems is the coupled thermal transport between

electrons and phonons. For many applications, such as laser-matter interaction,

electrons and phonons can be driven into strong non-equilibrium due to selective

electron-phonon (e-p) coupling and phonon-phonon (p-p) coupling, and their respec-

tive temperature profiles significantly deviate from each other [6–8]. While this phe-

nomenon significantly affects processes such as hot electron relaxation and thermal

measurements in experiments, it has been largely overlooked in classical theoretical

analysis and previous studies. Therefore a fundamental understanding of the non-

equilibrium thermal transport is necessary for accurately predicting the physics and

performance of devices, thus providing guidance in designing such nano-structures.

Providing access to sophisticated but simple simulation tools which can capture the

non-equilibrium thermal transport feature will be beneficial for experimentalists and

engineers in a wide range of applications.

On the other hand, heat generation and dissipation at interfaces becomes dom-

inating at nano-scales. While the research into phonon thermal transport physics

has received extensive efforts and its physics has been well understood, the electron

counter part remains relatively ambiguous and there is plenty of space to research in
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depth. Many long-time unsolved debates are related to metal-dielectric interfaces, e.g.

the unexpected high thermal conductance at metal-diamond interfaces [9, 10]. The

experimentally measured interfacial thermal conductances (ITC) at interfaces such

as Pb-diamond and Au-diamond are significantly higher than their upper limits pre-

dicted by classical phonon transport theory. There have been two debating opinions

for such large interfacial conductance: 1) inelastic phonon scattering which is not ac-

counted for in the classical theory [10–15] or 2) cross-interface e-p coupling [9,16–20],

but no consensus has been reached. On top of that, the effect of the aforementioned

non-equilibrium thermal transport has not been demonstrated while an investigation

can potentially provide insights to understanding these issues. Therefore an investi-

gation into the interfacial thermal transport, which includes thermal non-equilibrium

feature and non-local e-p coupling, is important in gaining a deeper understanding of

the physics as well as shredding light upon the unsolved debates.

The major focus of this thesis is investigating the non-equilibrium and non-local

thermal transport in metals and at interfaces as well as developing simulation tools

accordingly.

1.2 A quick review of non-equilibrium and non-local thermal transport

In the area of thermodynamics, temperature is defined at locations which are in

local thermal equilibrium. Phonons, which are bosons and the particle representation

of lattice vibration, follow the Bose-Einstein distribution [21]:

n(h̄ω) =
1

e(h̄ω)/kBT − 1
, (1.1)

where ω is the phonon frequency, kB is the Boltzmann constant and T is the temper-

ature. Electrons, which are fermions, follow the Fermi-Dirac distribution:

f(ε) =
1

e(ε−µ)/kBT + 1
, (1.2)

where ε is the electron energy state. A local thermal equilibrium means there is a

common temperature T that can be applied to Eqs. (1.1) & (1.2), which is also the
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apparent temperature we can observe through measurements. Many classical thermal

theories and techniques, such as the acoustic mismatch model (AMM), diffuse mis-

match model (DMM) and heat diffusion equations, are based on the assumption of

local thermal equilibrium, and have been successful in analyzing and predicting the

thermal transport process in many materials [22]. Non-equilibrium thermal transport,

on the other hand, involves thermal states not in local equilibrium, which cannot be

described by Eq. (1.1) or (1.2). All materials have multiple phonon branches. Most

metals with a face-centered cubic (FCC) unit cell have 3 phonon branches, while many

semiconductors such as Si, Ge and semi-metals such as graphene and graphite have

6 phonon branches, and composites can have 9 or more phonon branches. Phonons

belonging to different branches have different vibration patterns and physical proper-

ties. As a result different phonon modes and electrons in the material can be driven

into non-equilibrium under certain conditions. It has been shown that in many appli-

cations, such as laser-matter interactions, heat transfer across metal-dielectric inter-

faces, high-energy irradiation in nuclear reactors or space and hot electron relaxation

in solar cells, local thermal non-equilibrium is observed to dominate the physical pro-

cess [7, 23–30]. For example, due to the different e-p coupling strength of different

branches, during an ultrafast laser heating process, the amounts of energy received

by different phonons from the electrons vary and they will not have a common tem-

perature, as is shown in Fig. 1.1 [6]. When heat transfers across a metal-dielectric

interface, electrons and phonons have different transmission coefficients which will

induce an e-p non-equilibrium near the interface [24,31]. Under such conditions, elec-

trons and different phonon branches have different temperatures and Eqs. (1.2) &

(1.1) have to be applied to them separately. If an analysis based on local thermal

equilibrium is still applied, one may get wrong or misleading results. For example, in

a device under non-equilibrium thermal transport, some of the phonons can be much

hotter than the others, leading to non-thermal failure although the average lattice

temperature is still within the damage threshold [25, 32]. Therefore a fundamental

understanding of the non-equilibrium thermal transport is necessary for accurately
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Figure 1.1. Illustration of the ultrafast laser heating and hot electron
cooling processes in aluminum in Ref. 6. The temperature profiles are
predicted from calculations with fitted parameters matching the experi-
mental data. The 3 different phonon branches have different temperature
due to their different coupling strength to the electrons.

predicting the physics and performance of devices, thus providing guidance in design-

ing such nano-structures.

The observation of thermal local non-equilibrium dates back to as early as during

the laser experiments decades ago where electrons and phonons were found to be at

different temperatures and couple to each other [33–36]. Since then local thermal

non-equilibrium is known to appear in a wide range of thermal processes. While so

far it is not possible to directly measure the temperatures of electrons and different

phonon modes, the thermal non-equilibrium is often confirmed through their effect

on the observations. For example, it is reported that in metal thin films sandwiched

between dielectrics, the measured thermal conductivity is almost identical to that

of the lattice while electrons hardly contribute [37]. This is due to the e-p non-
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equilibrium at the metal-dielectric interfaces. The observation of the “hot phonon

bottleneck”, which causes the hot electron cooling rate in solar cells to be much

smaller than predictions based on local equilibrium assumption, is caused by p-p non-

equilibrium induced by selective e-p coupling [14,28], as is shown in Fig 1.2. Similar

phenomenons have also been observed in laser experiments such as the pump-probe

measurements, as well as materials under multiple forms of irradiation in nuclear re-

actors and space [7,8,29,30,38–46]. However, despite being well-acknowledged about

its existence, the significance of non-equilibrium thermal transport is not well under-

stood. A quantitative understanding of the effect of local thermal non-equilibrium

on the heat transfer process cannot be achieved by experiments alone due to the

absence of techniques to acquire the resolved temperature profiles. For example,

the reported values of the thermal conductivity of single-layer graphene (SLG) range

from 600 W/mK to as high as 5800 W/mK [47–51]. While non-equilibrium thermal

transport is supposed to exist in Raman spectroscopy measurements which involves

laser heating, experimental result cannot tell how much it causes the measured value

to deviate from the intrinsic one, nor its relative contribution compared with other

proposed mechanisms [52–55]. Therefore theoretical works are needed to compensate

the limitations of current experiments.

To complement the study of non-equilibrium thermal transport, numerical sim-

ulations are actively getting developed. The spectral Boltzmann transport equation

(BTE) is always a choice for rigorous solutions, but the high computation cost hinders

its possible wide application. Simplified BTE approaches based on approximations

have been applied to low dimension structures to predict the thermal transport process

including the resolved lattice temperature profiles [56–58]. To describe the e-p non-

equilibrium in metals, two-temperature model (TTM) which separates the electron’s

and phonon’s temperatures is developed [31, 59]. TTM is later extended to multi-

temperature model (MTM) which also accounts for the p-p non-equilibrium [6, 7].

Classical simulation approaches such as molecular dynamics, have also been com-

bined with models such as TTM or post-processing techniques such as modal analysis
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Figure 1.2. Illustration of hot electron cooling process under different
laser intensity measured in experiment compared with TTM predictions in
Ref. 28. Symbols represent the experimental electron temperature cooling
curve while the dash line represents the TTM prediction. n0 denotes the
incoming photon density determined from laser power. It is clearly seen
that the actual cooling rate is much slower than prediction at high power
laser input.
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to manifest the non-equilibrium thermal transport [18, 24, 60, 61]. These simulation

approaches, along with the resolved temperature profiles they calculated, all demon-

strated the significance of local thermal non-equilibrium and its effect on heat transfer

in different applications. They have provided support for engineering analysis and

experimental interpretations, as well as predicting physical processes which have yet

to be realized in real applications.

1.2.1 Thermal non-equilibrium at interfaces between different materials

Thermal transport across interfaces between different materials has become a pop-

ular topic among the research community nowadays, especially when the system di-

mension is very small such as the nano-size electronic devices and multi-layer struc-

tures. At such scale, interfacial thermal transport dominates over the conduction

inside each material, and the prediction of interfacial thermal conductance is crucial

for the design and evaluation of these nano-structures.

When heat goes across the interface between two different materials, it will experi-

ence temperature discontinuity due to the lattice mismatch between the two materials

as well as surface conditions, etc. The ITC hB is defined as the ratio of the heat flux

J over the temperature jump 4T , and the thermal boundary resistance (TBR) RB

is defined as the inverse of hB:

hB =
J

4T
,RB =

1

hB
(1.3)

RB is determined by many factors as mentioned above. If we consider an ideal

interface while isolating the surface conditions and external forces, then RB is only

determined by the lattice and electronic properties of the two materials.

Traditional AMM and DMM approaches have been widely used due to their sim-

plicity, and have proved to be successful in the prediction of ITC at low temperatures

(<100 K) [22]. However, usually they are applied while assuming local thermal equi-

librium with a single temperature profile, which can lead to potential inaccuracy as

have been demonstrated by several studies investigating the discrepancy between ex-
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perimental measurements and theoretical predictions [9–14, 62]. Efforts have since

been put into studies focused on the non-equilibrium thermal transport across inter-

faces. Therefore in this section, we will review the works done on this topic.

Electron-phonon non-equilibrium at metal-dielectric interfaces

Metal-dielectric interfaces appear widely in modern devices. While the thermal

transport in dielectric is mostly through lattice vibration, or the phonons, the thermal

transport in metals is complicated by the coupled transport between electrons and

phonons. At these interfaces, usually electrons are considered as not transmittable

to the dielectric while phonons can transfer energy between the two materials. This

will cause e-p non-equilibrium near the interface even if the system is in steady state,

which has been demonstrated to have a strong impact on the interfacial thermal

transport [18, 24,59,63,64].

The effect of e-p non-equilibrium has been explored in experiments at 1 K more

than 30 years ago [65]. In principle, the theoretical prediction could be achieved

through rigorously solving BTE, but the cumbersome calculations hinder its appli-

cations. Practical prediction methods had been absent until the introduction of the

Fourier TTM by Majumdar and Reddy [31].

In metals, electrons contribute to most of the thermal transport while phonons

also play a non-negligible part. The two types of energy carriers can easily be driven

into non-equilibrium through their different interaction with external excitations or

different boundary conditions. Usually this e-p non-equilibrium has significant effect

on the thermal transport process. In TTM, electrons and phonons are described as

two interacting subsystems with their own temperatures [31]. The governing equa-

tions are:

Ce
∂Te
∂t

= ∇(ke∇Te)−Gep(Te − Tp),

Cp
∂Tp
∂t

= ∇(kp∇Tp) +Gep(Te − Tp).
(1.4)
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Eq. (1.4) describes the two channel-coupled energy transfer process in metals, where

their interaction is determined by the coupling factor Gep and their temperature dif-

ference. Here e and p refer to electron and phonon respectively. T is the temperature

while t is time. k and C refer to the thermal conductivity and volumetric heat capac-

ity of the energy carriers respectively. Eq. (1.4) allows us to calculate the analytic

solution for the temperature profiles. At a 1D metal-dielectric interface, usually elec-

trons are considered as insulated while phonons can transfer energy between the two

materials. The different boundary conditions are as follows:

− knonmetal
∂Tnonmetal

∂x
|x=0 = −kp,metal

∂Tp,metal
∂x

|x=0 = J,

− ke,metal
∂Te,metal
∂x

|
x=−L

2

+
0

= 0.

(1.5)

x = 0 denotes the position of the interface. The different boundary conditions will

cause the two temperature profiles to deviate from each other near the interface,

resulting in the so-called e-p non-equilibrium, as is shown in Fig. 1.3. This presents

an extra temperature jump in addition to the one introduced by the p-p coupling RBd,

and can be conceived as an additional TBR Rep in series with the phonon coupling

resistance. Wang et al has derived an expression for Rep by solving Eq. (1.4) while

taking the extreme limit when the film is infinite large so that electrons and phonons

are in thermal equilibrium away from the interface [24]:

Rep =
1

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 . (1.6)

TTM has since been widely applied in both experimental and modeling studies of

metal-dielectric interfaces. Generally the studies have consistent results with the the-

oretical TTM prediction, that the e-p non-equilibrium introduces thermal resistance

at metal-dielectric interfaces. Li et. al. applied TTM to interpret their experimental

results of thermal conduction in Mo-Si multilayers with period below 10 nm [37]. The

e-p non-equilibrium is reported to be responsible for the low thermal conductivities

k measured, which is almost identical to the materials’ lattice portion kp. A later
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Figure 1.3. Illustration of e-p non-equilibrium near a metal-dielectric
interface derived from TTM in Ref. 31. Electrons are insulated from
entering the non-metal therefore have a flat curve near the interface. Their
energy is dumped to phonons and transferred to the other side. The e-p
non-equilibrium results in an additional TBR in series with the p-p TBR.
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study of Lu et. al. applied TTM in metal nanoparticle-polymer matrix, and derived

a more general form of Rep [59]. Their analysis shows that due to e-p non-equilibrium

the thermal conduction in metal thin films sandwiched between dielectrics is domi-

nated by phonons, which is consistent with Li’s work. TTM has also been combined

with effective medium theory (EMA) in modeling random size-metal nanoparticle-

composite materials in higher dimensions [66–69]. Consistently the addition of e-p

non-equilibrium to the original p-p TBR will further reduce the prediction of the

effective k of the composite material. In a series of their works, Wang and Lu im-

plemented TTM in molecular dynamics, adding the electronic participation in the

classical atomic simulation tool while keeping its advantage in modeling complicated

lattice vibrations [18, 24]. By modifying the model of Duffy and Rutherford [60],

they enabled TTM-MD simulations in non-periodic systems. The simulation results

of ITC at Cu-Si and Cu-graphene interfaces show that Rep usually have comparable

value with the p-p TBR, accounting for 30% to 70% of the total TBR. Simplified

TTM-BTE in 1D has also been solved practically using the equation of phonon ra-

diative transport (EPRT) and lattice Boltzmann methods [63,64]. In addition, TTM

is also extended to “three temperature model” with fitted parameters from experi-

ments to describe the cross-interface e-p coupling at Au-Si and Au-glass interfaces in

the studies of Hopkins et. al. [16, 70]. Recently models extended from TTM which

not only separates the electrons’ temperature from phonons, but also resolves the

temperatures of different phonon branches, have also been developed. This will be

discussed in more details in the later sections.

Phonon-phonon non-equilibrium at dielectric-dielectric interfaces

Besides e-p non-equilibrium at metal-dielectric interfaces, p-p non-equilibrium also

exists. When heat transfers across the interface between two different materials, dif-

ferent phonon modes have different transmission coefficients, which will result in a

thermal non-equilibrium similar to the e-p non-equilibrium at metal-dielectric inter-
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Figure 1.4. Illustration of phonon thermal non-equilibrium induced by
different transmission at an SLG-BN interface from Ref. 61.

faces. This phenomenon has been manifested in Ref. 61. As is shown in Fig. 1.4,

the temperatures of different phonon branches deviate significantly from each other

at an SLG-BN interface.

Conventional analysis of ITC between two dielectric materials is based on AMM

and DMM. In this study we will mainly introduce the DMM because it is more appli-

cable to interfaces between two dissimilar materials with significant lattice mismatch.

In DMM, only elastic phonon scattering is taken into consideration, which means

phonon frequency will not change during the interfacial scattering, and phonons lose

information of their original incident angle when they transport across the interface,

and the transmission and reflection rates have the following relationship:

t12 = 1− r12,

t12 + t21 = 1.
(1.7)

The detailed balance has to be satisfied to ensure energy conservation:

ΣD1(ω)vg1n(ω, T )h̄ωt12(ω) = ΣD2(ω)vg2n(ω, T )h̄ωt21(ω), (1.8)
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where D is the phonon density of states (DOS), n is the Bose-Einstein distribution,

ω is the phonon frequency, vg is the phonon group velocity. The summation is over

all the phonon branches in the entire frequency range. If we take the infinitesimal

temperature difference limit at the interface, then hBd can be expressed as follows

[22,71]:

hB =
∂ΣD1(ω)vg1n(ω, T )h̄ωt12(ω)

∂T
(1.9)

Eq. (1.9) is also known as the Landauer approach, which will be introduced in

Chapter 8. There is also a term defined as the radiation limit hR, which is the ITC

derived from DMM with the transmission set to unity:

hR =
∂ΣD1(ω)vg1n(ω, T )h̄ω

∂T
(1.10)

The physical significance of hR is the conductance when all the phonons incident

from one materials enters the other material without being reflected. It is also the

theoretical upper limit of hB when only elastic phonon scattering is considered.

DMM has been successful in predicting the ITC between materials, especially the

pairs with large lattice mismatch. In addition to dielectric interfaces, it is also applied

to metal-dielectric interfaces because conventionally metal electrons are considered

as insulated from entering the dielectric side, therefore only cross-interface phonon

scattering exists. However, local thermal equilibrium for phonons is assumed through

the entire analysis, which ignores some physics and can potentially lead to wrong

results. Therefore it is necessary to investigate the significance of phonon thermal

non-equilibrium at dielectric interfaces and accordingly develop a simple and general

simulation tool.

Simplified BTE based on relaxation time approximation (RTA), which greatly

reduces the calculation needed, has been applied in 1D Si-Ge superlattice [72]. The

p-p transmission at the interfaces are calculated by phonon branch-resolved DMM.

Their results clearly demonstrate the p-p non-equilibrium at Si-Ge interfaces induced

by different phonon transmission. Similar with e-p non-equilibrium, the p-p non-

equilibrium also introduces thermal resistance. Incorporating p-p non-equilibrium will
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predict a lower ITC than a simple DMM or AMM result based on local equilibrium

assumption.

MD has also been applied to investigate p-p non-equilibrium at dielectric inter-

faces. However, despite MD’s advantage in practically modeling complicated lattice

vibration physics, acquiring the resolved temperature profiles needs additional post-

processing of simulation data. In the study of Feng et. al., MD simulation are

performed on several systems made of different materials including an SLG-BN in-

terface [61]. Spectral analysis is then performed to calculate the temperature of each

phonon branch [73, 74], as is shown in Fig. 1.4. The optical phonon modes have sig-

nificantly larger interfacial temperature jump than the acoustic phonons, especially

the ZO phonons whose band overlap in the phonon dispersions of SLG and BN is

negligible. The results are consistent with the expectation that p-p non-equilibrium

can be induced by their different transmission at the interface. In a later MD study

conducted by An et. al., simulation is performed across an SLG-SLG interface [75].

Phonons are divided into two groups: in-plane (IP) phonons (LA, TA, LO and TO

phonons) and out-of-plane (OP) phonons (ZA and ZO phonons), and in one SLG only

in-plane vibration is allowed thus removing ZA and ZO phonons in that side. A spec-

tral analysis revealed similar IP-OP non-equilibrium with the e-p non-equilibrium at

metal-dielectric interfaces, which is as expected since an analogy of IP-OP coupling

to e-p coupling can be made with similar boundary conditions. Their results also

showed that IP and OP phonons have weak coupling, so that their distributions will

not be significantly affected by the scattering and the application of RTA is validated

in SLG.

While all these previous works have manifested the p-p non-equilibrium at dielec-

tric interfaces, a quantitative analysis of its significance, i.e. how much percentage

error of TBR will occur without considering the local thermal non-equilibrium, is still

absent.
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1.2.2 Electron-phonon and phonon-phonon non-equilibrium in materials

under irradiation

In addition to local thermal non-equilibrium induced by difference transmission

at interfaces, it also exists in single materials. For example, in metallic materials

under laser irradiation, electrons are heated up first which subsequently heat up the

phonons through e-p coupling. It has been demonstrated that different phonon modes

have different coupling strength to the electrons, and this selective e-p coupling can

cause significant non-equilibrium among phonons. Similar phenomena have also been

observed in metals under other forms of irradiation, e.g. ion irradiation in nuclear

reactors and space. TTM has been successful in resolving the electron’s temperature,

but phonons are still assumed to be in local equilibrium. The fact that the hot electron

cooling rate measured by experiments is significantly slower than TTM prediction

indicates that more elaborate analysis is needed [6, 28].

Similar with the calculation of e-p non-equilibrium, spectral BTE can provide

rigorous solutions, but is hindered from practical application by its cumbersome

mathematical calculations. A work-around of this issue is the application of RTA,

which assumes the scattering between particles does not affect the their distributions.

Based on RTA, Chen et. al. developed the spectral BTE in dielectric materials which

greatly simplifies the phonon scattering calculation and can resolve the steady-state

temperature profiles of different phonon modes in thin films with fixed boundary tem-

peratures [56, 57]. A more recent work by Sadasivam et. al. utilized first-principles

BTE to model the hot electron cooling process in several semiconductors [58]. Their

results showed that the hot electron cooling time is 1-15 ps longer than the simple

TTM prediction, which is consistent with experimental observations. A generalized

TTM was proposed to take into account the phonon thermalization.

Besides BTE, models beyond TTM has also been developed. By extending TTM

to also include p-p coupling, Waldecker et. al. proposed a model similar with

RTA BTE but has the same calculation simplicity as TTM. Symmetric p-p cou-
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pling strength is assumed for all phonons and the parameter is acquired by fitting

the temperature cooling curve to their experimental data. Though based on hypothe-

ses, their model is successful in manifesting the local non-equilibrium among acoustic

phonons in metal, which matches their corresponding pulse laser heating experiment.

A contemporary work by Vallabhaneni et. al. implemented RTA in a similar model,

and extended TTM to a general MTM, which can model non-equilibrium thermal

transport with thermal properties acquired from first-principles calculations [7]. The

governing equations of MTM are:

Ce
∂Te
∂t

= ∇(ke∇Te)−
∑

Gep,i(Te − Tp,i),

Cp,i
∂Tp,i
∂t

= ∇(kp∇Tp) +Gep,i(Te − Tp,i) +Gpp,i(Tlat − Tp,i),

i is the index of phonon branches.

(1.11)

Compared with Eq. (1.4), the e-p coupling term is modified to a branch-resolved

form and a p-p coupling term is added for each phonon branch. Here i is the index

for phonon branches, and Gep,i is the coupling factor between electrons and phonon

branch i. The summation of Gep,i over all the phonon branches will lead to the e-p

coupling factor Gep in TTM: ∑
Gep,i = Gep. (1.12)

The p-p scattering is represented by the coupling between each phonon branch and

the “scattering lattice reservoir” which is represented by an averaged Tlat. It is an

analogy of the e-p coupling using RTA based on the assumption that the p-p scattering

has negligible effect on phonon distribution and phase space. Gpp,i is the p-p coupling

factor between phonon branch i and the scattering lattice reservoir, which is calculated

using RTA from the following equation [76–79]:

Gpp,i =
Cp,i
τi
, (1.13)

where τi is the relaxation time of phonon branch i, and the scattering lattice reservoir’s

temperature Tlat is defined to ensure the energy transfer among phonon branches is

conserved: ∑
Gpp,i(Tlat − Tp,i) = 0. (1.14)
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Then by solving Eq. (1.11) numerically, we can obtain the transient and steady state

temperature profiles of the system with resolved electron and phonon branch temper-

atures. It can be seen that MTM in Eq. (1.11) is essentially a spectral treatment of

e-p coupling rather than the gray treatment in TTM in Eq. (1.4). A constant laser

heating process of SLG which represents the Raman Spectroscopy measurement was

simulated. Results showed great p-p non-equilibrium due to selective e-p coupling.

The predicted k in MTM is almost 2 times as large as that of a simple TTM [7].

Besides, TTM-MD can also be applied as the complicated atomic vibrations are

automatically included without ignorance of any phonon physics. During irradiation-

metal interactions, ions with high kinetic energy or electromagnetic waves come into

the material and get absorbed. The kinetic energy of the ions will be transferred to

the system through collision with lattice atoms and electronic stopping effects, or the

electromagnetic waves will be absorbed and excite the electrons, and either will gen-

erate significant e-p and p-p non-equilibrium. These processes appear widely in space

and nuclear reactors where materials are exposed to intensive irradiation, and a clear

picture of the non-equilibrium thermal transport process is necessary for researching

the damage endurance and reliability of the materials. TTM-MD has often been used

to simulate this process, and it has been shown the thermal non-equilibrium can con-

siderably reduce the damage production in these irradiated-metals [30,40,42–45,80].

1.2.3 Non-local thermal transport at metal-dielectric interfaces

In addition to the aforementioned potential inaccuracy caused by the assumption

of local thermal equilibrium, DMM also fails in predicting hBd at several metal-

diamond interfaces [9, 10], where the measured hR is significantly larger than hR,

indicating that elastic phonon scattering alone cannot explain the energy transport.

Generally two opinions emerge to provide explanations for this phenomenon. One

of the ideas is that this high hBd is caused by inelastic scattering where phonons

can split and combine and change their frequencies, which is not included in the
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Figure 1.5. MTM prediction of the resolved temperature profiles showing
e-p and p-p non-equilibrium induced by selective e-p coupling during a
Raman spectroscopy experiment Ref. 7.
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DMM model. An extended DMM approach has been proposed to include the inelas-

tic scattering portion of ITC and has been favored by many experimentalists [10–14].

Atomistic Green’s function has also been applied and suggests similar results [15].

On the other hand, because all these material pairs are metal-diamond interfaces,

it is proposed that metal electrons are able to couple to dielectric phonons across

the interface and introduced extra conductance, which is contrary to conventional

views. Several approaches, including extended lattice dynamics with electronic defor-

mation potential, first-principles calculations based on DFT, non-equilibrium Green’s

function (NEGF) and TTM-MD with non-local e-p coupling have been proposed to

describe this cross-interface e-p coupling [9, 16–20]. However, no consensus has been

reached as none of these hypotheses has been confirmed. Therefore in this thesis,

I will also present several studies focused on developing simulation tools as well as

manifesting the physics.

1.3 Methodology

1.3.1 Molecular dynamics

MD simulations provides atomic scale calculations that can be used to investigate

the properties of materials [81–84]. Using interatomic potentials and the lattice struc-

ture as inputs, the simulation provides a classical prediction of the atom behaviors.

MD is advantageous in that by simulating the movements of all atoms in the system,

it automatically includes many sophisticated physics such as inelastic phonon scat-

tering, etc. Many properties including physical, mechanical and chemical properties

can be directly acquired or derived from the simulation results. However, despite the

multiple advantages MD also has its limitations. First and foremost is that MD simu-

lation does not include electronic effects, therefore the electrical properties, including

electrical thermal conductivity and e-p coupling etc. cannot be modeled. Moreover,

a valid prediction of the material properties requires accurate interatomic potentials,

but developing potentials, especially for materials with complex lattice structures, is
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very difficult and the accuracy of the result is still limited by the approximated form

of the potential expressions. The first-principles MD can bypass this issue, but comes

with the cost of high computation demand [85]. Last but not least, the classical

simulation with no quantum effects also makes the result deviate from reality, e.g.

phonons in thermal equilibrium do not follow Bose-Einstein distribution. Neverthe-

less, MD still proves to be a useful tool in many cases and has drawn a lot of attention

among researchers.

Two-temperature model molecular dynamics

The original MD provides simulation for atoms, or phonons, while electrons are not

included. Therefore it is not fitted in performing simulation for a metallic system.

By combining MD with TTM, one is able to include the effect of electrons while

keeping MD’s advantages in simulating phonons. Originally developed by Duffy and

Rutherford [60, 86], the basic idea of TTM-MD is to represent electrons’ scattering

with phonons as an “friction force” added to the atoms in the simulation domain.

The system is first discretized into finite volume grids. And electron “gas” is added

to each grid with proper electronic properties. The electronic gas has its own thermal

diffusion, and atoms will interact with the gas in the same grid. The motion equation

for atom i becomes:

mi
∂vi
∂t

= Fi(t)− γivi + F̃i(t), (1.15)

where m and v are the atomic mass and velocity, Fi is the total force exerted on atom

i. γ is a friction factor representing the electron-phonon interaction, and it is related

to Gep as follows:

γi =
miGep

3nikB
, (1.16)

where n is the atom density. F̃i is a random force term commonly seen in Langevin

dynamics and has the following expression:

F̃i(t) =

√
24kBTeγi
4t

R̃i, (1.17)
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where4t is the time step in the MD simulation and R is a random vector [R1, R2, R3]

with each element ranging from -0.5 to 0.5. Then the coupling term in Eq. (1.4) can

be expressed as:

Ẽep = Gep(Te − Tp) = [−γivi + F̃i(t)]vi4 t. (1.18)

Then the electronic thermal diffusion and EPC mechanism has been successfully

added to MD simulations. TTM-MD has proved to be successful in predicting the

thermal transport in metallic systems [18,24,41,43,46].

1.3.2 Boltzmann transport equation and the gray lattice Boltzmann method

BTE provides a semi-classical approach to describe the statistical behavior of

thermodynamic systems [87, 88]. A general form of the governing equation describes

how the energy carrier’s population changes with the scattering, its momentum and

external forces. For example the governing equation for phonons is:

∂ni
∂t

+ v · 5rni + F · 5pni = (
dni
dt

)scatter, (1.19)

where n denotes the Bose-Einstein distribution function and i is the index for modes,

F is external force, r and p are the trajectory and momentum vector respectively.

The rigorous solution of Eq. (1.19) is very cumbersome, therefore for more practical

applications several simplification are often made and corresponding models are de-

veloped. RTA is commonly used to simplify the calculation of the scattering term on

the right side [56,77]

(
dni
dt

)scatter =
n0,i − ni

τi
, (1.20)

where n0 is the equilibrium distribution, and τ is the relaxation time of the particle.

Then Eq. (1.19) can be integrated over the frequency range to get its energy density

form:
∂ei
∂t

+ v · 5rei =
e0,i − ei

τ
. (1.21)

Eq. (1.21) is the more commonly-used form of BTE, which focuses on a physical

quantity that is more straightforward to acquiring the heat fluxes and temperatures
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in the calculation domain. Based on RTA and an analogy between phonon and

photon radiative transport, EPRT has been developed which expressed the phonon

energy flow in terms of radiation intensity [88,89]. The temperature profile calculated

from EPRT is usually non-linear, which deviates from Fourier’s Law prediction [90].

These simplified BTE approaches have since been widely applied in investigating the

phononic heat transport. It has proved to be successful in predicting the size effect of

thermal conductivity in thin films which the classical methods such as Fourier’s Law

fails to capture.

The Lattice Boltzmann method (LBM) is a discrete development of BTE, in which

the system is discretized into meshes [91–93]. The particles can only propagate to

the adjacent meshes in the allowed directions and the transport equation is solved in

these adjacent grids. While its computation cost grows exponentially with the size of

the simulation domain, and its accuracy also depends on the dimensions and quality

of discretion, LBM is still a practical approach in predicting the thermal transport

in thin films of low dimension. In a gray model under the Debye approximation, all

phonon branches are collapsed into one single dispersion with a constant propagation

speed, which makes it exceptionally suitable to apply the LBM. Under the gray model

assumption, Eq. (1.21) can be transformed into a single-mode form:

∂e

∂t
+ v · 5re =

e0 − e
τ

, (1.22)

In a 1D system, phonons can only propagate in two directions. They will be generated

in one grid and propagate to one of the two adjacent grids and collide with the phonons

generated there. If the grid size if set to be 4x, then the time step of the calculation

should be 4t = 4x/vx to ensure that phonons can only travel to the adjacent grids.

Then the discretized LBM equation can be written as:

ei(x+4x, t+4t) = (1−Wi)ei(x, t) +Wie0,i(x, t), (1.23)
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where i denotes the propagation direction, Wi = 4t/τ is a weight factor that sets

the contribution of ballistic and diffusive transport. The equilibrium energy density

e0 can be calculated as follows under isotropic assumption:

e0,i(x, t) =

∑d
i ei(x, t)

d
. (1.24)

So far the basics of LBM for phonons has been introduced. It can also be extended

to include electron effect similar with TTM-MD, which will be covered in the later

specific section.

1.3.3 First-principles method based on density functional theory

Density functional theory (DFT) is a computational quantum mechanical model-

ing method used to investigate the electronic structure of many-body systems. Many

first-principles calculations based on DFT has been developed to predict material

properties of interest, and among them is the e-p coupling factor Gep. The e-p cou-

pling strength originates from electron-phonon scattering, which can be described by

the Fermi’s golden rule (FGR) [94]

Pi→f =
2π

h̄
|〈f |H ′|i〉|2ρ. (1.25)

Eq. (1.25) describes the transition probability P from the initial state i to the final

state f , where H ′ is the perturbation matrix and ρ is the density of final states. Based

on FGR, the electron-phonon scattering rate can be calculated as:

γq =
2π

h̄

∑
k,k′

|Mkk′|2 × fk(1− fk′)[nqδ(εk − εk′ + h̄Ωq)− (nq + 1)δ(εk − εk′ − h̄Ωq)],

(1.26)

Here k and q refer to the electron and phonon wave vector respectively, f and n

refer to the Fermi-Dirac and Bose-Einstein distribution respectively, ε is the electron

energy and Ω is the phonon frequency. Mkk′ is the electron-phonon scattering matrix

element derived from the FGR:

Mkk′ =

√
h̄

2ωq
〈ψk|∂U |ψk′〉, , (1.27)
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where U is the self-consistent Kohn-Sham potential exerted on electrons. From Eq.

(1.26), the change rate of electron and phonon’s populations can be calculated:

(
∂fk
∂t

)ep = −2π

h̄

∑
q

|Mkk′ |2 × {fk(1− fk′)[(nq + 1)δ(εk − εk′ − h̄Ωq) + nqδ(εk − εk′ + h̄Ωq)]

− (1− fk)fk′ [(nq + 1)δ(εk − εk′ + h̄Ωq) + nqδ(εk − εk′ − h̄Ωq)],

(
∂nq
∂t

)ep = −4π

h̄

∑
k,k′

|Mkk′|2 × fk(1− fk′)[nqδ(εk − εk′ + h̄Ωq)− (nq + 1)δ(εk − εk′ − h̄Ωq)].

(1.28)

The factor 2 in Eq. (1.28) accounts for electron spin degeneracy. Then the energy

transfer rate can be calculated as:

∂Eep
∂t

=
4π

h̄

∑
k,k′

h̄Ωq|Mkk′ |2S(k, k′)δ(εk − εk′ + h̄Ωq). (1.29)

Here S(k, k′) = (fk − fk′)nq − (1 − fk)fk′ is the thermal factor. This ∂Eep/∂t cor-

responds to the coupling term Gep(Te − Tp) in Eq. (1.4), and can be used to derive

expressions for many e-p coupling parameters. More details will be given in the later

sections.

1.4 Objectives and Scope of Thesis

The major objective of this thesis is to uncover significant new physics associated

with non-equilibrium and non-local heat transfer in materials and across interfaces.

Meanwhile it also seeks to develop simulation tools which includes the correct physics

and is easily accessed by other researchers.

Chapter 2 represents an MD simulation of metal-polymer interfaces. The Au-SAM

(self-assembly-monolayer) is used as the case for study. The temperature profiles at

different temperatures are calculated, from which the ITC, thermal conductivity are

derived. We also changed the molecule length to observe the change of the interfacial

thermal properties with this factor. Then a TTM-MD simulation is conducted for

comparison. This work serves as a start work for the major work in Chapter 3.

Chapter 3 focuses on investigating the e-p non-equilibrium thermal transport in a

metal thin film sandwiched between two dielectric materials from a 1-D view. Clas-
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sical Fourier calculations and semi-classical BTE simulations are performed for com-

parison. The previous LBM is extend to include TTM. The results show that the two

methods present no difference in describing the thermal transport at such interfaces

despite the fact that BTE can capture the finite size effect at system boundaries with

thermal reservoirs while Fourier’s Law cannot. It is also confirmed that in metallic

films that is thin enough, electrons contribute very little to the thermal transport

compared with phonons regardless of their bulk thermal conductivities. The critical

thickness for metal films embedded in polymer matrix is also derived and its value is

on the scale of several tens of nanometers.

Chapter 4 focuses on extending the previous TTM-MD tool developed by our

group to include new physics at the metal-dielectric interfaces. A preliminary model

for non-local e-p coupling is proposed and implemented. As a result electrons can

couple to phonons within a certain distance, and metal electrons can interact with di-

electric phonons near the interface. Results show that the non-local coupling has triv-

ial effect on the thermal transport process in bulk metal, but the interfacial thermal

transport has obvious change because of the additional thermal transport channel.

Chapter 5 features work on first-principles calculations of the e-p coupling prop-

erties in bulk Cu. The Eliashberg theory is introduced in this part which serves as

the basis for the later works. The e-p coupling factor, e-p coupling spectrum and

normalized coupling strength are calculated and presented. The e-p scattering rate is

also calculated and is part of another work cited. Similar to Chapter 2, this chapter

also serves as a start work and is the foundation for the major work in Chapter 6.

Chapter 6 focuses on investigating the non-local e-p coupling in metals. This is

also the first study to present a first-principles calibration of this new physics based

on solid theory foundations. Based on the DFT and Eliashberg theory mentioned

above, new terms are defined and calculated to determine and describe the non-local

e-p coupling phenomenon in Al, Cu and Ag. Results show that the non-local e-p

coupling in Al is quite significant while weaker in Cu and Ag. And the effective

distance of non-local e-p coupling is typically on the range of 1-2 lattice constants
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(within 1 nm). This study also serves as a foundation for future investigation of non-

local e-p coupling at metal-dielectric interfaces. The results are promising because the

effective non-local coupling range is larger than the distance between surface atoms

at typical metal-dielectric interfaces.

Chapter 7 aims at investigating the effect of phonon non-equilibrium thermal

transport in metallic systems. TTM is extended to MTM with phonon-branch re-

solved e-p coupling strength, and p-p scattering is represented by each phonon branch’s

coupling to an averaged scattering lattice reservoir. A case study of thermal transport

in laser-irradiated single-layer graphene demonstrates the significance of our model,

as the non-equilibrium between phonons is strong and the predictions are significantly

different from TTM. Our model is expected to be generally useful for predictions and

simulations on many materials in a wide range.

Chapter 8 follows Chapter 7 and applies MTM to investigate the impact of phonon

non-equilibrium thermal transport at interfaces. A case study of thermal transport

across Si-Ge interfaces reveals that phonon thermal non-equilibrium will reduce the

prediction of ITC, similar with the effect of e-p non-equilibrium at metal-dielectric

interfaces.

Chapter 9 summarizes the work done during my PhD study and proposes the

future work that can be oriented.
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2. MOLECULAR DYNAMICS STUDY OF AU-SAM INTERFACES

2.1 Introduction

Recent developments in heat transfer area directs researcher’s attention to metal-

polymer interfaces. Among the wide variety of applications of metallic materials in

electronic devices, metal thin films and small metal particles are playing an important

role in multiple fields concerning heat transfer. The idea of adding a metal interlayer

at the interface between two materials has been well recognized and developed in many

studies, either to enhance or reduce energy transfer efficiency across the interface

[14,64]. Similarly, inserting polymer between substrate surfaces as a “filler” material

is also becoming more and more common to help adjust interfacial thermal properties.

On the other hand, there have also been studies focused on metallic systems, or the

metal matrix composites (MMC), which are used as thermal interface materials (TIM)

to enchance interfacial thermal transport. In MMC, metal is often combined with

another, often nonmetallic material, to create a novel composite material with desired

properties [95]. For instance, it has been reported that polymer or dielectric matrix

thermal conductivity can be significantly enhanced with metal particle inclusions [96].

In metal heat transfer process, not only phonons are involved, but also electrons

[21]. Several works on formulating the two-temperature model (TTM) [31] BTE have

already been carried out [63,64]. Combining their previous work with TTM, Miranda

et al. [67] derived an analysis for the effective thermal conductivity of particulate

composites with oriented spheroidal metallic particles embedded in a dielectric matrix.

In their following study, extended models which can account for composites in the

non-dilute limit were also derived later by means of crowding factor [69] and effective

medium approximation (EMA) [68].
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Both in MMC and systems with metal-polymer interlayers involve metal-polymer

interfaces. Therefore it is important for us to obtain a clear understanding of the

interfacial thermal physics and properties, which is necessary for providing us with

guidance in system and device design. In this study an 1-D non-equilbrium molec-

ular dynamics (NEMD) simulation is performed to predict the interfacial thermal

conductance (ITC) of Au-SAM (self-assembly-monolayer) junction at low and high

temperatures. The thermal conductivities are also derived from the temperature

profiles. It serves as a foundation for the works in the next chapter.

2.2 Classical molecular dynamics simulation

2.2.1 Simulation details

Conventional MD simulation has been done on Au-SAM junction by previous

studies, which provide reference for the structures and interatomic potentials. The

details can be found in Ref. [97–99]. The simulation domain, as is shown in Fig. 2.1,

features a “unit cell” of Au-SAM-Au-SAM-Au sandwich system, which has 32 SAM

chains of S-(CH2)8-S and contains 2624 atoms in the entire simulation domain. The

cross section area of the unit cell is 17.304× 20.0 Å2, and the length is 134.25 Å. The

length is along the z axis, along which heat flow will be applied. For Au, its [111]

direction is along z axis and SAM molecule chains grow along it as well. Periodic

boundary conditions are applied in all three dimensions. The system is first relaxed

under zero external pressure condition at 100 K for 0.3 ns, and then heat flux is

added to perform nonequilibrium MD simulation. Two heat flows of 3.2 × 10−8 W

are injected at the two ends of the unit cell and 6.4× 10−8 W is subtracted from the

center ensure energy conservation. The simulation runs for another 0.6 ns to get to

a steady state, and the temperature profile is sampled from which we can calculate

the thermal conductivity and ITC.
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Figure 2.1. Visualization of the Au-SAM-Au-SAM-Au unit cell used in
the NEMD simulation.
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Figure 2.2. Temperature profile of the SAM-Au-SAM sandwich system
in the MD simulation. The linear part of the profiles in each material is
extrapolated to the interface to calculate the temperature jump.
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Table 2.1.
ITC at Au/SAM junction with different molecule lengths

SAM molecule structure ITC

S-(CH2)2-S 253.81± 41.93 MW/m2K

S-(CH2)3-S 377.35± 31.48 MW/m2K

S-(CH2)4-S 310.50± 39.26 MW/m2K

S-(CH2)8-S 292.28± 17.71 MW/m2K

2.2.2 Results

The temperature profile of the simulation domain is shown in Fig. 2.2. The ITC

is defined as the ratio of the temperature jump 4T at a single Au-SAM interface

over the cross-interface heat flux J . Results show that the ITC of Au-SAM junction

is 292.28± 17.71 MW/m2K, which agrees with previous works [99–101].

The length of the molecule is also modified to observe the how the ITC will

change. Results are shown in Table. 2.1. It seems ITC changes with the length of

SAM when it is short while it converges to a relatively steady value after the chains

have more than 4 carbon atoms. The peak is at S-(CH2)3-S. The reason for this

is that modifying the molecule length changes the vibration modes in the molecule,

and S-(CH2)3-S has the best overlap with the phonon dispersion of Au, resulting in

a relatively high ITC [102].

2.3 Two-temperature molecular dynamics simulation

In addition to conventional NEMD simulation, a comparative TTM-NEMD sim-

ulation is also conducted at room temperature. All the lattice properties are set to

be the same with the previous simulation, while the electronic properties are set to

ensure the electrical thermal conductivity is 313 W/mK. To make it more feasible to

apply the TTM-MD code the simulation domain is also changed. The atoms in the
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two ends of the unit cell are fixed to zero force and velocity so that the PBC is broken

in the z direction, and heat flows in a monotonous direction in each unit cell. The

new unit cell is set to have a length around 20 nm, with 4064 atoms inside it.

The temperature profile of the middle Au layer is shown in Fig. 2.3. At 300 K,

the mearsured phonon ITC 349.3± 40.3 MW/m2K is higher than the previous result

at 100 K, whic again agrees with the results in Luo’s work [99, 101]. This is because

as temperature increases, the population of phonons available for interfacial thermal

transport also increases. More phonons’ participation result in a higher ITC. The

electron-phonon (e-p) nonequilibrium introduces an additional temperature jump at

the interface. The TBR Rep due to e-p nonequilibrium is measured to be 1.1× 10−9

m2K/W, which is comparable to the phonon coupling resistance Rpp of 2.9 × 10−9

m2K/W and should not be ignored. Therefore it justifies the necessity to use TTM-

MD for a more accurate prediction in future works. The lattice thermal conductivity

of Au is measured to be 6.37 W/mK while that of SAM molecule chain is 1.48 W/mK.

It is noteworthy that this value is a little bit higher than that of common polymer

materials. The reason is that these SAM molecule chains in the system are well

aligned. The neat structure ensures that the phonon propagation is smooth and

results in a reasonably high thermal conductivity. These results will be cited in the

later chapters.
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3. INVESTIGATION OF THERMAL TRANSPORT IN METAL THIN FILMS

BASED ON TWO-TEMPERATURE MODEL

3.1 Introduction

Nanocomposite materials are widely used nowadays due to their outstanding prop-

erties which cannot be achieved by single-phase materials. They can be implemented

in conditions where a high thermal conductivity is desired for heat dissipation, or

where a low thermal conductivity is desired for large thermoelectric figure of merit

ZT [103–106]. Besides, they play important roles in constructing controllable nanos-

tructures, such as nanowires, nanotubes, and nanoparticles [107]. Many practical

applications require us to optimize conflicting properties of materials to meet the de-

mands. This could often be achieved by combining materials of different properties

or adding one to another. Thus predicting the property of the composites and un-

derstanding the physics and mechanism become important. More than one hundred

years ago, Maxwell already presented theoretical method for calculating the effective

properties of particulate composites [108]. His pioneer work has served as basis for

many following studies through these years.

There have been a series of theoretical studies on the effective properties of com-

posite materials. The effective medium approximation (EMA) has been most widely

applied [109–112]. Hasselman and Johnson developed a Maxwell-Garnett model based

analysis for composites with different types of particle inclusions [113]. It was dis-

covered that the particle size could affect the effective thermal conductivity. Ben-

veniste [111] developed two methods to investigate particulate nanocomposites and

obtained consistent results. Every et al. compared Maxwell-Garnett model and

Bruggeman model and discussed the effect of particle size in the form of a length-unit

parameter: Kapitza radius [114]. By combining EMA with their multiple scattering
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theory, Nan et al. developed a model for arbitrary composites where they considered

thermal boundary resistance (TBR) in the form of a coated layer [115]. Duan et

al. derived an explicit expression for the effective thermal conductivity of hetero-

geneous media containing ellipsoidal inclusions. More recently they extended their

previous study to include the effect of imperfect bond between the inclusions and the

matrix as well [116, 117]. Yang and Chen [104] established the phonon Boltzmann

transport equation (BTE) to investigate the phonon thermal conductivity of aligned

nanowires embedded in a host semiconductor material. In this study the ballistic

effect at nanoscale was emphasized. In following studies Yang et al. [118–120] im-

plemented BTE and Monte Carlo (MC) simulation to analyze the thermal property

of nanowire composites. Ravi [121] developed an analytical model for thermal con-

ductivity in the longitudinal direction of two-dimensional nanocomposites made from

aligned nanowires based on BTE, and obtained results in excellent agreement with

Yang’s. Besides BTE studies, Minnich and Chen [122] included the size effect on ther-

mal conductivity of nanoparticles by introducing a modified effective medium theory

for nanocomposites with particle inclusions whose size is on the order or smaller than

the phonon mean free path (MFP). And based on Minnich and Chen’s work, Miranda

et al. [66] extended their theory for spheroidal inclusion and the results matched well

with BTE numerical simulations.

However, in these models only phonons are considered, so they are not expected

to work well for the metal-matrix composites (MMC) where electrons can make a

significant difference [95]. It has been reported that polymer or dielectric matrix

thermal conductivity can be significantly enhanced with metal particle inclusions [96].

In more recent studies, new methods and modified approaches are developed to take

into account these effects. In metal heat transfer process, not only phonons are

involved, but also electrons [21]. Several works on formulating the two-temperature

model (TTM) [31] Boltzmann transport equations (BTE) have already been presented

[63, 64]. Combining their previous work with TTM, Miranda et al. [67] derived an

analysis for the effective thermal conductivity of particulate composites with oriented
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spheroidal metallic particles embedded in a dielectric matrix. In their following study,

extended models which can account for composites in the non-dilute limit were also

derived later by means of crowding factor [69] and EMA [68].

The effect of particle sizes on the effective thermal conductivity has been investi-

gated by several studies above [67,114], but an explicit analytic solution considering

electrons’ effect has not been given. The critical radius has a significant effect on

the effective thermal property, therefore developing a useful model for predicting rc is

practical for guiding us in choosing the materials and sizes of particles when synchro-

nizing a composite material. Also, modern time domain thermal reflectance (TDTR)

experiments often involve metal-dielectric multilayers, and it will be beneficial to de-

velop analytical relations that are easy to use. In this study we combine molecular

dynamics (MD) with TTM-Fourier calculations to predict the critical thickness Lc

in 1D for metal particles embedded in polymer matrix. A general solution to TTM

that is applicable regardless of the size of the system is derived. SAM-Au-SAM case

study is presented as an example and TTM-MD simulation is performed to predict

the thermal properties for the inputs of the calculation. Based on the mathematical

equations and thermal circuit analysis, we propose a new approach to analyze the

thermal conduction in metal thin films sandwiched between dielectric layers, which is

more intuitive in explaining experimental and simulation results than previous models

under certain conditions [24]. Finally, several factors including the thermal conduc-

tivity, TBR and electron-phonon (e-p) coupling that can affect Lc are discussed.

3.2 Theory

Generally, metals have higher thermal conductivity than polymers. Therefore

when metal particles are added to polymer matrix, the thermal conductivity of the

replaced part is expected to be enhanced. However TBR is also introduced at the

same time. A 1D representation of this process is illustrated in Fig. 3.1. The

total resistance of the new composite is determined by the competition of the high
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Figure 3.1. The schematic of a 1D metal-polymer composite, where a
polymer layer is replaced with metal. Hence, the middle layer polymer
conduction resistance is replaced by metal layer conduction resistance and
the thermal boundary resistance at the two interfaces.

thermal conductivity of the replaced layer and the introduced TBR. Defining the

total resistance introduced by the metal middle layer as Rintro = Rmetal,c + 2RB, the

resistance change in Fig. 3.1 can be expressed as:

4R = Rintro −Rpoly,c. (3.1)

Here RB is the TBR which is related to the material properties such as lattice mis-

match, etc. Rmetal,c and Rpoly,c refer to the conduction resistance of metal and polymer

respectively, which depend on the middle layer thickness and their thermal conductiv-

ities. Therefore 4R also varies with these factors. In order to obtain a quantitative

analysis of the relationship between 4R and the middle layer thickness, expressions

for the resistances in Eq. (3.1) need to be derived.
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3.2.1 A general solution to two-temperature model equations for a metal

thin film sandwiched between two dielectrics

The interfaces in Fig. 3.1 are the metal/nonmetal interfaces. In metals, thermal

transport involves both phonons and electrons. We apply the two-temperature model

[24, 31] for analysis, where electrons and phonons are depicted as two interacting

subsystems with their own temperatures. Their interaction strength is described by

the coupling factor Gep. If we ignore all the external factors such as laser heating,

etc., the steady-state governing equations are:

ke
∂2Te
∂x2

−Gep(Te − Tp) = 0,

kp
∂2Tp
∂x2

+Gep(Te − Tp) = 0.

(3.2)

Here T , k denote the temperature and thermal conductivity respectively, e and p are

index for electron and phonon respectively. In dielectric materials, usually the elec-

trons’ effect can be neglected compared with phonons’ effect [24]. At the interface,

the cross-interface e-p interaction may also be ignored if the temperature difference is

not large (<1000 K) [70]. Based on the above assumptions, only phonons can trans-

fer energy across the interface while electrons cannot. In a polymer/metal/polymer

sandwich system as illustrated in Fig. 3.2, the boundary conditions are:

− kpoly
∂Tpoly
∂x
|
x=−L

2

− = −kp
∂Tp
∂x
|
x=−L

2

+ = J,

− kpoly
∂Tpoly
∂x
|
x=L

2

+ = −kp
∂Tp
∂x
|
x=L

2

− = J,

− ke
∂Te
∂x
|
x=−L

2

+ = −ke
∂Te
∂x
|
x=L

2

− = 0,

(3.3)

where J is the heat flux, kpoly is the thermal conductivity of polymer. Different

boundary conditions cause non-equilibrium between the two energy carriers in the

metal. As is illustrated in Fig. 3.2, electrons and phonons have strong non-equilibrium

near the interface where their temperatures deviate from each other. This will render

an extra interfacial resistance in addition to the phonon-phonon coupling resistance.

As a result the total TBR consists of two parts: RB = Rpp +Rep.
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Figure 3.2. Temperature distribution in a polymer-metal-polymer sand-
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considered while in the polymer substrates only phonons are considered.
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Rpp can be acquired by the several approaches such as acoustic mismatch model

(AMM), diffuse mismatch model (DMM) and MD simulations [22,83,123]. It can be

treated as a relatively constant value at a specific temperature. Therefore only Rep

needs to be derived. Combining Eq. (3.2) and (3.3), we can obtain an expression for

the temperature profile in the metal:

Te = Tmid −
J

kp + ke
x+

kp
kp + ke

Jd

kp

sinh( L
2d

)

sinh(L
d
)
· 2 sinh(

x

d
),

Tp = Tmid −
J

kp + ke
x− ke

kp + ke

Jd

kp

sinh( L
2d

)

sinh(L
d
)
· 2 sinh(

x

d
),

(3.4)

where

d =
1√

Gep(
1
ke

+ 1
kp

)
(3.5)

is the e-p coupling length. And Tmid is the temperature at x = 0, which is also the

center point of the metal middle layer where electrons and phonons reach thermal

equilibrium. The total resistance from x = 0 to x = L
2

+
can then be expressed as:

Tmid − TR
J

=
L
2

ke + kp
+
Tp|x=L

2

− − Tpoly|x=L
2

+

J
+

ke
kp + ke

d

kp
tanh(

L

2d
). (3.6)

Here TR is the temperature of the polymer at x = L
2
. Eq. (3.6) has the form of a

serial thermal circuit. Observing the right side of Eq. (3.6), the first term is the

definition of the metal conduction resistance from x = 0 to x = L
2
, while the second

and third term together is the TBR RB = Rpp + Rep. By noticing the fact that the

second term is exactly the definition of Rpp = 4Tp/J , we can obtain an expression

for Rep:

Rep =
1

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

L

2d
). (3.7)

Eq. (3.7) is generally applicable regardless of the metal film thickness. If we apply

the infinite large-system limit, Rep recovers the expression in Wang’s work [24].

3.2.2 The critical thickness Lc

With expressions for all the resistances in Eq. (3.1), 4R can be expressed as:

4R =
2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

L

2d
) +

2

hpp
+

L

ke + kp
− L

kpoly
, (3.8)
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where hpp is the phonon thermal boundary conductance (TBC) which is the inverse

of Rpp.

If we want to improve the heat conduction in the new composite material, 4R

must be negative so that the total resistance decreases. Observing the first-order

derivative of 4R, it can be shown that:

d4R

dL
<

2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 +

1

ke + kp
− 1

kpoly
. (3.9)

For most metals, the value of ke + kp is usually greater than 100 W/mK, and Gep is

on the order of 1 × 1016 W/m3K, while kpoly for most common polymer materials is

smaller than 10 W/mK. As a result the right side of Eq. (3.9) is always negative,

which means 4R decreases monotonically as L increases, from its maximum value of

2/hpp at L = 0. The critical thickness Lc is defined as the value where 4R crosses

zero, and L has to be larger than Lc to result in a negative 4R. Therefore:

2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

Lc
2d

) +
2

hpp
+

Lc
ke + kp

− Lc
kpoly

= 0. (3.10)

It is noteworthy that Lc only exists when kpoly < ke + kp, which is true for most

materials. The first term in Eq. (3.10) makes it difficult to get an explicit analytic

solution for Lc. However, we can simplify the equation by taking two extreme limits:

1) If Gep is very small, which is the case electrons and phonons have very weak

coupling:

d =
1√

Gep(
1
ke

+ 1
kp

)
→∞, Lc

2d
→ 0,

tanh(
Lc
2d

)→ Lc
2d
.

(3.11)

The first term in Eq. (3.10) evolves as:

2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

Lc
2d

) = 2d
ke

kp(ke + kp)

Lc
2d

=
keLc

kp(ke + kp)
. (3.12)

From Eq. (3.10) & (3.12), Lc is expressed as:

Lc =

2
hpp

1
kpoly
− 1

kp

. (3.13)
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It is the same result when electrons are not involved. In fact, if Lc/d < 1, which is

usually the case for metals with weak e-p coupling like gold (Lc/d = 0.5), the above

expression is still approximately valid, with an error within 10%.

2) If Gep is very large, which is the case that electrons and phonons have very strong

coupling:

d =
1√

Gep(
1
ke

+ 1
kp

)
→ 0,

Lc
2d
→∞,

tanh(
Lc
2d

)→ 1.

(3.14)

The first term in Eq. (3.10) evolves as:

2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

Lc
2d

) = 2d
ke

kp(ke + kp)
= 0. (3.15)

Then:

Lc =

2
hpp

1
kpoly
− 1

kp
1

1+rep

, rep =
ke
kp
. (3.16)

This is the case when electrons and phonons are in perfect equilibrium, indicating

electrons fully contribute to thermal transport. In fact, if Lc/d > 3, which is usually

the case for metals with strong e-p coupling like nickel (Lc/d = 4.1), the above ex-

pression is still approximately valid, with an error of 10%.

3) When Lc/d is between 1 and 3, the above two simplifications can no longer give

accurate results, and we will need to numerically solve Eq. (3.10) to get an accurate

solution. For a specific pair of materials, one can choose one from the above equa-

tions with hpp, kp and kpoly to estimate Lc first, and then check if Lc/d falls in the

corresponding range. If so then the approximation is valid, otherwise a more accurate

calculation is required.

3.2.3 Two-temperature lattice Boltzmann method

Based on the TTM governing equations, Eq. (1.22) is extended to its TTM form:

∂ep
∂t

+ v ·∆ep =
e0
p − ep
τ

+Qep,

∂ee
∂t

+ v ·∆ee =
e0
e − ee
τ

−Qep,

(3.17)
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The discretized governing equations are:

ep,i(x+4x, t+4t) = (1−Wi)ep,i(x, t) +Wie
0
p(x, t) +Qep,

ee,i(x+4x, t+4t) = (1−Wi)ee,i(x, t) +Wie
0
e(x, t)−Qep,

(3.18)

here i is the index for energy propagation directions. Wi = 4t/τ is a weight fac-

tor determining the contribution of ballistic and diffusive heat transport. e0 equals∑
ei/d. d is the dimension. The boundary conditions at the interface are described

by phonon transmission rate based on DMM theory [124], and electrons are as well

insulated:

epf,2(x0 +
4x2

2
, t) = t12epf,1(x0 +

4x1

2
, t) + r21epb,2(x0 −

4x2

2
, t) +Qep(x0 +

4x2

2
, t),

epb,1(x0 −
4x1

2
, t) = t21epb,2(x0 −

4x2

2
, t) + r12epf,1(x0 +

4x1

2
, t) +Qep(x0 −

4x1

2
, t),

(3.19)

where t12 and r12 are the transmission and reflection rate from material 1 to material

2 respectively, 4x1 and 4x2 are the unit cell lengths in material 1 and 2 respectively,

epf and epb refer to the phonon energy density flowing along and opposite to the

direction of heat flux respectively, and x0 is the position where the interface between

material 1 and 2 is located at. Therefore the original LBM is extended to become the

TTM-LBM which includes the electron energy transfer channel.

3.3 SAM-Au-SAM Case Study

In this section, we will present a case study of a gold thin film sandwiched between

aligned SAM chains. The Au-SAM interface has been investigated by several recent

studies which could provide benchmarks for our calculations [97–99]. A TTM-MD

simulation is performed first to predict the necessary thermal properties, and then

a TTM-Fourier calculation is presented based on the equations introduced in the

previous section, with a comparative study based on TTM-BTE using consistent

input properties.
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3.3.1 Two-temperature molecular dynamics simulations

The TTM-Fourier and TTM-BTE calculations require the following thermal prop-

erties as known inputs: the phonon TBC hpp, the thermal conductivity k and the e-p

coupling factor Gep. A TTM-MD simulation of a Au-SAM-Au-SAM-Au multilayer

system is performed to predict these values [18,24]. The total length of the simulation

domain is 134.25 Å, with a cross-section area of 17.304× 20.0 Å2 or 12 gold atoms in

the (111) plane of the face-centered cubic (FCC) unit cell. 16 SAM molecules form

the junction between each 2 adjacent gold layers. As a result, there are 2624 atoms in

the domain. Reference of the structure and interatomic potentials used can be found

in Ref. 97–99. The electronic properties of gold are taken as the common values at

room temperature. The system is first relaxed under zero external pressure condition

at 300 K for 0.3 ns, and then a heat flow of 3.2× 10−8 W is imposed in the direction

which is perpendicular to the interfaces. The non-equilibrium MD simulation runs

for another 0.6 ns to let the system get to a steady state. The final temperature

profile zoomed at the middle gold layer is shown in Fig. 3.3. From the results, hpp is

349.3± 40.3 MW/m2K. Although our hpp agrees reasonably well with previous theo-

retical predictions [99], they are significantly higher than reported experimental data

such as Refs. 125 and 126. This is probably because, for example, in simulations the

hydrogen atoms are incorporated into their carbon or sulfur backbones and are not

simulated explicitly; also the interfaces in simulations are perfectly bonded. Here we

present our results using the theoretical hpp, while the impact of lower hpp (or higher

Rpp) from experiments on Lc is discussed in Section IV.B. The lattice thermal con-

ductivity of Au is found to be 6.41 W/mK while that of SAM molecule chain ranges

from 0.9 W/mK to 2.4 W/mK, which also agree with previous literatures [127, 128].

It is noteworthy that this value is a little bit higher than that of common polymer

matrix. The reason is that these SAM molecule chains in the system are well aligned.

The neat structure ensures that the phonon propagation is smooth and results in a

reasonably high thermal conductivity.
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Figure 3.3. The temperature profile of the Au-SAM-Au-SAM-Au multi-
player system zoomed at the middle layer from the TTM-MD simulation.



46

Table 3.1.
Thermal Properties used in TTM-Fourier Calculation

Thermal Property Value

hpp 350 MW/m2K

kpolymer 1.48 W/mK

ke 313 W/mK

kp 6.41 W/mK

Gep 2.8×1016 W/m3K

3.3.2 Two-temperature model Fourier calculations

We have developed equations for estimating Lc in the previous section. However,

usually a more accurate result without approximations is desired. Then we need to go

back to Eq. (3.10) and acquire the solution through numerical methods. The detailed

parameters used for the Au-SAM-Au calculation are listed in Table 3.1. Based on the

TTM-MD simulation results, we assign hpp as 350 W/m2K for convenience. For the

thermal conductivity of polymer, we use our own averaged value of 1.48 W/mK, which

is reasonable compared with Chen’s result of 2.081 W/mK [128]. ke=313 W/mK and

kp=6.41 W/mK are the bulk thermal conductivities of gold. Gep=2.8×1016 W/m3K

is a commonly used value for gold [129]. The trend of 4R v.s. metal film thickness

is illustrated in Fig. 3.4. 4R decreases monotonically with the film thickness. And

when 4R = 0, which means the systems resistance is unchanged, we obtain the

critical thickness Lc = 10.8 nm. By comparing with the result Lc=10.96 nm given

by Eq. (3.13), we can see that Eq. (3.13) provides an excellent approximation for

metals with weak e-p coupling like gold.

The TTM-Fourier method’s prediction of the temperature profile of the entire sys-

tem is illustrated in Fig. 3.5. The metal film thickness is chosen as the critical thick-

ness for SAM-Au-SAM system. The electrons and phonons are in non-equilibrium
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Figure 3.5. Temperature profile of a SAM-Au (10.8nm)-SAM sandwich
system predicted by TTM-Fourier calculation. A zoom in profile of the
electron temperature is shown.

except at the middle point. Therefore it justifies the necessity to use our more general

Eq. (3.7) for Rep. The fitted temperature is almost identical to electrons’ tempera-

ture, which has a very flat profile, indicating a small electronic contribution to the

overall thermal conduction. This agrees with Li’s result which shows that in very

thin metal films phonons dominate the energy transport process [37].

A closer observation of Rintro v.s. L also reveals the fact that electrons hardly

contribute to the thermal conduction in a thin gold film. As is illustrated in Fig. 3.6,

at a thickness smaller than 20 nm Rintro mainly comes from Rpp, while its increasing

trend is mainly determined by Rep’s increase with L. The gradient of Rintro is very

close to 1/kp. This indicates the Rintro curve is almost identical to the straight

line with the expression of R(L) = 2Rpp + L/kp, which means the effective thermal
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tance due to interfacial phonon coupling Rpp 3) resistance due to e-p non-
equilibrium near the interface Rep. It is revealed that Rmetal,c comprises a
very small part. The majority of the resistance comes from Rpp and Rep.

transport process is the same as if there is only phonon participation. This stimulates

our proposal for a new analytic approach for thermal conduction in sandwiched metal

thin films, which will be discussed in the following section.

3.3.3 Two-temperature model Boltzmann transport equation calculations

We also conducted a comparative TTM-BTE calculation for comparison. The

input parameters for LBM simulation are listed in Table. 3.2. The phonon group

velocity for SAM is originally chosen as 2300 m/s, which is the phonon group velocity

of polythene [130]. We modified it a bit to 2620 m/s, which is twice as large as phonon
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Table 3.2.
Thermal Properties used in the TTM-BTE calculation

Thermal Property Value

vg,gold 1310 m/s

vf,gold 1.4× 106 m/s

vg,SAM 2620 m/s

Cp,gold 2.4897× 106 J/m3K

Ce,gold 0.0203× 106 J/m3K

Cp,SAM 0.3755× 106 J/m3K

τp,gold 6.0 ps

τe,gold 0.03 ps

τp,polymer 2.3 ps
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group velocity of gold, to simplify LBM calculation. In actual calculation, vg,gold ,

vg,SAM and vf,gold are corrected by a factor of 0.5 due to the dimension reduction

from 3D to 1D [131]. Ce,gold is approximated using Ce = 67.6 × T , where T is the

temperature [129]. And Cp,SAM is acquired from Ref. 130. The relaxation times are

acquired from common material properties and are adjusted to match the properties

used in TTM-Fourier calculation according to the thermal conductivity kinetic theory:

k =
1

d
vgΛC, (3.20)

where d is the dimension and Λ = vgτ is the phonon MFP. The simulation is conducted

controlling the heat flux going through the system: the heat flux is set to the same

used in the TTM-Fourier calculations.

The temperature profiles for TTM-BTE is shown in Fig. 3.7. The temperature

profiles are almost identical with that of TTM-Fourier calculations with differences

smaller than 1% in the entire simulation domain. As a result, the critical thicknesses

calculated are also approximately the same. For a SAM-Au-SAM system with the

input parameters as listed above, the critical thickness is approximately 10.6-10.8 nm.

3.4 Discussion

3.4.1 Factors affecting Lc

In this section we discuss several factors that can affect Lc based on Eq. (3.10):

1) Rpp, 2) Gep, 3) kp, 4) kpoly, and 5) rep.

1) Rpp comprises the most part of TBR when the metal film is as thin as ∼10 nm.

A larger Rpp will increase TBR thus increasing the critical thickness. For example,

if one uses the experimentally determined Rpp [125, 126] which is much higher than

the one we used in our previous calculations, the resulting Lc will be larger than 10.8

nm, but the general trend is the same and our conclusions are still valid.

2) Gep measures the e-p coupling strength and is directly related to Rep. A larger
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Figure 3.7. Temperature profile of a SAM-Au (10.8 nm)-SAM sandwich
system predicted by TTM-BTE calculation. Calculation is conducted to
match the heat flux used in TTM-Fourier calculation. A zoom in profile
of the electron temperature is shown. The resulting temperature profile
matches that of TTM-Fourier calculation.
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Gep will render a smaller Rep and thus a smaller TBR, resulting in a smaller critical

thickness.

3) kp dominates the thermal transport process in thin films as mentioned above. As

a result it is alomst identical to the effective thermal conductivity keff . When kp

increases, keff increases, Rep will decrease according to Eq. (3.7), hence the critical

thickness will be smaller.

4) kpoly is the thermal conductivity of the polymer matrix. A larger kpoly will increase

the difficulty for the metal film to compensate for the resistance increase due to

introduced TBR after the replacement. Therefore larger kpoly will result in larger Lc.

5) rep, which is the ratio of ke over kp, can affectRep as well as the thermal conductivity

of the metal film. If we keep kp as fixed, larger rep will increase ke+kp and also change

Rep (whether it will increase or decrease depends). Generally a larger ke is beneficial

and will result in a smaller Lc. The effect is more significant if the values of ke and

kp are comparable which means rep is around 1, especially for large Gep.

When we choose the filler material to add in the polymer matrix, two characteristic

properties are Gep and ke. Here we plot Gep and ke’s effect on Lc in Fig. 3.8 on

an arbitrary SAM-Au-SAM system to gain a more straight-forward insight. kp is

fixed at the value of gold’s lattice thermal conductivity, and ke is represented by the

normalized parameter rep. Lc decreases with larger Gep and larger ke. However ke’s

effect is only significant when ke is small and the impact vanishes as ke increases.

However metals usually have much larger ke than kp, so rep is not so significant in

controlling Lc.

3.4.2 The effective thermal conductivity of the sandwiched metal layer

So far we have assumed the thermal conductivity of the metal layer is still ke +

kp, while we lump Rep into the interface resistance. This is commonly done for a

single interface between semi-infinite metal and dielectric [24,31], since electrons and

phonons are in equilibrium in nearly the entire metal except for the short cooling



54

0 8 16 23 31 39 47 55 62
8.25

8.80

9.35

9.90

10.45

11.00

 

C
rit

ic
al

 T
hi

ck
ne

ss
 (n

m
)

rep 

Gep (1016 W/m3K)
           0
           2.8
           5.5
           24.5
           110
            

kp, gold=6.41 W/mK
kpoly=1.48 W/mK

Figure 3.8. Two main factors that can affect the critical thickness Lc:
Gep and ke. It is revealed that Gep has a significant effect on Lc. Lc is
sensitive to ke as ke is small (small rep) while it becomes insensitive as ke
becomes large.



55

region near the interface. However, it is not so intuitive for the sandwiched thin film

here since electrons and phonons are in strong non-equilibrium except for the mid-

plane, and the thermal conduction is dominated by phonons. Therefore, it is more

intuitive to start the metal layer as a phonon-only system, and investigate what effects

the electrons will bring. Therefore here we present an alternative analysis where we

define a new effective thermal conductivity of the metal layer while not assuming it

to be ke + kp anymore.

From Eq. (3.7), we can express Rintro as follows:

Rintro = 2Rep +Rmetal,c + 2Rpp =
2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

L

2d
) +

L

ke + kp
+ 2Rpp.

(3.21)

Previously we have treated Rep as part of RB. Here, we view the metal layer primarily

as a phonon system, so we only include Rpp in RB, while lump Rep into the conduction

resistance of the metal layer Reff . Therefore:

Reff = 2Rep +Rmetal =
2

(Gepkp)
1
2

(
ke

ke + kp
)
3
2 tanh(

L

2d
) +

L

ke + kp
, (3.22)

and then define the effective thermal conductivity of the metal film as:

keff =
L

Reff

=
ke + kp

1 + 2ke
L

[ ke
Gepkp(ke+kp)

]
1
2 tanh( L

2d
)
. (3.23)

The corresponding thermal circuit is shown in Fig. 3.9. And we can easily find that:

keff → kp, when L→ 0 or Gep → 0,

keff → ke + kp, when L→∞ or Gep →∞.
(3.24)

This indicates that: 1) in a sandwiched metal film that is very thin (or has very weak

e-p coupling), the effective thermal conductivity is identical to its lattice portion and

electrons are as if not involved at all. We call this the “thin limit”. And 2) when the

metal is thick (or has strong e-p coupling), the effective thermal conductivity recovers

the bulk value, and we call it the “thick limit”.

We expect that this interpretation, especially the thin limit, to be very useful for

experimentalists. In experiments Rpp is often treated as the only TBR [132]. It is
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Re, metal
Rep Rpp

Rp, metal

RepRpp

RfilmRpp Rpp

Figure 3.9. A new thermal circuit for a sandwiched metal thin film where
Rep is lumped into Reff .

then straightforward to match the measured values with components of the thermal

circuit in Fig. 3.9. If the thin limit applies, keff should become the lattice thermal

conductivity while not the bulk metal conductivity ke+kp, This provides an intuitive

way to check and interpret experiments.

A more detailed dependence of keff on the film thickness is illustrated in Fig. 3.10.

Gold is still taken as the example here. It can be observed that the thin limit is valid

when the thickness is much smaller than the e-p cooling length of 45 nm [24], as keff

remains below 110%kp when L is below 16.2 nm. In this range, which is usually the
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case for a metal thin film sandwiched between dielectric materials, our new approach

where Rep is included as part of the film conduction resistance is more intuitive. Our

model bypasses electrons’ effect and only requires lattice temperature measurements

for analysis, and the measured effective thermal conductivity keff is simply kp. As L

increases, keff starts to deviate from kp and eventually converges to ke + kp. For a

thickness larger than 10.2 µm, which is more than 200 times larger than the cooling

length, keff can be approximated as ke + kp with an error smaller than 10%. In this

range, which is usually the case when investigating an interface between two semi-

infinite blocks, the original thermal circuit where Rep is part of the TBR works better.

The experimentally measured keff can no longer be interpreted by kp. When L falls

in the transition region marked in Fig. 3.10, an accurate analysis requires utilization

of the exact form of Eq. (3.22) and investigation of the corresponding serial thermal

circuit.

3.4.3 Temperature discontinuity at the interface

Finally, we want to discuss the phenomenon that our BTE calculation at such

scale does not give result with size effect at the interface. Our calculations are all

conducted at the length scale of ∼10 nm. It is generally expected that the result of

BTE method would be different from that of Fourier method because BTE calculation

is able to predict the size effect at such length which is smaller than energy carriers

MFP. This is usually observed as an extra TBR at the boundaries in addition to Rpp

and Rep mentioned above. It has been suggested by multiple previous works, mostly

the EMA studies [122] and also some recent BTE works which compares equation

of phonon radiative transport (EPRT) and Fourier calculations [90]. However our

results show that the TTM-Fourier method and the TTM-BTE method match well

with each other.

From our BTE simulation results, for an SAM-Au-SAM system of 12 nm length,

the lattice temperature jump at the interface is 16.12 K and the heat flux is 6.08×1010
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W/m2, rendering a TBC of 377.18 MW/m2K. We also change the thickness of the

gold film from 2 nm to 30 nm under transmission boundary condition. The results

show that the TBC is a fixed value.

Now we want to compare our results from BTE method with DMM predictions.

From Eq. (1.8), we can obtain an explicit expression of the ITC in gray model:

hpp =
1
2
D1(ω)n(ω, Te1)vg1h̄ωt12 − 1

2
D2(ω)n(ω, Te2)vg2h̄ωt21

T1 − T2

=
1

2
vg1h̄ωt12D1(ω)

n(ω, Te1)− n(ω, Te2)

T1 − T2

.

(3.25)

Note here two new temperatures are introduced: Te1 and Te2. They are the tempera-

ture of the two phonon fluxes moving towards the interface. A factor of 0.5 is added

to the phonon DOS since only half of the phonon population is moving in each direc-

tion. This is different from the conventional Landauer approach because we are using

the temperature of each individual phonon flux, while the conventional approach only

uses the equilibrium temperatures, i.e. T1 and T2. This modified Landauer approach

has been described by Chen and presented in their related BTE works [133]. In 1D

gray model, Te1 and Te2 have the following expressions:

Te1 = T1 +
1

2
(Te1 − Te2)t12,

Te2 = T2 −
1

2
(Te1 − Te2)t21,

(3.26)

Combined with Eq. (1.7), we can get:

Te1 − Te2 = 2(T1 − T2). (3.27)

If the difference between Te1 and Te2 is infinite small, it is easy to see Eq. (3.25)

collapses into:

hpp = vg1h̄ωt12D1(ω)
∂n(ω, T )

∂T
= vg1t12Cp1. (3.28)

And in our gray model, where we assume the thermal properties of the materials are

independent of temperature, then Eq. (3.28) is applicable regardless of the difference

between Te1 and Te2.
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The properties of gold are taken from Table 3.2. From Eq. (1.7, 3.28) the phonon

transmission rate from SAM to gold t12 is 0.768, which renders a phonon TBC of

377.74 MW/m2K. This matches our BTE simulation result, and again agrees well

with our MD simulation results of 349.3±40.3 MW/m2K. This indicates that the

BTE predicted phonon TBC agrees with the DMM predicted value, and that there

is no additional TBR which is usually claimed to be the reason for size effect on

thermal conductivity. Our LBM equations and boundary conditions are all from

well-recognized previous works, and our simulations results show excellent agreement

with our theoretical models. Therefore we claim that our calculation is self-consistent

and the result is reliable.

It is worth noting that if we apply the conventional Landauer approach to calculate

the TBC in our model, it will give the same result with the modified approach. In

the conventional Landauer approach, Eq. (3.25) becomes:

hpp = vg1h̄ωt12D1(ω)
n(ω, T1)− n(ω, T2)

T1 − T2

. (3.29)

The factor of 0.5 is removed because the phonon flux is already the “averaged flux”

including the entire phonon population. It is then easy to see that Eq. (3.29) leads

to the same result with Eq. (3.28). The reason for this is that the modified Landauer

approach works better when the two materials are similar, i. e. t12 and t21 are similar

and close to unity. This is where the conventional Landauer approach fails and we

have to use the modified one. However, in DMM t12 and t21 are required to have a

unity summation due to the detailed balance principle, and under such condition the

modified and conventional Landauer approaches are the same. Therefore they can

both predict the same TBC in our simulations.

However it should be noted that we are only observing this disappearance of

size effect in the metal middle layer, which has “transmission” interfaces at both

ends. When we are looking at the boundaries in contact with thermal reservoirs,

size effect is still observed as there is a sudden jump in the temperature profile at

the boundary, and the effective thermal conductivity of the film is smaller than the

material’s bulk value. This is because the thermal reservoirs relax the phonons’
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Figure 3.11. Temperature distribution in a single material thin film with
different thickness. The temperatures at the two thermal reservoirs are
constant. At the boundaries the temperature jump can be clearly ob-
served, which agrees with previous works [90,124,134].

distribution when they hit the boundary, as is suggested by many previous BTE

works [90, 124, 134]. In order to further validate our result, we also benchmark our

BTE method by conducting simulations on a single material film under constant

temperature boundary conditions. Kn=Λ/L is the ratio of phonon MFP over the

length of the film. The temperature of the two thermal reservoirs are kept at TL=350

K and TR=250 K respectively, and the film thickness L is varied. The result is

shown in Fig. 3.11. This agrees well with previous related BTE works [90,91], which

indicates our approach is functioning correctly. Therefore, for a multi-layer system,

we only need to consider the size effect at the very two ends which are in contact with

thermal reservoirs, but do not need to consider this additional temperature jump at

the interfaces regardless of the system size and the number of layers.
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3.5 Conclusions

We have proposed TTM-Fourier and TTM-BTE approaches with input param-

eters from TTM-MD to predict the critical thickness Lc for metal particle-polymer

composite in 1D. A general solution to TTM for thermal transport in a metal film

sandwiched between dielectric materials is derived. As an example, Lc for 1D SAM-

Au-SAM system is calculated to be around 10.8 nm. Based on the theoretical equa-

tions, we define an effective thermal conductivity for sandwiched metal thin films and

propose a new thermal circuit analysis that are intuitive to interpret experimental

results. A detailed discussion on the applicable range of our model is presented. It

is shown that when the metal film is much thinner than its e-p cooling length (thin

limit), the effective thermal conductivity reduces to just the phonon part. For a metal

layer with large thickness (thick limit), the conventional thermal circuit is more ad-

vantageous, and the effective thermal conductivity recovers the metal bulk value. For

the thickness in between the two limits, our general TTM solution still provides an

accurate method for analysis. We also found Fourier and BTE calculations give iden-

tical results, indicating that in such multilayer system size effect does not exist in the

middle layers, and we do not need thermal conductivity corrections in such systems

except at the boundaries which are in contact with thermal reservoirs. This ensures

the possibility to simplify the calculation at nanoscales and to make more methods

applicable. Finally several factors affecting Lc are discussed, and it is discovered that

the thermal conductivity, TBR and the e-p coupling factor all play important roles

in determining Lc, which can provide us with a general guidance in the choice of

materials when synchronizing a new composite.
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4. TWO-TEMPERATURE MOLECULAR DYNAMICS SIMULATION OF

METAL-DIELECTRIC INTERFACES WITH NON-LOCAL

ELECTRON-PHONON COUPLING

4.1 Introduction

While the thermal transport at interfaces between dielectric materials have been

well studied because only phonon coupling is involved in this process, the one at

metal-dielectric interfaces is not fully conceived. Conventional TTM provides us

with an excellent picture of the temperature profile where electrons are considered as

insulated from entering the dielectric [24,31,135], but it also leaves us with questions.

As is mentioned previously, experiments show that the ITC is unexpectedly high at

several metal-diamond interfaces, indicating that physics in addition to elastic phonon

scattering is playing an important role in these cases.

Experiments have demonstrated that at room temperature, the ITC of several sys-

tems such as Pb-diamond and Au-diamond are much higher than the values predicted

by AMM or DMM models [9], indicating that mechanisms other than elastic phonon

transmission are important. Several explanations have been proposed, but no consen-

sus has been reached yet. One model, proposed by Overhauser [9], attributed the high

ITC to the coupling of metal electrons to the joint phonon modes formed at the in-

terface. This mechanism is interesting and plausible, while the size of the joint modes

region was approximated as the phonon mean free path without much justification.

Also, it is questionable to treat the coupling of electrons with joint phonon modes as a

single conductance channel without considering the phonon-phonon (p-p) resistance

inside the joint modes region. Detailed discussions of these issues are provided in

Sec. 4.4.2. Sadasivam et al performed first principles calculations and calculated the

Eliashberg function of a heterojunction supercell to obtain a thermal conductance
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due to the coupling between electrons and joint phonon modes, and concluded that it

cannot be neglected as compared to the p-p channel [136]. Sergeev proposed a Green’s

function-based model to calculate the cross-interface coupling factor hep under a gray

and diffusive assumption [137, 138]. In contrast, several other studies have shown

that this mechanism is not important at room temperature. Stoner and Maris ap-

plied time domain thermal reflectance (TDTR) technique to measuring the Kapitza

conductance between metal-dielectric interfaces from 50 K to 300 K, and claimed

that the high conductance is not due to electronic effects but inelastic phonon pro-

cess at the interface [11]. Cahill et al used metals with very different electron density

while keeping the other conditions similar, and observed similar ITC, supporting the

conclusion that electron-joint phonon modes coupling is insignificant [10, 12]. Other

experiments done by Hopkins et al [14] came to the same conclusion. The existing

TTM [31] and TT-MD [24] studies have also neglected cross-interface electron-phonon

(e-p) coupling. Such discrepancy warrants further theoretical and experimental in-

vestigation of the role of electrons. It should also be noted that when electrons in

the metal are driven strongly out of equilibrium, these high-energy electrons are at

very high effective temperature (>4000K) and can indeed interact with phonons in

the substrate directly [16, 70, 139]. Models such as the three-temperature model [16]

have also been developed to include the cross-interface e-p coupling mechanism for

such highly non-equilibrium situations.

In this study we extend our previous TTM-MD approach [24] by including the

cross-interface e-p coupling, in order to provide a simulation tool towards addressing

the debate. We choose TTM-MD since it can predict the temperature profiles and

include all the potentially important process in a single simulation, including elastic

and inelastic phonon scattering at the interface; e-p coupling inside the metal as well

as cross the interface. The goal of the current work is to introduce the approach and

the associated thermal circuit, rather than to assess the relative importance of these

processes that may well be system specific.
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4.2 Theory

4.2.1 A preliminary model for non-local electron-phonon coupling

The standard two-temperature equations and the resulting temperature profiles of

electrons and phonons across metal-nonmetal interfaces have been described in detail

in Refs. 24, 31, while the cross-interface e-p coupling was not considered. However,

the coupling of electrons in the metal with phonons in the dielectric is a possible

thermal transport channel. Such cross-interface e-p coupling is not well understood,

and previous treatments by Sergeev [137, 138] and Hopkins [16] are all based on the

idea of electron interacting with a geometric interface without volume, which could be

described by a Neumann boundary condition mathematically. However, recent studies

indicated that this electron-ion interaction is a long-range effect [140]. Therefore it is

more reasonable to consider the cross-interface electron-phonon (e-p) interaction as

a volumetric effect.

Here we modify the standard two-temperature equations to include non-local e-p

coupling. Our model is illustrated in Fig. 4.1, in which the entire system is divided into

four regions: A, B, C, and D. For simplicity, we still assume that the e-p interaction is

homogeneous in the metal, and the change of e-p coupling strength near the boundary

is ignored in the following analysis. Electrons in the nonmetal side are also ignored

due to their negligible contribution [24, 141]. The heat transfer process is considered

in 1D steady state condition.

Region A is the part of metal that is far away from the interface, hence the

standard TTM governing equations could be applied:

When x < −b,

ke,metal
∂2Te,metal
∂x2

− Sep,A(x) = 0,

kp,metal
∂2Tp,metal
∂x2

+ Sep,A(x) = 0,

(1a)

where k is the thermal conductivity of each carrier, and Sep,A (unit: W/m3) is the

internal volumetric heat generation due to e-p coupling.



66

Te
m
pe

ra
tu
re

Position x

 Tp

 Te

In
te
rfa

ce

Tp, nonmetal

Sep, B

Sep, A

x=0x=-b

CBA

Sei

Te, metal

Tp, metal

D

x=c

Metal Interfacial Region Non-metal

Figure 4.1. The four regions defined at the metal-nonmetal interface in
our analysis. Region A is the bulk metal region, while Region B and C
are the interfacial regions, and Region D is the bulk nonmetal region.
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Region B is the near-interface part of the metal, where electrons in the metal can

interact with phonons in both the metal (Region B) and the nonmetal (Region C).

In other words, there are both bulk and cross-interface coupling for electrons in this

region. The governing equations are:

When − b < x < 0,

ke,metal
∂2Te,metal
∂x2

− Se,B(x) = 0,

kp,metal
∂2Tp,metal
∂x2

+ Sep,B(x) = 0,

Se,B(x) = Sep,B(x) + Sei(x),

Sep,B(x) = Gep.metal[Te,metal(x)− Tp,metal(x)],

Sei(x) = Gei[Te,metal(x)− Tp,nonmetal].

(1b)

Here Gep and Gei (unit: W/m3K) are the bulk e-p coupling factor in the metal and

the effective cross-interface e-p coupling factor, respectively. Se,B includes two parts:

1) Sep,B is the volumetric heat generation due to bulk e-p coupling, and 2) Sei is the

volumetric heat generation due to electrons in B interacting non-locally with phonons

in C. The last expression provides a method to estimate this amount. Tp,nonmetal is set

as the average phonon temperature in Region C. The choice of Gei will be discussed

in Sec. 4.3.2.

In Region C, no free electrons exist, but phonons can interact non-locally with

electrons in B. Therefore the governing equation is:

When 0 < x < c,

kp,nonmetal
∂2Tp,nonmetal

∂x2
+ Sp,C(x) = 0,∫ 0

−b
Sei(x)dx =

∫ c

0

Sp,C(x)dx,

(1c)

where Sp,C is the volumetric energy source for phonons in the nonmetal, and its

relation with Sei is also expressed.
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Region D is the bulk part of nonmetal where heat is transferred by phonons, and

the governing equation is:

When x > c,

kp,nonmetal
∂2Tp,nonmetal

∂x2
= 0.

(1d)

So far we have derived the governing equations for the metal-nonmetal interface.

However, determining the size of regions B and C can be rather arbitrary due to

the poor understanding of cross-interface e-p coupling. Based on previous studies,

here we use two approximations respectively. The first is based on the “joint-modes”

concept proposed by Overhauser [9]. Although in their original model the size of the

joint modes region is the phonon mean free path, here we modify it to the region of

interface reconstruction according to our molecular dynamics results. The phonon

spectrum in this region varies gradually from the bulk spectrum of one material to

that of the other. This picture has been successfully used to gain more insights to

phonon interfacial transport [142,143]. In our work, electrons in the metal side of the

joint-modes region are assumed to interact with phonons in both sides of the joint-

modes region. Therefore Regions B and C together in Fig. 4.1 are the joint-modes

region, and the sizes can be predicted through MD simulations. It should be noted

that the size will depend on the interfacial bonding strength. For example, van der

Waals bonding leads to almost no joint modes region [143]. The other approximation

is the “phonon wavelength” model. Since phonon is a wave-particle dual descrip-

tion of lattice vibrations, it cannot be generated within a space that is smaller than

its wavelength in any dimension. Meanwhile, we notice that the e-p interaction is

non-local since the Coulomb interaction between electrons and nuclei is long-range.

Therefore each electron is assumed to interact with phonons within a distance of the

phonon wavelength on both left and right. At the interfacial region, electrons in the

metal can interact with phonons in the nonmetal up to a distance of the average

wavelength of the phonons in the nonmetal. Consequently the e-p coupling becomes

non-local throughout the entire system.
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4.2.2 Implementation in two-temperature molecular dynamics

We have previously employed TTM-MD to numerically solve the standard two-

temperature equations across metal-nonmetal interfaces [24]. Here, we modify the

TTM-MD approach to numerically solve the modified two-temperature equations de-

scribed in the preceding section. The simulation system is divided into grids using

finite volume method (FVM). Within a grid the atoms and the corresponding elec-

trons interact with each other through the coupling term according to TTM theory.

To implement the joint-modes model to our original TTM-MD, we assign a group

of atoms, i.e. Region C, in the nonmetal that will interact with electrons in the metal.

The size of Region C is determined by the size of the joint-modes region, which does

not have a definite standard in the literature. In our model, it is defined as the region

where the temperature profile becomes nonlinear in a phonon-only NEMD simulation,

as used in several previous studies [142,143]. In a typical NEMD simulation (such as

Fig. 4.4a and Fig. 4.4b in the later section), it is usually observed that the temperature

profile becomes nonlinear near the interface of two dissimilar materials, which is due

to interface reconstruction. The size of the reconstruction region is often affected

by many factors such as the interfacial bonding strength, the cutoff range of the

potentials used in the simulation, etc. In this study the size of this nonlinear region

based on our MD simulations is determined. At the interface, electrons in Region B

will have an additional interaction with phonons in Region C, which is added to the

FVM equation.

On the other hand, to implement the phonon wavelength model to our origi-

nal TTM-MD, the non-local e-p interaction is applied throughout the entire system.

Hence, the case is more complicated. In the FVM, electrons in each grid interact with

phonons in the same grid as well as in adjacent grids within a distance of one phonon

wavelength. This mechanism is illustrated in Fig. 4.2.

Each electron can couple to phonons in a region of 2λavg centered on the electron.

The bulk coupling strength is divided evenly into this region, so the overall effective
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Figure 4.2. Illustration of the non-local coupling mechanism. The system
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grids, and becomes zero in grids which are beyond the coupling range of
any electron.
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coupling factor stays the same. We provide a more specific explanation of this by

deriving a new expression for Sep,A in Eq. (1a). For each electron located at x0, Sep,A

can be expressed as:

Sep,A(x0) =

∫ x0+λavg

x0−λavg

Gep

2λavg
[Te(x0)− Tp(x)]dx. (4.1)

The expression for Sep,B is similar except that the upper limit in the integration has

to be changed,

Sep,B(x0) =

∫ 0

x0−λavg

Gep

2λavg
[Te(x0)− Tp(x)]dx. (4.2)

The size of Region B is chosen as the same as that in the joint-modes model. In this

way the same amount of electrons are involved in the cross-interface e-p coupling so

that these two models are more comparable.

4.3 Cu-Si case study and results

In this section, we will present TTM-MD simulation based on our models on the

copper-silicon solid interface system.

4.3.1 Simulation system

The Cu-Si system we study here is the same as in our previous work [24], which

is illustrated in Fig. 8.1. The system is set up initially with the periodic boundary

condition in all three dimensions. Both Cu and Si are in contact via their (100)

surface. The lattice parameters for Cu and Si are 3.61 Å and 5.43 Å, respectively,

and the cross-section of the system is 10×10 Si unit cells, or 15×15 Cu unit cells. As

a result there is 0.3% mismatch between Cu and Si lattice in the cross-section plane.

The length of the Si segment is 32 nm, while the length of the Cu segment is 96 nm.

The many-body Tersoff potential [144] and the embedded-atom method (EAM) [145]

potential are used for Si-Si and Cu-Cu interactions, respectively, and the interfacial

Cu-Si interaction is described by the Morse potential [146],

U = De[e
−2α(r−r0) − 2e−α(r−r0)], (4.3)
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Constant heat flux
Heat SinkHeat Source

Fixed endFixed end SiCu

Figure 4.3. Illustration of the simulation system. Black parts refer to the
fixed ends where atoms have no velocities. The red and blue parts are the
heat source and heat sink respectively. Heat flows in the direction per-
pendicular to the interface which results in 1D conduction. The periodic
boundary condition is applied in the other two directions.
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where De=0.9 eV, α=1.11 Å-1, r0=3.15 Å. Initially the system is relaxed under zero-

pressure using a Nose-Hoover thermostat [147] at 300 K for 0.3 ns, and then the fixed

boundary condition is applied in the x direction in which the heat flows. A layer of

two unit cells is fixed at each end. The atoms in these layers are set to zero velocity

and zero force so there is no atomic interaction in these regions. The thickness

of the two layers together is larger than the potentials’ cut off ranges. Therefore

the periodic boundary condition is transformed into the fixed boundary condition.

Then the system is switched to NEMD, where a constant heat flux of J=3.2×10-7

W is injected to the heat source region while extracted from the heat sink region, to

establish 1D conduction. TTM calculation is presented on the Cu block included in

this simulation domain. It is discretized into grids of 0.75 nm thickness for the FVM

calculation. The size of the grid is approximately the same as the average phonon

wavelength in Cu with a difference of 2%. Therefore in the phonon wavelength model,

electrons in each grid will interact with phonons in the same grid and also the two

adjacent grids, just as illustrated in Fig. 4.2. However, it should be noted that we

cannot specify the precise location of each electron or phonon within the grid, and

not all the electrons and phonons in two adjacent grids can interact with each other

(since the maximum distance between a pair of electron and phonon is 2λavg, e.g.

one phonon located at x = −3λavg/2 cannot interact with one electron located at

x = λavg/2). Therefore in order to correctly implement Eq. (4.1), we need to specify

the effective coupling strength to account for the actual number of interacting energy

carriers. As is shown in Fig. 4.2, Gep in one grid is divided into three parts: a

local effective 0.5Gep in the central grid itself, and a non-local effective 0.25Gep in

each of the two adjacent grids. In this way the simulation is fully consistent with

Eq. (4.1). The overall effective Gei in Region C is set to the same in both models.

From the simulation results we can acquire the temperature profiles of both electrons

and phonons, and the thermal properties of them.
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Table 4.1.
Important input thermal properties for the TTM-MD
calculation

Property Value

Ce 5.26×104 J/m3K

ke 401 W/mK

Gep,Cu 5.5×1016 W/m3K

Gei 5.5×1016 W/m3K

4.3.2 Input parameter

Different from the original MD, TTM-MD requires an extra set of input param-

eters, mostly the electronic parameters of the metal. ke can be estimated using the

Wiedemann-Franz law from copper’s electrical conductivity. We use 401 W/mK at

300 K [148] as the value for ke. For volumetric heat capacity Ce and Gep within

copper, Lin has shown a comprehensive work on the thermal electronic parameters

of different metals [129]. It is reported that Ce is almost linearly proportional to Te

when Te is below 1000 K. Gep has reported values ranging from 5.5×1016 W/m3K

to 2.6×1017 W/m3K [129, 148]. Here we choose 5.5×1016 W/m3K to be consistent

with our previous work. b is the size of Region B and c is the size of Region C.

They are determined with respect to different models. In the joint-modes model,

as stated previously, they are determined by the size of the interface reconstruction

region observed in MD simulations. In this work, we found that b was approximately

0.5 nm and c was within the range of 1∼1.5 nm. In the phonon wavelength model,

the average phonon wavelength is approximated using λavg = hv/kBT , where v is

the average sound velocity in that material, h is the Planck constant and T is the

temperature. In silicon λavg is calculated to be 1.4 nm, which is within the reported

range the in previous work Ref. 57 and chosen as the value for c. Therefore, for

both models, we set b=0.5 nm and c=1.4 nm. This makes the e-p coupling style the
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only difference between these two models. According to previous studies, Gei can be

relatively very small when electron temperature is around 300 K [16,70]. However, in

copper there are only acoustic phonons while in silicon there are also optical phonons,

and electrons have been reported to couple strongly to some of the optical phonon

branches [1,149], therefore we assume that Gei= Gep,metal. Combined with our choice

of c, we can obtain an equivalent ITC hes [16] of 77 MW/m2K, which is comparable

with the reported value of 10∼100 MW/m2K for Au-Si interface at room tempera-

ture [16]. Since copper and gold have the same crystal structure and Gep of the same

order, we believe our assumption is qualitatively reasonable.

It should be noted that the choices of many parameters used in this simulation

are based on simple assumptions, since commonly accepted prediction methods for

these parameters are still not available. These parameters include: 1) the coupling

distance of non-local e-p coupling. In the phonon wavelength model, we have used

the average phonon wavelength estimated from λavg = hv/kBT which is based on the

Debye approximation, hence λavg primarily represents acoustic phonons. There are

certainly other options. For example, it has been pointed out that different phonon

branches have different coupling strength to electrons. Hence one may weigh the

average phonon wavelength with respect to the coupling strength. 2) Distribution of

non-local e-p coupling strength: currently in both models we have distributed elec-

tron’s (or phonon’s) coupling strength evenly into its coupling distance. However,

alternative distribution such as Gaussian or exponential may be more realistic since

electrons should couple to phonons nearby more strongly than phonons that are far-

ther away. 3) The value of Gei, which is a key factor in determining how efficient

the cross-interface e-p coupling could be, is arbitrary in our simulations. Overall,

although these parameters are approximate, our primary goal is to demonstrate our

TT-MD approach, and later establish a thermal circuit that could correctly describe

the interfacial thermal transfer channels. These input parameters can be refined when

more sophisticated prediction methods become available in the future.
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Table 4.2.
Results of TBR from different MD simulations

Model RB,tot (m2K/W)

Original TT-MD 2.8× 10−9

The joint-modes model 2.29× 10−9

The phonon wavelength model 2.33× 10−9

4.3.3 Results

We first present the results of the joint-modes model. The temperature profile is

shown in Fig. 4.4a, in which electrons and phonons have a linear equilibrium curve

in the middle of the metal block but become non-equilibrium near the interface. The

linear equilibrium curve is extrapolated towards the interface. The total TBR is

calculated as R = 4T/J , where 4T is the temperature jump between Tfit|x=0 and

Tp|x=0. The total TBR is calculated to be 2.29×10-9 m2K/W, which is about 18%

lower than the TBR value of 2.8×10-9 m2K/W reported in our previous TT-MD

model that did not consider the cross-interface e-p coupling [24].

Then we present the simulation results using the phonon wavelength model on

the same system, where all the conditions and parameters applied are the same as

the joint-modes model except the coupling style. The temperature profile is shown in

Fig. 4.4b. Generally with this global non-local coupling we would expect the results

to be different from the joint-modes model. For instance, the e-p non-equilibrium is

expected to be smaller. However the results turn out to be fairly similar. The total

TBR is calculated to be 2.33×10-9 m2K/W, which is about 1.5% larger than that in

the joint-modes model. The results of TBR from our original TT-MD in Ref. 24 and

two new models in this work are listed in Table. 4.2.



77

˚

˚

˚

˚

Figure 4.4. a) Temperature profile from a TT-MD simulation on the Cu-
Si system with non-local e-p coupling using the joint-modes model. The
fitted temperature is acquired by extrapolation. It can be observed that
the fitted temperature is almost identical to electrons’ temperature since
electrons have a much higher effective thermal conductivity. b) Tempera-
ture profile from the phonon wavelength model. Overall the result is not
much different from that of the joint-modes model.
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b)

d)

Figure 4.5. a) b) Qualitative temperature profile of our model and the
corresponding thermal circuit. c) d) Qualitative temperature profile of
Overhauser’s model and the corresponding thermal circuit. Rep,tot is the
resistance due to e-p non-equilibrium, Rpp is the resistance due to p-p
cross-interface coupling, and Rei represents the channel of cross-interface
e-p coupling.
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4.4 Thermal circuit analysis

4.4.1 Thermal circuit based on our models

If the cross-interface e-p coupling is not considered, the thermal circuit is a simple

series circuit of the e-p and p-p coupling resistances [24]. It will be insightful to see

how the thermal circuit should change after this effect is included. By adding an

additional cross-interface e-p coupling channel to the original circuit [24], the thermal

circuit can be established as shown in Fig. 4.5b. Among these resistances, Rpp can be

calculated based on the phonon temperature jump in the MD simulations. Rep,tot is

the e-p coupling resistance in the metal which we divide into two parts: Rep,A which

is the e-p coupling outside of the “joint-modes” or “phonon wavelength” region but

within the electron cooling length, and Rep,B which is the e-p coupling within the

“joint-modes” or “phonon wavelength” region. The energy transfer is marked as

Sep,A and Sep,B, respectively. Since the size of Region B is very small compared with

the entire metal block, Rep,B is approximated as:

Rep,B =
1

hep,B
=

1

Gep,B · b
, (4.4)

where Gep,B is assumed to be the same as in the bulk metal. Finally, Rei can be fitted

using the total TBR and all the other known resistances. The decomposed resistances

are listed in Table. 4.3. Take the results from the phonon wavelength model as an

example, Rep,tot is 0.60×10-9 m2K/W, with Rep,A being 0.61×10-9 m2K/W and Rep,B

being 3.64×10-8 m2K/W.Rpp is 2.20×10-9 m2K/W. Since the overall TBR is 2.33×10-9

m2K/W, we can obtain an Rei of 1.26×10-8 m2K/W. The value is comparable with

results of Rei,Au−Si = 0.01 ∼ 10×10−8 m2K/W measured using TDTR in Refs. 16,139.

It is noteworthy that if we use Eq. (4.4) to estimate Rei (rather than fitting) while

we replace Gep,B and b with Gei and c respectively, we obtain a result of 1.30×10-8

m2K/W, which is pretty close to the fitted value with a difference of 3.2%. Rei is

much larger compared with other resistances, indicating that the cross-interface e-p

coupling is weaker than local coupling even when we assign the coupling factor to be
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Table 4.3.
Results of decomposed TBR in different models (values are in unit of
m2K/W)

Resistances
Our models

Overhauser’s model
The joint-modes

model

The phonon wave-

length model

RB,tot 2.29× 10−9 2.32× 10−9 4.50× 10−10

Rpp 2.20× 10−9 2.20× 10−9 2.20× 10−9

Rep,A 0.61× 10−9 0.61× 10−9 0.69× 10−9

Rep,B 3.64× 10−8 3.64× 10−8 4.43× 10−9

Rei 1.26× 10−8 1.35× 10−8 6.06× 10−10

the same. However, for metals with medium e-p coupling strength such as copper,

this additional energy transfer channel is still able to reduce the overall TBR by

approximately 20%.

4.4.2 Merits and drawbacks of the original model of Huberman and Over-

hauser

The concept of “joint phonon modes” at the interface was proposed by Huberman

and Overhauser in Ref. 9, where the interface was understood as a joint region rather

than an abrupt geometric interface. This concept was successfully used by several

groups later to decompose the phonon interfacial resistance into interfacial region

resistance and boundary resistance [142, 143]. When using their model to treat e-p

coupled transport across an interface, however, we should note both the merits and

drawbacks. In their model, which we designate as “Overhauser’s model”, the “joint-

modes” region extends to one phonon mean free path on each side of the interface.

Therefore, the material with longer phonon mean free path will have larger portion

of the joint-modes region. In the joint-modes region, the atoms are at a uniform
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temperature and vibrate in the same “joint-modes”. Under Overhauser’s model, the

corresponding temperature profile is shown in Fig. 4.5c, where the temperature of the

joint-modes region is uniform and equal to the temperature of the silicon side due

to much longer phonon mean free path in silicon than in copper. As a result, the

temperature jump has to occur in copper somewhere outside of the joint-modes region.

Under this picture, the e-p energy transfer in the metal side of the joint-modes region

(Sep,B) becomes an independent conductance channel. The corresponding thermal

circuit is depicted in Fig. 4.5d. Applying this model to our system, then the sizes of

region B and C are modified to be: b=4.1 nm and c=30 nm, which are the approximate

average phonon mean free paths in copper and silicon respectively. In determining

the values of each individual resistance, Re,metal and Rp,metal are assumed to be the

same because the size difference of region B only changes these values by less than

1%. Rpp is also set as the average of the results predicted by our MD simulations.

Rep,tot is broken down in the same way as previously, and Rep,B is determined by

Eq. (4.4) as well. Rei is also determined using Eq. (4.4), but Gep,B is replaced with

Gei and b is replaced with c. The results are listed in the last column of Table. 4.3.

It turns out that the total TBR predicted by their model is only 20% of the value of

our model. We attribute the difference to two reasons. First, our TT-MD simulation

results in Fig. 4.4 show that the phonon temperature in the joint-modes region rapidly

drops rather than being uniform. Similar results have been obtained in other previous

works [142,143]. This is reasonable since the joint-modes region is the location where

most mismatch occurs, and the temperature drop should occur here rather than in the

homogeneous metal outside of the joint-modes region. We consider the assumption

of uniform temperature in the joint-modes region in Overhauser’s model unphysical.

As a result, the e-p coupling in the metal side of the joint-modes region (Rep,B) is in

series with the p-p coupling across the interface Rpp, rather than being an independent

conductance channel. The accurate thermal circuit should be represented by Fig. 4.5b

instead of 4.5d. Therefore, knowing the temperature profiles and then constructing

the correct thermal circuit is essential for understanding metal-dielectric interfacial
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transport. Second, the size of the joint-modes region is different between our model

and Overhauser’s model. To determine the value of Rei in Overhauser’s model, the

effective phonon mean free path is used and it is assumed that electrons in B can

couple evenly to phonons in C, and the relatively large size of Region C leads to

a very small Rei compared with other resistances. In fact a choice of c=30 nm is

already conservative since the spectral phonon mean free path in silicon can span

several orders of magnitude [150]. However, since electrons lose energy primarily

to optical phonons, it will be more appropriate to consider optical phonon mean

free path which is usually much smaller than the effective phonon mean free path.

Indeed, recent MD simulations have indicated that the joint-modes region is small,

on the scale of phonon wavelength or several bond lengths [142, 143]. Nevertheless,

the impact range of non-local e-p coupling is not well understood yet and is deserved

further studies. In Overhauser’s original model, these two factors have contributed

to the over-estimation of the contribution of cross-interface e-p coupling to the ITC.

4.5 Conclusions

We have presented a TTM-MD framework to simulate e-p thermal transport

across metal-nonmetal interfaces, which includes the non-local e-p coupling effect.

We have extended the previous TTM-MD model and proposed two new models with

different coupling mechanism to interpret the process: the “joint-mode” model and

the “phonon-wavelength” model. By conducting simulations on the Cu-Si interface

which are comparable with the previous study, we obtain results indicating that the

proposed mechanism can slightly enhance interfacial thermal transport. The total

TBR is reduced by 18% if the cross-interface e-p coupling is considered. Based on the

TTM-MD results, we construct a mixed series-parallel thermal circuit, where the e-p

coupling resistance in the metal side of the joint-modes region is in series with the p-p

resistance, and they together are in parallel with the e-p coupling resistance in the di-

electric side of the joint-modes region. As a comparison, the simple series circuit that
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neglects the cross-interface e-p coupling slightly over-estimates the interfacial resis-

tance, while the simple parallel circuit under the Overhauser picture under-estimates

the total interfacial resistance. Knowing electron and phonon temperature profiles

and the corresponding thermal circuit is essential to understand metal-dielectric inter-

facial thermal transport. And we expect our model can help people better understand

the thermal transport physics at such interfaces, and our simulation tool can be put

into more practical used once the non-local e-p coupling physics becomes clear.
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5. FIRST-PRINCIPLES CALCULATIONS OF ELECTRON-PHONON

COUPLING PROPERTIES IN PURE METALS

5.1 Introduction

In TTM, the most important paramter is the electron-phonon (e-p) coupling factor

Gep. It determines the validity of the theory and reliability of calculation approaches

developed. One practical and straightforward approach to obtain these data is to

get them from experiment measurements. However, despite the fact that the experi-

ment conditions are difficult to control, many properties cannot be directly acquired

from measurements as well. Therefore a calculation prediction based on solid theory

foundation is necessary for us to investigate the physics at such interfaces.

Previous works have shown comprehensive studies focusing on prediction of the e-p

coupling properties in pure metals based on first-principles density functional theory

(DFT) calculations [36, 129, 151–157]. In this chapter I will present my calculation

of Cu based on DFT. Similar to Chapter 2, this work also serves as a foundation for

future works in chapter 6.

5.2 Theory

As is mentioned in the introduction, the e-p energy transfer rate can be calculated

based on FGR:

∂Eep
∂t

=
4π

h̄

∑
k,k′

h̄Ωq|Mkk′ |2S(k, k′)δ(εk − εk′ + h̄Ωq). (5.1)

According to the Eliashberg theory, a spectrum function for the e-p scattering can be

defined as the Eliashberg function:

α2F (ε, ε′,Ω) =
2

h̄g(εF )

∑
k,k′

|Mkk′|2δ(εk − εk′ + h̄Ωq). (5.2)
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Then Eq. (5.1) becomes

∂Eep
∂t

= 2πg(εF )

∫ ∞
0

dΩh̄Ω

∫ ∞
−∞

dε× α2F (ε, ε′,Ω)[f(ε)− f(ε′)][n(ε′ − ε, Te)− n(h̄Ω, Tp)],

(5.3)

where ε′ = ε′+ h̄Ω. Usually a more useful fermi-surface-averaged Eliashberg function

α2F (Ω) is used instead [151,158]. Then Eq. (5.3) can be rewritten as:

∂Eep
∂t

= 2πg(εF )

∫ ∞
0

dΩh̄Ωα2F (Ω)[n(h̄Ω, Te)− n(h̄Ω, Tp)]

∫ ∞
−∞

dε[f(ε)− f(ε′)],

(5.4)

The integral with respect to ε can be done by considering the fact that ε varies at a

much larger scale than h̄Ω so that f(ε)−f(ε′) ∼= f ′(ε)h̄Ω. And ∂Eep/∂t = Gep(Te−Tp).

If we take the limit that the difference between Te and Tp is infinite small, then the

EPC factor Gep can be expressed as:

Gep = 2πg(εF )

∫ ∞
0

α2F (Ω)(h̄Ω)2∂n(h̄Ω, T )

∂T
dΩ. (5.5)

The e-p mass enhancement factor λ can be expressed as:

λ = 2

∫ ∞
0

α2F (Ω)ΩdΩ, (5.6)

These equations serve as the foundation for a first-principles calibration of the e-p

coupling properties in metallic systems. Many studies have performed calculations

based on the above theory. In the later section of this thesis I will extend these

theories to perform new calculations.

5.3 Cu case study

Copper is chosen as the material to perform these calculations as an example

because of its broad range of application in electronic devices.

The QUANTUM ESPRESSO package is used for performing the DFT based first-

principles calculations. Ultrasoft pseudopotential based on LDA is chosen for Cu

[159]. Optimization of the unit cells gives a bulk a0 of 3.552 Å. Calculation of the e-p

scattering matrix is done with respect to the k-point discretization mesh of the first
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Figure 5.1. Eliashberg function of bulk Cu. The result agrees with
previous literature.

Brillouin Zone. A convergence study shows that the results reach steady values after

the mesh of the first Brillouin zone is denser than 8×8×8. Eventually a 16×16×16

grid is used.

The Eliashberg function for bulk Cu is shown in Fig. 5.1. λ is calculated to be

0.12, while Gep is found to be 8.58× 1016 W/m3K. Gep’s accumulation with phonon

frequency is shown in Fig. 5.2 . And a “normalized Gep” is defined as Gep(ω) over

the phonon DOS. The physical significance of this term is the coupling strength of

phonons to the electrons with respect to their frequencies while regardless of their

population. And the results show that generally phonons with higher frequencies

couple stronger to electrons. The electron-ponon scattering rate is also calculated

with respect to the k-point mesh, details and further study into its effect on the

material thermal conductivities can be found in Ref. 160.
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Figure 5.2. The accumulation of Gep with phonon frequency in bulk Cu.
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Figure 5.3. The normalized Gep over the phonon DOS. Generally the
coupling is stronger as the phonon frequency gets higher.
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6. NON-LOCAL ELECTRON-PHONON COUPLING IN PURE METALS

MANIFESTED BY SIZE EFFECT BASED ON FIRST-PRINCIPLES

CALCULATIONS

6.1 Introduction

In Chapter 4 we have presented a preliminary model for non-local electron-phonon

(e-p) coupling and developed a tool which is capable of running simulation including

this new physics. However, the details of this non-local e-p coupling mechanism

remains unknown to us and few works have been done on this topic. My eventual goal

is to elaborate the thermal transport at metal-dielectric interfaces by considering more

physics, and to achieve this the investigation of non-local e-p coupling is essentially

necessary. Therefore in this chapter I will talk about my work so far on this topic.

In the two-temperature model (TTM), the e-p coupling process has been generally

considered as local, i.e., electrons and phonons can only interact at the same loca-

tion, despite the fact that Coulomb interaction, which is the cause of e-p coupling, is

a long-range effect. This is warranted by the fact that in bulk materials the size is

much larger than the Coulomb range, such that a non-local treatment of e-p coupling

is unnecessary. Indeed, the local coupling picture has enjoyed great success in pre-

dictions and explanations of the experimental results in bulk materials [36, 162,163].

However, controversies have arisen for metal-dielectric heterogeneous systems. Mod-

ern electronic devices, e.g. the heat-assisted magnetic recording (HAMR) devices

and transistors [1–3], feature many metal-dielectric interfaces. Usually the metal

elements operate at a high temperature and dissipate heat to the dielectric heat

sinks. Achieving high interfacial conductance will help keep the electronic devices

cool. Experiments have shown that the interfacial thermal conductances measured

at several metal-diamond interfaces significantly exceed the value when only consid-
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ering elastic phonon transmission across the interface [9,10]. Two possible additional

energy transport channels have been proposed: one attributes the high conductance

to inelastic phonon transmission at the interface [10–15], while the other hypothe-

sizes that electrons in the metal can couple to phonons in the dielectric [9, 16–20],

which is essentially a specific form of non-local e-p coupling. However, no consensus

has been reached, due to the lack of direct theoretical or experimental assessment

whether non-local e-p coupling is significant, and if so what the couping distance is.

Although first principles calculations have been used widely to calculate the bulk Gep

of metals [6,129,151,153,160,164–166], assessing whether the e-p coupling is non-local

remains an unsolved question.

In this study, we use first principles calculations on delicately-designed systems

to directly assess the non-local e-p coupling phenomenon in Al, Cu and Ag [167].

We first calculate Al thin films and observe interesting size effect of the e-p coupling

factor, which leads us to establish the existence of non-local e-p coupling. A spatial

e-p coupling strength distribution function is then constructed. We have found that

electrons can couple non-locally to phonons at a distance on the order of 1 nm.

The work is expected to offer new non-local perspectives to many physical processes

involving e-p coupling.

6.2 Case study of Al: size effect of electron-phonon coupling manifested

We start off looking for evidences of non-local e-p coupling. Bulk systems cannot

be used since the size is much larger than any coupling distance so that the observ-

ables will not be sensitive to any non-local effect. However, we hypothesize that if a

free-standing thin film is considered and the thickness is smaller than the non-local

coupling distance, we should observe a size effect. Consider electrons at a given lo-

cation, the coupling strength will be the largest for phonons at the same location,

and it will decay for phonons farther away. When the film thickness becomes smaller

than the coupling distance, some of the non-local coupling will be truncated. This
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hypothesis is illustrated in Fig. 6.1. The in-plane direction of the system is infinite

large so that the analysis can be simplified to 1D. The e-p coupling strength distri-

bution function (CSDF) G′ep(x) is defined as Gep per unit length. Cases a) and b)

show that if e-p coupling is local, G′ep(x) would be a delta function at the positions of

electrons. Gep(x), which represents the local Gep at x, is a constant. The overall Gep

of a metal thin film would be the same as the bulk regardless of the film thickness.

On the other hand, if e-p coupling is non-local, as is shown in cases c) and d), G′ep(x)

has a non-zero spatial distribution and is truncated at the boundaries. As a result,

Gep(x) becomes smaller near the boundaries and the overall Gep in thin films will be

smaller than its bulk value. Therefore, checking the size effect on Gep will allow us

to check the existence of non-local coupling. Aluminum is chosen since it has strong

e-p coupling [168].

A comparative study between bulk Al and a free-standing Al thin film with only

one layer of unit cell (two layers of atoms in the (100) plane) is performed. In order

to make comparisons between corresponding phonon branches, the simulation uses

one face-centered cubic unit cell containing 4 Al atoms as the “primitive cell” for

both cases. As a result, there are 12 corresponding phonon branches in each case.

A norm-conserving pseudopotential developed based on local density approximation

(LDA) is used [159]. Calculation is preformed using the QUANTUM ESPRESSO

package [169]. Optimization of the unit cells gives a lattice constant of a0 = 3.953

Å for the bulk case, while the 1-layer case a0 has 7.3% expansion in the out-of-plane

direction and 4.7% shrinkage in the in-plane direction. Phonon and e-p coupling

calculations are then performed on these unit cells.

A more detailed set of calculation parameters for the bulk cases is listed in Table

6.1. The simulation domains are different for bulk and 1-layer cases. For the bulk

case, the simulation domain is the unit cell itself, and the periodic boundary condition

in all three dimensions eventually generates a bulk metal. For the 1-layer case, the

simulation domain is much larger than the unit cell in the out-of-plane direction.

As a result, the infinite number of metal thin films generated by periodic boundary
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Figure 6.1. a) Local e-p coupling in bulk metal where G′ep(x) is delta
functions at the positions of each overlapping electron and phonon. b)
Local e-p coupling in a metal thin film where the overall Gep is the same
with the bulk. c) Non-local e-p coupling in bulk metal where G′ep(x)
has a spatial distribution. d) Non-local e-p coupling in a metal thin film
where G′ep(x) is truncated at the boundaries and the overall Gep is smaller
than the bulk. e) Non-local e-p coupling at a metal-dielectric interface
where metal electrons can couple to dielectric nuclei within their coupling
distance. Note G′ep(x)’s curve may change in the dielectric.

Table 6.1.
Details of the inputs for the DFT calculations for the bulk cases

Metal Lattice

constant

after

optimization

k-grid of the

first

Brillouin

zone

Wavefunction

cutoff radius

Charge

density

cutoff range

Al 3.953 Å 16× 16× 16 10.584 Å 127.003 Å

Cu 3.552 Å 16× 16× 16 26.459 Å 105.835 Å

Ag 4.111 Å 16× 16× 16 15.875 Å 95.252 Å
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Table 6.2.
Details of the inputs for the DFT calculations for the 1-layer cases

Metal In-plane lattice

constant after

optimization

Length of unit

cell in

out-of-plane

direction

k-grid of the

first Brillouin

zone

Al 3.767 Å 131.852 Å 32× 32× 1

Cu 3.394 Å 118.795 Å 32× 32× 1

Ag 3.960 Å 118.811 Å 32× 32× 1

conditions are separated by a distance identical to the length of the simulation domain

which is larger than the potential’s cutoff range. Therefore these thin films cannot

interact with each other and can be considered as free-standing. For the 1-layer

cases, the same cutoff radii for potentials are used for each metal with its bulk case

respectively. The length of the simulation domain is chosen as an integral multiple

of the lattice parameter, e.g. for Al it is 35 times. The in-plane direction of the

first Brillouin zone has 32 × 32 k points while the out-of-plane direction only has

1 k point. Details are listed in Table 6.2. The Methfessel-Paxton smearing with

a Gaussian spreading of 0.27 eV is used for the Brillouin zone integration in these

metals [170].

The phonon dispersions of 1-layer and bulk Al are shown in Fig. 6.2. As is

observed from the figure, the phonon branches with lower frequencies have significant

differences. They either have large frequency shift or have different frequency spans,

rendering them not comparable. The overall Gep of the 2 cases are similar, however

the electron density of states (DOS) significantly differ from each other. A summary

of some supplementary results of Al, Cu and Ag calculations can be found in Table

6.4. The results of 1-layer Al agree well with previous literature [168], indicating that

our results are reliable.
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Figure 6.2. The phonon dispersion of bulk and 1-layer Al. There are 4
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The Eliashberg functions of the two cases, which define the spectrum of the e-p

coupling strength with respect to the phonon frequency [129,151,153,171], are shown

in Fig. 6.3. Although the overall Gep’s are similar, the curve shapes are significantly

different, indicating that e-p coupling has strong size effect in Al. Per our hypothesis

above we would conclude that e-p coupling must be non-local, however we need to

be very careful since many other lattice and electronic properties have also changed

from bulk to the 1-layer system. The size effect of e-p coupling cannot readily prove

the non-local e-p coupling yet.

6.3 Theory

We take a closer look at the Eliashberg function α2F (Ω, ε, ε′). Here Ω is the

phonon frequency, ε and ε′ are the initial and final energy state of electrons respec-

tively. Although the function changes with the electron energy, usually it is reasonable

to neglect this dependence because the variation only happens at a very large scale.

The electron-Fermi-surface-averaged Eliashberg function α2F (Ω, εF , εF ) which only

depends on phonon frequency is often used [151, 158]. F (Ω) represents the phonon

DOS, while α2 can be conceived as the “spectral coupling strength”. Then the ex-

pression for Gep is:

Gep = 2πg(εF )

∫ ∞
0

α2F (Ω)(h̄Ω)2∂n(h̄Ω, T )

∂T
dΩ, (6.1)

where g(εF ) is the electron DOS at the Fermi surface, T is temperature and n is

the Bose-Einstein distribution. Eq. (6.1) expresses Gep as the derivative of the

energy transfer rate between electrons and phonons with respect to temperature,

and it quantifies how the coupling strength depends on several parameters together.

Therefore in order to extract the size-truncation information, we need to isolate the

dependencies on other factors: phonon DOS, electron DOS, phonon dispersion and

electron band structure.
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6.3.1 The partial coupling strength

The definition of α2F (Ω) ensures that it is independent of the electron DOS. To

isolate the two phonon factors, we use the idea of partial phonon DOS which describes

the phonon DOS with respect to individual phonon branches. We calculate the partial

Eliashberg function and further define a new term: the partial e-p coupling strength

α2
v. The partial phonon DOS of a specific branch v is defined as [172]:

Fv(Ω) =
v∑
q

δ(Ω− Ωqv), (6.2)

where q refers to the phonon wave vector. Based on this, α2
v is defined as:

α2
v(Ω) =

α2
vFv(Ω)∑v

q δ(Ω− Ωqv)
, (6.3)

where α2
vFv(Ω) is the partial Eliashberg function of phonon branch v. It can be easily

seen that through these definitions the partial e-p coupling strength α2
v is allocated

with respect to individual phonon branches while normalized by the corresponding

phonon DOS.

At this point only one factor remains to be isolated: the electron band structure.

Calculation of the e-p coupling with resolved electron bands can be very cumbersome

and not practical. In this study we apply an approximation that has been used in

the literature [129, 173], that the e-p scattering, when averaged over all angles, is

independent of electron states. Then the scattering at a specific electron state is only

dependent on the corresponding electron DOS, and the Eliashberg functions have the

following relationship:

α2F (ε, ε′,Ω)

g(ε)g(ε′)
=
α2F (εF , εF ,Ω)

g(εF )g(εF )
. (6.4)

Therefore we further normalize α2
v with the corresponding electron DOS again and

define the normalized partial e-p coupling strength:

α2
v,norm =

α2
v

g(εF )2
. (6.5)

Now it only contains the size-truncation information caused by non-local e-p coupling

on a single phonon branch.
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Table 6.3.
Reduction factor of α2

v,norm of phonon branch 11 and 12
in Al

Phonon branches Reduction factor

11 52.59%

12 50.22%

6.4 Results: the non-local electron-phonon coupling properties in Al

Our results show that the α2
v,norm of low frequency phonon branches are signifi-

cantly different in the bulk and 1-layer case, while the high frequency branches show

excellent similarities. The two optical branches with the highest frequencies, i.e.

Branch 11 and 12, have similar frequency spans and distributions within this range in

each case, indicating that their dispersions have not changed with the system. There-

fore they are chosen to calibrate the non-local e-p coupling properties. From Fig.

6.4, the amplitude of α2
v,norm in the 1-layer case is significantly smaller than the bulk

case, which is expected because the coupling should be weaker in the thin film due to

size truncation effect. By taking the average of the α2
v,norm within its frequency range

we can calculate the ratio of α2
v,norm,1−layer/α

2
v,norm,bulk on the same phonon branch,

which we define as the “reduction factor” (RF). Then we are able to get the following

values in Table 6.3. RF represents the significance of the size-truncation effect, and

an RF smaller than 1 indicates the existence of non-local e-p coupling.

Now we use this reduction factor to reconstruct the CSDF. We assume that all the

phonon branches have the same CSDF, and propose a Gaussian-distribution function

to describe the non-local coupling distribution, i.e. electrons can couple to phonons

at a distance, but with decaying strength. The expression of G′ep(x) is:

G′ep(x) = G′0exp(− x2

2σ2
), (6.6)

where G′0 and σ are unknown parameters that need to be fitted. We also define
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G′ep(x)’s integral over length as Gcumu:

1

2
Gcumu(x) =

∫ x

0

G′ep(t)dt =

√
π

2
σG′0erf(

x√
2σ

). (6.7)

Then in bulk materials, the e-p coupling factor can be expressed as:

Gep =

∫∞
−∞ dx

∫∞
−∞ dyG

′
ep(y − x)∫∞

−∞ dx
= Gcumu(∞), (6.8)

However, for a system with finite size the integral will be cut off at the system’s

“effective boundaries” which are a′0/4 outside the boundary atomic layers, where a′0

is the lattice constant of the system. Here we assume electrons and phonons only

exist within the effective boundaries. As for our 1-layer Al, the actual coupling range

of an electron is shown in Fig. 6.5. Then for the 1-layer Al in our calculation, the

overall coupling factor is:

∫ a′0
2

−
a′0
2

dx
∫ a′0

2

−
a′0
2

G′ep(y − x)dy

∫ a′0
2

−
a′0
2

dx

=

∫ a′0
0
Gcumu(z)dz

a′0
. (6.9)

The ratio
∫ a′0

0
Gcumu(t)dt/(a

′
0Gcumu(∞)) corresponds to the values in Table 6.3. The

fitting yields σ = 0.70a0 = 0.28 nm and G′0 = Gep/
√

2πσ = 7.32× 1026 W/m4K. The

G′ep(x) of Al is shown in Fig. 6.6. The coupling strength still has 77% of its maximum

value at a distance of a0/2 = 0.20 nm. This means electrons in Al have significant

non-local coupling to all phonons in its vicinity. We can define 3σ as the coupling

distance, because the accumulated coupling strength within this range is >99% of its

total value. For Al this coupling distance is 2.1a0, or 0.83 nm.

We anticipate that our findings will have significant implications. In electronic de-

vices, heat generation and dissipation at metal-dielectric interfaces become a critical

issue, and our study can provide new insights in developing solutions. The existence

of non-local e-p coupling implies that heat can be generated no longer only at the

locations of electrons, but also at remote locations within the coupling distance. It

can also enable the direct heat transfer from hot electrons in the metal to phonons
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Figure 6.5. The actual coupling range of one electron in 1-layer Al. The
distribution is cut off at the “effective boundary” of the material.
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Figure 6.6. CSDF in Al. The standard deviation of the Gaussian function
is 0.28 nm. The shaded area represents the truncated CSDF of a electron
located in the center of 1-layer Al.
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in the dielectric as a new heat dissipation mechanism, as shown in Fig. 6.1 e). Con-

sequently the metal elements will operate at a decreased temperature with increased

performance and reliability. Although our present work is on pure metal, we can make

a first-order estimation on its impact on interfacial conductance by assuming that the

CSDF stays the same for the interface system. The thermal conductance enabled by

the non-local e-p coupling mechanism of Al is h of
√
πσ2G′0 = 100 MW/m2K:

h =

∫ 0

−∞
dx

∫ ∞
0

G′ep(y − x)dy =
√
πσ2G′0. (6.10)

Compared with typical metal-dielectric h’s of 200-700 MW/m2K [11, 99, 174], this is

a considerable improvement to interfacial thermal transport. Still, further work is

warranted to investigate whether CSDF is the same for all phonon branches and how

it changes in different materials across the interface. In addition, our model can be

readily applied to improve the original local TTM to a non-local TTM by modifying

the space-independent Gep to a space-dependent Gep(x), expressed as:

Gep(x) =

∫ L
2

−L
2

G′ep(t− x)dt, (6.11)

where L is the length of the system. It is straightforward to verify that for a large

system where L→∞, away from the boundaries Gep(x) = Gcumu(∞) = Gep,bulk, and

it deceases as x approaches L/2 and eventually becomes Gep(L/2) = Gep,bulk/2, as is

shown in Fig. 6.1 d). With the CSDF in hand, one can calculate Gep(x) in the entire

system and replace the Gep in the original TTM equations [18]. Moreover, our work

will provide new insights to many other systems where e-p coupling is concerned, such

as hot electron relaxation through phonons in core-shell quantum dots for photovoltaic

applications [175].

6.5 Case study of Cu and Ag

We also apply our model on two other metals: Cu and Ag. They are elements of

the same group and thus have similar electronic structures. The simulation details

are included in the supplementary material. The phonon dispersions of Ag and Cu
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Figure 6.7. The phonon dispersion of bulk and 1-layer Ag. Different
from the Al case, the phonon dispersion have changed significantly. Even
the high frequency phonons don not have excellent overlap along the Γ-
X line. It is also worth noting that results of the low frequency phonon
branches near the [110] point is not very reliable, but this does not affect
our result because we are only using the high frequency phonon branches
for calculation.

are shown in Fig. 6.7 and 6.8. Compared with the Al case, the phonon branches in

Ag and Cu change more significantly when the metal changes from bulk to 1-layer

film, making it difficult to find corresponding phonon branches with excellent overlap

even at high frequencies. The Eliashberg functions of Ag and Cu are shown in Fig.

6.10 and 6.11. Some supplementary results are also shown in Table 6.4.

The α2
v,norm function plots for phonon branch 11 and 12 in Ag and Cu are shown

in Fig. 6.9. We can see the overlap is not as good as Al, which means the phonon

branches have changed significantly even at high frequency. However our model can

still be applied to get an approximated result, where the non-local e-p coupling prop-

erties are calibrated using the average of the α2
v,norm reduction factor of phonon branch

11 and 12. We notice that for Cu, the coupling distance of 3σ is approximately 0.4
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Figure 6.10. The Eliashberg function of bulk and 1-layer Ag.

Table 6.4.
A summary of the results of e-p coupling in Al, Cu and Ag

g(εF )(1047J-1m-3) Gep(1016W/m3K) λ

Bulk 1-layer Bulk 1-layer Bulk 1-layer

Al 1.571 1.960 50.8 50.2 0.3988 0.7517

Cu 1.661 1.988 8.58 6.81 0.1169 0.1420

Ag 0.957 1.129 2.39 2.23 0.1214 0.1533

nm, which validates our previous hypothesis that electrons can couple to phonons

within a range of phonon wavelength rather than the phonon mean free path. [18].

Finally, it is noteworthy that our approach, while working well in Al, does not per-

fectly apply in Cu and Ag, because the phonon branches have changed significantly

and this makes it difficult to find comparable branches to calculate the RF. This posts

some limitation to our model, as it may not be applicable to every material.
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Table 6.5.
Non-local e-p coupling properties of Cu and Ag

Cu Ag

Branch 11 RF 83.04% 75.87%

Branch 12 RF 61.81% 64.14%

3σ (nm) 0.37 0.49

G′0 (W/m4K) 2.75× 1026 5.80× 1025

We find that the non-local e-p coupling in Cu and Ag is not as strong as in Al,

with coupling distances of 0.37 nm and 0.49 nm respectively. An interesting finding

is that the corresponding values in Table 6.5 from Cu and Ag are similar, as are

the shapes of the α2
v,norm functions. Therefore we suspect that elements with similar

electronic structures have similar non-local e-p coupling properties, regardless of the

difference in their atomic masses.

6.6 Conclusions

In summary, we have identified the non-local e-p coupling phenomenon in Al, Cu

and Ag, and presented a quantitative description based on first-principles calculations.

The size effect of e-p coupling is first observed through calculations on Al films of

different sizes. The CSDF is then defined and constructed. Calculation results show

that the non-local e-p coupling is significant in Al, with a coupling distance of 0.83 nm.

Cu and Ag are studied as comparisons, and weaker non-local interactions are observed,

with coupling distances of 0.37 nm and 0.49 nm respectively. The CSDFs of Cu and

Ag resemble each other, which suggests that elements of similar electronic structures

have similar non-local e-p coupling properties. We believe our model demonstrates

the significance of the non-local e-p coupling, and this can provide new insights on

the electrical and thermal transport in metal-semiconductor systems.
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7. MULTI-TEMPERATURE MODEL SIMULATION OF NON-EQUILIBRIUM

THERMAL TRANSPORT

7.1 Introduction

So far the electron-phonon (e-p) non-equilibrium thermal transport at metal-

dielectric interfaces, and the closely related non-local e-p coupling phenomenon has

been investigated. However, phonon local thermal equilibrium is still assumed for all

previous studies, which leaves the potential of inaccuracy. Therefore in this chapter

I will look into the non-equilibrium thermal transport among phonons.

E-p coupling is an important physical phenomenon that affects Joule heating,

laser-matter interaction and hot electron relaxation [7,60,129,151,153,161,165,176].

The two-temperature model (TTM) has been widely used for analysis [31]. Despite

the fact that all materials have multiple phonon branches which are different from

each other, a simple assumption that all phonons are in thermal equilibrium with a

common temperature Tp is used in TTM. However, recently it has been shown that

in certain applications, such as laser heating of semiconductors and metals, phonon

branches can be driven into strong non-equilibrium by selective e-p coupling, and

an equilibrium picture can result in misleading or wrong interpretations [7]. For ex-

ample, single-layer graphene (SLG) has drawn intensive attention among researchers

due to its unique chemical and physical structures [177–181]. Theoretical calculations

and experiments such as Raman measurements have been used widely to predict and

measure its thermal conductivity [24,105,106,182–186], but the reported values range

from 600 W/mK to as high as 5800 W/mK [47–51]. Similar with most metals, TTM

was used to interpret the experimental measurement and derive k [187]. However, it

has been pointed out recently that this method is not accurate since different phonon

branches have different coupling strength with the electrons, and their temperatures
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significantly deviate from each other [7]. As a result, assuming phonon local thermal

equilibrium can subsequently under-predict SLG’s thermal conductivity by over 50%.

It should be noted that several other mechanisms, such as imperfect experimental con-

ditions and higher-order phonon scattering, may also contribute to the uncertainty

of graphene thermal conductivity [52–55]. Several other studies on hot electron re-

laxation in metals or semiconductors also show that the different phonon modes are

in non-equilibrium, which can significantly affect the electron cooling rates [6,20,28].

We can note that the steady-state phonon non-equilibrium within the cooling length

region reported in Refs. 7, 8 and the transient state phonon non-equilibrium during

the phonon relaxation time in Refs. 6, 20 are equivalent and due to the same physical

origin: modal selective e-p and phonon-phonon (p-p) scattering.

Theoretical methods are needed to capture such modal phonon non-equilibrium.

Modal and spatial Boltzmann transport equation (BTE) [56, 57, 72] and molecular

dynamics combined with modal analysis [61, 75] are rigorous and accurate methods,

but they are quite complicated and this hinders their access by experimentalists.

Alternatively, a simple multi-temperature model (MTM) has been developed which

is essentially an extension of TTM that can resolve the temperatures of different

phonon branches [6, 7]. Subsequently, a detailed proof of such extension was given

in Ref. 75 where the relaxation time approximation (RTA) was necessary, suggesting

that MTM is rigorously valid when the separated phonon groups couple weakly. For

phonon groups that couple strongly, a more rigorous way is to directly treat the

scattering. However, the computation cost is high, and we believe in practice we can

still use MTM by letting the phonon groups interact with a common thermal reservoir

under RTA. This practice has been widely used in the spectral BTE community and

the original TTM [31, 72, 78, 79]. Nevertheless, the current MTM models are either

still in rather complex forms which hinder easy implementation, or only presented in

the steady state. Therefore a simple and explicit approach that can capture the non-

equilibrium nature among electrons and phonons is needed to accurately interpret

experimental results as well as predicting electronic device performance.
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In this study, we will present a general and simple phonon branch-resolved multi-

temperature numerical simulation approach which can capture the non-equilibrium

process between electrons and different phonon branches under both steady and tran-

sient states. The original TTM is extended to MTM with e-p coupling strength for

each phonon branch. A lattice reservoir which all phonon branches scatter with is

defined and the RTA is used. Based on our method, case studies of the steady-state

heat transfer and transient hot electron relaxation processes in laser-irradiated SLG

are presented respectively. The branch-resolved temperature profiles are shown and

the degree of non-equilibrium is discussed. Finally a comparison with the original

TTM is made to show the advantage of MTM.

7.2 Theory: Multi-temperature model with electron-phonon coupling

The steady-state MTM with e-p coupling has been introduced in our previous

work in terms of the e-p cooling power [7]. In this work, we recast it into a more

general and convenient form using the e-p coupling factor, and extend the original

equations to account for the transient heat transfer process as well. Details are in the

introduction chapter. Compared with our previous steady-state MTM [7], in this work

we not only extend it to make the transient-state simulation possible, but also use

the spectral Gep instead of e-p cooling power to describe the phonon branch-resolved

coupling strength, which makes our model more general and easier to use.

7.3 Case study: thermal transport in laser-irradiated single-layer graphene

In this section we will present a case study of the thermal transport process in

laser-irradiated SLG.
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7.3.1 Simulation domain and input parameters

We will use the same input parameter as in Ref. 7. All of the thermal properties,

i.e. the thermal conductivity k, the heat capacity C, the e-p coupling factor Gep

and the p-p coupling factor Gpp,i are temperature dependent. Here we report their

room temperature (297 K) values, which are listed in Table 7.1. The details to obtain

these values are introduced in Ref. 7 and its supplementary materials. The fact that

all the Gpp,i’s are on the same order with the overall Gep suggests that our previous

analogy between e-p and p-p coupling in Eq. (1.11) is reasonable. The electrons have

a heat capacity Ce of 3.6 × 102 J/m3K and a thermal conductivity ke of 50 W/mK.

Our result is higher than the common experimentally measured ke which is within

10 W/mK, and we attribute this discrepancy to the absence of defects in SLG in our

density functional theory calculations. The simulation is conducted on a 10 µm×10

µm SLG, with all four boundaries fixed at 297 K. The system is illustrated in Fig.

8.1. Initially the entire domain is at a uniform temperature of 297 K, when laser

starts to shine at the center of the SLG sample. The expression of the laser spot is:

Slaser(r) = 0.063× 109 × exp(−7.744× 1016r2) [W/m2], (7.1)

where r (unit: m) is the distance from the center of the sample. The laser energy

follows the Gaussian distribution with a laser source of 0.1 mW and a spot radius of 0.5

µm. The electrons are heated up by the laser which subsequently heat up the phonons.

Two cases are investigated on the same system. The first case represents the laser

heating process during the Raman experiment where the laser irradiation is constant

after the simulation starts. The simulation runs for 50 ns to ensure all temperatures

are converged at the steady state. The second case represents a pulse laser heating

process which is common in time-domain thermoreflectance experiments and modern

electronics such as the heat assisted magnetic recording (HAMR) devices [3–5, 188].

A single laser pulse is implemented at the beginning of the simulation with a pulse

width of 50 fs, where the laser power is tuned to 100 times larger than the constant

irradiation case. Results of the simulations are shown in the next section.
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Figure 7.1. Illustration of the Raman experiment setup on SLG.

Table 7.1.
Thermal Properties of SLG at 297 K

Thermal Property LA TA ZA LO TO ZO

Gep(1016 W/m3K) 0.01 0.0001 0 0.06 0.27 0

Gpp(1016 W/m3K) 0.27 1.30 0.19 0.27 0.14 0.04

Cp(106 J/m3K) 0.19 0.32 0.61 0.03 0.02 0.16

τ(ps) 70.8 24.7 317 10 12 388

k(W/mK) 863.0 237.9 2780.0 10.0 10.0 20.9
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Steady stateReaching steady state

Figure 7.2. Temperature profiles of the SLG under constant laser irradi-
ation in MTM: a) The transient temperature profile in the center of the
SLG in the first 400 ps after the laser is on and b) the steady-state tem-
perature profile of SLG along the line from the center to the mid-point of
one boundary.

7.3.2 Results: transient and steady-state temperature profile

Case A: constant laser heating

The temperature profile of the center of the SLG for the first 400 ps after the laser

is on is shown in Fig. 7.2 a). Initially the LO and TO phonons have quicker response to

the heating from electrons, while the other phonon branches receive energy much more

slowly due to their weak coupling to electrons. The steady-state temperature profile

in MTM on SLG, as is shown in Fig. 7.2 b), is consistent with that reported in our

previous work as expected [7]. In MTM, electrons can reach a temperature of 365 K

while the temperature of the scattering lattice reservoir is around 325 K. Electrons and

different phonon branches are in significant non-equilibrium. The largest temperature

rise on TO phonons is 50 K which is more than 6 times larger than the smallest

temperature rise of 8 K on ZA phonons, and the cooling radius, which is defined as the

distance from the center of the SLG to the position where electrons and phonons reach
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equilibrium, is 1.5 µm or 3 times the radius of the laser spot. As expected from the

thermal properties in Table 7.1, the LO and TO phonons have higher temperatures.

This is because their large Gep’s make them gain energy from electrons efficiently in

the center, and their low k also prevents heat from dissipating fast to the boundaries.

The ZA branch, on the other hand, is an opposite to these two branches. It cannot

receive energy from electrons directly and only gets heated by the scattering lattice

reservoir with a weak coupling factor, and its exceptionally high k helps heat dissipate

fast to the boundaries, resulting in a relatively flat temperature profile which stays

near the boundary temperature. The LA, TA and ZO phonons stay in between

due to their intermediate thermal properties. It is noteworthy that Tlat here is the

temperature of the scattering lattice reservoir, which is averaged by Gpp over all six

phonon branches and does not necessarily represent the apparent lattice temperature

that can be observed in experiment. A more detailed discussion will be presented in

the later section.

Case B: pulse laser heating

he transient temperature profile of the center of the SLG is shown in Fig. 7.3

a). During the first 50 fs of the simulation, electrons are heated to a maximum

temperature of about 778 K, and start to cool sharply after the laser pulse diminishes.

The LO and TO phonons undergo similar processes. The other phonon branches,

however, still get heated up for a while, as is more clearly shown in Fig. 7.3 b).

Interestingly, electrons become cooler than the TO phonons soon after the laser pulse

diminishes. This is because ke is much higher than kLO while Ce is much smaller than

CLO, or the ratio of k/C is much larger for electrons. As a result, electrons dissipate

heat faster which leads to an even larger temperature drop, and their temperature

profile crosses that of the TO phonons. Similar processes also happen for LA, TA, LO

and ZO phonons, with an exception for the ZA phonons which have exceptional high

thermal conductivity but have no coupling with the electrons. The energy received by



118
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Figure 7.3. The transient temperature profiles in the center of the SLG
under pulse laser heating in MTM.

ZA phonons from other phonons is dissipated fast to the boundaries and they always

stay as the branch with the lowest temperature. Although the temperature difference

between different phonon branches and the electrons is smaller than 0.4 K after 120

ps, they are still not in complete equilibrium.

7.4 Discussions

7.4.1 The apparent lattice temperature and degree of non-equilibrium

In the previous section, we have used the scattering lattice reservoir tempera-

ture Tlat to represent the average phonon temperature. However, questions arise as

to whether Tlat is the apparent lattice temperature Tp that can be probed in ex-

periments. We argue that the apparent lattice temperature Tp should represent the

overall internal energy of the lattice, hence it should be defined as:

Tp =

∑
Cp,iTp,i∑
Cp,i

. (7.2)
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Figure 7.4. The comparison between the apparent lattice temperature Tp
and the scattering lattice reservoir temperature Tlat.

A plot of the apparent lattice temperature Tp and scattering lattice reservoir tem-

perature Tlat is shown in Fig. 7.4. We can see their deviation is significant inside

the laser spot and gradually diminishes as the location approaches the boundaries.

This can be explained by the degree of non-equilibrium between different phonon

branches. From Eqs. (1.14) & (7.2) we can see that Tp is more dominated by the

acoustic phonons, especially the ZA phonons due to its large heat capacity, while Tlat

is more dependent on the branches with higher p-p coupling factor Gpp, e.g. the TA

phonons. When the phonon branches have great non-equilibrium among each other,

e.g. inside the laser spot, the two temperatures deviate from each other. They quickly

converge outside the laser spot where the phonon non-equilibrium decreases. Then

we plot the normalized deviation of all the 6 phonon branches, which is defined by:

δ =
Tp,i − Tp
Tp − T0

, (7.3)
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where T0 is the boundary temperature of 297 K. The plot is shown in Fig. 7.5.

The LO, TO and ZA phonons have the largest deviations, and this is primarily due

to their largest and smallest e-p coupling strength respectively as discussed in the

previous section. Here we want to propose a simple approximation to estimate their

degree of non-equilibrium. As is discussed previously, a stronger e-p coupling strength

will make the phonon temperature closer to the electron’s, while a larger thermal

conductivity will make its temperature profile flatter. For those branches with a

higher temperature than Tp, a larger Gep and smaller k will drag its temperature

closer to Te thus contributing to its deviation from Tp. Therefore a term Gep/k can

be used to determine its degree of non-equilibrium, the larger this value is, the more

non-equilibrium there will be. Similarly, for those that have lower temperatures than

the lattice, the previous term’s inverse k/Gep can be used. The larger this value is,

the more deviation there will be. We tabulate the values of these two terms for each

phonon branch of SLG in Table 7.2. It should be noted that a zero value does not

necessarily mean the absence of non-equilibrium. The Gpp term, on the other hand,

will always try to reduce the non-equilibrium.

From the results above we can gain some insights on how to quickly estimate

the degrees of non-equilibrium and assess their significance. For example during the

Raman experiment on SLG, before start one can use the thermal properties of SLG

to estimate the degree of non-equilibrium of each phonon branch. The analysis above

can provide insights on how accurate the measurement is. Further study can also

be oriented since our MTM is not limited only to graphene, but can be extended to

other materials of higher dimension as well. By performing similar calculations and

analysis on other materials, it is also possible to build up a relationship between the

Gep/k term and the measured k’s error, which can then be used as a simple way to

assess experiment accuracy.



121

Table 7.2.
Ratio of Gep/k and k/Gep of SLG at 297 K

Thermal Property LA TA ZA LO TO ZO

Gep/k 0.001 0.0001 - 0.56 2.6 0

k/Gep - - ∞ - - -
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Figure 7.5. The normalized deviation of all 6 phonon branches in SLG.
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a) b)

Steady stateReaching steady state

Figure 7.6. Temperature profiles of the SLG under constant laser irradi-
ation in TTM: a) The transient temperature profile in the center of the
SLG in the first 400 ps after the laser is on and b) the steady-state tem-
perature profile of SLG along the line from the center to the mid-point
of one boundary. Four representative temperatures from MTM are also
included for reference.

7.4.2 A comparison with the original two-temperature model

Now with the apparent lattice temperature defined, we present a comparison be-

tween our MTM and the conventional TTM. The TTM calculation is conducted on

the same system with the same initial and boundary conditions. The thermal prop-

erties of the SLG, i.e. k, C and Gep are acquired simply by summing up the values

used in MTM over all the phonon branches. The heating-up and steady-state TTM

temperature profiles of the system are shown in Fig. 7.6 along with some represen-

tative temperatures from MTM. It can be seen from the figure that MTM and TTM

have completely different results. In TTM, the steady-state electron temperature in

the center is 340 K while that of phonons is 308 K. The two temperatures quickly

get into equilibrium with a cooling radius of approximately 1µm, or two times the

radius of the laser spot. The electron and apparent lattice temperature in MTM are

higher than those in TTM by 50% and 80%, respectively. In addition, in MTM the
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temperatures of certain phonon branches are significantly higher than the apparent

lattice temperature. Interestingly, the TO phonons’ temperature in MTM is even

higher than the electron temperature in TTM. Due to their strong e-p coupling, the

TO phonons get heated up quickly to a high temperature in MTM. This becomes the

so-called “hot phonon bottleneck”, which in return prevents electron from cooling

and results in a higher electron temperature. Another interesting finding is that the

lattice temperature in TTM is very close to the ZA phonons in MTM. This is because

in TTM, all the phonon branches collapse into one single phonon branch with the

combined Gep and k. As a result the lattice quickly dissipates heat to the boundaries

with its large k and stays at a low temperature close to the boundary. The electron

temperature is also dragged down which is even cooler than the TO phonons in MTM.

As expected, in TTM the system converges faster to steady state due to the absence

of the hot phonon bottleneck.

The large difference between MTM and TTM has important and wide range of im-

plications for processes involving laser-matter interactions. We can regard the MTM

temperatures as the “real” temperatures in the experiment. Therefore, in order to

increase the temperatures in TTM to match those in MTM, one has to use a smaller

k in TTM. Based on the Fourier’s Law of conduction k 52 T + Slaser = 0, the fit-

ted apparent k will be around 1700 W/mK, less than 60% of the value used in the

simulation. Therefore it is necessary to use MTM instead of TTM for an accurate

prediction. In other words, the laser heating leads to an apparent thermal conduc-

tivity lower than the intrinsic value due to the local thermal non-equilibrium. It also

has important implications to thermal management of electronic devices. Our MTM

shows that certain phonon temperatures can be much higher than the apparent lattice

temperature. These hot phonons can displace the lattice along their eigenvectors and

result in “non-thermal damage” of the device even though the apparent temperature

is still lower than the damage threshold [25, 32]. Therefore, MTM is advantageous

over TTM for thermal design to better prevent such non-thermal device failures.
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We also perform the pulse laser heating simulation using TTM. The transient

temperature profile is shown in Fig. 7.7. Different from the constant irradiation case,

the maximum temperatures of electrons and phonons are almost identical in both

models. Te,TTM has a maximum value of 775 K at 50 fs. The temperature profiles of

Tp and Tp,TTM differ by about 30%, but the absolute value is trivial because the lattice

heat capacity is much larger than its electronic counterpart and the temperature rise

is small. This indicates that using a simple TTM will not affect the prediction of

the lattice temperature too much. However, the hot electron relaxation processes are

completely different as is more clearly shown in Fig. 7.7 b). In TTM, Te,TTM drops to

below 298 K within 0.5 ps, while this only happens to Te,MTM after more than 30 ps

due to the hot optical phonons. Therefore TTM over-predicts the electron relaxation

rate by more than 60 times. Slow electron relaxation is beneficial for solar cells where

electron cooling should be minimized for efficiency enhancement [189,190], hence our

MTM will be a much more accurate design tool than TTM.

7.5 Conclusions

We have developed a multi-temperature simulation approach which can present

phonon branch-resolved temperature profile and capture the non-equilibrium ther-

mal transport process. Using temperature-dependent and phonon branch-resolved

thermal properties as inputs, we obtained the transient and steady-state temper-

ature profiles of the thermal transport in laser irradiated SLG. Results show that

the phonon branches are in strong non-equilibrium due to their different e-p cou-

pling strength. The largest temperature rise occurred for the TO phonons is more

than 6 times larger than the smallest of the ZA phonons. The thermal transport is

dominated by different material properties during constant and pulse laser heating

processes. Then we discuss and define the apparent lattice temperature in MTM and

make a comparative study with the original TTM. It is found that TTM predicts

a temperature profile significantly lower than MTM, and a simple assumption that
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Figure 7.7. The transient temperature profiles in the center of the SLG
under pulse laser heating in TTM. Figure b)’s horizontal axis is on loga-
rithmic scale, which shows the electron relaxation in two models.
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ignores the thermal non-equilibrium between phonons can under-predict the thermal

conductivity by more than 40%, while over-predicting the hot electron relaxation rate

by more than 60 times. We also find that the term Gep/k can be used to estimate the

degree of non-equilibrium of phonon branches during a steady-state conduction. We

anticipate that our model and results will be useful for experimentalists and engineers

in prediction and interpretation of a wide range of processes involving laser-matter

interactions. Our model can also be extended to apply to other materials of higher

dimensions and eventually become a generalized methodology.
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8. MULTI-TEMPERATURE MODEL SIMULATION OF NON-EQUILIBRIUM

THERMAL TRANSPORT AT INTERFACES

8.1 Introduction

Nowadays as electronic devices shrink into nano-scale, interfacial heat generation

and dissipation become critical issues in designing these nano-structures. Traditional

prediction methods for the lattice portion of interfacial thermal conductance (ITC)

include calculations based on acoustic mismatch model (AMM), diffuse mismatch

model (DMM), atomistic Green’s function, molecular dynamics (MD) and density

functional theory (DFT), etc [15, 22, 123, 167]. Among them DMM is often used to

provide reference for experimental measurements due to its practical simplicity and

its advantage in describing the interface between dissimilar materials. The lattice

ITC is then calculated using the Landauer approach as follows:

hpp =

∫ ∞
0

D(ω)t(ω)vgh̄ω
dn

dT
dω. (8.1)

Here ω is the phonon frequency, D is the density of states, t is the transmission, n is the

Bose-Einstein distribution function and T is temperature. In Eq. (8.1), two important

assumptions are made: 1) elastic phonon scattering and 2) local thermal equilibrium.

However, experimental measurements of ITC at several metal-diamond interfaces

exceed the upper limits of DMM predictions by 20% to as large as 10 times [10–12],

which challenges the validity of the aforementioned two assumptions. While the

possible cross-interface electron-phonon (e-p) coupling and inelastic phonon scattering

hypotheses have been investigated [13–15,18,137,138], little effort has been delivered

to the impact of phonon thermal non-equilibrium on ITC. It has been demonstrated

that during many applications such as irradiation-matter interactions, phonons can

be driven into strong non-equilibrium by mechanisms such as selective e-p coupling,

and a simple equilibrium picture leads to misleading or wrong results. For example,
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in Raman spectroscopy measurement of graphene’s thermal conductivity, a simple

two-temperature model (TTM) assuming local thermal equilibrium will under-predict

the thermal conductivity by more than 50% [7, 8]. Strong phonon non-equilibrium

has also been observed at graphene-graphene interfaces in MD simulations [61, 75].

Similarly, the e-p non-equilibrium at metal-dielectric interfaces has been proved to

significantly affect the ITC [24,31,59]. These facts give rise to the question as whether

phonon thermal non-equilibrium can also affect the lattice ITC significantly, therefore

a method that can capture this non-equilibrium feature and predict its significance is

necessary.

In this study, we will present a multi-temperature model (MTM) simulation ap-

proach which can capture the phonon non-equilibrium thermal transport process in

dielectrics and across their interfaces. The phonon branch-resolved ITC’s are calcu-

lated using AMM applied to each phonon branch. A case study of the thermal trans-

port process at Si-Ge interfaces is presented to show the impact of non-equilibrium

thermal transport on ITC.

8.2 Case study: thermal transport across Si-Ge interfaces

We perform calculation using our models on Si-Ge interfaces since both materials

have six phonon branches and the thermal properties have been well predicted in

previous literatures [72]. The input parameters are listed in Table 8.1 & 8.2. The

phonon branch-resolved transmission coefficients at the interface are predicted using

AMM. The transmission function of a single phonon mode with frequency ω for

interface between 3D materials from AMM is shown in the following equation [22]:

t12,AMM(θ1, ω) = t21,AMM(θ2, ω) =
4Z2

Z1

cos θ2
cos θ1

(Z2

Z1
+ cos θ2

cos θ1
)2
, (8.2)

where θ1 is the angles of incidence, θ2 is the angle of refraction, and Z is the acoustic

impedance which equals the product of the material mass density ρ and the phonon
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group velocity vg. With the transmission coefficient from AMM, the heat flux J (unit:

W/m2) and ITC hAMM can be calculated from the Landauer approach:

J =
1

2

∫ π
2

0

∫ +∞

0

h̄ω[D1(ω)vg1(ω)t12(θ1, ω)n(Te,1) sin θ cos θ]dωdθ−

1

2

∫ π
2

0

∫ +∞

0

h̄ω[D2(ω)vg2(ω)t21(θ2, ω)n(Te,2) sin θ cos θ]dωdθ,

hAMM =
J

∆T
=

J

(Te,1 − Te,2)
, (8.3)

where Te,1 and Te,2 are the emitted phonon temperatures [133]. Our calculation

assumes the interfacial transmission does not change the phonons’ vibration patterns,

so Eqs. (8.2) & (8.3) are applied to each phonon branch. The results are listed in

Table 8.3. Because the optical phonon branches have no frequency overlaps, their t’s

are all 0.

The simulation domain consists of a 500 nm-long Si block in contact with a 500

nm-long Ge block, as is shown in Fig. 8.1. The two ends are fixed at 310 K and 290

K respectively and heat flows in the direction perpendicular to the interface. Initially

the entire system is at 300 K and then the simulation runs for 50 ns to ensure steady

state is reached. The steady-state temperature profile is shown in Fig 8.2. It can

been seen that the degree of non-equilibrium is not very strong at such interfaces.

Different phonon branches are in equilibrium in most parts of the Ge block. The

cooling length, defined as the distance for the largest temperature deviation between

phonon branches to reach 5% of its maximum value, is smaller than 50 nm in Ge.

The non-equilibrium is stronger in Si with a cooling length of approximately 200 nm,

but the temperature deviation is trivial compared to the temperature jump across the

interface. Several general trends can be observed from the results. The optical phonon

branches have almost identical temperatures with Tlat due to their large Gpp values,

while the non-equilibrium is stronger among acoustic branches. The TA phonons

have a higher temperature than Tlat and dump energy to the lattice reservoir, while

the LA phonons have a lower temperature and receive energy.
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Figure 8.1. Illustration of the simulation domain consisting of a 500 nm-Si
block and a 500 nm-Ge block.
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Table 8.1.
Thermal Properties of Si at 297 K

Thermal Prop-

erty

LA TA LO TO

Gpp(1016 W/m3K) 0.8 0.2 3.7 4.1

Cp(105 J/m3K) 1.8 2.0 1.4 1.2

τ(ps) 21.7 136.4 3.8 3.0

k(W/mK) 53.6 49.1 2.5 0.1

The total ITC across the interface is calculated by extrapolating the linear equi-

librium section of the temperature profile to the interface to obtain the averaged

temperature jump 4Tfit, as is shown in Fig. 8.3. The result of hMTM = J/4 Tfit

is 375.1 MW/m2K. Compared with the classical ITC based on local thermal equi-

librium assumption, which is acquired by summing up the branch-resolved AMM

results hLA + 2hTA = 396.6 MW/m2K as can be easily verified using Eqs. (8.2) &

(8.3), hMTM is 5.4% smaller. This can be explained by the non-equilibrium in phonon

temperatures. In both materials, acoustic phonons are the major heat carriers while

the optical phonon contribution is trivial. When we use Tfit to calculate the ITC, JLA

is under-predicted since the gradient of Tfit is smaller than that of TLA, while 4TLA
is over-predicted, resulting in an under-prediction of LA phonons’ contribution to the

total ITC. The TA phonons, on the other hand, can be straightforwardly verified to be

over-predicted on their contribution to the hMTM . The competing effect between TA

and LA eventually results in a smaller hMTM than hLA + 2hTA. It is noteworthy that

if all phonons are in thermal equilibrium, hMTM should be identical to hLA + 2hTA,

as can be verified from Eqs. (8.2) - (8.3). Therefore it is reasonable to conclude that

this discrepancy originates from the non-equilibrium phonon thermal transport at the

interface, and it is similar to the e-p non-equilibrium which occurs at metal-dielectric

interfaces which also introduces additional interfacial thermal resistance.
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Table 8.2.
Thermal Properties of Ge at 297 K

Thermal Prop-

erty

LA TA LO TO

Gpp(1016 W/m3K) 0.5 0.1 3.1 3.6

Cp(105 J/m3K) 1.6 1.6 1.5 1.4

τ(ps) 30.1 188.4 4.8 4.0

k(W/mK) 20.2 7.1 1.1 0.1

Table 8.3.
ITC from AMM calculations

Phonon branch hAMM

LA 243.8 W/m2K

TA 76.4 W/m2K

LA & TO 0
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Figure 8.2. The steady-state temperature profile of a Si-Ge interface. The
degree of non-equilibrium induced by p-p coupling is not very strong, with
all phonon branches in thermal equilibrium in most parts of the system.
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Figure 8.3. A zoomed-in picture of the temperature profile of the Si-Ge
interface. The fitted temperature Tfit is acquired by extrapolating the
linear equilibrium part of the temperature profile. It can be observed that
4TLA < 4Tfit and 4TTA > 4Tfit
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8.3 Conclusions

We have presented a multi-temperature simulation approach which can predict

phonon branch-resolved temperature profile and capture the non-equilibrium ther-

mal transport process in dielectrics and across interfaces. A case study of thermal

transport across Si-Ge interfaces is presented using our MTM. Non-equilibrium be-

tween different phonon branches is observed due to their different transmission co-

efficients at the interface. Results show that the ITC from the simulation is 5.4%

smaller than the classical prediction based on local thermal equilibrium assumption,

and the discrepancy originates from the phonon thermal non-equilibrium near the in-

terface. The impact of non-equilibrium phonon thermal transport on ITC is not very

significant at Si-Ge interfaces and therefore may not readily answer the unresolved

questions. Still our MTM is a general approach and can be applied to materials where

non-equilibrium is stronger than Si-Ge and better manifest its impact.
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9. SUMMARY

9.1 Conclusions

9.1.1 Investigation of non-equilibrium thermal transport in metal thin

films based on two-temperature model

In this study we investigate the non-equilibrium thermal transport in a thin

metal film embedded in dielectric matrix by deriving a general solution to the two-

temperature model (TTM) equation, as well as performing Fourier and Boltzmann

transport equation (BTE) simulations to benchmark our model. In the first stages we

have studied the bulk thermal conductivity of Au and SAM (self-assembly-monolayer)

as well we the interfacial thermal conductance (ITC) at their interfaces. Conventional

non-equilibrium molecular dynamics (NEMD) simulation is conducted at a Au-SAM-

AU-SAM-Au system at 100 K. Results show that hBd is 292.28 ± 17.71 MW/m2K,

which agrees well with values reported by other literatures. Then a TTM-MD is

conducted at room temperature on the same system. Results show that hBd rises

to 349.3 ± 40.3 MW/m2K, which is expected because at higher temperature more

phonons become available for interfacial thermal transport. In TTM an additional

thermal boundary resistance (TBR) is introduced due to electron-phonon (e-p) non-

equilibrium. The thermal conductivity of Au and SAM molecule chain is also cali-

brated, with kp,Au = 6.37 W/mK and kp,SAM = 1.48 W/mK. These results are used in

the later Fourier and BTE studies of thermal transport in metal thin films embedded

in polymer matrix.

Then we study the thermal transport in the system where a Au thin film is em-

bedded in SAM matrix. At first, a classical TTM-Fourier calculation is performed.

A general analytic solution to the TTM equations without film thickness approxi-

mations is derived, and it is used to get the temperature profile in the system. The
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“critical thickness”, above which the particle size must reach in order to enhance the

thermal conductivity of the composite material, is introduced and calculated using

the general solution as well. Results show that for a Au film embedded in SAM

matrix, the critical thickness is 10.8 nm.

Then a gray lattice Boltzmann method (LBM) combined with TTM is applied

to simulate the same system, while the input parameters are set to be consistent

with previous calculations. The results are generally the same with the TTM-Fourier

calculation with the critical thickness being 10.6 nm, indicating the two approaches

are identical under such conditions. It is confirmed that although BTE captures the

“additional” temperature jump at material boundaries adjacent to thermal reservoirs,

there is no such additional TBR at interfaces between non-reservoir materials. Several

factors that can affect this critical thickness are also investigated. It is found that Gep,

RBd, kpoly and kp,metal can all affect Lc significantly, while ke,metal plays a relatively

trivial role at such thickness.

Finally the thermal transport in metal thin films adjacent to dielectric substrates

is investigated as a general issue. It is found that in metal films with the thickness

of only several nanometers, the electrons hardly contribute to the thermal transport.

A general expression for the effective thermal conductivity is derived. A quantitative

analysis is made based on the solution. Results show that when the film thickness

is very small, i. e. the thin limit, keff converges to kp, while it converges to kp + ke

at the opposite extreme “thick limit”. A physical explanation of this phenomenon

is that in such metal films, e-p non-equilibrium exists at the two boundaries, which

significantly negates the electron thermal transport efficiency regardless of its high

intrinsic thermal conductivity.

The fact that our classical TTM-Fourier method and semi-classical TTM-LBM

method are identical at such metal-dielectric interfaces makes it possible to simplify

simulation tools. And our results of the critical thickness as well as the analysis on

thermal transport in metal thin films can prove useful for researchers in designing
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experiments and interpreting experiment results. Still a simulation tool of higher

dimensions which can cope with more sophisticated cases is desired.

9.1.2 Two-temperature molecular dynamics simulation of metal-dielectric

interfaces with non-local electron-phonon coupling

In this study we focus on understanding and developing a preliminary model for

non-local e-p coupling along with a corresponding simulation tool which includes such

physics. Two models are proposed to incorporate this physics in the simulation. In

the phonon-wavelength model, based on the conventional TTM equations, non-local

e-p coupling is incorporated by modifying the coupling terms. In the metal, electrons

can couple to phonons in a range of 2 phonon-wavelength λavg rather than only those

at the same location. The coupling term in the equation is modified to an integral

form accordingly. At the interface, new boundary conditions are added to enable

the cross-interface e-p coupling. Similar to the non-local e-p coupling inside metal,

electrons can couple to atoms with a distance of 1 phonon-wavelength of the dielectric

material in the dielectric substrate. In the “joint-modes” model, based on the “joint-

phonon-modes” physics, a joint-mode region is defined at the interface which contains

atoms from both sides, and electrons in this region can evenly couple to all the atoms

in the same region.

Then we modify our previous TTM-MD approach to include this new mechanism.

A group of atoms in the dielectric near the interface is designated as the ones in

the dielectric part of the joint-modes region. Based on the Langevin equation, an

extra friction force is added to this group of atoms to account for the cross-interface

e-p coupling, and the energy is transferred to/from the metal surface electrons to

ensure energy conservation. These modifications successfully implemented the non-

local e-p coupling in the TTM-MD code. The simulation is then conducted on Cu-Si

interfaces in comparison to our previous study on the same system. With all the

inputs in common set to the same, and the cross-interface coupling factor Gei set to
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be the same with Gep in metal, results show that the additional energy channel at

the interface can reduce the TBR by 18%. Results of the two parallel simulations of

our two models, with the difference of whether e-p coupling is non-local inside metal,

show that non-local EPC does not affect the thermal transport in bulk materials

significantly.

Finally a thermal circuit analysis is made based on our model and the model

provided in the previous Huberman and Overhauser’s work. We construct a mixed

series-parallel thermal circuit, where the e-p non-equilibrium resistance in the metal

side of the joint-modes region is in series with the phonon-phonon (p-p) resistance,

and they together are in parallel with the interfacial e-p coupling resistance in the

dielectric side of the joint-modes region. We are able to get each value of the decom-

posed RBd components. As a comparison, the simple series circuit that neglects the

cross-interface e-p coupling slightly over-estimates the interfacial resistance, while

the simple parallel circuit under the Overhauser picture under-estimates the total

interfacial resistance. Knowing electron and phonon temperature profiles and the

corresponding thermal circuit is essential to understand metal-dielectric interfacial

transport.

Rather than correctly describing the e-p coupling physics at such interface, we

focus on interpreting the thermal circuit and developing a useful simulation tool. We

expect that our results will be beneficial to researchers in understanding the thermal

transport process, and that our tool can become more practical when the physics of

cross-interface e-p coupling is clear.

9.1.3 Non-local electron-phonon coupling in pure metals manifested by

size effect based on first-principles calculations

In our previous study with TTM-MD, we already proposed a preliminary non-local

e-p coupling model which has very simple assumptions. Inspired by the aforemen-

tioned idea and driven by the necessity to predict accurate e-p coupling properties,
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in this work the effort is put into proposing a more accurate model based on solid

theoretical calculations. Starting with calculating the e-p coupling properties in bulk

Cu, we are able to get results that are consistent with previous works, as well as the

conclusion that electrons generally couple stronger to phonons with higher frequen-

cies.

Then we move on to investigate the non-local e-p coupling phenomenon in pure

metals based on first-principles methods. To demonstrate the effect, we first perform

calculations on Al, Cu and Ag films of different sizes and find that Gep is different

in these cases, confirming that e-p coupling has size effect. In order to manifest the

non-local coupling phenomenon while isolating other factors that can influence e-p

coupling, we define a new term: normalized partial coupling strength α2
v,norm, which

describes the coupling strength between electrons and individual phonon branches

while normalized by their density of states (DOS) and dispersion. By comparing the

α2
v,norm of bulk and thin film metal, we are able to calculate the “reduction factor” of

the coupling strength, from which we construct a Gaussian-distribution function based

coupling strength distribution function (CSDF). Results show that electrons in Al can

couple to atoms in a range of up to 2 lattice-constants, or 0.83 nm. The coupling

strength between electrons and phonons in adjacent atomic layers still preserves more

than 75% of that between electrons and phonons in the same atomic layer.

Comparative studies are performed on Cu and Ag. Results show that the non-local

e-p coupling is not as significant as in Al, but the effective ranges are still more than

2 lattice-constants with 0.37 nm for Cu and 0.49 nm for Ag, and coupling strength

in the adjacent atomic layers is approximately 40% of that in the center. Cu and Ag

also exhibit similar non-local e-p coupling properties. Considering the fact that they

are elements in the same group, we propose that non-local e-p coupling is similar in

materials that has similar electronic structure while regardless of the atomic masses.

Our work is the first to present a theoretical calculation to investigate the non-local

e-p coupling effect. Our results already contain promising information, as the distance

between the surface atomic layers at a metal-dielectric interface is similar with that
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between adjacent atomic layers inside metal. This indicates that cross-interface e-p

coupling can be quite significant according to the results of our calculations, which

gives us confidence in carrying on our calculation into a real metal-dielectric interface.

In fact a calculation based on our model suggests that the ITC due to cross-interface

coupling is on the order of 100 MW/m2K, which is quite significant compared with

typical metal-dielectric ITC’s of 200-700 MW/m2K. The material tested, Al, is a

very common metal with low cost. Although the real application is still limited

by other mechanical properties such as hardness, out results can still be useful in

providing people with guidance when choosing materials. It is possible that certain

Al alloys also has similar non-local e-p coupling properties and other features that are

more applicable. Besides, our results also have many implications in a wide range of

applications where e-p coupling is important, such as hot electron relaxation through

phonons in core-shell quantum dots and solar cells.

9.1.4 Multi-temperature model simulation of non-equilibrium phonon

transport in metals and across interfaces

In this work, we go beyond TTM to study the phonon thermal non-equilibrium

transport which has been largely overlooked by previous studies. Based on TTM

equations, a multi-temperature model (MTM) is developed with phonon branch-

resolved e-p coupling strength. An averaged scattering lattice reservoir is defined

that couples with each phonon branch, which represents the phonon-phonon scatter-

ing mechanism. With proper inputs of their material properties such as e-p coupling

factor Gep, thermal conductivity k and heat capacity C, our MTM is able to simulate

thermal transport processes in materials and present branch-resolved temperature

profiles.

A case study of the transient and steady-state thermal transport in laser irra-

diated single-layer graphene (SLG) is presented. Results show that phonons are in

strong non-equilibrium driven by selective e-p coupling. In SLG under constant laser
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irradiation, the the largest steady-state temperature rise of phonons is 6 times larger

than the smallest one. Compared with TTM, MTM predicts 80% higher electron

temperature and 50% higher phonon temperature. The higher overall temperature is

primarily induced by the “hot phonon bottleneck” where optical phonons have much

larger temperature than the acoustic phonons and effectively prevent electrons from

cooling. The constant laser irradiation case represents the heat transfer process dur-

ing a Raman spectroscopy experiment. If a TTM analysis is applied to the observed

lattice temperature under non-equilibrium, the measure the thermal conductivity will

be under-estimated by approximately 40%. In another case featuring a pulse laser

heating process on SLG, which is common in time-domain-thermoreflectance (TDTR)

experiments and modern electronics such as heat assisted-magnetic recording devices,

MTM increases the hot electron relaxation time by 60 times. Our results demonstrate

the significance of phonon thermal non-equilibrium, and justifies the necessity to use

the sophisticated but simple MTM for an accurate prediction of experimental results

and device performance.

Our MTM is also applied to investigate the effect of thermal non-equilibrium on

ITC at dielectric interfaces. Si-Ge interfaces are chosen as the case study. In addi-

tion to the aforementioned needed inputs, the individual ITC for each phonon branch

is calculated using branch-resolved acoustic mismatch model (AMM) based on the

phonon dispersions. Results show phonons are in non-equilibrium near the inter-

face due to the selective p-p coupling conductance, and the thermal non-equilibrium

causes the ITC predicted from the simulation to be smaller than the summation of

the branch-wise AMM ITC’s. The observation is consistent with what have been

demonstrated at metal-dielectric interfaces, where e-p non-equilibrium introduces an

additional TBR and reduces the ITC. For Si-Ge ITC this reduction is 5.4%, which

is not significant due to the strong p-p coupling in both materials which leads to an

insignificant thermal non-equilibrium. However, we expect the effect will be stronger

in materials with strong phonon thermal non-equilibrium such as SLG.
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Besides our results and findings, our MTM is a general simulation approach that

can be applied to most materials. The phonon branch-resolved predictions will prove

advantageous over the classical TTM, and gain use by experimentalists and engineers

in predicting the thermal transport involving laser-matter interaction and hot electron

relaxation, such as during Raman experiments, in modern electronics and nuclear

reactors.

9.2 Future works

Non-equilibrium thermal transport, as it begins to draw researchers’ attention,

gives rise to a fundamental question: how to define the local temperature when the

system is in thermal non-equilibrium? As is mentioned in Chapter 1 the definition of

temperature is closely related to the distribution functions, and in non-equilibrium

systems energy particles do not share a common distribution function. Regardless,

in practice we still only observe one lattice temperature, and it is not clear how this

“averaged” temperature is related to the temperatures of each phonon mode. Is it the

scattering lattice reservoir temperature? Or can it be the one averaged by phonon

heat capacities? In Raman experiments this measured temperature may be close to

those of the phonons with intermediate frequencies, while in TDTR they may be

more closely related to the optical phonons which are more sensitive to e-p coupling.

Therefore It will be helpful to investigate how the observed temperature is related to

the phonon modal temperatures, which will be helpful for experimentalist to interpret

their results and for engineers to evaluate device performance.

Non-equilibrium thermal transport has a wide range of applications and fields to

research into. The TTM-MD as a predictive method which can incorporate compli-

cated lattice physics and electronic influence at the same time, can be applied to more

occasions other than electronic devices. In nuclear reactors, materials sustain long

time ion and electromagnetic wave irradiation, and e-p coupling plays an important

role in the radiation damage production and evolution [43,44]. TTM-MD can be used
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to predict this process as an practical tool, but it also meets the challenge when sim-

ulating high-energy irradiation as the electrons’ temperature will become high which

will likely make the simulation unstable [30,80]. Many temperature-dependent prop-

erties will also change significantly during this process and the current TTM-MD

where electronic properties are temperature-independent values will need improve-

ment. Our MTM as a sophisticated but simple tool, can also be applied in a wide

variety of applications. As is mentioned in Chapter 8, the thermal non-equilibrium’s

effect on interfacial thermal transport is still not clear and deserves further investi-

gation on materials that has strong phonon thermal non-equilibrium. Extension to

higher dimensions which can describe thermal transport process in real devices is also

desired.

The current work finished on non-local e-p coupling is merely the starting stage

for the investigation into the thermal transport at metal-dielectric interfaces. The

next step is to apply the calculation to interfaces rather than pure metals, which is

more practical to solve the long-time debate but also much more challenging. There

are two issues we need to settle before we can start a practical calculation on a

metal-dielectric interface: 1) excellent lattice mismatch so that the unit cell does not

contain too many atoms which can make the calculation impossible and 2) reliable

experimental results which can be used to benchmark our calculations. The material

pairs that satisfy the second criteria can be easily found as there are numerous TDTR

experiments on metal-diamond interfaces which provide consistent results. However,

none of these pairs have acceptable lattice mismatch that can form a relatively small

unit cell. For example, a Pb-diamond interface unit cell has to contain at least 200

atoms to reduce the cross-section lattice mismatch to within 1%, which makes the

calculation nearly impossible. Currently the solution I propose for the future work

is performing calculation on the Cu-diamond interfaces. The lattice mismatch for a

face-centered cubic (FCC) Cu unit cell and a diamond unit cell is smaller than 1%,

so it is possible to construct an interface with the unit cell number 1 to 1 of the

two materials, which significantly decrease the number of atoms in the unit cell. On
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the other hand, one practical approach which can also help understand the thermal

transport at such interfaces in addition to investigating the non-local e-p coupling is

developing an accurate interatomic potential for the material pair. As is mentioned

above, MD simulation automatically includes all the complex phonon physics and

is therefore an excellent tool for predicting the phonon thermal transport. If a fine

potential can be applied, the ITC due to phonon coupling at metal-dielectric interfaces

can be reasonably accurately predicted, and then by comparing it to experiments it is

straightforward to see what is causing the ITC to be unexpectedly high and whether

cross-interface e-p coupling is important.
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