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Abstract

Over time, technology has shrunk to smaller length scales, and as a result the heat transport in
these systems has entered the nanoscale regime. With increasing computational speed and power
consumption, there is a need to efficiently dissipate the heat generated for proper thermal
management of computer chips. The ability to understand the physics of thermal transport in this
regime is critical in order to model, engineer, and improve the performance of materials and
devices. In the nanoscale regime, thermal transport is no longer diffusive, and the Fourier heat
conduction equation, which we commonly utilize at the macroscale, fails to accurately predict
heat flow at the nanoscale. We model the heat flow due to phonons (crystal lattice vibrations),
the dominant heat carriers in semiconductors and dielectrics, by solving the Boltzmann transport
equation (BTE) to develop an understanding of nondiffusive thermal transport and its
dependence on the system geometry and material properties, such as the phonon mean free path.
A variety of experimental heat transfer configurations have been established in order to
achieve short time scales and small length scales in order to access the nondiffusive heat
conduction regime. In this thesis, we develop a variational approach to solving the BTE,
appropriate for different experimental configurations, such as transient thermal grating (TTG)

and time-domain thermoreflectance (TDTR). We provide an efficient and general methodology



to solving the BTE and gaining insight into the reduction of the effective thermal conductivity in
the nondiffusive regime, known as classical size effects.

We also extend the reconstruction procedure, which aims to utilize both modeling efforts as
well as experimental measurements to back out the material properties such as phonon mean free
path distributions, to provide further insight into the material properties relevant to transport.
Furthermore, with the developed methodology, we aim to provide an analysis of experimental
geometries with the inclusion of a thermal interface, to provide insight into the role the interface
transmissivity plays in thermal transport in the nondiffusive regime. Lastly, we explore a variety
of phonon source distributions that are achieved by heating a system, and show the important
link between the system geometry and the distribution of phonons initiated by the heating. We
show the exciting possibility that under certain nonthermal phonon distributions, it is possible to
achieve enhanced thermal transport at the nanoscale, contrary to the current understanding of
size effects only leading to reduced thermal conductivities at the nanoscale for thermal phonon

distributions.
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Chapter 1

Introduction

The Fourier heat conduction equation has been widely utilized to understand and characterize
thermal transport in materials at the macroscopic scale. For large scale applications where the
typical length scales and typical time scales are much longer than the characteristic mean free
path (MFP) and relaxation times of the heat carriers, such as electrons and phonons, the Fourier
heat conduction equation is valid. However, with the shrinking size of devices produced by
modern technology [1,2], the need to understand beyond the thermal diffusion regime has never
been more important.

Beyond developing an understanding, the need to control thermal transport to improve the
thermal efficiency of devices is critical. The efficiency of thermoelectric devices [3,4], which
convert heat to electricity, directly depends on the thermal conductivity of the material. An
effective approach has been to introduce boundaries and to tune the scattering of the heat carriers
in order to reduce the thermal conductivity. While there are a variety of heat carriers to
consider, such as phonons (lattice vibrations), electrons, magnons, we focus here on the study of
thermal transport in dielectric materials [5], in which the thermal transport is dominated by
phonons. Grain boundaries [6], for example, have been introduced in order to scatter the
phonons, and reduce the thermal conductivity, while keeping the electrical transport unaffected
in order to obtain a high thermoelectric efficiency.

The goal of this work is to provide an efficient approach to solving the necessary equations
to understand thermal transport by phonons in crystalline materials. This aims to provide insight
into the effect of small length scales and short time scales on the thermal conductivity of
materials. With this information, we aim to gain insight into the microscopic details of thermal

transport and extract the MFPs of phonons in various materials.
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1.1 Size effects and the effective thermal conductivity

Size effects have been observed experimentally in various heat transfer configurations. The
thermal conductivity in kinetic theory is given by k=% f C,v,A,dw, where C, is the heat

capacity, v, is the group velocity, and A, is the MFP of phonons. When the length scales in an

experimental configuration, such as the width of boundaries of the material or the size of the
heating region, become comparable to the characteristic MFPs of phonons in a material, phonons
with longer MFPs will be scattered at interfaces and boundaries. This yields an effective
reduction of the MFP of these phonons, and equivalently a reduction in the thermal conductivity,
which serves as a definition of the classical size effects. Size effects can be observed in both
diffusive transport, as well as in nondiffusive transport. The characteristic of nondiffusive
transport is one where the temperature profile no longer matches the Fourier heat conduction
solution with a bulk value of thermal conductivity.

One simple picture that demonstrates the reduction of the thermal conductivity with the
decreasing size of the geometry of a system can be given by heat transport between a hot surface
and a cold surface, as depicted in Fig. 1-1. In the diffusive limit, phonons undergo many
scattering events at their respective MFP A between the surfaces. In the ballistic limit, the
distance between the surfaces is now smaller than the MFP of the system, so one can consider
that the effective MFP of the phonon has been reduced as it will scatter now much earlier than it
typically would have, and thus with a decrease in the MFP, the kinetic theory predicts a decrease

in the effective thermal conductivity, hence demonstrating size effects.
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(a) Diffusive (b) Ballistic
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FIG. 1-1. Cross plane thermal transport between a hot and cold surface in the (a) diffusive

regime as well as in the (b) ballistic regime.

One of the first observations of size effects was for thermal transport in nanowires and thin films.
Studies on the Temperature dependence and also on the length and diameter of the silicon
nanowires gave insight into the strong reductions in the thermal conductivity compared to bulk
due to the boundary scattering experienced by phonons [7-9]. A variety of studies measured the
thermal transport along silicon thin films, demonstrating a large reduction of the thermal
conductivity compared to the bulk value of thermal conductivity [10-12]. Figure 1-2 below
shows experimental results and predictions for the thermal conductivity of silicon thin films as a
function of the film thickness, where the results were reported in Ref. [12]. Studies were also
performed to look at the temperature dependence, as the MFP of phonons generally decrease
with increasing temperature, and this can be reflected in the thermal conductivity [12,13]. There
was a corresponding push on the theoretical side to accurately model thermal transport along
these films, which included Monte Carlo (MC) simulations [14], as well as analogies to radiative
heat transfer to solve the BTE [5,15]. The literature at this time could only handle solving the
gray BTE, one in which the spectrum of MFPs and group velocities of the phonons were

neglected and a single averaged value was utilized.
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FIG. 1-2. Thermal conductivity of silicon thin films as a function of film thickness. Figure
adapted from Ref. [12].

The results of Fig. 1-2 showed the reduction by more than an order of magnitude for the thermal
conductivity of silicon thin films when the thickness was reduced to only tens of nanometers.
More recently, table-top experiments have been developed in order to generate length scales
that are comparable to the MFPs using heating profile patterns [16] or material thickness [17] in
order to observe this reduction in thermal conductivity. One example of experiments involving
nondiffusive transport is in the thermal transient grating (TTG) experiment [16—-19], in which
laser beams are crossed in order to generate a sinusoidal heating profile on a suspended
membrane, as shown in Fig. 1-3. Subsequent probe beams are utilized to measure the
temperature dynamics of the system. From the thermal decay, the thermal conductivity can be
extracted. From experiments on silicon [16] and GaAs [19], nondiffusive transport has been

observed, whose signature is given by a thermal conductivity that depends on the grating period.
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FIG. 1-3. Schematic of thin film TTG experimental configuration. Figure adapted from Ref.
[20].

The onset of nondiffusive transport occurs on the order of a few micron for silicon [16]. Figure
1-4 shows the dependence on the thermal decay rate, given by y = ag’®, where « is the thermal
diffusivity, and g=2x/A is the grating wavevector. Diffusive transport is when the grating

period is large, i.e. g is small, and the dependence of the thermal decay rate is linear with the
square of the grating wavevector. In this regime, the slope is given by the thermal diffusivity.
However, for smaller grating periods, the system deviates from linear behavior, demonstrating
that the thermal diffusivity now has length dependence and the transport is in the nondiffusive

regime.

FIG. 1-4. Experimental measurement of the thermal decay rate of silicon, showing the

dependence upon the square of the grating wavevector. Figure adapted from Ref. [16].
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The development of picosecond thermoreflectance measurements provided the nanoscale
thermal transport community with the ability to resolve thermal transport on the nanoscale. The
configuration of this system made it more suitable for measuring cross plane transport, while the

TTG provided sensitivity to in-plane transport. The thermal diffusion length, given by

L ~~Jat, and with 1 ~100 ps and a thermal diffusivity of many materials being on the order of

a~107°-10"m’/ s, yields diffusion lengths on the order of tens to hundreds of nanometers. A

thin metal film is deposited on top of a substrate and serves as an absorber of optical light. A
pump laser beam, used to heat the system, and a probe laser beam, used to detect the changes in
reflectivity of the metal surface, are used to detect changes in the system and extract the
temperature response based on a model of the temperature dependence of the reflectivity of the
metal [21,22]. Time-domain thermoreflectance (TDTR) was first utilized to measure the thermal
conductivity of glass [21]. Around this time it was also utilized to measure the thermal
conductivity of thin metal films deposited on top of substrates without any complications of the
coupled transport from the substrate, thus providing a method to measure the metal conductivity
directly [23].

More recently, the time-domain thermoreflectance (TDTR) [24-29] and frequency-domain
thermoreflectance (FDTR) [30,31] have been utilized extensively in order to probe and observe
nondiffusive transport by using ultrafast time scales or ultrashort length scales and gain key
insight into the material’s MFP spectrum. In particular, modulation frequency dependence of the
thermal conductivity was observed with the FDTR [32] for certain materials like SiGe. Size
effects from the beam spot were observed for silicon [33], and nanostructured patterns such as
line heaters and nanodots were fabricated to be able to push the length scales of the geometry to
even smaller lengths to probe strongly nondiffusive transport [27,29].

The Boltzmann Transport Equation (BTE) models thermal transport due to phonons in
systems for which the length scales of the given geometry can become comparable to the
characteristic MFP values of the material. It does not capture coherent transport, in which the
wave nature of phonons becomes important, and so will capture transport in which the scattering
of phonons makes them lose their phase information and the phonons can be modeled as bundles
of energy with a particular group velocity and MFP [34]. At room temperature, thermal
transport is incoherent and the BTE performs well in capturing the details for transport for many

dielectric materials such as silicon, SiGe. Being able to accurately and efficiently solve the BTE
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is critical to gaining an understanding of nondiffusive thermal transport and modeling the
relevant experimental geometry. In many situations, the end goal of solving the BTE is to obtain
the dependence of the experimental observable, such as the thermal decay rate in the TTG set up,
as a function of the material properties. Furthermore, this yields the effective thermal
conductivity of the system as a function of its intrinsic material properties and geometry of the
system. The thermal conductivity accumulation function has been utilized as an elegant metric
for understanding which MFP phonons contribute predominantly to thermal transport in a
material [6,35,36]. Recently, algorithms were developed in order to reconstruct the MFP
distribution [29,37]. This provides the ability to reconstruct the material properties from
experimental measurements.

When the length scales in a system become comparable to the MFPs in a material, the

effective thermal conductivity is reduced compared to its bulk, diffusive limit value [38,39], and

@ wTw

thermal conductivity in the nondiffusive regime is given by k=% f C,v,A,S, dov, where

S. =S(Am/L) is the suppression function used to quantify this reduction or suppression of

thermal conductivity, which is assumed to depend on the MFP to length scale ratio, where the
length scale can be the film thickness, the grating period in a TTG measurement, the beam spot

size in a TDTR measurement, etc. The variables C,

» Va» /A, are the volumetric spectral heat
capacity, the group velocity, and the MFP, respectively. The suppression function provides the
ability to extend the notion of thermal conductivity beyond the diffusive regime in which it is
defined from Fourier’s law [37,38]. By measuring the thermal conductivity at various lengths
for the grating in TTG, and having solved the BTE to obtain the suppression function for the
given geometry, the reconstruction process extracts the accumulated thermal conductivity.
Figure 1-5 shows the accumulated thermal conductivity that is obtained from numerical data

from Monte Carlo simulations, as well as the properties obtained from the reconstruction

process, to demonstrate the accuracy and sensitivity of the approach [37].
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FIG. 1-5. Reconstructed thermal conductivity accumulation function. Figure adapted from Ref.
[37].

With the combination of experimental measurements of nondiffusive transport, as well as
accurate modeling of the heat transfer configuration with the BTE, the nondiffusive transport
data can be successfully used to extract the MFP distribution of materials. Typically, density
functional theory (DFT) is utilized to extract the material properties of heat capacity, group
velocity, and the MFP spectrum[40,41]. However, DFT is computationally limited to single
crystalline structures, and this limits the broad set of materials of interest to thermal engineers.
With the reconstruction procedure, the material properties can be obtained through the use of

experiments and are useful for understanding thermal transport[6].
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1.2 A variational approach to solving and understanding

nondiffusive transport

The BTE is notoriously difficult to solve. Given the large phase space of the spatial and
temporal variables, as well as the spectral properties of the phonons, efficient numerical
solutions of the BTE are difficult to develop. Solutions to the BTE have been developed for
simple geometries [42,43], or under the simplification of a single MFP in the gray BTE [39,44].
Numerical techniques for the direct solution of the BTE or via Monte Carlo simulation have been
developed [18,20,26,44-51], but they are difficult to apply to existing experimental geometries
and can be computationally expensive. More specifically, solutions to the spectral BTE, which
considers the wide range of MFPs and the spectrum of properties for phonons, were solved using
the Fourier transform as well as finite difference techniques [47,48,52,53]. By solving the BTE
with appropriate boundary conditions and initial conditions for the TTG configuration, an
integral equation was obtained for the temperature profile, which was solved numerically. On
the other hand, rather than a finite difference numerical solution to the BTE, efficient Monte
Carlo simulations have been successful at accurately simulating heat transport in these
experimental geometries [20,26,27,54,55]. By simulating deviational phonons, i.e. phonons that
represent the energy above the reference background, this significantly reduced the
computational cost of simulating large spatial domains, and made MC simulations a tractable
approach to studying thermal transport [50,51].

The limitation with such numerical approaches to studying thermal transfer is that while it
provides numerical curves for the temperature output as a function of say the grating period in
the TTG, it does not provide a functional form to understand how the material properties affect
the thermal transport. In this work, we have developed a method to solve the BTE which yields
accurate, analytical solutions to the BTE, by using a trial solution supplied by the Fourier heat
conduction solution and utilizing the variational approach to optimize this trial solution. The
BTE has been solved using the variational principle previously [34], but this has been at the scale
of the BTE itself. The novelty of our new approach is that we solve the BTE to yield the

temperature equation, accurate in the nondiffusive range, and the variational approach is applied

24



at this scale in order to utilize the solution from the Fourier temperature field. While the
variational temperature profile utilized could be the result from the ballistic limit, as we aim to
understand the nondiffusive transport observed in experiments, we utilize the Fourier
temperature field with the thermal conductivity as the variational parameter.

The BTE under the relaxation time approximation (RTA) in terms of the nonequilibrium
phonon energy density is given by [5,52,56]:

%—"vw.ﬁgll):—l—[&AT—gw}*- (0 (1.1)
ot T, 47

In Eq. (1.1), g, is the phonon energy density per unit frequency interval per unit solid angle
above the equilibrium spectral energy density at background temperature T, related to the

L ) . hwD(w) .
phonon distribution function f, and density of states D(w) as g, =T_( £, - fO(TO)). v,
T
is the group velocity and T, is the relaxation time. The form of the BTE of Eq. (1.1) is in the
linear response regime where we assume the temperature rise due to the heating is small

compared to the background room temperature. The spectral heat capacity is given by

C, =ha)D(a))—fQ—, and the equilibrium distribution is given by Bose-Einstein statistics as
0

_
how

exp -1
(’%73)

of a given branch and frequency. The spectral volumetric heat generation term can be written as

fo(To) =

. We utilize the subscript @ as a short hand notation to denote a phonon

Q. =p,Q, where Q is the macroscopic volumetric heat generation rate, and p, represents the
degree to which a phonon mode is excited by the heating. These values are normalized such that
the sum over the branches and phonon frequencies add up to unity, i.e. f dwp, =1. The spatial
distribution of @, is given by the macroscopic heat generation rate O, while p, only depends

on the physics of the heating process.

The energy density of the system U can be obtained by summing the nonequilibrium phonon
energy distribution over the solid angle and the phonon dispersion, given as U = f dw f dQg,

and the heat flux ¢ similarly by summing over the phonon energy distribution multiplied by the
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phonon group velocity, given as g = f do f dQg v,. The RTA is an approximation to the

scattering of phonons with phonons. While more recently, there have been developments to
more complex scattering kernels that can capture the scattering for materials for which the RTA
is a poor approximation [57-60], the RTA has been shown to be accurate for silicon near room
temperature [61-63].

By summing the BTE of Eq. (1.1) over all phonon modes, we obtain:

v - . 1|C
—4+V-g=|ldo|dQ—|=2AT -g |+ 1.2
—+Vg=[do[do- [47[ gw} Q (12)

Thus the energy conservation equation is recovered if the following relationship is enforced
between the temperature and nonequilibrium phonon energy distribution:

1[c,
fdwfdQT—[Zr-AT—gw]=O (1.3)

w

Equation (1.3) is how we obtain a temperature integral equation, as the nonequilibrium phonon

energy distribution g, is a functional of the temperature, and depends on the temperature in a

nonlocal way. Solving the BTE of Eq. (1.1) requires the ability to solve the partial differential
equation as a function of the material properties and as a function of the input heating and
temperature response, and applying scattering boundary conditions at surfaces in the system.
The ability to obtain an analytical solution for the energy distribution function is difficult, limited
to regular geometries. From there though, very few analytical solutions exist of the integral
equation itself, limited to only diffusive in-plane transport in a thin film [5,17,42,43].
Traditionally, the BTE has been solved numerically, and then the temperature decay is fitted
to the solution from the Fourier conduction equation in order to extract an effective thermal
conductivity [48,52]. Knowing the solution to the BTE in the diffusive limit, thanks to the
solution to the Fourier heat conduction equation, means that we have more information about the
transport in the system and need not solve the integral equation given by Eq. (1.3) in such a brute
force approach. Rather than directly solving the BTE, we utilize the solution to the Fourier
equation as a trial function, and use the variational technique to optimize this solution. This
reduces the two-step process of doing an exact numerical solution and then fitting to the Fourier
solution into a single one, where we immediately utilize the Fourier trial function and optimize it

to extract the effective thermal conductivity. This has been shown to yield highly accurate
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solutions to the BTE analytically [64,65]. By obtaining analytical formulas for the effective
conductivity in various geometries, this allows for a deeper insight into the material properties
that affect transport, and to more accurately generate algorithms that can reconstruct the material
properties given experimental measurements which extract the effective thermal conductivity.
The variational approach utilized here for the BTE is analogous to the variational method in
quantum mechanics, used for improving one’s trial solution for the ground state energy of a
given system [66,67]. The variational principle has been applied to the BTE previously in
calculating the cross plane heat flux in a thin film [68]. Allen [68] utilized a specific error
metric, one that tries to best enforce uniform heat flux through the slab to ensure energy
conservation, to approximately calculate the thermal flux between a hot wall and cold wall.
Furthermore, variational techniques have been applied to solving the BTE at the initial stage of
the partial differential equation itself [69,70]. In this approach, first described by Ziman [34], the
partial differential equation for the phonon distribution function is solved utilizing the variational
principle, and the variational parameter is calculated by optimizing the entropy. In this work, we
develop the application of the variational principle upon the integral equation for the temperature
profile, derived from the BTE, and solve for the variational parameter by minimizing the residual
error in the equation. Although we anticipate that this approach can be applied also directly to
the BTE, the technique developed here is applied at the stage of the temperature equation for two
reasons. One being that analytically solving the BTE up to the temperature equation decreases
inaccuracies that can build up from utilizing approximations earlier on in the solution. Second,
the temperature equation allows for the direct utilization of the Fourier heat conduction solution
as the trial function, with the effective thermal conductivity (or other properties such as
interfacial resistance or boundary temperature slip) as the parameters used to minimize the error
of the variational trial function. Thus this methodology offers an efficient, approximate

approach to solving the BTE to study nanoscale thermal transport.
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1.3 Organization of thesis

The organization of this thesis is as follows: in Chapter 2 we formally introduce the variational
approach to solving the BTE for analyzing nondiffusive thermal transport, and apply it to the
TTG experimental configuration in the one-dimensional limit as a simple example to
demonstrate the details of the variational approach. In Chapter 3, we apply the variational
approach to the full experimental TTG geometry, both in transmission mode as well as reflection
mode to be able to offer the opportunity to study both optically transmissive as well as opaque
materials. In Chapter 4, we utilize the understanding gained from solving the forward problem
of outputting temperature distributions given material properties, to be able to generate a new
attack on the inverse problem of extracting the material properties from experimental
measurements. In chapter 5, we use the variational approach to study the TDTR / FDTR
geometry as the study of nondiffusive transport would not be complete without an understanding
of thermal transport across interfaces. In Chapter 6, we explore the effect of the phonon source
distribution on size effects to demonstrate that systems in which the heating excites a thermal
distribution of phonons can behave very differently in the nondiffusive regime compared to
systems where the heating excites phonons with distributions that are nonthermal extremes. In
Chapter 7, we provide some major conclusions of this work and future steps to take to extend our
understanding of thermal transfer in the nondiffusive regime further with this developed

formalism.
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Chapter 2
Variational approach to solving the BTE

In this chapter, we elaborate on a new universal variational approach to solving the BTE
introduced in the previous chapter. This variational approach enables extraction of phonon mean
free path (MFP) distributions from experiments exploring nondiffusive transport by providing
insight into the way material properties and the system geometry affect the effective thermal
conductivity. By utilizing the known Fourier heat conduction solution as a trial function for the
temperature from the BTE, we present a direct approach to calculating the effective thermal
conductivity from the BTE. We demonstrate this technique on the transient thermal grating
(TTG) experiment, which is a useful tool for studying nondiffusive thermal transport and probing
the mean free path (MFP) distribution of materials. In this chapter we focus on the one-
dimensional limit of the TTG to illustrate the approach in detail without the complications of
boundary scattering, before moving on to applying the variational approach to the full TTG

configuration in Chapter 3.

2.1 The suppression function and its limitations

By utilizing the suppression function for a given experimental geometry, one can obtain the
material’s phonon MFP distribution from the experimentally measured thermal conductivity
through MFP reconstruction [17,27,29,37]. To obtain the effective thermal conductivity, the
thermal signal from the experiment is fitted to the results of Fourier’s law. The suppression
function is calculated through modeling of the given experimental geometry with the BTE.

However, one key assumption in this method is the universality of the suppression function, i.e.

the ability to express the suppression function as § =S (Aw / L) so that it depends only on the

ratio of MFP to a characteristic length for a given experimental configuration, but not otherwise

on the material properties. This assumption allows one to obtain effective thermal conductivities

29



by solving for the suppression function from the gray BTE, i.e. the BTE equation with a single
MFP [52]. This assumption has been shown to be not strictly valid in the past [48,52] and will
be further shown in this chapter.

The BTE is notoriously difficult to solve, especially for complex geometries, which presents
difficulty in calculating the effective thermal conductivity of materials in a given experimental
geometry. So far almost exclusively, numerical solutions are implemented that directly attempt
to solve the BTE, and are then fitted to the Fourier heat conduction solution to extract the
effective thermal conductivity and corresponding suppression function for the experimental
geometry. Experimental methods have also been utilized that rely on first-principles material
property data to obtain a calibrated suppression function [27]. The key insight in our work here
is to utilize the temperature distribution obtained from the Fourier heat conduction equation
directly in the BTE for the given experimental geometry to facilitate, hence significantly
simplify, its solution. Furthermore, we develop a variational approach to yield solutions to the
spectral BTE, thus the work here is not limited by any approximations on the dependence of a
phonon’s velocity and MFP on its frequency. By utilizing the temperature field derived from the
Fourier heat conduction equation and the variational method, we obtain solutions that are both
simple yet can reproduce the exact numerical results from the BTE in terms of obtaining the
effective thermal conductivity. Our approach provides a more direct, universal methodology for
extracting the effective thermal conductivity and corresponding suppression function to enable
the extraction of intrinsic material properties such as the phonon MFP distribution from
nondiffusive experiments.

We begin with a model problem of the one-dimensional TTG experimental geometry as an
example to demonstrate the variational process formally. In the TTG experiment, two laser
beams are crossed in order to generate a sinusoidal heating profile on a sample, with a spatial
periodicity of length A. Once heated, the sample is allowed to relax and the thermal decay
profile is measured to yield information about the transport within the material. At grating
periods on the order of micrometers, nondiffusive transport has been observed [16,18,19]. Given
the success of this experiment in probing nondiffusive transport and the opportunity to yield
MFP data using reconstruction techniques that have been developed [37], the ability to model
this experiment is critical. Furthermore, the relative simplicity of the geometry makes it more

accessible for theoretical modeling.
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The TTG in the one-dimensional case has been previously studied in a two-fluid framework,
and with simplifying assumptions about the scattering of high and low frequency phonons, an
analytical suppression function has been calculated [18] and utilized in MFP reconstruction [37],
but there is a concern that this model is only valid at the onset of nondiffusive transport. Collins
et al. solved the problem with a numerical approach to obtain the exact solution both in the gray
case as well as the full spectral case for the BTE for Si and PbSe [52]. Deviation of the two-fluid
model from the exact numerical solution was shown for PbSe [52]. Hua and Minnich obtained
the Fourier transform of the thermal decay analytically, and were able to recover the two-fluid
model suppression function in the weakly nondiffusive limit [48]. However, there is no closed

form expression for the thermal decay rate y and the suppression function S that matches
numerical results.

Utilizing the notation by Collins et al., we begin with the spectral BTE in one dimension
under the relaxation time approximation [52] :

%+‘uvw%ﬂ=—g0_gw 2.1
ot 0x T

w

where g, is the phonon energy density per unit frequency interval per unit solid angle above the

reference background energy, related to the distribution function and density of states as

hwD(w) . . : : ‘
g,,,=T( £, = fO(TO)). u is the direction cosine, Vv, is the group velocity, T

is the

w

1
relaxation time, and g, is the equilibrium energy density, given by g, z-4—Cw(T—TO) in the
T

linear response regime, where the spectral heat capacity is given by C, = ha)D(a))%, and the

0

ho B
exp -1 .
k,T

The linear response regime assumes that heating in the material is small enough so that the

equilibrium distribution is given by Bose-Einstein statistics as: £,(7;) =

temperature rise is small compared to the background room temperature, i.e. |T - TO| <<T,, where
T, is the background room temperature. In the TTG experiment, the temperature initially has a
sinusoidal profile and in general obeys T(x,t)=T, +h(t)T, ™ in complex form where 7, is the

m

initial amplitude of the spatial variation, g =2/ A is the grating wavevector, and h(t) is the
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non-dimensional, normalized temperature that describes the decay of the initial temperature

profile. The non-dimensional temperature satisfies 0<h(t)s1, h(r=0)=1and h(t—>*)=0 to

describe the decay of the initial temperature profile. Similarly, the distribution function will also
obey this spatial variation g, (x,z,u)=e"g,(t,u) as well as the equilibrium distribution

g (x,1)=€" CZT"‘ h(t), thus relating the equilibrium energy distribution to the temperature
1

profile.
Integrating Eq. (2.1) with respect to frequency and the solid angle yields the equilibrium
condition in the spectral case described previously and given by Eq. (1.3) [5]:

o=["f g‘);—g‘"deco 2.2)

w

Solving Eq. (2.1) yields the nonequilibrium energy density in terms of the temperature as:

~ Cc,T t t
tu)=—""texp|-—(1+igv, T, u dr'h(t')ex I+igv, T, 2.3
8o (1) = =2~ p(n,( qv,, ) f p( w( q u)) (2.3)
where we have used the initial condition that the system is initially an equilibrium thermal
distribution, i.e. gw(t = 0,,u) =2, (t = O) = C:T”' .
T

Inserting the solution into the equilibrium condition of Eq. (2.2) in the spectral case [5] to
close the problem yiélds the integral equation for the non-dimensional temperature obtained
previously [48,52]:

() [ "Co doy f t)do+ [ h(r f ~op,(t-1)dodr 2.4)

T

w

where we have defined for simplicity bw(t)Eexp(—L)sinc(qth) . This integral equation is
T

easily solved with a Laplace transform, and the temperature profile can be solved for with an
inverse transform as obtained by Hua and Minnich [48]. Other methods to solving the BTE is to
either obtain a numerical solution by solving the integral equation by finite differences [26,52],

or by utilizing Monte Carlo techniques [37,50,51].
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2.2 Variational solution to the 1D TTG

We depart from these established approaches by treating the unknown temperature distribution
as a variational function and rewrite Eq. (2.4) by shifting all terms to one side of the equation to
define:

o, C = v, C t=r w, C ' ’
H(t)= [ T—‘”bw(t)dw—h(t)fo T—"’dcu+foh(t)f0 3, (1=t )dwdr 2.5)

If the function we guess for the temperature profile is the exact temperature profile that solves
the BTE, then this function will be identically zero everywhere. The function H represents the
error in energy conservation, and can be thought of as an artificial heat source/sink (up to

constant factors such as 47 and T, ) as it has been defined from the temperature integral
equation which comes from the equilibrium condition of the BTE [5]. In the exact case it should
be zero everywhere, but since our trial function will not be the exact solution, we would like to
optimize the function that makes H (t) as close to zero as possibler to minimize the error in our
trial solution.

The optimization procedure can be done in several ways. One method is to mathematically

define an error metric and minimize the error in order to calculate the variational parameter.

Some common examples of error metrics are least squares Er(y)= f:HZ(t)dt and least

absolute error Er(y)= “|H ()|dt . Another approach is to require certain physical conditions to
0 pp

be met, and we can impose one physical condition for every variational parameter available in
the trial solution. A simple, intuitive physical constraint is to impose that energy conservation
should hold when considering the entire decay time. Doing so yields the following statement of

energy conservation: ‘
CT, =iq :Q(t)dt 2.6)

The left hand side of Eq. (2.6) represents the energy per unit volume initially deposited by the
heating lasers, while the right hand side represents the total energy flux over all time, where Q is
the heat flux in the x-direction in complex form consistent with our complexified temperature.

The heat flux is calculated by utilizing the spectral energy density solved from Eq. (2.1).
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Calculating the flux and inputting the variational solution into Eq. (2.6), we utilize this physical
condition to solve for the variational parameter, imposing that the trial function willl satisfy
energy conservation over the entire decay time just as the exact solution does. The key point is
to optimize the trial function, either by imposing physical conditions to be met or mathematical
error functions to be minimized and there are various ways to do so. We will show that both
approaches provide good agreement with the exact numerically solved effective thermal
conductivity.

Typically in the variational approach, one uses a trial function that is known from intuition
about the system, and the trial function is optimized to minimize the chosen error function. The
accuracy of the variational approach hinges upon the utilization of an appropriate trial function,
which can be difficult to deduce. In solving the BTE with this variational approach, the Fourier
heat conduction solution provides this trial function, especially since our goal is to extract the
effective thermal conductivity (or in other cases properties such as interfacial thermal resistance,
diffusivity, etc.) of the system.

For the one-dimensional TTG, the exact temperature solution of the Fourier heat conduction

equation is T'(x,1) =T, +T,e*e™"* where a is the thermal diffusivity. Therefore, we take for

the trial function & (r)=e™ with a,, =y/q’. While other trial functions can be inputted to

approximately solve the BTE, the elegance of this approach is that it immediately utilizes the
Fourier heat conduction temperature field appropriately modified as an input, and optimizes to
find the modified properties such as effective thermal conductivity that solves the BTE with
minimized error, converting the difficult task of solving an integral equation for the temperature
distribution into a simple task of performing integration. This provides a more direct approach to
obtaining the effective thermal conductivity and no longer needs to fit the derived solution to an
exponential as the trial function itself takes this functional form. We note that in other heat
transfer configurations, there can be multiple parameters in the trial solution, such as temperature
slip that can occur due to the boundary resistance as well as effective thermal conductivity in the
nondiffusive regime, but the Fourier heat conduction solution provides the starting point. In
chapter 5, we will show the variational approach in which the thermal conductivity as well as the
interface conductance will be used as variational parameters. Here, we demonstrate the

technique on this simple case where only one variational parameter will be needed for simplicity.
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Using the trial function, we can solve the condition of Eq. (2.6) to obtain for the thermal

decay rate:

T n(l)

f :m dwC, ;71— arctan(7,,)

R rwia)
i | (2.7

where we have defined the non-dimensional Knudsen number 71, =gA, =27A /A where A is

the grating period. We utilize the normalized effective thermal conductivity for simplicity,

k
defined as —£ = ZC)/

stk D Koue

, where C is the heat capacity obtained by integrating the spectral heat

w W w

capacity C = f C,dw. The bulk thermal conductivity is given by k., =% f Cv,A,dw. In

Fig. 2-1, we compare results obtained for Si and PbSe, for which previous approaches for
obtaining the effective thermal conductivity include assuming a constant MFP distribution [52],
an exact numerical solution [48,52], and the two-fluid model[18]. The spectral numerical results
are obtained by fitting the exact solution of Eq. (2.2), obtained by finite differences, to the
Fourier exponential profile [52]. The spectral variational results are plotted from Eq. (2.7) using
the physical condition of Eq. (2.6). The least squares results are obtained numerically by
inputting a set of values for the effective thermal conductivity into the function H, calculating the
least squares integral for H as the error metric, and finding the appropriate value of the effective
conductivity which minimizes the error. The gray variational results are obtained by taking the

gray limit of Eq. (2.7), extracting a gray suppression function, and inputting into the effective
e 1 pon . S
thermal conductivity, i.e. k. .., = 3 f . CoVulDSeray (nw)da) . Note that this gray approximation

is identical to the ‘frequency integrated gray medium’ approach performed numerically by
Collins ef al. [52]. Silicon is known to have a wide range of MFPs, and shows that the gray
solution derived suppression function does a poor job in reproducing the exact numerical results.
We also look at PbSe, which has a narrower range of MFPs. We utilize the same material
properties for Si and PbSe as utilized by Collins et al. for comparing between the numerical
spectral solution and the variational solution developed here. Note that the optimized solution,
both from the least squares method and from imposing a physical condition method, agree

excellently with the exact numerical solution, which demonstrates the predictive power of the
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variational approach and the freedom to perform the optimization in different ways. Here the
two-fluid model deviates from the exact solution at smaller grating periods. The gray
suppression function performs better for this material due to its narrower range of MFP’s as

compared to silicon [52].
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FIG. 2-1. 1D TTG eftective thermal conductivity of (a) silicon and (b) PbSe. Here the effective
thermal conductivity is plotted to compare the variational technique with the exact numerical
technique and various approximations. The variational technique for the full spectral BTE, both
with the physical condition of Eq. (2.5) and with least squares optimization, demonstrates

excellent agreement with the exact numerical solution.

From the definition of the effective thermal conductivity and the thermal decay rate of Eq. (2.7),

we extract a suppression function:

i[l_arctan(nw)]

¢ T M.

B C,, arctan(7,, )
J am e 0]

C N,

(2.8)

We note that although the numerator is dependent only on the ratio of MFP to the grating
spacing and hence universal, the denominator depends in general on the material properties of
the system. This result is significant not only because it shows the suppression function is not
universally dependent on a ratio of MFP to a length in the system, but also because we now have
a way to properly address this problem analytically and more generally, numerically. The

numerator is equal to the suppression function previously derived by Maznev ef al. [18] and has
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been called the weakly quasiballistic suppression function [48]. Hua & Minnich have shown that
there is in fact a correction to the suppression function in the full form, but their expression
depends on the thermal decay time which intrinsically depends on the temperature solution to the
BTE [48]. Our optimized solution provides the suppression function and illuminates its
dependence on the grating period as well as its material property dependence. Furthermore, we
can determine the validity domain of the two-fluid model by comparing the denominator of the

optimized expression to unity. Thus, the following quantitative metric is obtained for the

validity of the two-fluid model, f :’"dw%ff-tzi@—l <<1. One could Taylor expand the
suppression function of Eq. (2.8) for large values of the grating period relative to MFP to get an
expression that is a first order correction to the two-fluid approximation for the thermal decay
rate. In Fig. 2-2, we show the denominator of Eq. (2.8) for both Si and PbSe. We find that the
two-fluid model can predict the effective thermal conductivity of Si with less than 5% error for
grating spacings of 1 micron or higher. For PbSe, the two-fluid model has less than 5% error for
grating spacings of 0.1 micron or higher. The cutoff grating spacing is larger for Si than for
PbSe because Si has a MFP distribution that has a larger maximum MFP value than for PbSe, as

shown in Fig. 2-1, hence demonstrates earlier deviation from the exact result.
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FIG. 2-2. Denominator of optimized spectral suppression function for Si (red) and PbSe (blue),

yielding a metric for the validity of the two-fluid model.
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The variational method can, of course, be applied to the gray case, for which we extract a
suppression function that only depends on the Knudsen number. We take Eq. (2.8) and assume a

constant MFP distribution to obtain:

ngy(nw)=n—i[l—am“("‘")H o } 2.9)

7, arctan(,,)

w

The term in the curly brackets is the additional factor we have obtained compared to the two-
fluid model. The gray suppression function demonstrates a weaker suppression (higher effective
thermal conductivity) than the two-fluid model due to this additional factor. The gray
suppression function of Eq. (2.9) excellently reproduces the results of the normalized gray
medium effective diffusivity obtained numerically previously by Collins et al. [52]. However,
we have shown that indeed this approach of inputting the gray suppression function into the
effective thermal conductivity expression is not universal, and performs rather poorly, especially

for silicon as shown by the gray variational results from Fig. 2-1.

2.3 Summary

In summary, we have developed a variational approach that yields a new way of extracting the
effective thermal conductivity of the system by exploiting knowledge of the Fourier heat
conduction equation solution. In general, this approach to solving the temperature equation for
the spectral BTE can directly yield the effective thermal conductivity from nondiffusive phonon
transport experiments without brute force numerical solution of the BTE. We demonstrated the
power of this approach in this chapter by calculating the thermal decay rate as well as an
analytical suppression function for one-dimensional transient grating experiments. Our spectral
suppression function yields the exact suppression of thermal conductivity. We have shown that
the suppression function is not universal, and utilizing the gray solution to the BTE does not
perform well in reproducing the exact spectral data. Moreover, the variational approach
developed here can be used as a universal technique for solving the BTE and obtaining both
experimental observables, such as measured heat flux or thermal decay rate, as well as the

effective thermal conductivity. We will elaborate on the variational approach for the TTG in the
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next chapter, applying it to the case of two-dimensional transport as is more experimentally
relevant. We will analyze the solution to the BTE for a thin film that is optically transmissive, as

well as for opaque substrates.
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Chapter 3
TTG for thin films and opaque substrates

In the previous chapter, we laid out the details of the variational approach for the model system
of the one-dimensional grating. In this chapter, we delve further into the TTG geometry, and
solve the BTE with the variational approach to model thermal transport in thin films as well as
opaque substrates. These two geometries, which are operated in transmission mode [16] and
reflection mode [19], respectively, more accurately resemble the true TTG geometries used to
measure nondiffusive heat transfer. The one-dimensional limit of the TTG of the previous
chapter is the limit of very large film thicknesses for which the laser pulse penetrates far into the
material, yielding only one-dimensional in-plane transport. Now we consider the true multi-
dimensional transport problem in order to calculate effective thermal conductivities that depend

on multiple experimental length scales.

3.1 Thin Film TTG

In the thin film TTG geometry, the materials utilized are optically transmissive, so that the
diffraction pattern of the crossed laser beams is obtained on the opposite side of the film, and the
temperature of the film is obtained from this diffraction pattern [16]. In this case, the system is
heated approximately uniformly across the thickness of the film, with a sinusoidal in-plane
spatial profile. Here, we demonstrate the utility of the variational approach for analyzing heat
transport for nanostructures in multi-dimensional geometries and in the presence of phonon
scattering at boundaries, which is more relevant to realistic experimental conditions.
Specifically, we analyze the relaxation of a thermal grating in a suspended thin membrane [16].
The consideration of size effects from the thin film is critical to explain the experimentally
obtained thermal decay profiles, especially for very thin films [17] and can reveal the reduction

of thermal conductivity and deviation from the Fourier heat conduction solution both from the
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size effects of the grating spacing and the film thickness. This is a nontrivial extension to the
one-dimensional TTG since the spectral BTE is considerably harder to solve in a multi-
dimensional geometry [26,27] and in the presence of boundary scattering. The thin film TTG
geometry has been studied previously with the Monte Carlo approach{20]. In this chapter, we
demonstrate the ability of the variational approach to provide an analytical form for the
temperature profile and the associated thermal decay rate. This provides the ability to study the
full material and geometry dependence of the thermal transport in the TTG in the transmission
mode configuration. We demonstrate that results from this variational approach are in excellent
agreement with Monte Carlo simulation on Si and PbSe. The variational approach offers the
ability to accurately solve the BTE and study a wide range of materials in the nondiffusive
regime with a closed form expression, and computationally a much faster way to study
nondiffusive transport over a broad range of length scales for the film thickness and the thermal
grating period.

We begin with the spectral Boltzmann transport equation under the relaxation time
approximation for the spectral energy density:

%y Vg, =508 G.1)
ot T

w

where g, is the phonon energy density per unit frequency interval per unit solid angle above the

hoD(w
reference background energy, related to the distribution function as g, = —4—()( £, = (T, )) .
7

v, is the group velocity, T, is the relaxation time, and g, is the equilibrium energy density,

w

given by goz%Cm(T—To) in the linear response regime. In the TTG experiment, the
T

temperature initially has a sinusoidal periodic profile as 7'(x,t =0)=T, +7,e* in complex form
where T, is the initial amplitude of the spatial variation and g=2x/ A is the wavevector for the

grating sinusoidal profile. We assume that the initial temperature profile is uniform across the
thickness of the film (depicted in Fig. 3-1) as is often the case in experiment[18]. We require

T, <<T, to ensure we are in the linear response regime. We expect the temperature profile to
obey T (x,z,t)=T,+T,e"h(z,1) where h(z,t) is the non-dimensional temperature that satisfies

0=<h(z,1)=1, h(z,t=0)=l and h(z,t —>»)=0.

41



L
A

FIG. 3-1. Schematic showing the geometry and coordinate system for the thin film. The

thickness of the film d is depicted separating the adiabatic top and bottom surfaces. The grating
period A shows the separation between hot spots (red) and cold spots (blue), which are uniform

vertically across the membrane thickness initially (¢ = 0).

Similarly, the distribution function will be given by g, =¢“'g, and the equilibrium distribution

by g, = %h(z,t) . The BTE now takes the form:

Busv, (fq.u Lo 1, di) -Hfe (3.2)
ot ' T az T

oy

where we have removed the y-dependence due to the translational symmetry, and define u ., u.

as the direction cosines in the x (in-plane) and z (cross-plane) directions, respectively. [f one

measures a polar angle 6 and azimuthal angle ¢ from the z-axis, then in that case the direction
cosines are simply u, =cos(#) and u, =sin(#)cos(¢), but we will keep the form general. We

utilize the Laplace transform in time and the initial condition of the temperature profile to reduce

this partial differential equation to an ordinary differential equation:

~ gﬂ- + 1— CHFT:H
o 1 ' A 0 @
dgm + + STu) * ”7«,#,\- = 4.71' (33)
du 2Kn, u, 2Kn u,
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where we have replaced z by a non-dimensional variable u=2z/d where d is the thickness of
the thin film so that -1<u<1. Furthermore, we have defined the following non-dimensional

quantities utilizing the mean free path A, =V, T, to characterize the size effect of the grating

spacing, 1, =qA,, , and the film thickness, Kn,=A_ /d , given by the Knudsen number. To

simplify the notation, we will utilize the term VEM to group the variables in a
2Kn,,u

compact form. We impose adiabatic, diffuse boundary conditions at the top and bottom of the

thin film,
5 (u=rtusse . >0) =0, o
gm (u= ]’Saﬂx,ﬂz < 0) = 02

where we define the following solid angle integrals:
1 2
o, = —fdQ O(u,)u,8, (u=-15u,-u,)

Jlr (3.5
o, E;fdg Q(Auz)tuzgw (u =1’s"u“"‘u1)

which are proportional to the spectral energy flux approaching the bottom and top walls of the
thin films, respectively. Note the integrations are only over hemispheres representing flux
towards the corresponding surface and not the entire solid angle. We have utilized the Heaviside

step functions ©(x) to restrict the integration region appropriately.

Solving Eq. (3.3) and applying the boundary conditions of Eq. (3.4) yields:

-

2., cT
go(u,s)+rw Z m

§(U(u,s,ﬂx,uz)=@(yz)<olexp(—V(u+l))+f_uldu'exp(—V(u—u’)) e T |,

(3.6)

K (u,s)+T Coln
0 Y 4x
2Kn,u,

O(-u,) 0, exp(-V (u-1))+ 1udu'exp(—V(u—-u'))

where the first term describes phonons flowing towards the positive z-direction (top boundary)
and the second term describes phonons flowing towards the negative z-direction (bottom
boundary). Integrating the solution of Eq. (3.6) over the solid angle hemispheres at the walls
from Eq. (3.5) yields coupled equations for the energy approaching the walls of the thin film,
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0,,0,. Solving this coupled equation, and utilizing the even symmetry of the system about the

center line # = 0 of the thin film yields:

2 Loy “ 4 .
0,=02=1_2173(2)f_1du e T_F,(1+u) (3.7

where we have defined the following integral function for convenience:
F,(u) s—z—l;r—fdQ(H)(uz)ug'z exp(-Vu) (3.8)

The symmetry of the coordinate system we have chosen requires that the temperature, and thus
the equilibrium energy density, be even in the spatial variable . Thus this completes the
solution for the spectral energy density in terms of the equilibrium energy density (and thus the
temperature) when combining the results of Egs. (3.6-3.8).

Integrating Eq. (3.1) with respect to the solid angle and all phonon modes yields the
equilibrium condition in the spectral case[5]. The equilibrium condition in this case can be
expressed as:

12 11 -
Zfda)?go(u,s)=fdw—%—gfdﬁ2gw(u,s,ux,,uz) (3.9)

w [

Note that the integral over @ is a compact notation we use for simplicity where it implies a sum
over all phonon polarizations and corresponding frequencies of those branches[36]. Inputting

the solution of Eq. (3.6) into Eq. (3.9), and inputting the expression for the non-dimensional
temperature §0(u,s)=%ﬁ(u,s), we obtain the integral equation governing the temperature
7T

distribution:

(u,s fdcu w_fd gf du’' - (l _ |) — 2(;+(;))[F(l+u)+F( )]} (3.10)

Notice that this is an integral equation in the spatial variable u, which, after solving, would

require an inverse Laplace transform to obtain the temporal decay of the temperature profile.
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3.2 Variational solution to the thin film TTG

We seek an approximate solution of Eq. (3.10) by using a trial function obtained using the heat

diffusion equation. In the thin film TTG geometry, the latter yields a very simple exponentially
decaying solution of T(F,1)=T, +Tmei"“‘e"aq2' , Where a is the thermal diffusivity. Following the

approach previously utilized for the one-dimensional TTG[64] in chapter 2, we take a trial

solution A (u,t)=exp(-yt) where the decay rate y=g’c,, is determined by the “effective”
thermal diffusivity @,,. By treating the latter as a parameter, we seek to optimize the chosen

simple trial function to get the best approximate solution of Eq. (3.10).

As was demonstrated previously[64], one can take both a mathematical approach, seeking to
reduce the least squares error of the error residual of the temperature equation from Eq. (3.10), or
one can impose physical constraints that the trial function should satisfy. Since our trial function
has only one variational parameter, it would suffice to impose a single condition to optimize the
solution. The physical condition we pick is to demand energy conservation to hold over the thin
film control volume considering the whole time decay. In this geometry, we take a control
volume over the thickness of the film, and for convenience of a width equal to half of the grating
period, centered at a peak in the temperature, where the temperature is above the average
background in order to observe heat flux outwards laterally towards the troughs in the
temperature spatial profile. By considering the entire decay time, energy conservation demands
that the total energy initially deposited by the heating laser pulse into the control volume must be
equal to the total energy that flows out of the control volume over the entire decay time. As the
top and bottom surfaces of the thin film are adiabatic, we need not consider the flux in the z

(cross plane) direction, g, , and thus energy only flows out due to in-plane flux out of the control

volume. Integrating over all time, and over the thickness of the thin film in the z direction, and
over the width of the control volume in the x direction yields in complex form:

CT,,,M=2ifidzf:dt g,(z1) (3.11)

JT
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where g, is the heat flux in the x (in-plane) direction, given by g, (x,z,1) =g, (z,1) due to the

periodicity of the heating profile. Eq. (3.11) simply says that the total initial energy must be
equal to the total flux away in the in-plane direction from peak to trough integrated over time.

Beyond a physical demand for energy conservation, Eq. (3.11) has also a mathematical
benefit. In the 1D TTG model, it can be shown that imposing this physical constraint as
demonstrated previously[64], makes it such that the area under the temperature decay curve from
the trial exponential solution matches the area under the exact temperature decay. While this
cannot be strictly proven in the thin film TTG problem due to the z dependence in the problem,
the benefit of this is that a function that starts at unity will be constrained to match the area of the
actual decay and for the monotonically decaying temperature profile, this will yield an excellent
approximation, as will be seen in Fig. 3-2.

The heat flux is obtained by integrating the spectral energy density over the solid angle and
phonon frequencies in the form g, (u,5)= f dov, f dQu g, (us,1,, u.). Inputting the spectral

energy density expression of Eq. (3.6) and integrating, we obtain:

3, (ws)=T, [ doC, wf_‘ldurf’(”"s_)”w{q (|u-u'|)+%2(lF:—(‘;))[Gz(1+u)+Gz(1-u)]} (3.12)

w

where the following solid angle functions have been introduced for convenience:

1 2 u
Fn(u)=gfd99(,uz)y; e
(.13)

1 n- —-Vu
G, (u)==— [ dQO(u, ) p ™
2r
The in-plane heat flux can be integrated over the thickness of the film and after inputting the trial

exponential function, whose Laplace transform is given by /;(u,s) L , and taking s to be zero
S+y

to integrate over all time, the conservation equation of Eq. (3.11) can be solved to yield the

thermal decay rate:

fdw_c_:‘l{l — Larctan("?w) + III(T,"J,an )}
T Mo

f dwC,, {L arctan(n,, ) - ¥(n,,Kn, )}

@

y= 3.14)

nru

where we have defined the following functions given by solid angle integrals:
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w

‘P nw’Knm Ew -
(. K. ) =, -

1 K
¥ (m,,Kn, ) = [[dQO(, ) e r (3.15)

- exp(_ L+in,u, ]
(1 + inw»ux )

o — [l-exp(_“fwl-uzcos(m)}]
°Te (1 +in,\1- 1’ cos(2:r¢))’l Kn,u

which can be viewed as generalizations of the exponential integral functions[71].

Using the relation of the thermal conductivity to the thermal decay rate from the Fourier heat
conduction solution k=yC/q*, we obtain the effective thermal conductivity for the thin film
TTG:

—fdw VoA, {1—Larctan(nw)ﬂll(nw,an)}
r’(l}

w

k=

(3.16)

_fda)C {—~arctan(77w) l11(17(",Knm)}
n(l,

Note the complex material property dependence of the effective thermal conductivity, in that we
have two integrals over phonon properties appearing. We take the limits of large membrane
thickness and large grating spacing and verify the expected limits of the one-dimensional TTG

expression[64] and the Fuchs-Sondheimer [42,43] formula:

~fda)vawAw {I—Larctan(nm)}
nw 77(()

— | doC, —arctan n.

C f n, ( ) (3.17)
1 E, ! +E, !
4 Kn,, Kn,

The suppression function is defined by the relation to the effective thermal conductivity [18,52]

?

k(d >> A A)

w?

k(A>>A,.d) ——fda) Vo w{ ;an

w  w w-w

as k=% f Cc,v,A,S, dw, where again the integral over @ implies a sum over all phonon

polarizations and frequencies, in compact form [36]. The suppression function characterizes the
effective reduction of the MFP of phonons due to size effects from the heat transfer geometry,

which corresponds to a reduction in thermal conductivity. However, only in the large grating
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period limit can a universal suppression function, necessary for MFP reconstruction from the
previously developed reconstruction algorithm [37], be obtained.

The temperature decay curves for some representative thicknesses of film and grating
spacings for Si and PbSe are shown in Fig. 3-2, utilizing the same material property data from

the previous one-dimensional TTG studies [52,64]. The variational approach is compared

against the Monte Carlo results obtained for the thin film TTG [20]. The variational approach
demonstrates a predictive ability to studying the temperature decay over a broad range of grating

periods, even into the strongly nondiffusive thermal transport regime, when the thermal decay
deviates from exponential decay.

PbSe A =10 nm PbSe .. =50 nm PbSe A =800 nm
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FIG. 3-2. Temperature decay dynamics for PbSe (10 nm thick film) and Si (390 nm thick film)

for several grating spacings, comparing the results of the variational technique (dashed line) and
Monte Carlo runs (solid line).

To get a clearer picture of the onset of nondiffusive transport, we plot the thermal decay rate
against the square of the grating wavevector in Fig. 3-3. As the slope of this relation is equal to
the thermal diffusivity, in the diffusive regime the dependence is linear [16,20]. For larger

grating wavevectors g (i.e., at smaller periods A ), the solution visually deviates from the Fourier
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heat conduction model, and this deviation occurs at TTG periods on the order of 5 microns and
50 nanometers for Si and PbSe, at membrane thicknesses of 390 nm and 10 nm, respectively.
The thermal decay rate gives a quantitative method to determine when the conductivity deviates

from the bulk value for a given membrane thickness. Note that this thermal conductivity

obtained for large grating periods will still experience size effects from the membrane boundary
scattering as predicted by the Fuchs-Sondheimer model [42,43]. This is a different metric for
determining the onset of nondiffusive transport than looking at the thermal conductivity
accumulation function and looking at the value for MFP’s below which contribute to 50% of the
thermal conductivity [6]. While the thermal conductivity accumulation function would yield a
simple estimate at what length scales one would expect to observe nondiffusive transport, the

utilization of the decay rate is a more rigorous method of taking into account the full effect of the

geometry and heat transfer configuration of the system.
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FIG. 3-3. Thermal decay rate plotted against wavevector squared for (a) Si and (b) PbSe. The

deviation from the Fourier conduction model on the order of roughly 10% occurs at squared
wavevector values on the order of 2 and 20,000 um™ for Si (390 nm membrane thickness) and

PbSe (10 nm membrane thickness), respectively, which corresponds to on the order of 5 microns

and 50 nm, respectively, to observe the onset of suppression of thermal conductivity.

The thermal decay rate from the Fourier heat conduction equation is directly related to the

thermal conductivity, and utilizing this definition we extract the effective thermal conductivity as
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given by Eq. (3.16). By normalizing to the bulk thermal conductivity, we compare the effective
normalized thermal conductivity as a function of the grating period for various thickness films.
Fig. 3-4 shows the effective thermal conductivities of Si and PbSe for various thicknesses of
film, plotted against the grating period. The material properties are the same as those utilized in
our previous work[64] and Collins et al[52]. There is excellent agreement with the Monte
Carlo results across a broad range of film thicknesses and grating periods. The Monte Carlo
simulations were performed by my colleague, Dr. Lingping Zeng, and further details of this

calculation can be found in Ref. [20].
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FIG. 3-4. Normalized effective thermal conductivity as a function of the grating period for
various thicknesses (increasing in thickness from bottom line to top line) of the thin film for (a)
Si and (b) PbSe. The variational approach (lines) yields effective conductivities that show
excellent agreement with Monte Carlo simulations (symbols) over a broad range of grating

periods and film thicknesses.

We can determine the grating period yielding a 5% reduction in the effective thermal
conductivity compared to the Fuchs-Sondheimer (long grating period) limit. This provides a
quantitative metric of the onset of nondiffusive transport for a given membrane thickness. From
Fig. 3-4(a), we see that for Si, the grating period that is at the onset of nondiffusive transport

occurs at approximately 40 um, 10 wum, 7 um, 3 um, 2 um for membrane thickness of 10

um , 390 nm, 200 nm, 50 nm, and 20 nm, respectively. Similarly for PbSe, Fig. 3-4(b) shows
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that the grating periods for which we can deduce the onset of nondiffusive transport occur at 300
nm, 120 nm, 90 nm, 60 nm, 50 nm for membrane thicknesses of 100 nm, 10 nm, 5 nm, 2 nm, and
1 nm, respectively. For both materials we see that the grating period for the onset of
nondiffusive transport is shorter for thinner membranes, and this can be qualitatively explained
by the reduction of the effective MFP of the systems due to the boundary scattering.

The variational approach demonstrates the simplicity of optimizing a trial solution from the
diffusive temperature profile that the experimentalist fits to, rather than a brute force solution of
the BTE followed by a fitting to a diffusive profile in order to extract material properties such as
the effective thermal conductivity. This also provides the opportunity to obtain analytical

solutions to the BTE for geometries that have never been obtained previously.

3.3 Reflection mode TTG

For materials that are opaque, the TTG cannot be operated in the transmission mode, but can be
operated in the reflection mode, where the reflection of the probe beam is utilized in order to
understand the temperature response of the surface. This is also useful for studying materials for
which very thin films cannot be experimentally manufactured. The assumption made in the thin
film TTG is that the heating is uniform across the thickness of the film, which requires a balance
between the optical penetration depth of the heating and the thickness of the film.

The reflection geometry provides the opportunity to study once again the interplay between
the in-plane length scale of the grating period and a cross plane length scale. While in the thin
film TTG the cross plane length scale was determined by the thickness of the film, which serves
to scatter phonons at the boundaries, the cross plane length scale in this case is the optical
penetration depth. In this chapter we will explore the interplay between this variables and how
the effective thermal conductivity behaves as a function of these two variables and how well the
variational approach with the modified Fourier temperature distribution can perform.

In the TTG experiment, the response in reflection mode is different than in transmission
mode for thin films. In this case, the diffusive temperature profile has been solved previously in

order to analyze the temperature signal using TTG for opaque materials [72]. For the
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experimental conditions of a spatially periodic heating, the temperature is given by

T(x,z,t)=T,+T,e"h(z,) in complex form, and this serves as a definition of the non-
dimensional temperature . The temperature T, is the background equilibrium temperature of

the system, for example the room temperature. The heating by the laser is incorporated with a

volumetric heat generation term, given by the functional form:
Q=96(t)e™U,Bexp(-pz) (3.18)
where U, represents the energy per unit area deposited into the substrate by the pulse, and S is

the inverse penetration depth of the heating profile. The previous derivation took into
consideration different in-plane and cross-plane thermal conductivities to prove that the
experimental signal is sensitive to only the in-plane thermal conductivity[72]. For simplicity, we
show the derivation for an isotropic system, but the results can be extended to an anisotropic
system. Given that we will utilize a single, isotropic value of conductivity, we present the

Fourier heat conduction equation in this case:

oh 2 ’h  BU
—=-aq h+a—+—Lexp(-Bz)0(t 3.19
R p(=Bz)d(1) (3.19)
with the initial and boundary conditions given by:
h(z,t=07)=0
o =0 (3.20)
0z =0
h(z — OO,I) =0

which assumes an adiabatic surface at z = 0, and that the system starts at equilibrium prior to the
energy deposited by the laser. We present the solution in the Laplace transformed domain for

convenience and future utilization in the variational approach for the BTE solution:

Y,
; _ (T, _pnN__ B [
h(z,s)—m[exp( Bz2) mexp( z\q +s/a)] 3.2D)

We will utilize the Fourier heat conduction temperature profile in our variational solution of the
BTE. Taking the inverse Laplace transform of this yields the temperature as a function of the

depth into the substrate and time:
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h(z,t):'g—l;gexp(—at(qz— ﬁz))%{exp(ﬁz)erfc(ﬁ\/a +> ja_t)+exp(—ﬁz)erfc(,3\/a_ -3 j&)]f (3.22)

where the surface heating profile is:
= - ﬁUO 2 2
h(z —O,I)—C—Toexp(—at(q -B ))erfc(ﬁ\/a_E) (3.23)
To solve for the thermal transport in the nondiffusive regime, once again we begin with the

spectral Boltzmann transport equation under the relaxation time approximation:

%-Fi;w.ﬁgw:M*-& (3.24)

ot T 4

w

The sinusoidal heating profile in the x-direction (in-plane), given by the pulse form

Q,(x,z,t)=6(t)e”Q,(z), means we can expect that the spectral and equilibrium energy
densities to also obey a sinusoidal profile g, =e“g, and the equilibrium distribution will

CuTy

simplify accordingly as g, h(z,t). By inputting this in-plane sinusoidal profile and
T

utilizing the Laplace transform (denoted by the ~ symbol) in the time domain, the BTE simplifies

to:
: QID
s . 8o +T, 2
%_’_ ..w 1+S‘L'w +”7(qu _ 4 (3.25)
0z A,u, A1,
where we have defined 7,=9gA, . For convenience, we define the parameter
V= HHXM to group the variables in a compact form for the following solution of the
(U‘le
BTE:
| | | b
gw(z,s,ﬂx"uz)=CXp(—VZ)§w(Z=0,S,,ux,,uz)+fo dz'exp(-V (z-7))) i T (3.26)
The boundary conditions are taken to be:
:w z=L,s,u,,u,<0)=0
8l Holl ) 3.27

§(u (Z = O’S’lu‘x"l’lz > 0) =0
The first boundary condition takes an imaginary blackbody wall at length L into the substrate at

the background temperature to account for the semi-infinite substrate, and later we will take this
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length to infinity. The second boundary condition allows for the adiabatic boundary condition of
with diffuse scattering, where o = 1 f dQO(u,) uﬁw(z =0,s,u,,—4, ), which is proportional to
T

the specular heat flux approaching the surface. We have utilized the Heaviside step function to
reduce the integration over the solid angle only to consider phonons approaching the surface.
Solving the boundary conditions, and taking the artificial length L to infinity yields the formal

solution to the BTE for the spectral energy density in terms of the equilibrium energy density:

2 . 8:0 (z’,S) + —T"’%’ (z ) ,
Bl ==0(-w) f de AT —exp(-V (z-2)
2,y 7,0,(2)
L Bl s )
fo dZ’ 0 ~ iy, 4 eXp(—V(Z—z'))+ (3.28)
6(!"1)4 anuz ) , X
2y, T2 (2)
AT ,
J, & 2exp(-Vz) Fy(2)

where we have defined the following solid angle integral function:

F,(z)= ZL” [dQo(u)ure™ (3.29)

The first term represents phonons moving towards the surface of heating at z = 0, whereas the
second term represents phonons moving away from the surface.

The temperature equation can be derived by utilizing the equilibrium condition obtained by
integrating Eq. (3.24) with respect to frequency and the solid angle [5]. The equilibrium
condition in this case can be expressed as:

1 2 1 2
4ﬂfdwr—g0(z,s)=fa’a)r—fngw(z,s,‘ux,,uz) (3.30)

Performing the solid angle integral, and inputting the expression for the non-dimensional

Coll

2 ﬁ(z,s) , we obtain the integral equation for the
T

temperature expression §0(z,s)=

temperature distribution:

~ C, c, 1 o |a, 7,0, (7
h(z,s)fdwr—=fdwr—ﬁfo dz [h(z,s)+_C_T()

w” 0

{E (z-2])+2F,(2)F, (z’)} (3.31)
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This is an integral equation in the spatial variable z for the non-dimensional temperature in the
Laplace domain, which after solving requires an inverse Laplace transform in order to obtain the
full temperature solution in the time domain. For the thermal distribution, the spectral heat

generation takes the form:
= C
Q. (2)=+UoBexp(-F2) (3.32)

While other distributions can be taken, we utilize this form in order to compare to the Fourier

heat conduction solution.
3.4 Variational solution to the TTG in reflection mode

We will again utilize the known Fourier heat conduction solution as a starting point for the
variational trial function. The simplest trial function is to take the diffusive temperature profile
and allow just the thermal diffusivity to be a variational parameter. In general, the size effects
exhibited by the BTE will affect both the temporal as well as the spatial distributions of the
temperature. However, the simple variational solution that varies only one parameter, the
thermal diffusivity, we will show already does an excellent job in approximately solving the
thermal decay from the BTE over a broad range of grating period length scales. Thus, we
proceed by taking the Fourier heat conduction solution of Eq. (3.21) as a trial function and use
the thermal diffusivity as the variational parameter.

To solve for the variational parameter, we will impose that the trial function must satisfy
energy conservation taken over the control volume of the semi-infinite substrate over all time,
quite analogous to the condition utilized for the thin film TTG geometry [65]. This mathematical
condition can be obtained by integrating the BTE of Eq. (3.24) over the solid angle and

frequency, and then also over the depth variable z as well as over all time to yield:
A ™, ™, ~
U0;=21f0 dz [ dt §,(z.1) (3.33)

This statement says that the total energy per unit area perpendicular to the z-axis deposited in the

semi-infinite substrate initially (left hand side of Eq. (3.33)) must be equal to the total energy that
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moves away in the in-plane direction. The in-plane heat flux is obtained by utilizing the spectral

energy density of Eq. (3.28), and integrating over the frequency and solid angle, i.e.

qx z,8) f dw f dQv, uz, (2.5,14,,14,), to obtain the in-plane heat flux:

5X(z,s)=%TO f dowvw—/-:— f:dz’[ﬁ(z s)+%(ﬂ [G/(:-2))+2G,(2)E(2)]  (3:39)

w0

where we have defined the solid angle integral function:
1
G, (z)=— [ dQ0© "2u_exp(-Vz 335
(2) = [ dQ0(u,)ul ", exp(-Vz) (3.35)

Inserting the heat flux expression of Eq. (3.34) into the energy conservation statement of Eq.
(3.33), and inputting the variational trial function of the Fourier heat conduction solution of Eq.
(3.21) as well as the thermal distribution for the heat generation rate, we can solve for the
effective thermal conductivity after cleaning up some of the solid angle integrals. We obtain a

form similar in structure to the results from the thin film TTG [65] of Eq. (3.16):

—fda)C VoA, f(n,.Kn,)

(3.36)
_f dw nw’ w)
where fand g of the kernels that characterize the size effects, given by:
’y(n,,Kn,)-Kn W (n,,
f(nanan) =%’{1—Larctan(nw)+ T’w (nw n;)) K rzlw (nw nw)
77(!) n(l) T’(l) - nll) (3 '37)

g(n,.Kn,)= Larctan(nw) -¥(n,,Kn,)

w

We have defined the following solid angle integral functions:

lI’(x

1 1
’Z)=5’/’n(x’1)—m%(’f’z)

1 1 zu
Y ,7)= — dQoe z 3.38
n(x Z) 27.[_" (;uz)(l_}_ix‘ux)n 1+Z,uz+l'x!lx ( )

1 pl 1 zu
= d
fo Mfo ’ [1 +ixqfl- g cos(2n¢)] 1+zu+ ix\/l ~ u* cos(27p) ,

If we take the limit of Kn,— 0, i.e. the case of very long penetration depth, the solid angle

integrals vanish as v, (nw,an - 0) x Kn_, and we recover the one-dimensional TTG limit as in
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this case the substrate essentially starts off at a uniform temperature, and we recover the
previously derived effective thermal conductivity [64]. The more interesting case for this

problem is the simplification of surface heating, i.e. Kn — . In this case, the kernel functions

simplify to:
f(nKn, =) =1 [l-iarctan(nw)l iz L [(1+nw) —Eni—ni—l]
2,1 m, 21+41+02 1, 2
(3.39)
g(n,.Kn, =)= lLarctan(nm)+l#
27, 21+1+1?

For the general case of arbitrary penetration depth, the solid angle integral functions can be

calculated analytically to obtain:

2 2 1
arctan(\/x’ -7 )+ arctan(—\/x2 -7 )
l+z-vVI1+x? z z

T — ] 7<x
£ (x ‘Z) —arctan(—\/1+x2\/x2—z2)
z
3

1+x2) -x* -1
%(X,Z)= (—)3;—————- z=x

1
z1+z-m e o 1+;\/l+x2\/z2—x2 s

72— x2 (Zz_xz)‘zl (1+ /Zz_xz)(“_l fzz_xz)
z

(3.40)

1
arctan \/x —z2)+arctan(——\/x2—zz)
z

1
-—arctan <X

A —arctan —\/I+x \/

Y, (x,z)= larctan(x)—1+

—_— =X
X 1+\/l+x
| 1+lxll+x2\/z2—x2
z
V7 - ¥ (1+\/z2—x2)(1+1\/12—x2)
z

1arctam( )+ z>x

which allows for a fully analytical effective thermal conductivity for any penetration depth into

the substrate.
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3.5 Different length scales have different effects

To study the effect of the optical penetration depth in the case of a diffuse surface boundary

condition, we first plot the kernels f'and g as a function of 7, for varying values of Kn,. The
1D limit of Kn, — 0 and the surface heating limit of Kn, — c define the envelope curves for

which the kernels for arbitrary values of the penetration depth must lie between. As the Knudsen
number increases, the size effect due to the optical penetration depth increases, which physically
results in a decrease of the effective thermal conductivity. This occurs due to the decrease in the
numerator kernel £, and the increase of the denominator kernel g. Figure 1 shows that these two
envelopes of the one-dimensional limit and the surface heating limits are quite close, indicating
that the effective thermal conductivity due to a diffuse boundary experiences weak effects from

the optical penetration depth, as predicted by this variational approach to solving the BTE.
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FIG. 3-5. Kernels of the effective conductivity. The numerator kernel f (a) that shows the size
effects and appears beside the differential conductivity and the denominator kernel g (b) that
shows the size effects and appears beside the spectral heat capacity. These indicate that the
optical penetration depth does not have a large effect on the effective thermal conductivity with

the diffuse surface boundary condition.
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Utilizing the derived kernels to calculate the effective thermal conductivity for silicon, we show

in Fig. 3-6 the effective thermal conductivity in the various limits. We utilize the optical
penetration depth value of 7' =500 nm. Note that the effective thermal conductivity is quite

similar in the one-dimensional limit and the surface heating limit. As expected, when the
thermal grating period is much smaller than the optical penetration depth, the effective thermal
conductivity takes on values of the one-dimensional limit, as the transport is mostly in-plane. In
the opposite case when the grating period is much larger than the optical penetration depth, the
effective thermal conductivity limits to the surface heating limit.

Figure 2 demonstrates that the variational technique does not show that the transport has a
strong dependence on the optical penetration depth. Thus, the one-dimensional limit of the
TTG[64] for the thermal conductivity captures the behavior of what we would expect for any
material, even though the temperature profile is still two dimensional. While the effective
conductivity is shown for silicon, this is true especially given the results of Fig. 3-5 so that
regardless of the material, the kernels do not show strong dependence on the optical penetration
depth, and thus the variational approach will not predict strong size effects from the optical

penetration depth.

o
@

0.6r

~=1D limit

normalized effective conductivity

0.4f —surface heating
- p~' =500 nm
0.2 :
107 107 107" 10° 10’ 10° 10°

grating period (um)
FIG. 3-6. Effective thermal conductivity for silicon in reflection mode TTG. We show the
results of the diffuse surface variational technique for silicon as markers over a wide range of

thermal grating periods, as well as the one-dimensional limit and the surface heating limit.
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An interesting physical difference between the reflection TTG and the thin film TTG is the size
effect due to the defined Knudsen number in each case. In the limit of large grating periods, the
thin film TTG limits to the Fuchs-Sondheimer [42,43] problem of in-plane transport, and there
is still a reduction of the effective thermal conductivity due to the finite size of the membrane. In
the reflection TTG, the limit of large grating period yields the bulk thermal conductivity,
regardless of the optical penetration depth. This demonstrates the limitation of a modified
Fourier approach in capturing the details of a thermal decay due to a very localized heat source.
The transport for short times will be nondiffusive, and after large enough time that scattering
among phonons makes the decay diffusive, then the system will behave as if it has a bulk thermal
conductivity. The variational method is able to capture the result that the thermal conductivity
that best recovers this behavior is bulk, however it is not capable of capturing the nondiffusive
effects at very short penetration depths when the time of decay is on the order of some of the
relaxation times of the phonons. The variational approach is not limited to using the modified
Fourier temperature profile as an input solution, and other functional forms can be inputted if one
is interested in capturing the short time decay. However, in the interest of being able to extract
the effective thermal conductivity, the modified Fourier profile is used, and the variational
condition of Eq. (3.33) is used for consistency for all length scales rather than using different
variational conditions for different length scales. Figure 3-7 shows the regime in which the
variational approach is least accurate, which is for large grating periods and short optical

penetration depths.
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FIG. 3-7. Comparison of variational method with Monte Carlo simulations for silicon with a
grating period of 10 micron and a penetration depth of 10 nm. For short times, as shown for 100
picoseconds or less, the modified Fourier profile decays too quickly as it predicts bulk thermal
conductivity whereas the transport achieves diffusive behavior for longer times, as indicated by

the better agreement after 100 picoseconds.

When the optical penetration depth is large compared to the grating period, the transport is
effectively one-dimensional and only in-plane, and the results will be given by the 1D TTG for
the effective thermal conductivity and the accuracy in this regime has been demonstrated
previously [64]. However, when the grating period is very large, but the optical penetration
depth is very small, the temperature response is nondiffusive for short times, and eventually
becomes diftusive. The variational condition predicts that a bulk thermal conductivity captures
this due to the weighting of considering all times in Eq. (3.33).

In the experiment, often the grating periods utilized are on the order of single microns [16,19],
and the optical penetration depth on the order of hundreds of nanometers (500nm for Si). In this

case, the agreement with the variational method utilizing the modified Fourier temperature
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profile is expected to be far better. Figure 3-8 shows the comparison between experiment and
the variational approach, utilizing the generated DFT properties as input into the variational
formula of Eq. (3.36) [73]. The experiments were performed by my colleagues Samuel
Huberman and Ryan Duncan, utilizing the table-top TTG experimental set up of Professor Keith
Nelson of the Chemistry department of MIT. Further details into the experimental set up and
alloy properties utilized for SiGe can be found in Ref. [73].
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FIG. 3-8. Temperature decay from experiment compared with the variational approach in

reflection mode TTG. We see the comparison between the experimental measurements as well

as the variational approach for SiGe (~ 6% Ge) over several grating periods of 1 micron (a), 2.05

microns (b), 4.9 microns (c), and 10 microns (d).
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From the experimental decay, by fitting to the Fourier temperature response at the surface from

Eq. (3.23), we can fit to find the effective thermal conductivity. These fits are shown in Fig. 3-9

as well as the comparison to the forward calculation from the variational approach.
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FIG. 3-9. Effective thermal conductivities extracted from reflection mode TTG experiment on

SiGe.

The comparison to the variational effective thermal conductivity shows excellent

agreement. The experiment (green circles) shows excellent agreement with the variational for

the sample of Sig; 4Geg s, and the curves for other allows for SiGe are shown to demonstrate the

sensitivity of the accuracy for the particular alloy tested.

We see excellent agreement between the fitted effective thermal conductivities as well as the

results from a forward calculation utilizing the variational approach. Other alloys similar to the

alloy utilized in the experiment are also shown to demonstrate the sensitivity to be able to

capture the effective conductivities of a particular sample of SiGe.
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This demonstrates the success of the variational approach, and Fig. 3-10 shows the progress of
the modeling approach over the years for the case of 1 micron grating period. The MFP
accumulation approach is one that cuts down the MFP of phonons larger than the geometrical
length scale down to the experimental value. Thus this is a crude model which captures
qualitatively the effect that the MFP of phonons is suppressed due to the geometry with just a
simple Heaviside function cutoff. The next level sophistication was the gray suppression
function model, which assumed that a suppression function existed, and that the thermal
conductivity only depended on the accumulation of thermal conductivity. By solving the BTE
assuming phonons only have a single MFP, and then adding up their contribution, the effective
thermal conductivity is calculated. The variational approach developed here is now the most
sophisticated approach and captures the output of experiment with the full phonon spectrum

included.

1 T T T T

Experiment
Variational
MFP Accumulation
0.8} Gray Suppression

Normalized Temp
o o
R (o))

o
n

0 0.2 0.4 0.6 0.8 1
Time [seconds] %107

FIG. 3-10. Progression of modeling efforts to capture nondiffusive temperature response. The
progression shows the increasingly more sophisticated models, starting from the MFP
accumulation model, then the gray suppression function approach, and finally the current

variational approach for a 1 micron grating period.
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3.6 Summary

In this chapter, we have demonstrated the ability of the variational method to solve a multi-
dimensional, transient heat transfer configuration over a broad range of length scales. We solved
the BTE to yield the spectral energy density as a functional of the temperature in the thin film
TTG geometry. By utilizing a trial solution obtained from the Fourier heat conduction model
with the effective thermal conductivity treated as a variational parameter, and imposing an
energy conservation condition integrated over the membrane thickness and time, the effective
thermal conductivity was obtained analytically. The variational method was shown to yield the
expected limits in the large grating period case and large film thickness case, converging to the
one-dimensional TTG result and Fuchs-Sondheimer formula, respectively. The variational
approach demonstrates a simple and direct method for obtaining an approximate solution to the
BTE resulting in an accurate, analytical formula for the temperature profile, thermal decay rate,
and the corresponding effective thermal conductivity.

The results of this work further enhance the understanding of nondiffusive transport in the
context of temperature decay within geometries comparable to the MFP of the materials studied.
Furthermore, it demonstrates the ability of the variational method beyond simple one-
dimensional geometries, and the variational approach can suitably be applied to other problems
involving nondiffusive phonon-mediated heat transport in nanostructures. We provide a
complete expression for the thermal conductivity that shows its full dependence on the material
properties and the geometry of the system. The analytical form provided gives the ability to
study a wide variety of materials efficiently in order to better understand nondiffusive transport,
in both the transmission mode and reflection mode configurations of the TTG. The work of this
chapter also demonstrated that not all length scales result in size effects in the same way. The
thin film thickness in transmission mode TTG and the optical penetration depth in reflection
mode TTG provided very different effects on the effective thermal conductivity, and the ability
to accurate model these configurations with the variational approach allows for such physical

insight.
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Chapter 4
MFP Reconstruction

In the previous two chapters, we demonstrated the capabilities of the variational approach to
solving the BTE in obtaining effective thermal conductivities for the TTG geometry in its
various configurations. We showed the accuracy of these analytical effective conductivities, and
more importantly, the deviation from the idea of a universal suppression function to characterize
thermal transport. This poses a difficulty for MFP reconstruction, as the previous algorithms
were engineered with a universal suppression function in mind, where the dependence of the
thermal transport on the geometry was only through the ratio of the MFP to the particular length
scale. Thus, we have shown that the accumulation of thermal conductivity alone is not enough to
characterize nondiffusive thermal transport in experiments with heating. We will show in this
chapter that for the case of heating which results in a thermal distribution for the phonons, one
must also include the accumulation of specific heat. This finding significantly impacts the
fundamental understanding of how phonon spectral properties affect macroscopic transport
properties. We provide an extended algorithm that aims to simultaneously reconstruct the
thermal conductivity and heat capacity accumulation functions. While the simultaneous
reconstruction requires more work to become readily applied to reconstruct materials for which
experimental data is available on its effective thermal conductivity, it is a step forward to a more

complete characterization of the material properties that affect thermal transport.

4.1 MFP reconstruction and the accumulation of thermal conductivity

The ability to control a length scale experimentally and probe thermal transport at different
orders of magnitude provides a spectroscopy tool for studying nondiffusive thermal transport.
The introduction of an algorithm [37] to solve the inverse problem of obtaining mean free path

(MFP) properties of a material given experimental measurements provided an alternative
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technique for the study and characterization of materials for which numerical studies may be too
computationally intensive [41,74]. The major assumption behind the algorithm has been that the
theorist must provide a universal suppression function that characterizes the effects of the
geometry of the heat transfer configuration. However, the assumption of a universal suppression
function has been shown to be flawed as we explained in chapter 2, and with a numerical study
showing the inaccuracy of utilizing a gray suppression function in characterizing the temperature
decay in the TTG [52], and more recently with an analytical expression of the effective thermal
conductivity from which a universal suppression function cannot be extracted [64,65]. Thus, this
warrants a need to extend the algorithm to be able to accurately obtain MFP properties of the
system. Furthermore, the current algorithm is only able to reconstruct the thermal conductivity
accumulation function [6], commonly deemed the MFP distribution [37], which is not sufficient
to characterize nondiffusive thermal transport.

We first review the standard process for MFP reconstruction using the suppression function.

The effective thermal conductivity is given by:
1
k=—|CyVv,AS, dow 4.1
SJCVALS, @.1)

where S, is the suppression function. The frequency integral actually contains a sum over

branches and polarizations, embedded into the heat capacity, as it is proportional to the density
of states. We utilize this simpler notation as opposed to cumbersome terms involving sums and
integrals over frequencies of each branch in order to represent the integration over the full
phonon dispersion. We can convert this to an integration over MFP’s by utilizing a delta

function as follows:

(O ] [l 0]

i
k=—)1Cv A S do
2/

=lfcwv AS, [7o(A-A,)dAdw (4.2)

w @ w

_f fc V,A,S, (A=A, )dodA

This is very much so analogous to how we utilize a density of states to replace Brillouin zone
integrations into a simple energy integration [75]. This is to replace the sum over all phonon
modes into a simple one-dimensional integral over MFP values. For the standard algorithm, we

essentially need a suppression function such that the suppression for a given phonon of a certain

68



branch and frequency only depends on that particular phonon’s MFP. For now, we will consider
the case where we have only experimental length scales, as it applies to the TTG, and leave the

cases where one can have frequency scales (such as in TDTR/FDTR) for future work. If the

suppression function is universal, i.e. S, =S(Aw/L1,Am/L2...), where L,,L,... are the length

scales in the heat transfer configuration, and not dependent on the other MFP’s of the system,

then and only then can we simplify the integral we have into the form:

k(Ly,Ly.)= [ ( ) JCv,AB(A-A,)dwdA (4.3)

The length scales, L,,L,..., can be the grating period and film thickness in the TTG [16,20,65],
the effective thermal penetration depth in TDTR/FDTR [24,25,31,44,76], to name a few

examples. Utilizing the fact that the derivative of the step function, ©(x), is equal to the Dirac

delta function, &(x), we obtain:

w w

k(Ll,Lz...)=f ( ) fCv,AB(A-A,)dwdA

= ( ) f C,V,AB(A-A,)dwdA
o "\LL, " )dA 3

A—>oc

( ) fCv,AB(A-A,)do|l  + 4.4)
A=(

-f[ fC,v,AB(A-A,)dw ]is(ﬁi .)dA
dA \ L L

- d (A A
k(L Ly )=~ km(A)KS(Z— o )dA

where we have performed an integration by parts and utilized the fact that the suppression
function for very short length scales of the system (or very large MFP) is zero, and we have

defined the thermal conductivity accumulation function km f vawAw(E) A A, )d

This expression using the Heaviside step function © is the same as that provided by Eq. (4) and
Eq. (5) of Ref. [36] in the sense that it counts the contribution of phonons to thermal conductivity
that have MFP less than a cutoff MFP, but the expressions used in Ref. [36] utilize a derivative

of the MFP with respect to frequency and require a continuous functional form or will yield
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numerical errors for the derivative if the frequency mesh is broad, whereas the Heaviside step
function allows for a more general mathematical expression which is valid for a discrete mesh or
for a continuous frequency functional form for the material properties. However, the first
approach taken to do this conversion utilized this derivative of the MFP and transformation
[6,35,36], and we formalize the mathematics here to generalize the conversion.

Due to the functional form of the accumulation function, at zero argument, the accumulation
function is zero, and at infinite argument, it recovers the bulk thermal conductivity. Clearly, the
thermal conductivity accumulation function is a monotonically increasing function due to the
property of the step function. If we discretize the system MFP values, and since we have a finite
number of experimental measurements, the integral equation given by Eq. (4.4) can be written as
a matrix equation, where the thermal conductivity values are a given vector, the suppression
function will be a matrix which takes the vector of thermal conductivity accumulation values and
maps it to the experimental values. Since the number of experimental measurements does not
necessarily equal the number of MFP values we discretize, this is a non-square matrix we need to
‘invert’ in order to get the thermal conductivity accumulation, and thus this is an ill-posed linear
algebra problem. The thermal conductivity accumulation function can be determined by
utilizing the thermal conductivity extracted from experiment and the derivative of the
suppression function obtained from modeling and doing linear algebra optimization to find the
thermal conductivity accumulation which best satisfies the matrix equation. Note that one does
not need to keep one length scale fixed and vary the other, in fact one could take an arbitrary set
of data points for various length scales, so long as the length scales are small enough to probe
into the nondiffusive transport regime, the thermal conductivity accumulation function can be
extracted from the reconstruction algorithm [29].

In the context of the TTG, previously a suppression function for the one-dimensional limit
was derived [18] by Maznev et al. and is of the form for the two-fluid model:

3 [ arctan(nw)}
Stwo—ﬂuid (77(») =7 l-———= (4-5)
Mo Mo

where we use the non-dimensional number 7, =27A /A . This suppression function was

utilized for reconstruction as it satisfies the requirements for use within the algorithm [37]. So
we will use numerical procedures to solve the inverse problem and obtain the material properties

from Eq. (4.4) given thermal conductivity measurements and the suppression function shown.

70



Deriving similarly for the variational function, a deeper look at the effective thermal
conductivity expression from the variational approach reveals a new aspect of the physics of
transport in the nondiffusive regime. We reproduce Eq. (3.36) from Chapter 3 here, which
provides the effective thermal conductivity in the TTG geometry:

_fdwc v,A f n(u’an)

w @ w

4.6)
_—‘fdw 8 n(u’Kn )

The effective thermal conductivity expression of Eq. (4.6) contains a numerator term that
depends on the differential thermal conductivity, and a geometric kernel that depends on the ratio
of the MFP to the grating period and also to the film thickness. Notably, the denominator
integral depends on the differential heat capacity, and a geometric kernel that depends again on
the ratio of MFP to grating period and to the film thickness. The kernels fand g are given by the
forms we provided in Chapter 3 for the particular cases of the thin film TTG operated in
transmission mode as well as in reflection mode.

This demonstrates that the accumulation of thermal conductivity, which has been deemed
the ‘MFP distribution’ in literature [37,48], is not sufficient to characterize the material property
dependence of transport in transient configurations. If we convert the frequency integration into
MFP integration, we obtain:

- d
k.. (A)—f(n,Kn)dA
k = Jo o )dA (n.Kn) 4.7)

——f acc —g(n’Kn)dA

The accumulation of thermal conductivity and heat capacity are expressed mathematically as

acc

koo (A)= % fdaoC,v,A,B(A-A,) and C,, (A)= [doC,B(A-A,) where the Heaviside step

function © is utilized to only include contributions from MFPs below the given value A. When
normalized by the bulk thermal conductivity and total volumetric heat capacity respectively,
these functions are cumulative distribution functions that rise from the value of 0 to 1
monotonically with increasing MFP. Equation (4.7) reveals the dependence of the effective
thermal conductivity on the accumulation of thermal conductivity, and now also on the
accumulation of heat capacity. This has important consequences for our understanding of the

dependence of transport on a material’s intrinsic properties.
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In theory, one could imagine two separate materials with identical accumulation of thermal
conductivity, but different accumulation of heat capacity, and the output from experiments or
numerical simulations utilizing these two materials would be different in transient systems. The
variational method has demonstrated that in order to understand how a phonon contributes to the
output of any transient thermal transport measurement, we need to understand the contribution of
that phonon to both the thermal conductivity and the heat capacity. This also highlights the
importance of solving the spectral BTE, as opposed to the gray BTE. In the gray BTE solution,
the heat capacity accumulation would not appear as the assumption of a single MFP would allow
the kernels fand g to be taken out of the spectral integration, and thus the gray solution to the
BTE would not capture the physics of the accumulation of heat capacity.

To demonstrate the importance of the denominator term, we demonstrate reconstruction
using the standard algorithm as well as with the knowledge of the denominator term to
reconstructing the thermal conductivity accumulation function. We can shift our equation by
multiplying by the denominator to obtain:

« d 27A A - d 27A A
0=f0 KGCC(A)Kf(n=T,Kn =g)dA—x(l,d)f0 xm(A)ZJXg(n =T,Kn =Z)dA (4.8)

where we use ¥ to denote thermal conductivity normalized to its bulk value and x, . to denote

the normalized accumulated heat capacity. In discretized form, we can define the following

matrices and vectors:

4.9

[f(‘acc]j = Kacc (A_])
[Xacc]j = Xxx (Aj)
where the values w describe integration weights. Now this becomes a linear optimization

problem where we seek to minimize the penalty function:

2

— -~ 2 —
P = |AKacc - BXucc + C2 |A2Xacc

2 —
+c, lAZK

acc

(4.10)

where it is now very much so analogous to the previous reconstruction algorithm [37]. In the

previous reconstruction algorithm, the only difference is that there is no accumulation of thermal
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conductivity term, and so the term with the matrix B is given by the experiment. Also we can
impose other inequality constraints where we limit the jump that can occur between adjacent
values so that this linear version of the problem is now solved for functions that are simply zero
and then at the end jump up to unity. The coefficients c ,c, are the weights we give to
smoothness for the thermal conductivity accumulation function and the heat capacity
accumulation function given in terms of their numerical second derivatives, and the
minimization is done in the least squares fashion for the error.

Figure 4-1 shows the capabilities of reconstructing the thermal conductivity accumulation
with the previous algorithm which utilizes the suppression function. Clearly, with knowledge of
experimental measurements down to 100nm as opposed to only 1 micron, the accuracy of the

reconstruction improves, especially for shorter MFP values.
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FIG. 4-1. Reconstruction of the thermal conductivity accumulation with a suppression function,
using synthetic experimental data down to 1 micron, and down to 100 nm to demonstrate the

importance of having short grating periods to perform accurate reconstruction.

In Fig. 4-2, we show the output of reconstructing the thermal conductivity accumulation function

with the same convex optimization, but assuming that the heat capacity accumulation is a known
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function. This highlights the importance of having the denominator term in the effective thermal

conductivity.
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FIG. 4-2. Reconstruction of thermal conductivity accumulation with given heat capacity
accumulation. Data is shown again for using synthetic experimental input down to 1 micron as
well as down to 100 nm to show the importance of having short grating periods to reconstruct

small MFP values of the accumulation function.

We note that with a single micron value of grating periods and higher, the improvement from
knowing the heat capacity accumulation is negligible, as can be seen by comparing Fig. 4-1 and
Fig. 4-2. This is due to the fact that the variation of the heat capacity accumulation for silicon
occurs between 1 and 100 nm. For grating periods of 100nm and higher, we see that the
reconstruction of the thermal conductivity accumulation is greatly improved for the shorter
MFPs with the knowledge of the heat capacity accumulation, and is more accurately capturing
the lower MFP values than the standard algorithm with the suppression function. This
demonstrates the improvement offered by the variational effective conductivity.

The difficulty with implementing this generally to study a wide variety of materials is that
we require an exact knowledge of the denominator, or at least an initial guess. If we have exact
knowledge of the denominator, then we must know already the MFP’s of the system, which

makes the reconstruction process unnecessary to begin with. If we have an approximate value
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for the function in the denominator based on some initial guess of the MFP’s, then we can input
the suppression function into the standard linear convex reconstruction algorithm and obtain the
thermal conductivity accumulation function. The problem with this is that then we do not have a
method of iteration! The thermal conductivity accumulation function does not give us the MFP’s
of the system, and they furthermore will not be able to give us a corrected guess for the
denominator. Thus an iterative approach is not a logical approach in this case. Therefore the
heat capacity accumulation will also require solving for, just like for the thermal conductivity

accumulation function.

4.2 Simultaneous reconstruction of the thermal conductivity

accumulation and heat capacity accumulation

Given measurements from the TTG measurement, the goal is to simultaneously reconstruct the
accumulation of thermal conductivity and specific heat. The form of Eq. (4.7) has the heat
capacity accumulation appearing in a nonlinear form due to its appearance in the denominator.
There are various ways to numerically attack this inverse problem, and a nonlinear, non-convex
simultaneous optimization can be performed. For simplicity, we instead proceed by recasting the
problem into a linear optimization form, by first multiplying the denominator over to the other
side. This is a functional equation, for which we have the kernels of the integrals analytically.
As there are two functions to reconstruct, we aim to generate two discretized equations for
solving. With only a single equation, the discretization has truncated the information content
that the full functional form has, such as its derivatives and higher order details of shape between
points. By utilizing the derivative of the equation with respect to the grating period, we generate
a second equation containing information of the rate of increase of the effective conductivity.

Numerically, we have:

0= [Tk, [aA (27\ /;)]dA I s )[ (}td)éxg(—lé%}

(4.11)
® 2aA A ® d d T
0= J, Fue (8) [aa—Af (T ;)}“‘fo Ko (M) 71K (Ad) 08 (T 3)]“
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where x,. and x,. are the thermal conductivity and heat capacity accumulation functions

normalized by their respective bulk values. The derivative of the effective conductivity also has
physical meaning. With an incremental change in the grating period, it looks at the
corresponding change in the effective conductivity, thus capturing how phonons that begin to
experience size effects at that grating period change in their contribution to the effective
transport. The one difficulty with this linear reconstruction approach is that in casting the
nonlinear problem as a linear one, there is the introduction of the trivial zero solution. There are
still the same constraints placed on the accumulation functions [37], in that it must be
monotonically increasing, but in the initial attempts at reconstruction, the solutions demonstrated
a strong pull towards the zero solution while still maintaining the constraints as best as possible.
To alleviate this, the reconstruction is done in two steps. In the first step, the reconstruction is
done utilizing the large grating period limit where the denominator of Eq. (4.6) approaches unity
faster than the numerator approaches the bulk thermal conductivity. Thus a suppression function
given by the kernel of the numerator, f of Eq. (4.6), can be utilized as a first pass using the
previous algorithm [37]. The reconstruction in this case will be valid for larger MFPs, but the
accuracy drops for shorter MFPs for which the large grating approximation was taken.
Alternatively, one could also take a suppression function obtained from a gray solution, where by
taking the gray limit of Eq. (4.6), the suppression function that is identified is

S, =f(n,.Kn,)/g(n,.Kn,). The exact approach taken is not important, what is important is

that there is a first pass solution in order to get a sufficiently accurate result for at least the larger
MFPs for the accumulation of thermal conductivity. Arguably for systems with a smaller range
of MFPs, a gray suppression function approach would be more accurate. In our approach, we
took the case of the suppression function as the kernel of the numerator as this is rigorously
accurate in the large grating period limit, and we found the gray approach provided very poor
reconstruction results for the accumulation of thermal conductivity for silicon as it has a broad
range of MFPs. In the second pass through, the higher MFPs for the accumulation of thermal
conductivity are left fixed, and the simultaneous reconstruction is performed for the
accumulation of heat capacity and the lower portion of MFPs for the accumulation of thermal

conductivity. The penalty function we take in this case is:
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Similar to the previous algorithm [37], smoothness is implemented by adding terms to the
penalty function that aim to minimize the second derivative of the accumulation functions. The

weights w; appear due to the discretization of the integrals, and we utilize Gauss-Legendre

quadrature. If one has a very accurate scheme for performing reconstruction of the thermal
conductivity over the whole MFP range, then the reconstruction of heat capacity need only be
performed with the input of the thermal conductivity accumulation from the previous pass,
however neither the gray approximation nor the large grating approximation are capable of
achieving this in general. Either way, once a first pass where the partial solution of the
accumulation of thermal conductivity exists, the linear simultaneous reconstruction can be
performed as the trivial zero solution is no longer outputted when one utilizes the partial solution
of the higher MFPS of the thermal conductivity accumulation function as a constraint.

In order to achieve a successful reconstruction of the accumulation functions, experimental
data is needed for short enough grating periods in order to probe the short MFPs that contribute
to transport. As the heat capacity accumulation contribution comes from MFPs that are even
shorter than the dominant MFPs that contribute to thermal conductivity, there is a need for even
shorter grating periods. With recent extreme ultra violet (EUV) measurements, the possibility to
reach grating periods down to 10 nm is achievable [77,78]. Utilizing the two-step reconstruction
process outlined previously, we performed reconstruction for silicon as a test material. The data
used to perform reconstruction is synthetic experimental data, generated by a forward calculation
utilizing the variational method. As the variational method has demonstrated success in the
forward calculation against exact Monte Carlo (MC) simulations [65], we utilize it here to

generate effective thermal conductivities, inputting DFT-obtained silicon material properties
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[64]. This allows us to test the capabilities of the reconstruction process itself without unknowns
from experimental data and other uncertainties. We varied the number of measurements, and the
grating periods utilized in the measurements to understand the sensitivity of the reconstruction to
these parameters. We found that the reconstruction required small enough grating periods to be
sensitive to reconstruct the accumulation functions for low MFPs. We also found that with 20 —
30 measurements, the reconstruction procedure was successful, but with too few measurements,
again the sensitivity to reconstructing MFPs accurately over the broad range of 1 nm to 1000
micron was difficult. With a larger number of measurements, the results of the reconstruction
shows negligible further improvement. Figure 4-3 shows the reconstruction process performed
in two steps. The markers are the reconstructed material properties, while the solid lines are the
reference DFT derived material properties to compare against. Here we assume having forward
calculation effective thermal conductivities from 20 different gratings spaced logarithmically
from 10nm up to 10 microns. The first pass through reconstruction with the suppression function
shows good agreement for MFPs of around 100 nm and above, but shows inaccuracy at shorter
MFPs. We note that the sharp feature around 10 nm is not reconstructed very well due to
difficulties in reconstructing rapidly changing functions. The same sharp changes in the
accumulation of heat capacity pose difficulty for the current method of dealing with smoothness
in the algorithm. However, we see that the methodology does show promise in recovering the
heat capacity accumulation, and shows improvement over the original scheme in the accuracy of
the thermal conductivity accumulation for short MFPs. These results are in the large thickness
limit where the one-dimensional limit of the TTG is achieved for simplicity, but the algorithm

shown applies in general to the thin film TTG geometry.

78



Grating periods > 10 nm

1 T T FHOAILOCCOSSER
o

o
o

o o
(=) o
le]

o
~
T

o Suppression k-acc
o k-acc
© C-acc

o o
F- [+1]
T
[e]

normalized accumulation functions
=] =]
[4)]
T
a

1 1 1

? ! 10° 10

i 2 ! 10 10
Mean Free Path (um)

FIG. 4-3. Reconstruction of the accumulation of thermal conductivity and heat capacity

simultaneously using the 1D TTG variational model.

In the future, we can also perform reconstruction with data from a 390nm thick silicon film,
similar to the conditions of the experiment measured previously for silicon [16]. This is to
demonstrate that the reconstruction process can be done with the full thin film geometry
considered. The kernels in the thin film case [65] are generated numerically by calculating the
necessary solid angle integrals using Gauss-Legendre quadrature. Of course we expect the exact
same material properties to be reconstructed even if the configuration is different, but this
extends the ability to do reconstruction beyond the simple one-dimensional transport limit and
can handle cases closer to what is physically the case in the TTG experiment.

In summary, we have illuminated the physics of transport in transient heat transfer
configurations with the new appearance of the accumulation of heat capacity, along with the
known appearance of the accumulation of thermal conductivity. The analytical formula provided
by the variational method has revealed not only this appearance, but also the opportunity for
reconstruction of these two accumulation functions simultaneously. We have given a
preliminary demonstration of reconstruction for silicon, which shows promising results in

recovering both accumulation functions. We utilize the same linear, convex optimization routine
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but use a two step process in order to simultaneously reconstruct the accumulation functions that
uniquely characterize a material’s transport in the nondiffusive regime. For those interested only
in the reconstruction of thermal conductivity, the algorithm provides an improvement as the
simultaneous reconstruction utilizes a formula valid much further into the nondiftusive regime

than the traditional suppression function based approach.
4.3 Basis functions to achieve smoother reconstruction

A next step in improving the algorithm is enhancing its ability to deal with smoothness of the
functions to not only boost efficiency of the algorithm but also deal with sharp kinks in the
points. We can recast the integrals in terms of a basis rather than a direct discretization to deal
with these smoothness conditions. Furthermore, with this current success of the algorithm, the
opportunity will open up for reconstruction using experimental data from extreme ultra violet
(EUV) measurements in TTG as the shortest grating periods achievable get pushed down to even
lower spacings. The methodology outlined here can be applied to extract material property data
using experimental measurements for materials for which numerical calculations of the
properties are intractable.

Now let us go through the details of the standard reconstruction process [37], with the new
approach of utilizing a basis as opposed to numerical discretization. For the 1D TTG, we have

that S, =S$(n,) where 1, =27A,/A and A is the grating period. Utilizing the conversion

from the phonon spectrum integration to MFP integration, we obtain:
27T oo ,
w(A) === [, dAx.. (A)S () (4.13)
where we have normalized the effective and also accumulative conductivities by the bulk,

K =k/k,. Previously, the linear problem is solved by discretizing the integral, and minimizing

the error of the equation over those discrete values [37]. Constraints are imposed in order to
ensure the accumulation function is monotonically increasing, and also a penalty is added to the
objective function in order to ensure smoothness. However, the smoothing parameter has

typically been treated like a fitting parameter, where it is tuned in order to avoid sharply varying
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accumulation functions and also to best solve the equation. We seek to avoid this crude
approach, as picking the smoothing parameter is difficult, especially given a material for which
the accumulation of thermal conductivity is not a priori already known (i.e. through DFT). We
choose to expand in terms of a polynomial basis in the logarithm of the MFP. Given that there is

a minimum MFP A and a maximum MFP A, in the system, we make the change of variables
A, Y |
A =Al(—2) to rewrite the MFP as an exponential function of a non-dimensional variable y

1

which only runs from 0 to 1, and expand the accumulation function as a polynomial in y. Doing

A (ALY o
[o[3n (o | o

The natural logarithm term has appeared due to the transformation of the integral in terms of A

this change of variables yields:

27 ;1
K(1)=-22 fLax.. :
1

1

y
=2_”Al(i\_2)
A

y
A=A1(i\~2-)
A

to y and the derivative of the exponential. Expanding the accumulation function as a polynomial

y
Kacc A = Al AZ_
Al

This polynomial starts at zero when y = 0, and equals unity when y = 1. Inserting this

of degree N, we have:

=yN+§a"(y"—yN) (4.15)

n=}

polynomial equation, we can now define a penalty function that we want to minimize over the m

number of experimental measurements:
- 2
P=|p-Ad
A , .
bj=K(Aj)+f0'dyy’V ln(rz)nS (n) . j€[m] (4.16)
1

A, =—f0'dy(yn _yN)ln[%)nS’(n) ,JE[m],nE€[N-1]

1

y
where we use 7 = %—JEAI (ﬁ) for short-hand notation, and we impose the following constraints
1

J

to require the function be monotonically increasing:
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The value N, is the number of inequality constraints we choose to impose in order to ensure the

polynomial expansion does not turn over and make the accumulation function decreasing over

any of the MFP values. This particular problem is well suited for convex optimization.
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FIG. 4-4. The reconstruction for silicon’s accumulation of thermal conductivity with a basis
expansion. We assumed 30 synthetic experimental values of the effective thermal conductivity
from 10nm to 100 microns. This is at the optimal limits of what we are capable of
experimentally to see how well the reconstruction can perform under the best of conditions. This

is for the standard reconstruction with a suppression function.

Going through and utilizing the convex optimization algorithm in Matlab, we see the
reconstruction performs identically well compared to the previous method with a smoothing
parameter. However, this time, there is no need to tune a smoothing parameter to achieve
satisfactory results. We simply increase the number of terms in the basis expansion until we see
convergence for the reconstruction output. The integrals in y are done utilizing Gauss quadrature

and the suppression function of:
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S(n)= %[l ——————aman(")] | 4.18)
n 1

The results shown are in particular for the following parameter values:

N=40
N, =400 (4.19)
N, =200

The last value is the number of points we utilize in the Gauss quadrature. Note the derivative
constraint number and the integration number are larger than necessary to be safely convergent
for the integral and to avoid non-monotonic behavior. The value N was increased from 5 up until
60 at which point less than 1% variation was observed.

Since we have confidence this can work with the old algorithm with a suppression function
as we compared against the previous discretized procedure [37], we can apply the same
polynomial basis approach for the variational TTG to extend this algorithm as well to avoiding
the smoothing parameter the discretization procedure utilizes. The effective thermal

conductivity for the 1D TTG geometry was given by the variational method:

HERS

k(2) (4.20)
1
Efdwca)g(nm)
where 17, =27A , / A and the kernel functions are:
3 arctan
PIRIAEC)
" " 421
arctan ()
g(n)= ;

The goal is to set up similarly a penalty function with suitable constraints on the coefficients of
the basis expansion so that the accumulation functions are monotonically increasing. First,

converting the phonon spectrum summations into MFP integrations, we obtain:

[, ark. (A)F'(n)
[ dAx e ()8 (m)

where the accumulation functions are given by:

(4.22)

x(4)
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where we have utilized the Heaviside step function in order to only count the contributions for

y
phonons up to a given MFP. We again utilize a change of variable as A = A, (%) , and the
1

expansions of:

e |a- A(—i)) 7 oSl (r-)
(4.24)
A y
xaw(/\ﬂ\l(—/—\—) =y +Eb (3 -»")
1 n=|
with the inequality constraints:
Nyl’.""1 + ﬁan [ny;f'l - Nyj.v_l] =0
n=l
Ny¥+ ﬁbﬂ [y =Ny ]2 0 (4.25)

n=l

j .
- ,jE[N
Vi N, +1 JE[N,]

By inserting the basis expansion into the effective thermal conductivity expression, we obtain a

penalty function:

) [y nf (n)+ S, [ as(y" -y )nf ()
P=E x(4,)- 1 Ao , (420
= fodyy’vng’(n)+ Eb,,fody(y" - y”)ng'(n)

n=t

where | have used 7= i—ﬂ/\l (i\A—Z) for short hand notation. This optimization will not longer be
1

j
linear as the coefficients b appear in the denominator. If we were to multiply the denominator
over, we could generate a linear problem, but the difficulty here is that the trivial solution of zero

for the accumulation functions becomes a strong attractor compared to the true solutions given
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the linearized form we created and introduced this extraneous solution. Thus we proceed with
the nonlinear form in order to avoid such numerical difficulties.

We define the following matrices for simplification:

. €+ XA
P=)x (Aj) wor
i d; + Eb”BJ\"
n=1
¢; =~ dyy"nf'(n)
d; =~ [ dyy*ng'(n) (4.27)
Ay ==[ dy(y" =" )nf(n)
1 !
B, =-[ dvy(y"-y")ng'(n)
y
where I have used the short-hand notation of 7= z)t—”Al (17\\—2—) . The inequality constraints from
i 1
before are quoted here:
N-1
Ny ™+ Ean [ny;"1 - Ny} ] =0
n=l
N-1 N n-1 N-1
Nyy 4+ b, [ny ! = Ny} ]2 0 (4.28)
n=l
Y /S

D
While we do not yet have an algorithm that can handle the nonlinear nature of this
reconstruction, this procedure has now allowed for a more efficient approach at reconstruction
for the two accumulation functions. We no longer utilize discretized meshes and require picking
the arbitrary smoothing parameter, and we will no longer need to do a two-pass iteration scheme.
The difficulty will be finding an extension to the CVX algorithm which can handle the nonlinear

optimization due to the appearance of the b coefficients in the denominator.
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4.4 Summary

To summarize, in this chapter we illuminated the need to go beyond the thermal conductivity
accumulation in understanding the material properties that affect nondiffusive thermal transport.
We suggest not using vague terms such as the MFP distribution to refer to the thermal
conductivity accumulation, as we see that this is not the only accumulation function that matters.
We demonstrated the importance of characterizing the heat capacity accumulation function, and
provided an extension to the current reconstruction algorithm. There is still more work to be
done, regarding a study of sensitivity to reconstruction. As the process is an ill-posed linear
algebra problem, the reconstruction algorithm is imperfect, and an in-depth study of the
sensitivity of the algorithm is necessary. However, the steps taken to extend the algorithm to
include the thermal conductivity as well as the heat capacity reconstruction, as well as the step to
insert smooth basis functions as opposed to a brute force discretization are steps in the right
direction.

Furthermore, there is also a need to devise a nonlinear algorithm to reconstructing the two
accumulation functions simultaneously. The current results with a two step iteration has the
drawback of requiring an understanding of which MFP the suppression function first step is
accurate, and this value is not straightforward to determine without prior knowledge of the
material’s exact distribution. With a nonlinear reconstruction with the basis expansion, the two
functions can be reconstructed without the issue of the trivial solution which appears after

linearizing, and its application to studying complex materials can be implemented in the future.
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Chapter 5
TDTR /FDTR geometry and the thermal interface problem

In this chapter, we aim to illuminate the effect of the thermal interface on heat transport, in
particular in the nondiffusive regime. The previous heat transfer configurations with a TTG all
included a single homogeneous medium in which heat transfer occurs. However, most common
applications of heat transfer, such as for heat management [22,79,80], often have multiple
materials and the role of the thermal interface must be understood. As we have seen, the
geometry of a heat transfer configuration can produce size effects when the lengths are
comparable to the MFPs of a given material, and this results in a reduced thermal conductivity as
compared to bulk. We wish to study how the interface conductance is affected by the geometry
of the system, and how the interface spectral transmissivity comes into play in the output of the
experiments.

Picosecond thermoreflectance techniques opened the way to study thermal transfer at the
nano and microscale [25,81]. Cahill er al. popularized the use of the TDTR to characterize
thermal transfer in terms of the thermal conductivity of the substrate as well as the interface

conductance [22]. A schematic of the typical TDTR experimental set up is shown in Fig. 5-1.
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FIG. 5-1. Schematic of the TDTR experimental set up. Figure adapted from Ref. [22].
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By modulating the pump laser beam, the thermal penetration depth of the heat into the substrate
it altered, and by increasing the frequency of the modulation and thereby decreasing the thermal
penetration depth, there is the hope to see size effects on the substrate thermal conductivity. The
analysis to be able to study a metal layer on top of a substrate, and thus account for the layered
structure thermal transport, allowed for the experimental fitting to be able to extract
simultaneously the thermal conductivity and interface conductance [25,82]. Recently, the time-
domain thermoreflectance [24-29] (TDTR) and frequency-domain thermoreflectance [30,31]
(FDTR) have been utilized extensively in order to probe and observe nondiffusive transport by
using ultrafast time scales or ultrashort length scales and gain key insight into the material’s
MEFP spectrum. In particular, modulation frequency dependence of the thermal conductivity was
observed with the FDTR [32] for certain materials like SiGe. Beyond the modulation frequency
based length scale of the thermal penetration depth, there are also the in-plane length scales, and
size effects from the beam spot, as depicted in Fig. 5-2, were observed for silicon [33], and
nanostructured patterns such as line heaters and nanodots were fabricated to be able to push the
length scales of the geometry to even smaller lengths to probe strongly nondiffusive transport
[27,29].

FIG. 5-2. Schematic of the layered structure of a metal (layer 1) on top of a substrate (layer 3),

where the interface is considered as layer 2 with a conductance shown by G,. Figure adapted

from Ref. [82].
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With the push to study size effects from short length scales by fabricating the line heaters and
nanodots, there is a need to distinguish the difference in the type of signal that is observed in the
TDTR/FDTR vs. the TTG. Given the sinusoidal grating in the TTG, and the fact that a
diffraction pattern is how the temperature is extracted, the signal obtained is a difference
between the peak and valley of the heating profile. Thus the signal is sensitive to the grating as it
only includes the sinusoidal nature of the heating, and not the overall macroscopic uniform
heating. However, with the TDTR, the signal obtained is a reflection from the metal surface, and
theoretical/computational analysis has shown that fitting the experiment to the temperature
profile from a peak or a peak-valley measurement can yield different trends for the effective
thermal conductivity [26]. Given that the overall signal for the in-plane heating profile can be
decomposed into various Fourier modes, it will include the macroscopic uniform heating
behavior, and it is important to include all relevant terms for appropriate modeling of what the
experiment outputs.

Furthermore, there have been many interesting questions left not fully answered for the size
effects due to the modulation frequency. Given that the Fourier heat conduction equation under

temporal modulation of linear frequency v results in exponential decay in a substrate with a

penetration depth given by L, = ‘/ _k\C— , this defines a length scale with which one would expect
T

to see size effects. As mentioned previously, indeed, size effects were observed for certain
materials [32] such as SiGe in the range of MHz. More recently, size effects on silicon were
measured with the FDTR configuration [31] which clearly showed a reduction in the thermal
conductivity of silicon in the range of one to hundreds of MHz. Furthermore, a frequency
domain representation of data in the time domain from TDTR never revealed such size effects
for the case of silicon [24,83]. Thus there is clearly the need to model fully and understand the
possibilities of there being not only size effects possible in the MHz range of frequencies for
silicon as an example material, but also to see whether this signature of nondiffusive transport is
possible to be seen from the experimental observables of amplitude and phase from the surface
of the metal.

On the theory side, there have been attempts to understand frequency dependence for
simpler configurations, such as one without an interface [49], as well as one with fitting of the

interface transmissivities to explain the effect of the modulation frequency in silicon [84].
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However, there is no clear consensus in the literature of the role of the interface transmissivities
and the modulation frequency in the nondiffusive regime of thermal transfer of a substrate under
a metal layer heated by a laser. In this chapter, I will lay out an analysis of the thermoreflectance
geometry of a metal layer on top of a substrate, taking into consideration the
transmission/reflection of phonons at the interface, and study the size effects of both an in-plane
length scale as well as the effect of the modulation frequency on thermal transport in the
presence of an interface. By providing the variational solution, 1 provide deeper insight into the
effect the interface has as well as the modulation frequency values at which size effects can be

observed in this heat transfer configuration.

5.1 Modeling thermal transport with an interface

In order to understand the role of the interface in current experiments, we aim to model a metal
transducer on top of a substrate using the variational approach. Consider a semi-infinite
substrate, whose material properties we denote with a subscript of 2, with a metal film of
thickness d on top, whose material properties we denote with a subscript of 1. To understand the
behavior of the system in the nondiffusive regime, we considering a thermal grating for the
surface heating profile. As any in-plane profile can be obtained with a superposition of such
grating solutions, this provides a canonical starting point for analyzing the TDTR/FDTR
geometry. We consider an isotropic substrate, but allow for an anisotropic metal. This will
allow us to study the effect of heat dissipation in the in-plane vs. cross-plane directions in the
metal, and study the sensitivity of the surface response of the metal to the substrate. The laser
heating is absorbed only within the metal, and the heat is dissipated away both in the in-plane
direction as well as across the interface into the substrate.
The volumetric heat generation rate in the metal is thus given by:

2 iges pianY Bexp(-pz)

*1-exp(-Bd) G-

Q(x,y,z,t)=e
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where f is the inverse penetration depth of the heating profile. For the grating, ¢ is the grating

wavevector, whose magnitude is related to the grating period A as ¢g=2x/A. The magnitude ¢
is also related to the x and y components as g =, /qf + qy2 . For the experimental conditions of a

spatially periodic heating, the temperature is given by T(x,y,z,t)=T, + e 1T Y Af(z) in
complex form. The temperature T, is the background equilibrium temperature of the system, for

example the room temperature. The temperature AT as shown here represents a peak-null
difference temperature if we simulate a thermal grating. If we take the grating wavevector to
zero, i.e. g = 0, then this temperature represents the absolute temperature due to uniform heating
and yields the responsé to a one-dimensional cross plane heat transfer problem. Thus obtaining
the functional form of AT allows us to then take an appropriate superposition to reconstruct the
true response to any in-plane heating profile, whether it is uniform heating, a sinusoidal grating,
a Gaussian beam spot, or square wave heating like with the metal line gratings.

The Fourier heat conduction equation for the metal and substrate simplify to:

9° AT - R2avC, +k q° AT - 0, ﬁexp(—ﬁz,)
AT = T AT - D TR
dz, k. k, . 1-exp(-pd)
iAfz _ 2mvC, +k,q° AT, (5.2)
0z k,

where k; and k are the in-plane and cross-plane thermal conductivities of the metal,

respectively. The boundary conditions are given by:

AT, (z,—>%)=0

_kl,c(—?_-AT; =0
oz, ),
) ) 5.3
k| LA =oky| LA 7
“| oz, i 0z, .0

5 3 3
_kz(é_ATz =~ G|[AT,(z, =d)-AT, (2, = 0)]

2, =0

These boundary conditions impose that the system is equilibrium deep into the substrate, that the

top surface of the metal is adiabatic and the heating from the laser pulse is included in the
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volumetric heat generation term, that there is heat flux continuity across the interface, and that
there is an interface conductance G characterizing the interface.

We define for simplicity the complex lengths:
k

1c

b= i2avC, +k, q°

— k2
fa= \/ i2avC, +k,q°

In terms of these lengths, we are able to solve Eq. (5.2) and utilize the boundary conditions of

Eq. (5.3) to obtain:

(5.4)

1-exp(-pd) p* - L k,, !
cosh(%)+%(é+%—z]sinh(%) (55)
d 1 . d
_ —Bd h| — |+ ——sinh| —
M) @B L f a) elpaje [A)+ﬁLls'" (L)I
2\ 1-exp(-Bd) B* - L* k, Lz}

cosh(1)+&(l+ﬁ)sinh(i)

L) L\G k L,

We will utilize the Fourier heat conduction temperature profile in our variational solution of the
BTE. The temperature solution of Eq. (5.5) represents the temperature response with a
modulation temporally as well as a sinusoidal grating. Any in-plane heating profile can be
obtained by taking a superposition of the solution to a sinusoidal spatial profile. If we are
interested in the case of a large beam spot heating the system uniformly, then by taking the g = 0
limit of Eq. (5.5), we obtain the temperature response to a large beam spot, which relates to just
the absolute temperature and not a peak-valley difference as would occur with a grating in the
TTG. If we are interested in other spatial profiles, we simply need to take a superposition of the
temperature response with different values of the grating g. The experiment outputs the surface
temperature, thus one can obtain the particular case of the FDTR experimental response
[30,31,85] to a frequency modulation of linear frequency v. The surface amplitude and phase

response is given by:
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Re™ = AT;(ZI = 0)

1
-—

BL,
= 1 2/32 _ L sinh(i)+&£(l+£‘;)cosh(i)+exp(_ﬂd)[L_&(lJr!:z_)]
1-exp(-Bd) B - L7 k. L) L\G k L, BL L \G &
el
cosh| — [+ —+—2|sinh| —
L) L\G k L

To solve for the thermal transport in the nondiffusive transport regime, we begin with the

(5.6)

spectral Boltzmann transport equation under the relaxation time approximation:

g, . = 1[c o)
980 4y Vg =—|Z2AT g |+Z2 5.7
at w g(U [4n g(t)] 4” ( )

We will solve the BTE for the metal layer and the substrate separately. For the metal, we assume
diffusive thermal transport, so we will take the diffusive limit for the BTE for the metal. This
means that we are essentially doing a Taylor expansion in the relaxation time of the metal, and
only keeping up to linear order in the relaxation time. Doing so yields the solution for the BTE

for the metal in terms of the temperature and heating profile:

CH!. a O Y pwrm,
g(u,l = 4‘7; ATl - T(u,] EAT; -rw,lvw,] : VAY} + QE_I (58)

i2mvt ig.x iqyY A

The thermal grating heating profile, given by the heating form Q =¢e" "™ e e™ (z) means we

i27vt ig.x 4,y ~

can expect that the energy density to also obey a similar profile g, =¢"" e"e g,,,(z) By

inputting this in-plane sinusoidal profile and sinusoidal temporal profile simplifies the solution

to:

o Cw . S~ - () ~
Bun(0) = 2 (101G 9,700 AT, =&, ¥, 70 == AT,
1

+0(z) Beles 4;‘ (5.9)

where we have defined the nondimensional parameter ¢, , =27avT,, .

For the substrate, there is no heating in the substrate layer, so the BTE is given by:

08,, - 1 |C,,
—2=4+v 'V =——|—=AT, - 5.10
at ,2 gw,z [4ﬂ 2 gw,z] ( )

m,2
Given the sinusoidal spatial in-plane and temporal profiles, the BTE for the substrate simplifies

to:
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agw,Z + Azng = C(Uyz Aj:'z (5.1 1)
9z, T dmu A

w,2
where we have defined the following parameters:

_ 1+ig,, +iqu A, ,+iquh,,
ALtZAtU,Q (5’12)

A,

¢c0,2 = va‘rwl

for the sake of compactness of the solutions. The BTE of Eq. (5.11) can now be solved easily to

yield:

~ ~ C 2 ' r ’
8u2(2,)=€xp(-A12,) 8., (0)+ Zm_w/i—“ I L dzexp(-A, (2, - 2))AT; (23) (5.13)

The energy density at the surface of the substrate will be calculated using the follow boundary

conditions:

0

82 (L)@(—#z)
£.,2(0)0(u,) @(,uz)_l-(Tj +R' J ) (5.14)

oY wl oY 0,2
v

il

2

which utilize transmission and reflection coefficients from the metal into the substrate, T, and
R, =1-T,, as well as the transmission and reflection coefficients from the substrate into the
metal, T, and R =1-T, . These are related by the principle of detailed balance, which ensures

no net flux across the interface at thermal equilibrium, given by C, v, T, =C,,v,,T, [38].

w,] “w

The fluxes approaching the interface denoted by J are given by:

1 N
J s =—fd£2®(vw'l 'ez)(vw’1 -ez)gw’l (d)

”1 (5.15)
Jw,Z = —;fdgg(_tuz)tuzgwl (0)

We have used the Heaviside step function © in order to restrict to phonons moving away or
towards the interface. The first boundary condition of Eq. (5.14) represents the fact that far into
the substrate, the system is at thermal equilibrium at the background reference temperature. To
achieve this, the first boundary condition takes an imaginary blackbody wall at length L into the
substrate at the background temperature to account for the semi-infinite substrate, and later we
will take this length to infinity to achieve a true semi-infinite substrate. The second boundary

condition represents transmission and reflection across the interface, assuming elastic, diffuse
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scattering. Thus the flux at each given phonon frequency conserves energy across the interface,
and the phonons are scattering completely diffusively so that they lose information about their
direction of travel after scattering at the interface.

Solving the boundary conditions and taking the artificial length L to infinity yields the
solution to the BTE for the substrate as a functional of the substrate temperature:

C

(T +R,J,0 )+ TW"X—MI: dz, ATz(Z;)CXP(_Az (z, -z'z))}+

£ =00 o)

(5.16)

R Sy e A ELCERES)

where the fluxes approaching the interface are calculated to be:

1 ~ N =
d)_—ZfdQ@(Vw.l 'ez)(Vw,l ) ez)pwrw,l +

(27)

1 o (= . ~ .- 0 &
—2fdQ®(Vm,l ) ez)(vlo,l ’ ez)Cw,l (1 - l(pw,l)AT'l (d)_ ez ) Vw,lrw,l (gATi)
1

(27)

Jw,2=2”;2 [ dz, AT, ( ()5 f dQO(u,)exp(-A,2)

= O(

(5.17)

z=d

This completes the solution to the BTE as a functional of the temperatures. As demonstrated in
chapters 2 and 3, one can solve the integral equation to obtain the exact temperature, but again
we will proceed instead with a variational approach to solve for the temperature in the

nondiffusive regime.

5.2 Variational approach to solving interfacial thermal transport

In previous applications of the variational method, we have only needed a single parameter, such
as the thermal conductivity or thermal diffusivity, but in this case, given that we have two
materials with an interface, we have three parameters that we treat as variational parameters: the
thermal conductivity of the metal, the thermal conductivity of the substrate, and the interface
conductance. Furthermore, in previous cases, we have only needed to obtain the effective

conductivity as a function of the length scales in the geometry, such as the thermal grating period
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and the film thickness [65]. In this case, there is also the need to understand the size effects on
the substrate due to the modulation frequency v. As the transport in the metal was assumed to be
diffusive, we will solve and obtain the macroscopic value of the thermal conductivity for the
metal. Furthermore, we assume the interface cbnductance depends only on the in-plane length
scales, such as the grating period, and not on the modulation frequency. Only the substrate
conductivity will be assumed to depend on the modulation frequency in addition to the in-plane
length scales, as the frequency can affect the penetration of heat into the substrate.

As a first pass, we assume no frequency dependence for the substrate conductivity in order
to derive the DC limit (i.e. v = 0) of the conductance and conductivities. Then the interface
conductance and metal thermal conductivity will be inputted into a variational calculation to
obtain the frequency dependence of the substrate conductivity. We proceed first with the
frequency independent calculation. Given that we have 3 variational parameters in this system,
we have 3 physical conditions that we can impose. We will impose energy conservation over the
control volume of the metal, as well as energy conservation over the control volume of the
substrate, and also an interface condition. The requirement of energy conservation taken over
the control volume is similar to the condition utilized for the thin film TTG geometry [65]. More
specifically, for the metal, we choose the control volume to be over the thickness d in the cross
plane, and for convenience a width equal to half of the grating period in the in-plane direction.
For the substrate, we take a control volume over the entire semi-infinite system in the cross
plane, and again a width equal to half of the grating period in the in-plane direction. Rigorously,
the choice of width in the in-plane direction within a grating period does not matter, which is a
consequence of a perfectly sinusoidal heating. For periodic heating that is not comprised of a
single sinusoid, the choice of width in the in-plane direction will affect the variational condition
obtained.

Lastly, the interface condition we take is to enforce that the total heat flux across the
interface in the steady state limit of v = 0 as predicted from the solution to the BTE match the
prediction from the solution to the Fourier heat conduction equation. Mathematically, these

three conditions can be expressed as:
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J, = G[AT,(d)- AT, (0)]
. d ~ . d T
Qo =iq, [ T (z)dz +ig, [ J,,(z)dz +J, (5.18)
0= iqxfD J.2(22)dz, +iqyfu J,2(2)dz, - T,

These three physical conditions define three sets of equations to solve for the conductivities of
the metal and the substrate, as well as the interface conductance G. By calculating the local
fluxes in each material using the solutions of the BTE from Eq. (5.9) and Eq. (5.16), we obtain
the result as a functional of the temperatures in each material. We input the temperature
distributions from Fourier’s law, given in Eq. (5.5), and then insert these expressions into the

variational conditions of Eq. (5.18) above. @~ When these three equations are utilized

simultaneously, we obtain the expected result for the metal conductivity for diffusive transport in

the isotropic case, k1=% f doC v A

wl ol ol

and a linear matrix equation for 1/%, and 1/G .

Solving these matrix equations yields the effective interface conductance and effective substrate
thermal conductivity within this variational formalism as the first pass without frequency

dependence:

i (l + 7?.:3)% -1-31,,

1 A1 3 1 2
(Z _[ dowzvm.sz)[g J’ dwC, v, A, , l”z [i —n—an:tan(nmz )J+ R

w2 w2 “1+ -Jl +1,

1 ) 2 1 ) i (1'”?:.1)%‘1‘%71.3.,2
[fFasci. W][sf e

k=

2

1 1 | 2 |
- Atawe. v T s AT = [dwC, v,,T'
(l ok, fdn)c‘m,lvm,]"\'m ITW][_,I_J.d Vs T _I N f_l +”:‘2 ]*[le fdwcm,l" wilbaiTa T+ ﬂ_l +-U-,2,,‘z ](4.‘- w2Vu2 "’)
(lfdwC v .T ] lfdwC voA I3 [—Luwmn(n )[+R. z Il—(“n'i':)%_]_%”i'z
P w2¥w2te || w2Y w22 ’;'3.,2 n w2 e ’l'*"?:,_z[ 3

w2
. snts) 13, n

+

(5.19)

3
Moz

1 2 1
—|dwC,,v,,T, — | dwC, v, ,A,, T,
(4 f w2 w2 te m)[ 6 f w2 w2Be2te

3
3 ; L+mi, ) =1-4n]
(I_Lfdwcm,,vm,,Ame] lfdwcml\'mzsz =, 1_'_arcwn(,?“) +R, 2 14( ‘z)s ||,
Gk; 6 Nz N2 L4 Jl + yfol s
! 2 1 ([+rf )}4717’2
= 7fd(ucwlvw.LAw.le__-; *fd(UC,,,_:\"N_zAMZT:“ I—H

where we defined the nondimensional variable 77, =gA,,. We note a few key properties about

the expressions that appear for the steady state (v=0) limit of the conductivity and interface

conductance. First off, we note of course the dependence of the interface conductance on both
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the properties of the metal, the substrate, as well as the transmission coefficients. Furthermore,
the effective thermal conductivity of the substrate also shows dependence on not only the
substrate material properties but also on the metal material properties as well as the transmission
coefficients. Inherently, this is a coupled problem and there is little meaning alone to just one of
the coefficients and both the conductivity and interface conductance together complete the
picture of this model. Given that we took the limit of diffusive transport in the metal, we do not
see dependence, as expected, upon the thickness of the metal for the substrate conductivity and
interface conductance. Using these analytical formulas, we can also take the limit of very large

gratings to look at the lowest order contributions in the nondiffusive limit. We obtain:

1 3
k, (‘1‘ —* m) - Efdmcr-«_:"'u‘z‘\'”-z (l = E’T...z)

| , f“rmcu.zvmz"\m.l-r:ur]mz 1 Id(J)levm.lAm.ZT;» fdmc.uz"'w Az (5 20)
G(J. i x‘) - Ifdwc"’ Va2l ‘ - 3 fd(‘)c‘w.zvml{\m.l 2 fdwc... Varlaa fd”’cm Wuaaa ’
L [doC,v AT, . [dwC,v,.A,. T, )| 16 1 [doC,v AT, . [daC, v,:A,,T,
2| fdoC, v A, [deC,v A, 2\ JdoC,yvuh,,  [doC,,v.A.,

The large grating period limit recovers the bulk values of the substrate conductivity as well as
interface conductance, which properly accounts for the correct temperature at the two sides of
the interface as opposed to an improper emission temperatures of phonons approaching the
interface [38]. As there are phonons approaching the interface as well as leaving the interface on

each side, the correct definition of a temperature is necessary for obtaining an accurate interface

conductance. The lowest order nondiffusive correction is of the order of A™ due to the n,,,

term that appears.

Given the particular substrate’s material properties and the transmission coefficients, we can
then do a forward calculation and obtain the effective substrate conductivity and interface
conductance, and insert them into the Fourier surface temperature profile to show the amplitude
and phase response to modulated heating. We will focus on showing the amplitude and phase
response as a function of the modulation frequency as this is closer to the experimental output.
Our interest is to see how sensitive the effective substrate conductivity and interface thermal
conductance are to the grating period, and to the transmissivity across the interface. We consider
the phonon properties of the metal, as we are interested in the transmission of phonons across the
interface. First, given that the MFP of phonons or electrons in aluminum is over a relatively

narrow range of values [86], we take a single average value for the spectral MFP in the metal,
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and can pull it out of any frequency integrals. Second, as a simple crude approximation, we take

the metal properties to be given by a simple speed of sound v, = 6000 m/s . In this case, the two
terms in both the substrate conductivity as well as the interface conductance in which the metal
material properties appear can be simplified and we utilize the principle of detailed balance to
yield:

A T _fdwc(o,va,2T;)
wl o

5.21
2C,v, ©-21)

1
gk—l- fdwcm,lvm,l

which now only require the total heat capacity and speed of sound in the metal. Thus in the
variational temperature profile, we insert the bulk values of conductivity and heat capacity for

aluminum where &, and C, appear. We note that the transport we consider here though is only

for phonons, and neglect the effect of electrons or coupling of electrons with phonons. Thus, the
thermal transport is mediated by phonons with the transmission and reflection of phonons across
the interface between the aluminum and silicon materials.

As a first pass we assume the transmission from substrate to metal to be a constant,

independent of frequency, T, =T'. We will plug in various values of this transmission to get a

quick, crude sense of the sensitivity of the substrate effective thermal conductivity and the
interface conductance to the transmission value. This is by no means an accurate representation
of the details of the transmission coefficients, but rather a quick check to understand the general
role its average value may play. In Fig. 5-3, we plot the dependence of the normalized interface

conductance on the in-plane grating period.
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FIG. 5-3. Normalized effective interface thermal conductance for various values of the gray
transmissivity. For low values of the transmissivity, the interface conductance is essentially the
bulk value. For large values of the transmissivity, at most it varies by 10% relative to the bulk

value.

We see that when the gray transmission value is low, it doesn’t vary from the bulk value, but
when the transmission is high, i.e. perfectly unity, the interface conductance varies by at most
10% from the bulk. This demonstrates that the in-plane length scale has a weak effect on the
interface conductance. In Fig. 5-4, we plot the normalized effective thermal conductivity as a
function of the grating period. We see that for a gray transmission, the value of the transmission
chosen does not affect the conductivity. So while the mathematical expression from the
variational result shows the appearance of the transmissivity, upon numerical calculation we find
no dependence. The conductivity outputted matches the results from the variational solution of
the 1D TTG (plotted as black markers for reference), indicating that the substrate conductivity is

only affected by the in-plane length scale under the assumption of a gray transmission model.
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FIG. 5-4. Normalized effective conductivity of substrate as a function of the grating period. We
are showing both the case with a transmission of 0.1 (dashed blue line) as well as 1 (solid red
line), showing both a very low average transmissivity as well as the high to demonstrate that the
effective thermal conductivity is not strongly dependent on the interface, and only upon the in-

plane surface length scale.

A more interesting transmission function we can now explore is a spectral one to see if there is a
strong effect from the interface on the substrate conductivity and interface conductance. One
simple spectral model we will consider is that of a MFP filter. We can allow only phonons of
very low MFP, or alternatively phonons of very high MFP to pass through the interface, and to
see what effect this can have on the effective thermal conductance as well as the effective
substrate thermal conductivity. The lowest MFPs for silicon we utilize are on the order of 1 nm,
while the largest MFPs are on the order of 16 micron. We can create a high pass filter for the

transmissivity, given by:

| -
- (5.22)
& 0 A, <A,

Similarly, we can create a low pass filter given by:
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1 A <A
T ion = ° (5.23)
’ 0 A, >A

where the low MFP cutoff is 2nm, while the high MFP cutoff is 16 micron. This is an artificial
system as we would not be able to construct such a material that filters so perfectly, however
from a theoretical standpoint, this provides the opportunity to study extreme behavior from the
interface, and future studies can focus on more realistic filters. Figure 5-5 shows the behavior of
the conductivity with the 1D TTG variational conductivity shown for reference. We see that
there is a strong effect only for small enough grating periods, on the order of tens and hundreds

of nanometers.
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FIG. 5-5. Low MFP filter effective conductivity of the substrate. The effect of having only very
short MFP phonons (2nms or less) transmit across the interface makes a noticeable difference for

short grating periods as compared to simply the size effect observed from the one-dimensional
limit of the TTG.

In Fig. 5-6, we show the results from the high MFP filter. We see here that this demonstrates a
very different trend compared to that of a low MFP filter, and also very different than the results

from the 1D TTG variational solution. We see non-monotonic behavior in the thermal
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conductivity of the substrate, and in fact a strong enhancement when the grating period is on the

order of 100 nm for this particular high MFP transmission function model.
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FIG. 5-6. High MFP filter effective conductivity as a function of grating period. Phonons with a
MFP of 16 microns or larger are the only ones that transmit in this high MFP filter case. We
note the remarkable enhancement of the thermal conductivity beyond that of bulk by over 40

times.

The result of altering the MFP filter from being perfectly unity to only a fraction, such as 0.1,
makes no difference in the effective thermal conductivity. Thus, similar to the gray transmission
results, the magnitude of the transmissivity of phonons does not affect the conductivity, however
the selection of which phonons do transmit does play an effect. By only allowing phonons with
short MFPs to filter through, the effective conductivity is smaller as those phonons contribute
smaller to conductivity based on the kinetic picture than the consideration of all other phonons.
Similarly, the phonons with only very high MFP contribute much larger to the conductivity, and
thus by only allowing high MFPs to transmit across the interface, the system would respond as if
the effective thermal conductivity is much higher, yielding a thermal conductivity even higher
than that of bulk silicon. We will explore the exciting possibility of an enhancement of thermal

conductivity as opposed to a reduction in the nanoscale regime in the next chapter, when we
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consider the effect of the phonon distribution excited by heating of the system. Here, the
interface acts essentially as a filter and we chose to introduce high MFP phonons into the system
and noticed that there is indeed a strong enhancement by selecting the phonons which contribute
more to the thermal conductivity than low MFP phonons. Thus we see that the exact value of the
transmission, whether it is high or low, does not have as strong of an effect as the distribution of

phonons which the transmission function considers passing into the substrate or not.

5.3 Effective thermal conductivity and size effects from modulation

frequency

Given the understanding we have developed of the effect the grating period has and the interface
transmissivity on the interface conductance and substrate conductivity, we now explore the
frequency dependence of the substrate conductivity. In this case, we cannot satisfy energy
conservation over the substrate control volume exactly, as the deviation from energy
conservation will be a temporally oscillating term with both an amplitude and a phase. However,
we can minimize the square error of the energy conservation of the substrate. Thus we define a
penalty as a function of the substrate conductivity given by the energy conservation over the

control volume of the substrate:

2

P(k,)= (5.24)

f:dz2 [i2nv02 (z2)+ iqxjxv2 (z,)+ iqy]%2 (2, )] -J,

As we are using the macroscopic value of the thermal conductivity for the metal (since the
transport was assumed to be diffusive), as well as the interface conductance of Eq. (5.19) which
does not depend on modulation frequency, we only need to minimize the penalty of Eq. (5.24)
with respect to the substrate conductivity. This is why we needed to first solve the steady state
limit of the interface conductance and substrate conductivity before moving onto this case which
includes modulation frequency dependence for the substrate conductivity because the two
variational parameters were needed as input into Eq. (5.24). Thus by finding the optimal
effective conductivity for each given frequency which minimizes this square error penalty in the

energy conservation of the control volume over the substrate, we obtain the variational thermal
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conductivity. In the limit of zero modulation frequency, this conductivity will recover the result
we obtained in Eq. (5.19).

Inserting the solution to the BTE and calculating the energy density, in-plane fluxes, and the
interface flux this time as a function of modulation frequency, we obtain for the penalty function

after simplifying some of the solid angle integrals:

,  l-exp( ﬂd)[cosh( )+—smh( d )I
P(kz) = % » =2 P o
xp(~Ad) L cosh(g—)+-i(i+£)smh(i)
L\G kK L,
1 1 2 ’
- +—| [ dwC, v, ,T, +
(ZC'V' 4G)f L+ig,, +\j(l+i‘pw.z)2 +15,
(5.25)
2 1 . . . .
Ai [1 - s (ln(1+l(pw2 +mm72)— ln(l+ i@, , —mml)) +
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=2 (dwC,,v,, 1--— dQ ——]+
2 4f 1+i¢,,._z+\/(l+i¢m_z)2+n2 2 f AN, ,+u A, , /L,
2 [ 1 u.
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L+ig,, +\/(l+i¢’,,,,z )2 +12, [ "" f UAN +uA,, L,
where the remaining solid angle integrals are calculated analytically to yield:
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The mathematical minimization of the penalty as a function of the substrate conductivity is not

possible to do analytically due to the complex way in which the conductivity appears in the solid
angle integrals through the thermal penetration depth, and thus will yield a transcendental
equation. Instead, we numerically input various values of the conductivity over a broad range
from 0 to twice the bulk value, and find the value which minimizes the penalty for every given

value of the modulation frequency. We chose twice the bulk value as the upper limit to allow for
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the possibility of seeing a conductivity which is larger than the macroscopic value, as we saw
possible for the MFP filter transmission models previously. For simplicity, we present results in
the limit of no in-plane length scale, such that the transport is strictly one-dimensional in the
cross plane direction. In future work, we will explore the results with an in-plane length scale
such as with a grating or with a superposition of gratings to create a Gaussian beam spot.

The choice of no in-plane length scale here is not only due to simplicity, but also for testing
the strength of the size effect from the modulation frequency. For large values of the modulation
frequency, this yields small values of the thermal penetration depth, and the expectation is that
when it is on the order of the MFP of the phonons in silicon for the substrate, the thermal
conductivity will be reduced. If there is also an in-plane length scale, the effective conductivity
will already be reduced due to the effective reduction in the MFP of the phonons due to the in-
plane length. Therefore, it will take even higher modulation frequencies to see size effects when
there are in-plane length scales. Therefore, the onset of size effects due to the modulation
frequency will be at the lowest frequency when the transport is one-dimensional in the cross
plane direction and there are no in-plane length scales. So we take the limit of ¢ to be zero to

remove the grating. The interface conductance from Eq. (5.19) simplifies to:

lfdwa‘szva'w
_ e , (5.27)
1- fdwclu,va,ZTw _ fdwcw,2vm,2Aw.2T(U
2C1V1 zf da) C(uyZVw,ZAw,Z
The penalty function of Eq. (5.25) simplifies to:
2
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Performing the numerical minimization yields the substrate conductivity as a function of
modulation frequency. Figure 5-7 below shows effective conductivity normalized to the bulk
value of silicon. We note that there are size effects that occur even starting around 100 kHz. For
simplicity, we have taken a gray transmission value of unity to allow phonons to pass through
the interface and not create an artificial filtered scenario. Furthermore, if we take too small of a
value for the transmission, the surface temperature response will not be strongly sensitive to the

transport in the substrate due to the lack of phonons passing through.
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FIG. 5-7. Normalized effective conductivity of the substrate vs. modulation frequency.

We see that by 1 MHz, the effective conductivity is reduced by about 20%, and by 100 MHz, the
conductivity is reduced by over 50%. This onset of the frequency occurs at frequencies that the
experiment can access, as the FDTR frequencies measured can go as high as several hundred
MHz. Of course, it is not enough to only observe the effective conductivity but the actual
experimental observable of amplitude and phase to be able to see if this will be physically

observed in an actual material. By calculating the thermal penetration depth, given by

l, = k"‘c , where £, is given by the effective substrate conductivity, not just the bulk value of
mvC,

silicon, we can also plot the effective conductivity as a function of the effective penetration depth

in order to view the size effects in terms of a length scale. We see that the size effects in Fig. 5-8
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below occur on the order of tens of microns, very similar to what we observed for the TTG in

chapter 2 and chapter 3.
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FIG. 5-8. Normalized effective conductivity of the substrate vs. penetration depth. The
penetration depth utilizes the variational conductivity which is frequency dependent in it, as

opposed to the bulk Fourier predicted penetration depth.

Utilizing this variational substrate conductivity, we also output the amplitude and phase response
of the surface to see whether the experimental output is sensitive to the effect of the modulation
frequency. Figure 5-9 shows the amplitude and phase response as a function of the modulation

frequency.
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FIG. 5-9. Surface temperature response to the modulation frequency. The (a) amplitude and (b)
phase are plotted to compare the variational solution vs. the bulk Fourier heat conduction

equation solution.

We see that the amplitude is insensitive to the conductivity of the substrate, predicting negligibly
different values whether we include the variational substrate conductivity or simply the bulk
value of silicon conductivity. However, the phase shows strong effects starting at around 1
MHz, and showing the largest deviation around 1 GHz. With FDTR experiments on the order of
tens and hundreds of MHz [31], it would seem that then it is possible to measure the size effect
on the conductivity due to the modulation frequency by looking at the phase response of the

metal surface.

5.4 Summary

In conclusion, in this chapter we extended the variational approach to be able to model the
TDTR/FDTR geometry of a metal transducer on top of a substrate. By treating the interface
conductance as well as the metal conductivity and substrate conductivity as variational
parameters, we were able to approximately solve the BTE and study the effect of an in-plane
thermal grating as well as the effect of a gray transmission vs. a MFP filter transmission on the

interface conductance and substrate conductivity. We found that a spectral model of a filer for
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the interface can yield very interesting behavior for the substrate conductivity, which we will
explore in greater in the next chapter. Furthermore, we analyzed the effect of modulation
frequency on the substrate conductivity as well as seeing the degree to which this is observed in
the surface metal response for the simple gray transmission model. We found that the
modulation frequency will result in size effects for the substrate conductivity so that the thermal
penetration depth can be considered as a length scale for which at the micron scale, there should
be size effects seen in silicon. Future work will include studying this for various transmission
models that are more achievable in an actual interface between aluminum and silicon, and for a
wider variety of materials, such as SiGe for which frequency dependence has been observed
experimentally [32]. Then by comparing against the experimental data being reported in
literature, we can really explain the different frequency dependence seen or not seen in certain
materials and clarify the effect of the modulation frequency for nanoscale thermal transport. In
the next chapter, we will explore in greater detail the effect of selecting which phonon are

introduced into a system, as we saw with the interface acting as a filter in this chapter.
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Chapter 6

Nonthermal phonon distributions and size effects

The previous chapter demonstrated that the interface can have a strong effect on the effective
thermal conductivity of the substrate, especially when it can act as a filter for which phonons are
introduced into the substrate. To study this effect in greater detail, we look at a simpler
geometry for which this effect can be more easily characterized. We study the effect of the
phonons contributing to transport by looking at what phonons are generated by a heating source.
Thus far in literature, the distribution utilized has been the thermal distribution, which assumes
that the heating emits phonons according to thermal equilibrium. This was the distribution
utilized in Chapters 2 and 3, but we will explore nonthermal phonon distributions in this chapter
to see what effect this can have on the effective thermal conductivity.

The one-dimensional sinusoidal thermal grating (TG) is one of the simplest geometries to
study nondiffusive transport within the Boltzmann Transport equation. It served as a starting
point for the variational approach [64] to demonstrate the ability to obtain an analytical effective
thermal conductivity that allows for an accurate solution to the BTE over a wide range of grating
periods., as was shown in chapter 2. It also demonstrated the need to characterize a material
using not only the accumulation of thermal conductivity but also the accumulation of heat
capacity, as we showed in chapter 4. Thus the simplicity of analysis as well as the richness of
physics this geometry provides is invaluable. Here we study the one-dimensional grating in a
steady state heating configuration. The beauty of this problem in the steady state in particular is
that the BTE can be solved fully analytically with no approximations in this heat transfer
configuration, allowing for a very efficient study of the system response. We aim to study the
effect of the assumption of a thermal distribution for the heat pattern, compared to other spectral
excitation of the phonons.

Utilizing the fundamental solution of the one-dimensional grating, an arbitrary steady-state
heat source can be represented by a superposition of thermal gratings, and so we can construct
any profile of interest. As an example, we will study a three-dimensional Gaussian source

mimicking a “hot spot” that could be produced by osmic heating inside a microelectronic device
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[79,80,87]. This will allow us to compare how the source heating phonon distribution affects
thermal transport in a three-dimensional configuration, and how the size of a hot spot results in
size effects on the thermal conductivity when the phonon distribution is far from the typical

thermal distribution.

6.1 Thermal transport from a steady state 1D thermal grating with a

general phonon source distribution

In this geometry, the volumetric heat generation profile is given by the functional form:

Q=Qe* (6.1)
where ¢ is the grating wavevector, and Q is the amplitude of the volumetric heat generation
rate. In this case, the temperature profile will take on the function form:

T=T,+Te"h (6.2)
where /4 is a non-dimensional temperature amplitude we will use for convenience, and T, is the

background reference temperature. The temperature amplitude 4 and heat generation amplitude
O are simply constants, so the differential equations will simply be algebraic equations to solve

in this geometry. In this case, the Fourier heat conduction equation can be solved to obtain:

[t

— 1
h==— (6.3)
0 qu

hﬂ

We note that in a typical steady state heat transfer configuration without volumetric heat
generation, the thermal conductivity doesn’t appear in the heat conduction equation nor does it
appear in the boundary conditions which are simply set temperatures at boundaries or for
example adiabatic boundary conditions. In this case however, the thermal conductivity appears
in a simple form and allows for the Fourier conduction solution to be matched to the solution of
the BTE easily. This is due to the simplicity of a sinusoidal grating, which results in a sinusoidal

temperature response both in the diffusive limit as well as in the BTE for any length scale.
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To solve for the temperature response in the nondiffusive regime, we start with the isotropic

BTE under the relaxation time approximation for this geometry:

Vw
ot ox T 4

w

980 yy B0 _ 80780 Qo (6.4)

The spectral volumetric heat generation term can be written as Q = p, Q, where Q is the
volumetric heat generation rate given previously, and p, if the fraction value that a given
phonon is excited of that heat generation rate. The spatial and temporal distribution of Q  is
given by the macroscopic heat generation rate Q, while p, only depends on the material

properties and the details of the heating type, i.e. if it is with optical pumping. These fractions

are normalized such that the sum over the branches and phonon frequencies add up to unity, i.e.

f dwp, =1. Given the sinusoidal pattern of the volumetric heating, the energy density will

similarly be given by g, =3, (u)e" and the equilibrium energy density can be given in terms of

the temperature as g, = C;;”T“ h . Inserting these forms into the BTE yields an algebraic equation
7

which can be solved to yield the non-equilibrium energy density in terms of the non-dimensional

temperature analytically:

_ C,T, 1
gm(#) h = Q pw [0) - (65)
4 T, C, )1+in,u
where we have defined the nondimensional number 1, =gA,. We can also calculate the

temperature equation from the BTE by integrating the BTE over the solid angle and phonon

spectrum, yielding:

80~ 8w _
[do [ dQOT—— 0 (6.6)

Inputting the solution to the BTE and utilizing the non-dimensional temperature, we obtain an

algebraic equation for the temperature that can be analytically solved to yield:

p-21 _ Jdorsin)
Ta S doCvan,f(n,)

@ W

6.7)

where the kernel functions are given by:
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w w

(6.8)
g(n,)= %Larctan (1)

Note these kernels are identical to that from the one-dimensional TTG with a delta pulse heating
[64]. By matching the exact temperature solution of the BTE to that of the Fourier heat
conduction equation, an effective conductivity can be extracted given by:

=~ f doC,v,A,f(n.)

o) (6.9)

The spectral heat generation fractions p, have been left arbitrary, but the specific form of a

thermal distribution is given by p,=C, /C, which is weighted by the spectral heat capacity, and

not the ratio of the spectral heat capacity to the relaxation time as given in literature [47]. We
utilize the index w as short hand notation to denote a phonon of a given branch and frequency.
Thus for this simple steady state geometry, we demonstrate an exact matching of the Fourier and
BTE temperature profiles, yielding an effective thermal conductivity given by the result from the
one-dimensional limit of the TTG [64]. We note here that the appearance of the heat capacity
has arisen for the thermal distribution not due to the fact that the configuration is transient, but
due to the weighting of the spectral heat generation rate. Furthermore, with the denominator
term depending on the differential heat capacity, we see the appearance of the accumulation of
heat capacity even in a steady state heat transfer configuration once we convert the integration
over the phonon modes into an integration over the MFPs. More accurately, we see that it is the
accumulation of the source phonon distribution in the case of nonthermal distributions. Thus for
proper reconstruction of the thermal conductivity accumulation, as outlined in Chapter 4, we
require the accumulation of the source distribution as well from the denominator. The one-
dimensional grating configuration demonstrates that the effective thermal conductivity depends
on the accumulation of thermal conductivity as well as the accumulation of heat capacity,
regardless of whether the heating is due to a delta pulse or due to steady state heating, so long as

the heating is given by a thermal distribution.
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6.2 The optical source distribution

Here we explore the assumptions of a thermal distribution, and compare to other forms of
excitation of the phonons. Realistically, the excitation of phonons is due to optical pumping, and
this heating profile will preferentially excite optical phonons. Thus two specific forms we can

compare are:

thermal = &
(U] C
0 @ € acoustic branch (6.10)
optical _
o= e € optical branch
optical

The thermal distribution considers all phonons to be excited according to their contribution to the
spectral heat capacity. The optical distribution we take assumes a value of zero for all of the
acoustic branches, and weights the modes in the optical branches by their corresponding spectral
heat capacity. Both distributions are of course properly normalized to unity. Figure 6-1 shows

the comparison between these two distributions.
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FIG. 6-1. Comparison of the normalized effective thermal conductivities for the thermal

distribution vs. the optical excitation.
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We see that the difference between the two is negligible are large grating spacings. However,
below 1 micron, we see a deviation of the optical case vs. the thermal distribution. Also note
that the optical excited distribution is always smaller than the thermal distribution, and thus for
the typical case of laser heating, the assumption of a thermal distribution over-predicts the output
compared to an optical distribution.

To more quantitatively demonstrate the deviation, we show in Fig. 6-2 the ratio of the

optical distribution to the thermal distribution.
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FIG. 6-2. Ratio of the optical distribution conductivity to the thermal distribution conductivity to
quantitatively demonstrate at 1 micron and below, the difference is greater than 5% between the

two conductivities.

Quantitatively, we can now see that the optical distribution deviates by more than 5% below a
grating spacing of 1 micron. The difference between the optical distribution vs. the thermal
distribution is bigger for shorter grating periods, which is when the denominator of the thermal
conductivity has a stronger effect and the specific form of the heat generation fractions make a
difference. Given that TTG experiments using extreme ultraviolet (EUV) excitation can now
achieve gratings in the tens and hundreds of nanometer range, the consideration of optical
excitation vs. assuming a thermal distribution is important for accurate modeling of the thermal

transport [77,78].
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To explore other forms of such excitations, we consider the following two additional heating

distributions:

. 1
uniform
p., =
f dw
0 @ € acoustic branch (6.11)
papr!cal'-urzlform - 1 i
® —~———— o Eoptical branch
f dvafic‘af

These two forms are to see whether there is a large effect from the specific form for a given
branch being uniformly excited for the phonons in that branch or whether they should be
weighted by their spectral heat capacity. Figure 6-3 shows the effects of these additional

distributions.
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FIG. 6-3. Joint comparison of thermal, optical, and also the uniform excitations of all modes vs.

only uniformly exciting optical modes.

We note that there does not seem to be a large difference between the cases of the optical
distribution, which weights the optical phonons only by their spectral heat capacity, vs. the
uniform optical distribution which just weights all optical phonons evenly (but gives zero for the
fraction for acoustic branch phonons). However, when comparing the full phonon distribution

using the thermal distribution, weighting all phonons by their spectral heat capacity, vs.
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weighting all phonons uniformly, there is a very clear discrepancy. This can be explained easily
utilizing the density of states (DOS). The phonons of low frequency near the zone center have
large MFPs and also large group velocities. Due to the large group velocity of these acoustic
branch phonons, their DOS is small, and thus by weighing these phonons by the DOS, their
contribution is smaller. By utilizing a uniform distribution, their relative contribution is much
higher than that of the thermal distribution, and so the uniform heating generates an effective

thermal conductivity larger than that of the thermal distribution.

6.3 Nonthermal extremes and optimizing the effective thermal

conductivity

In this section, we wish to explore what type of excitation can maximize or minimize the
effective thermal conductivity. More specifically, for a given grating period, what should the

values p, be in order to maximize or minimize the effective thermal conductivity k. The

denominator of the effective thermal conductivity is the only term we need to consider, shown in
Eq. (6.9). Given that the kernel g is a monotonically decreasing function of the ratio of MFP to
grating period, essentially the maximum thermal conductivity is achieved with the minimum
denominator, which is the case for which the phonon modes with the largest MFP are excited.
The minimum effective thermal conductivity is achieved for the largest denominator, which is
the case when the phonon modes with the smallest MFP are excited. This is intuitive in the
kinetic picture of thermal conductivity, where a phonon with the larger MFP contributes greater
to the thermal conductivity, and thus a large MFP phonon that is excited will yield a higher
prediction than the thermal excited distribution, while a small MFP phonon that is excited will
yield a smaller prediction than the thermal excitation. Mathematically, these low and high MFP

filter distributions are given by:
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(6.12)

By filtering and selecting out the single phonon of highest MFP and lowest MFP, we compare
against the thermal distribution. Fig. 6-4 shows the comparison of the lowest MFP being excited
compared to the thermal distribution and the optical distribution excited proportional to the

spectral heat capacity.
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FIG. 6-4. The comparison of the cases for thermal distribution, optical excitation, and just the
lowest MFP mode excited. We see that there is negligible difference between the excitation of
only the lowest MFP phonon mode vs. exciting all optical modes according to their contribution

to the spectral heat capacity.

The lowest MFP for silicon was approximately 1.8 nm, and so for that single phonon mode
excited, we see negligible difference compared to that of just the optical excitation.

The results for the high MFP show far more interesting behavior. Figure 6-5 shows the
effective thermal conductivity for filtering for high MFPs, and only exciting those above a

threshold value of MFP.
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FIG. 6-5. Comparison for exciting phonons above a threshold MFP. All phonons above 10 nm,
50 nm, and 100 nm threshold cases are considered. At 50 nm, we see the appearance of non-
monotonic behavior in the effective thermal conductivfty. For 100 nm, we see not only non-

monotonic behavior, but also an enhancement of the thermal conductivity beyond bulk.

We note that indeed the effective thermal conductivities of these distributions are always greater
than the thermal distribution. The case of only exciting MFPs greater than 10 nm shows an
increase, but then for higher threshold MFPs, more interesting behavior is revealed. For above
50 nm, we start to see non-monotonic behavior in the effective thermal conductivity as a function
of the grating period. Furthermore, for larger than 100nm, we see not only non-monotonic
behavior, but an effective thermal conductivity larger than the bulk thermal conductivity. The
peak value of the effective conductivity consistently appears around 100 — 200nm for the grating
period, no matter the value of the threshold MFP cutoft.

Taking this to the extreme, we excite only the phonon of the largest MFP, of approximately
16.7 micron value. Figure 6-6 shows this extreme scenario which optimizes the effective

thermal conductivity for silicon in this heat transfer geometry.
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Fig. 6-6. The normalized effective thermal conductivity when only the largest MFP phonon

mode is excited of approximately 16.7 micron.

A maximum value of 56 times the bulk thermal conductivity is capable of being achieved,
around a grating period of 100 nm. The intuitive reason why this enhancement is possible can
also be explained within a kinetic picture. Only the phonon of largest MFP is excited, and so this
phonon propagates and the Fourier temperature profile that would mimic this effect in the BTE
will be one with a thermal conductivity that is predicted far higher than that of the of the thermal

distribution when phonons of both low and high MFPs are excited.

6.4 Pseudo temperature vs. real temperature

One of the flaws of the RTA is that it doesn’t strictly conserve energy. Thus, the temperature
provided by Eq. (6.7) is not the only definition of temperature in this case. One can also define

another definition of temperature based on the energy density. Given the volumetric energy

density, obtained from the non-equilibrium spectral energy density, U = f dw f dQg, , we define

the real temperature, h,,, by taking the ratio of this energy density to the heat capacity. This
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temperature also has a spatially sinusoidal dependence as 4, = ,e”". By integrating over the

phonon modes and the solid angle the non-equilibrium spectral energy density of Eq. (6.5), we

obtain:

hy, —hfdw—c—nimarctan M)+ fda)pw . 771(0 arctan(1,, ) (6.13)

Inserting the solution solved for the pseudo temperature from Eq. (6.7), we obtain for the real

temperature:
_ {fdwﬂama“("w)}{fdwp arctan(r,, } {fd [ arctan(nw)]Hfdwpw_riarctan(ﬂw)}
s o € M ) (614
T, q —fdwC oA _3_[1_arctan(nw)
3 [ II)TI:’ 1”“'

An effective thermal conductivity, &, is identified by matching this temperature to the Fourier

temperature of Eq. (6.3), to obtain:

—fda)CvA—[l ﬁ% 615
kﬁ{fdw%&‘::@}{fdwp am:l m} {fd [ arctan(n, ) Hfd v %(n)} (6.15)

In the limit of a gray medium, where the group velocities and relaxation times are assumed to be
independent of the phonon dispersion and take on a single value, then the pseudo-temperature
based thermal conductivity of Eq. (6.9) and the real-temperature based thermal conductivity of
Eq. (6.15) match exactly. However, for the full spectral consideration, these have different
functional forms.

Figure 6-7 shows the comparison between the thermal conductivity obtained from matching
the temperature obtained from the equilibrium energy density, denoted the pseudo-temperature,
and the ‘real’ temperature based on the nonequilibrium energy definition. We see that for the

case of a thermal distribution, the two temperatures are quite similar.
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Fig. 6-7. Comparison between the effective thermal conductivities based on matching the pseudo
temperature to the Fourier temperature and also matching the ‘real’ temperature (based on the
non-equilibrium energy density) to the Fourier temperature. The deviation of the pseudo based
conductivity is at most 20% from the real temperature based conductivity, occurring around 10

to 100 nm.

We also look at the extremal conductivities, obtained by exciting the phonons with the largest
MFP, and smallest MFP, respectively. While the MFP filter distribution is no longer rigorously
the distribution which optimizes the effective conductivity of Eq. (6.15) from the energy density,
we observe the effect it has nonetheless. Figure 6-8 shows the excitation of only the shortest
MFP phonon with both definitions of the temperature. Again, they show comparable predictions

for the thermal conductivity.
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Fig. 6-8. The effective thermal conductivity from the pseudo temperature as well as the real

temperature when only the shortest MFP phonon is excited by the heating.

Lastly, we show the scenario of only the maximum MFP phonon being excited. Figure 6-9
shows that the effective thermal conductivity demonstrates non-monotonic behavior, as well as
enhancement beyond the bulk thermal conductivity for the real temperature as well. However,
the real temperature based effective thermal conductivity does not show as high of an
enhancement, indicating that the pseudo temperature predicts a lower temperature compared to

the real temperature defined from the non-equilibrium energy density.
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Fig. 6-9. Comparison of the effective thermal conductivities for the excitation of only the phonon
mode with the largest MFP in silicon, of value 16.7 micron. Both definitions of the temperature
show an enhancement beyond bulk and non-monotonic behavior in the effective thermal
conductivity. The pseudo temperature predicts a maximum enhancement of 56 times that of the

bulk thermal conductivity, while the real temperature based effective conductivity predicts a

maximum of nearly 8 times that of bulk.

The difference between the two definitions of the thermal conductivity are much larger for the
maximum MFP thermal conductivities than for the thermal distribution for the thermal
conductivities as shown in Fig. 6-9. Furthermore, the grating period for which this maximum
occurs is at approximately 200 nm for the pseudo temperature based effective conductivity, but
around 3 micron for the real temperature based effective conductivity. This highlights the
importance of using the physical observable of energy density to understand thermal transport as
opposed to a pseudo temperature, especially when the phonon source distribution is a non-

thermal extreme.
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6.5 3D hotspot thermal transport with nonthermal phonon

distributions

The thermal grating provides a simple one-dimensional geometry with which we could quantify
the effect of the various phonon source distributions. Furthermore, an arbitrary steady state
source can be represented as a superposition of gratings via the Fourier transform. As an
example, we now consider a three-dimensional steady state hot spot, which can be produced, for

example, by ohmic heating inside a microelectronic device. We consider a heat source described

by a radial Gaussian, given by Q = Q

2
! - exp(— d 2) in 3D space. R defines the size of the

R (27)f | 2R
hot spot, and Q represents the power being deposited into the system. We will use the energy
density at the center of the hot spot, i.e. » =0 to compare the predictions of the BTE and Fourier

heat conduction equations. Utilizing the spatial Fourier transform of the radial Gaussian, the

heat generation rate can be written as a superposition of 1D thermal gratings as

2p2
= e’ Qexp _IR 5y, Taking a su erposition of the one-dimensional grating
3 ) q g 1Y

|
(27)
solution, weighted by the coefficients of the Fourier transform for the radial Gaussian, we obtain

the energy density at the center of the Gaussian hot spot:

-

\
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The isotropy of the system allowed us to analytically compute the integral over the solid angle,
reducing the 3D inverse Fourier transform integral into an integral over the radial variable. We
defined the nondimensional variables ¢t =gR and 7, = A_ /R to simplify the expression.

Figure 6-10 shows the energy density from the Fourier heat conduction equation as well as
from the BTE for several source distributions. The energy density is taken at the center of the
hot spot as a function of the size of the hot spot R, with a given input power of O =1 uW . While
the energy density at the center increases with decreasing spot size as the energy is more
concentrated at the center, for spot sizes near 300 nanometers, the high MFP filter distribution
with the 16 micron threshold yields an energy density an order of magnitude lower than that of

the thermal distribution, and 5 times lower than predicted by the heat equation.
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Fig. 6-10. Heat transport from a 3D Gaussian hot spot for different phonon source distributions

vs. the size of the hot spot. Plotted are (a) the energy density for a given input power, (b) the

energy density relative to that given by Fourier’s law, and (c) the effective conductivity relative

to that given by Fourier’s law.

By matching the energy densities at the center of the hot spot » = 0, we define a normalized
effective thermal conductivity for the 3D Gaussian hot spot, obtained by taking the ratio of the
Fourier energy density to the BTE energy density from Eq. (6.16), i.e.

=U r=0)/Ugy(r=0). We see a factor of 5 times enhancement in the effective

K Founer (

hot spot

thermal conductivity at 300nm in Fig. 6-10. The high MFP distribution predicts an energy
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density that is lower than the prediction from the Fourier heat conduction equation for spot sizes

of approximately 20nm and larger.

6.6 Summary

In conclusion, we have investigated the effect of the phonon distribution produced by a small
heat source on nondiffusive thermal transport. By comparing the energy density in response to
volumetric heating from the BTE and from the Fourier heat conduction equation for a 1D
thermal grating as well as for a 3D Gaussian hot spot, we have dispelled the notion that the size
effect always leads to a reduction in thermal transport compared to the prediction of Fourier’s
law. Depending on the source phonon distribution, the size effect can reduce or enhance thermal
transport; in the latter case, the effective micro/nanoscale thermal conductivity can become
larger than the regular macroscale conductivity, similar to what we see in chapter 5 with an
interface that only allows transmission of high MFP phonons into the substrate. We believe that
a source predominantly generating long-MFP phonons and thus yielding enhanced thermal
transport could be realized in practice. For example, in ohmic heating of a semiconductor
device, the distribution of phonons excited is determined by the electron-phonon interaction.
Intraband electron-phonon scattering, which typically plays a dominant role in the resistivity of
semiconductors at room temperature, involves small-wavevector phonons at the center of the
Brillouin zone, which will include long-MFP acoustic phonons [88]. If the predominant
emission of such long-MFP phonons could enhance thermal transport from nanoscale hot spots,

this would have significant implications for the thermal management of microelectronic devices.
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Chapter 7

Conclusions and future outlook

This thesis has provided a new, variational framework with which to understand thermal
transport in the nanoscale regime, especially related to recent efforts to extract phonon mean free
path distributions based on TTG and TDTR/FDTR experiments. This approach has provided the
ability to obtain analytical effective thermal conductivities in various geometries of interest for
experimental work, by utilizing insight that the experimental output can be represented by the
same Fourier temperature distribution, but with an effective thermal conductivity that differs
from the bulk, macroscopic value of the conductivity. Furthermore, the analytical expressions
obtained have given insight beyond that which a numerical approach could provide: it has
allowed insight into the importance of the accumulation of heat capacity in addition to the
accumulation of thermal conductivity as the material properties that comprise the effective
thermal conductivity in a nanostructured material.

The variational framework has provided not only the ability to explain experimental output,
but the ability to predict it. This approach utilizes no arbitrary fitting parameters and can provide
insight into what we would expect a material would produce in experimental output. This
provides the ability to not only verify with experiment, but also validate generated DFT material
properties as shown in Chapter 3. Yet there is always deeper understanding that we can pursue!
One future step would be to expand the analysis of the thermal interface problem beyond that of
just a sinusoidal thermal grating, but with nanofabricated pillars [27,29]. These nanofabricated
structures have allowed for experimental geometries that are much shorter than the table-top
TTG capabilities of 1 micron.

For the analysis of the TTG, recent experiments with the FEL in the Elettra Sincrotrone
facilities in Trieste, Italy are pushing the lowest thermal gratings possible. This will allow the
ability to observe nondiffusive transport in materials with much shorter MFP as the grating
periods with extreme UV light is much shorter, on the order of hundreds of nanometers. In fact,
recent experiments 280 nm are shown in Fig. 7-1, demonstrating the success of the variational

framework in predicting the experimental temperature decay for silicon.
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FIG. 7-1. EUV temperature decay of TTG. The decay of a 280 nm thermal grating is observed
with excellent agreement with the variational approach in solving the BTE. The effective
thermal conductivity is nearly 25% that of bulk, demonstrating a marked difference compared to

that of the bulk silicon thermal decay.

Furthermore, some theoretical next steps include expanding the solutions for the BTE beyond
some of the assumptions of this formalism. Recently, the ability to understanding thermal
transport and scattering in materials such as graphite and diamond are possible with the full
scattering matrix included in the BTE [57,60]. The full scattering matrix included in the BTE
makes the system much harder to solve as compared to the simplification of the RTA, but is a
necessary step to study nondiffusive thermal transport in materials for which the RTA is a poor
approximation.

Lastly, the possibility of achieving thermal transport that is enhanced compared to the
prediction of the Fourier heat conduction equation by controlling the phonon source distribution
is quite exciting. As size effects have only been known to reduce the thermal conductivity of a
material in the nano/micro scale, the ability to enhance the thermal transport will have strong
implications for microelectronics cooling. Further work to be able to design an experiment in

which this effect can be directly observed will be critical in order to take these theoretical
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predictions to a practical level, especially in considering the thermal management of processors

in electronic devices.
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