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Abstract

Heat conduction in semiconductors and dielectrics involves cumulative contributions from
phonons with different frequencies and mean free paths (MFPs). Knowing the phonon
MFP distribution allows us to gain insight into the fundamental microscopic transport
physics and has important implications for many energy applications. The key metric that
quantifies the relative contributions of different phonon MFPs to thermal conductivity is
termed thermal conductivity accumulation function. In this thesis, we advance a thermal
conductivity spectroscopy technique based upon experimental observation of
non-diffusive thermal transport using wire grid linear polarizer in conjunction with
time-domain thermoreflectance (TDTR) pump-and-probe measurement setup. Consistent
algorithm based on solution from the phonon Boltzmann transport equation (BTE) is also
developed to approximately extract the thermal conductivity accumulation functions in
materials studied.

The heat flux suppression function appropriate for the experimental sample geometry
relates the measured apparent thermal conductivities to the material’s phonon MFP
distributions. We develop a multi-dimensional thermal transport model based on the gray
phonon BTE to find the suppression function relevant to our spectroscopy experiment. The
simulation results reveal that the suppression function depends upon both the heater size
and the heater array period. We also find that the suppression function depends
significantly on the location of the temperature measurement. Residual suppression effect
is observed for finite filling fractions (ratio of heater size to heater array period) due to the
transport coupling in the underlying substrate induced by the neighboring heaters.

Prior phonon MFP spectroscopy techniques suffer from one or several of the
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following limitations: (1) diffraction limited to micrometer lengthscales by focusing optics,
(2) applying only to transparent materials, or (3) involving complex micro-fabrications.
We explore an alternate approach here using wire grid linear polarizer in combination with
TDTR measurement. The wire grid polarizer is designed with sub-wavelength gaps
between neighboring heaters to prevent direct photo-excitation in the substrate while
simultaneously functioning as heaters and thermometers during the measurement. The
spectroscopy technique is demonstrated in crystalline silicon by studying length-dependent
thermal transport across a range of lengthscales and temperatures. We utilize the calculated
heat flux suppression functions and the measured size-dependent effective thermal
conductivities to reconstruct the phonon MFPs in silicon and achieve reasonably good
agreement with calculation results from first principle density function theory.

Knowledge of phonon MFP distributions in thermoelectric materials will help design
nanostructures to further reduce lattice thermal conductivity to achieve better
thermoelectric performance in the next-generation thermoelectric devices. We apply the
developed wire grid polarizer spectroscopy technique to study phonon MFP distributions
in two thermoelectric materials: NbgosTiposFeSb and boron-doped nanocrystalline
SigoGeB. We find that the dominant phonon MFPs that contribute to thermal
conductivity in those two materials are in the a few tens to a few hundreds of nanometers.
The measurement results also shed light on why nanostructuring is an effective approach
to scattering phonons and improve the thermoelectric behavior.

Thesis Supervisor: Gang Chen
Title: Carl Richard Soderberg Professor of Power Engineering
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Chapter 1

Introduction

Phonons are quantized lattice vibrations that transport heat and sound in solids. Heat
conduction in non-metals generally involves dispersive lattice vibrations of variable
frequencies and mean free paths (MFPs) [1]. The well-known heat diffusion theory relates
the local heat flux to the local temperature gradient through the thermal conductivity in the
diffusive transport regime where a local thermal equilibrium can be well defined. In the
non-diffusive regime where the system characteristic lengthscale becomes comparable
with or smaller than the phonon MFPs, however, defining local thermal equilibrium can be
very challenging, and the Fourier’s law breaks down due to a lack of phonon scattering
events inherently assumed by the heat diffusion theory [2]-[5]. Studying non-diffusive
thermal transport to determine phonon MFP distributions is currently of considerable
interest [6]-[15]. Information on phonon MFPs provides insight into the fundamental
physics of microscopic heat transport [16]-[21] and can guide material and device design
for many technologies, such as thermal management of microelectronics [4], [5] and size
effect engineering in thermoelectrics [22]-{31], to achieve better device performance. One
important emerging research area, called phonon MFP spectroscopy [7]-{10], [12]-[15].

[32]-[34], relies on the breakdown of the Fourier’s law to determine which phonon MFPs
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contribute to thermal conductivity. This thesis explores the use of experimental
observation of non-diffusive thermal transport in ultrafast optical spectroscopy and the
solution of the Boltzmann transport equation (BTE) to approximately extract the phonon

MEFP distributions in a range of materials.

1.1 Thermal Conductivity Accumulation Function

Thermal transport in semiconductors and dielectrics is a broadband process that
includes cumulative contributions from phonons with different frequencies and MFPs
[35]-[39]. The phonon MFP describes the statistically average distance a phonon travels
before scattering [1] and, under the relaxation time approximation, is given by: A =V,
where A, V, 7 are the phonon MFP, group velocity, and phonon lifetime, respectively.
One nice representation of a material’s phonon MFP distribution is called the thermal

conductivity accumulation function [40], defined as:
1 pA , AN _ ,
Kaccu(A) = gfo CVA (-&-C;') LdA (1-1)

where € and w are the mode dependent phonon specific heat and phonon radial
frequency, respectively, and A’ is a dummy variable. A summation over all the phonon
branches is implied in Eq. (1-1). The thermal conductivity accumulation function
represents the fractional thermal conductivity contribution from phonons with MFPs
shorter than a threshold value A and essentially describes the distribution of phonon
MFPs that contribute to a material’s thermal conductivity.

The heat-carrying phonon MFPs in most materials of interest typically span several
orders of magnitude from a few nanometers to a few tens of nﬁicrometers at room
temperature [36], [38]. Figure 1-1, adapted from Ref. 31, shows the phonon MFP
distributions from first-principles density function theory (DFT) calculations for several
materials at room temperature [31]. As can be seen, different materials normally have
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different MFP spectra. For example, crystalline silicon has a broadly distributed MFP
spectrum and approximately 50% of its thermal conductivity comes from phonon MFPs
longer than 500 nm. In contrast, PbTe has a much narrower MFP distribution and most of
its thermal conductivity is contributed by MFPs less than 100 nm. It is clear that
heat-carrying phonons have a distribution of MFPs that cannot be accurately represented

by any single value.
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Figure 1-1. Thermal conductivity accumulation functions for a set of materials based upon
first principle DFT calculations at room temperature [31].

In the old days, estimation of phonon MFPs relied on matching the model thermal
conductivity built upon semi-empirical phonon lifetime models to experimentally
measured thermal conductivity data [41], [42]. The predictions from these semi-empirical
models are not accurate, though. At present, the thermal conductivity accumulation

function can be directly computed from first-principles DFT based calculations without
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assuming any fitting parameter |36], [37], |39]. However, accurate DFT calculation is
currently limited to simple single crystalline materials |43 |. Computing MFP distributions
in complex materials, such as nanocomposites and nanostructured thermoelectric materials,
is still computationally prohibitive [44]. In principle, the MFP distribution can also be
obtained directly from experimental measurements of phonon lifetimes and dispersion by
inelastic neutron scattering [45], |46]. However, this requires measurements of phonon
lifetimes across the entire Brillouin zone. Due to instrumental limitations of inelastic
neutron scattering, this has been attempted so far only in a few materials with short
phonon lifetimes. Moreover, inelastic neutron scattering is limited to characterizing single
crystals and requires large-scale national facilities. This thesis investigates an alternate
approach to determining a material’s phonon MFP distribution indirectly from

experimental observation of non-diffusive thermal transport at ultrashort lengthscales.

1.2 Phonon MFP Spectroscopy

The kinetic transport theory hints that a material’s bulk thermal conductivity consists
of contributions from all the heat-carrying phonon MFPs [40]. As a result, macroscopic
property measurement in the diffusive transport regime probes the integral thermal
conductivity contributed by all the phonon modes and therefore masks information about
phonon MFP distribution [8], [47]. An emerging optical desk-top approach focuses on
utilizing non-diffusive phonon transport, created when characteristic lengthscales become
comparable to the phonon MFPs, to indirectly map out the MFP distributions |7|-|10],
[13]. The idea is to measure transport across a characteristic length w, such that the
contributions of phonons with MFPs larger than w to the thermal transport are suppressed.
By varying w, information on relative contributions of phonons with different MFPs can
be inferred. The characteristic length can be the size of the heat source |7}, |8], [12], | 13],

the experimentally determined thermal transport distance |91, the thermal diffusion lengths
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traversed during an experimentally determined time period 6], [10], [11], or the
dimension of a nanostructure [15]. Typically, this approach relies on the deviation of
thermal transport from the Fourier law at small lengthscales [2]. In diffusive transport
where the heat source dimension is much larger than the phonon MFPs, as shown in Fig.
1-2(a) for the experimental configuration to be used in the refined MFP spectroscopy
study in this thesis, phonons undergo sufficient scattering to maintain local
thermodynamic equilibrium and the heat conduction is accurately described by Fourier
diffusion theory. In quasiballistic transport where the heat source dimension is comparable
with some phonon MFPs, as shown in Fig. 1-2(b), long-MFP phonons do not experience
scattering as inherently assumed by Fourier’s law and no local thermal equilibrium can be
established, leading to the breakdown of the heat diffusion theory [2]. Consequently, the
measured thermal conductivity incorporates a- quasiballistic thermal resistance that
depends upon the characteristic thermal transport length in the measurement [2], |71, {8],
[13]. By systematically varying the characteristic length to sample phonons of different
MFPs and using a suppression function to connect the length-dependent thermal
conductivity to MFPs, the phonon MFP distributions in the target materials can be

extracted |48], |49].
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Diffusive transport Quasiballistic transport

Figure 1-2. (a) Heat transport is diffusive when heater size w is much larger than phonon
MFPs. (b) Heat transport becomes quasiballistic when heater line width w is comparable
to phonon MFPs.

One nontrivial challenge to probe phonon MFPs is to reduce the characteristic
lengthscale of the measurement such that quasiballistic transport can be sampled. In a
laser-based experiment such as time-domain thermoreflectance (TDTR) [50], [51], the
heater size can be readily varied by changing the heating laser spot size |8]. In particular,
Minnich et al. |8] developed a pump-and-probe thermal conductivity spectroscopy
technique to study phonon MFP distribution through measuring the effective thermal
conductivities of silicon with different laser spot diameters. Significant non-diffusive
thermal transport effect was observed at cryogenic temperatures where some phonon
MFPs in silicon are much longer than the heating laser spot size. In a subsequent work
performed with a transient thermal grating (TTG) setup, Johnson er al. |9] employed the
interference of two pump laser beams to generate a sinusoidal transient grating
temperature profile in a thin silicon membrane and another probe laser to measure the
diffraction decay of this transient grating profile. Their measurements showed that the
effective thermal conductivity of the membrane depends strongly on the grating spacing
below 5 um. The use of variable heating laser spot diameters in TDTR experiments or

transient thermal grating periods in TTG experiments to access non-diffusive transport



regime allows us to approximately measure the MFP distributions for a range of materials,
but these approaches are ultimately diffraction-limited to characteristic thermal lengths
around one micrometer for visible light beams.

To extend the diffraction-limited approaches to have nanometer spatial resolution
such that materials with sub-micrometer phonon MFPs can be studied, micro-fabricated
metallic grating nanostructures, either 1D metallic lines or 2D metallic nanodots, must be
used. For example, Siemens ez al. | 7] employed a nanometer sized metallic line array as
the heat absorbers and a soft X-ray as the probe to measure the decay of the diffracted
beam due to transient heating of the metallic heat absorbers. They observed significant
ballistic heat conduction effect as reflected in an increase of the effective thermal
boundary resistance between the metallic heat absorbers and the studied sapphire
substrate.

For pump-and-probe measurements, the use of nanodots or nanolines works well with
transparent materials such as sapphire. However, for opaque materials, the excitation laser
light will be absorbed not only by the metal heaters but also by the underlying material
itself, complicating the data analysis. Additionally, if the material is a semiconductor,
photo-excited carriers will contribute to the measured pump-and-probe experimental
signal, complicating the data analysis further. To resolve these issues, Hu ez al. [13] used a
bilayer hybrid nanostructure to protect the substrate from direct laser heating. The bilayer
nanostructure consists of a square array of aluminum nanodots and a hybrid layer that
itself comprises of a layer of silver film sitting on top of an underlying polymer layer. The
aluminum nanodots serve as heat absorbers and temperature transducers. The silver metal
absorbs strongly the incident laser light but does not reflect significantly, thus contributing
little to the measured signal at the detector. The underlying polymer functions as an
insulting material to prevent the absorbed heat in the silver layer to penetrate into the
substrate, essentially eliminating direct substrate heating. The hybrid nanostructure

approach was applied to probe the phonon MFP distributions in a few materials, including
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sapphire, silicon, Siye,Ge, . GaAs, and GaN. However, the hybrid nanostructured heater
approach suffers from micro-fabrication complexity. Measuring diffraction of an extreme
UV probe |[12], predominantly sensitive to the photo-thermally induced surface
displacement, largely alleviates the problems associated with electronic excitation and
moderate substrate heating.

Another nontrivial challenge is the mapping of experimentally measured effective
thermal conductivities to the phonon MFP distribution in the material under study [48],
[49]. To infer the MFP distributions, the analysis in early studies was done using simple
models based mainly on physical intuition, such as cutting off the contributions of
phonons with MFPs exceeding the characteristic thermal length. The need for a more
quantitative approach based on the Boltzmann transport equation (BTE) has been well
recognized. In 2012, Professor Minnich at California Institute of Technology proposed a
heat flux suppression function to link the length-dependent thermal conductivities to the

material’s intrinsic thermal conductivity accumulation function [49], [52], [53]:
[e2) =) dn
kw) = [ f(N)SAA = [ F(M)K () 7 dA (1-2)

wheren = % is the ratio of the phonon MFP to the characteristic thermal length, k(w) is

the length-dependent thermal conductivity, f(A) is the differential thermal conductivity
distribution function, F(A) is the cumulative thermal conductivity distribution function
(i.e. kgecu (D)), S() is the heat flux suppression function, K(n) = —dS/dn is kernel

function. The cumulative thermal conductivity distribution function is related to the
differential thermal conductivity distribution function through: F(A) = foA f(AN)dA'. The

suppression function represents the reduction in phonon heat flux from different MFP
phonon modes for a given material system with respect to Fourier’s law prediction. The
key assumption is that the suppression function depends only upon the experimental

configuration (i.e. the sample structure and the distribution of the heat sources), while the
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dependence of the measurement on the material properties is entirely described by the
MFP distribution. This assumption enables extracting the MFP distribution from the
measurement results without any prior knowledge of the phonon properties of the sample
material. In addition, under that assumption, the same suppression function applies to a
model “gray-body” medium in which all phonons have the same MFP. Thus the
suppression function can be calculated from the gray-body phonon BTE. In reality, the
above assumption is not entirely accurate and the suppression function in its rigorous form
does depend upon material properties such as specific heat and phonon lifetime. However,
it has been shown to work well, in comparison to the accurate spectral BTE solution, in
describing thermal transport induced by a spatially periodic heat source [54] and thermal
transport across and along thin films [15], [55].

Although the framework is built, such an approach has not yet been consistently
implemented for extracting the MFP distribution from non-diffusive thermal transport
measurements. One exception to the above statement is Ref. 15 where thermal transport in
thin silicon membranes was measured in the diffusive regime across a range of membrane
thicknesses and the well-established Fuchs-Sondheimer model was used to reconstruct the
thermal conductivity accumulation function. However, the approach of Ref. 15 requires
the fabrication of membranes spanning a broad range of thicknesses commensurate with
the phonon MFPs, making it impractical as a generic MFP spectroscopy tool. In the hybrid
nanodots approach mentioned before, Hu ez al. [13] used single crystalline silicon as a
benchmark material to solve the multidimensional suppression function by leveraging the
measured size-dependent thermal conductivities and the known differential thermal
conductivity distribution function from first principle DFT calculations. The reconstructed
suppression function was subsequently utilized to extract the heat-carrying phonon MFP

distributions in other studied samples.
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1.3 Two-color Time-domain Thermoreflectance

The majority of the experimental work in this thesis is done using the TDTR setup in the
Rohsenow Kendall Heat Transfer Laboratory in the mechanical engineering department at
MIT. In this section, we give a brief overview of the principle of thermal conductivity
measurement using TDTR [56]-[58].

As a non-contact and non-invasive pump-and-probe measurement technique, TDTR is
uniquely suited to the property measurement of layered structures, including thin films,
superlattices, and also bulk materials [50], [51], [59]. Typically, the sample is coated with
a thin layer of metal film that serves as both heat absorber and temperature transducer.
During the measurement, a periodic laser pulse called ‘pump’ impinges on the transducer
surface, and is partially reflected and partially absorbed by a subset of free electrons in the
metal. The temperature of the excited electrons may reach several thousand degrees
Kelvin over the duration of one laser pulse due to the relatively small electronic heat
capacity [60]-[63]. The excited electrons then quickly thermalize through
electron-electron scattering within a few hundreds of femtoseconds [64]-[66]. The
thermalized electrons interact with the metal lattice through scattering events to rapidly
transfer the absorbed energy to phonons [67]. This typically occurs over a few to a few
tens of picoseconds due to the large energy difference between electrons and phonons. For
non-conductive substrates, phonon-phonon interaction between the metal transducer and
the substrate conducts the heat energy from the metal to the substrate. For conductive
substrates, heat can also diffuse to the substrate through a second electron-electron
interaction channel.

Following the pump heating, another time-delayed probe beam is used to monitor the
state of the sample at variable delay times that are regulated by a mechanical delay line.
The probe beam detects the change in the sample’s reflectance that is resulted from the
change in the sample’s surface temperature caused by the pump heating. In the linear
response regime, measuring the reflectance change is essentially equivalent to probing the
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temperature change. The unknown thermal properties of the sample, typically the substrate
thermal conductivity and the interface conductance between the metal and the substrate,
are then extracted by matching the measured temporal reflectance signal to a diffusion
heat transfer model.

A schematic of our TDTR setup is shown in Fig. 1-3 [68]. We use a mode locked
Ti:Sapp laser as the laser source that outputs infrared light pulses at 800 ﬁm wavelength
with a repetition rate of ~80 MHz and a duration time of ~150 fs. The infrared light passes
through an optical isolator that helps prevent any possible reflected laser beam from
destabilizing the Tsunami cavity. Then the laser light goes through a combination of a half
waveplate and a polarizing beam splitter (PBS) that split the majority of the light into a
pump arm and the rest to a probe arm. After the beam splitting, the pump beam is
modulated by an analog electro optic modulator (EOM) to enable lock-in signal detection.
The modulated pump beam is subsequently frequency doubled from 800 nm to 400 nm
through a second harmonic generator (SHG) optic to become spectrally different and
distinct from the probe beam to ease beam separation. A pair of telescope lenses is used to
control the size of the pump beam on the sample surface. The blue light after the SHG
passes through a 10x microscope telescope and is focused onto the sample surface.

Following the beam splitting, the probe beam goes through a 4x beam expander to
help reduce the beam divergence that occurs when it passes through the mechanical delay
line that dynamically regulates the delay time between pump and probe beams. The delay
stage in our setup gives a maximum of ~7 ns delay time. The probe beam is then
recompressed to its original size and passes through the same 10x microscope telescope

that focuses the probe beam coaxially with the pump beam onto the sample surface.
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Figure 1-3. Schematic diagram of the two-color TDTR setup in the Rohsenow Kendall
Heat Transfer Laboratory at MIT.

The complete overlap between pump and probe beams is important for the
thermoreflectance measurement. To ensure an excellent overlap, we fix the position of the
probe beam at the objective’s focal plane and then adjust the position of pump beam to
find the best overlap by maximizing the detected signal. To prevent any reflected pump
beam from reaching the detector, we use a combination of a dichroic mirror and a blue
filter in front the detector to allow only the reflected probe beam to enter the photodetector.
The photocurrent is amplified by a trans-impedance amplifier and then passes through a
low frequency band pass filter that is designed to only allow signal at the modulation
frequency to be sent to the lock-in amplifier for detection. The lock-in amplifier mixes the
input signal from the photodetector with a sinusoidal reference wave to generate the
in-phase and quadrature components, i.e. X and Y, that are recorded by an automated
LabView program. These two component signals are related to the sample’s amplitude

response, R, and phase response, ¢, through the following formula:

R=vVXZ+Y? (1-3)
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¢ =tanY(Y/X) (1-4)

The amplitude R and phase ¢, and the in-phase component X and quadrature component ¥

are related to the sample’s thermal transfer function Z(w,) through:
Rel(@ot+d) — Z(wo)eiwot (1_5)
Z(wg) = X(wo) + 1Y (wo) (1-6)

where w, is the pump modulation frequency specified by a function generator that also
sets the frequency of the sinusoidal reference wave in the lock-in amplifier. The thermal
transfer function describes the sample’s thermal response following periodic pump pulse
heating and is typically obtained by solving the heat equation for a multi-layer structure.

The thermal transfer function is given by [51]:
Z(wy) =22y Hwo + kwy)ekost (1-7)

where f is the thermoreflectance coefficient of the transducer film, @ and Qprope are

the absorbed pump and probe power, respectively, w; is the laser sampling frequency (80
MHz), T is the laser repetition period, T is the delay time, and H(w) is the sample’s
frequency response.

The frequency response H(w) is typically derived from solving the multidimensional
heat equation in the frequency domain for the layered sample structure. Figure 1-4 shows a
representative sample structure with an index assigned to each layer from the top layer to
the bottom layer. For the ith layer in the stack, we can relate the temperature and heat flux
at the top of that layer to those quantities at the bottom of that layer through a transfer
matrix [69]:
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{%}:{ cosh (gd) —i’%%‘”’—)}{"w} (1-9)
fo,i —0o,qsinh (qd) cosh (gd) fei

o k2 +iC,w

where g = g, is the cross-plane thermal conductivity, o, is the in-plane

0z

thermal conductivity, C, is the volumetric heat capacity, w is the periodic laser heating
frequency, k is the Hankel transform variable, d is the layer thickness, and the subscripts b
and 1 denote the bottom and top surfaces respectively. The transfer matrix equation (1-8)
accounts for the anisotropic thermal conductivities. As shown in Eq. (1-8). each layer can
be characterized by four independent parameters: cross-plane thermal conductivity,
anisotropy, heat capacity, and the layer thickness.

For a stack of multiple layers, the transfer matrix can be derived by simply

multiplying the transfer matrix for each layer:
M =MM,_, - MM, (1-9)

Material interface can be modeled by treating the interface as a layer with zero heat
capacity and zero thickness. Considering energy conservation across an interface, the
transfer matrix for a material interface is given by:

M= {(1) Gl_l} (1-10)

where G is the interfacial thermal conductance (inverse of interfacial thermal resistance)
defined by the ratio of interfacial heat flux to the temperature difference across the

interface [70].
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Figure 1-4. Schematic diagram of a multi-layer structure used in TDTR experiments

(adapted from Ref. 68).

For a multi-layer sample structure, the temperature and heat flux at the bottom surface

of the sample can be linked to the same quantities at the top surface of the sample through:

{?‘:} - {2 g}{(j‘:} (1-11)

where the subscripts b and ¢ denote the very bottom and top boundaries, and the matrix
elements 4, B, C, and D are determined by the material properties of each layer through
the product of individual material matrices, as given in Eq. (1-9). To solve for the surface
temperature, we need two boundary conditions, including the known heat fluxes at the
bottom and top surfaces. At the bottom surface, the heat flux is zero since the substrate is

typically a semi-infinite solid, leading to the following relation:

0. =—2f, (1-12)
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For pump heating with a Gaussian beam profile, the top surface heat flux in the Hankel

transformed domain is given by:

k2w
)

A
ft=—2—1%exp (= s (1-13)

where A, and w, are the absorbed pump power and pump beam diameter, respectively.
After substituting Eq. (1-13) into the surface temperature Eq. (1-12) and weighting the
surface temperature by a similar Gaussian profile of the probe beam with an 1/e” radius of
w;, we can then perform an inverse Hankel transform to find the final frequency response

of the sample:

H(w) =2 [ k(~2exp (- L8y g (1-14)

This frequency response function is substituted into Eq. (1-7) to model the heat transfer in
the sample under periodic pulsed heating and a non-linear least square fitting algorithm is
used to match the measured reflectance with the solution based on the diffusion heat
transfer model to extract the unknown system properties.

We note that the above-presented model is valid in the diffusive transport regime. For
this thesis’s purpose to probe phonon MFP distributions, non-diffusive thermal transport
must be studied. In the non-diffusive regime, we match the experimental signal with the
diffusion model prediction with a modified thermal conductivity. In addition, to prevent
carrier excitation in the substrate, we will discuss some key modifications made to the
original two-color TDTR system in Chapter 3 to minimize the laser transmission through
the microfabricated metal grating that is designed to access the non-diffusive regime [14],

[71].
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1.4 Organization of this Thesis

This thesis is a continued effort of the author’s master thesis. In particular, this thesis
completes the suppression function simulation initiated in the master thesis and extends
the nanodots approach that was applied on a transparent sapphire crystal to studying heat
carrier MFP distribution in opaque materials. The goal of this thesis is to develop a generic
phonon MFP spectroscopy tool that can be applied to probe MFP distributions for both
transparent and opaque samples. In addition, another goal is to develop a consistent
approach based the phonon BTE to connect the experimentally measured thermal
conductivities to the thermal conductivity accumulation functions in the materials studied.
This thesis is organized as follows: the first chapter introduced some fundamental concepts
about phonon MFP distribution, non-diffusive thermal transport, and described the current
state-of-the-art techniques to either calculate or measure the MFP distribution.

In Chapter 2 we discuss the modeling of non-diffusive thermal transport in the
experimental sample structure based on solving the multi-dimensional gray phonon BTE.
We focus on the impact of different lengthscales on the heat flux suppression functions.
The simulation results show that both the heater size and heater array period significantly
affect the suppression function and transport coupling in the substrate induced by
neighboring heaters leads to significant residual suppression for finite filling fractions. We
also find that the effective thermal conductivity depends upon the location of the
temperature measurement and care must be taken to correctly interpret the experimental
results.

Chapter 3 presents the refined thermal conductivity spectroscopy technique using
wire grid polarizers that function simultaneously as heat absorber and temperature

transducer in the two-tint TDTR measurements. Both the sample structure and the
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measurement setup are designed to minimize laser transmission into the substrate, thus
eliminating complex signal analysis from direct carrier excitation in the sample. We
describe the modifications made to the original TDTR instrumentation to allow for sample
heating at ~800 nm wavelength. Electromagnetic wave simulation using Comsol
Multiphysics is carried out to show negligible light transmission through the grating
structure. Experimental transmittance measurement and TDTR signal measurement by
varying angles formed by metallic grating and laser polarization also suggest
non-significant photo-excitation in the substrate. We demonstrate this approach by
studying length dependent thermal transport in crystalline silicon across a range of
temperatures and approximately extract the phonon MFP distributions using a convex
optimization reconstruction algorithm based on the suppression function calculated in
Chapter 2. We show that reconstructed MFP distributions agree reasonably well with first
principle DFT calculations.

In Chapter 4 we discuss the application of the refined thermal conductivity
spectroscopy technique to measure phonon MFP distributions in some select
thermoelectrics. Detailed sample specific fabrication recipe is developed from the initial
stage of polishing the sample surface to the final stage of patterning metallic gratings on
top of the sample. We show that the dominant heat-carrying phonon MFPs in the materials
studied are in the a few tens to a few hundreds of nanometers at room temperature and
above. We also explore the impact of phonon-grain boundary scattering on the distribution
of heat-carrying phonon MFPs in a nanocrystalline SigoGe,B sample. The measurement
results show that introducing nano-sized grains significantly reduces the phonon MFPs
that contribute to thermal transport.

Chapter 5 summarizes this thesis and describes some potential future work.
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Chapter 2

Modeling Suppression Functions for
Spectroscopy Experiments

Recent experimental observations of non-diffusive thermal transport have been utilized in
thermal conductivity spectroscopy techniques to quantify the phonon MFP distributions in
various materials of interests. Micro-fabricated grating nanostructures were used to extend
the diffraction-limited approaches to probe materials with sub-micrometer heat-carrying
phonon MFPs [7}-]9]. [12]-[14]. We would like to note that transient grating experiments
measure the temporal temperature difference between the peak and the valley of the
grating period, either formed by metallic absorbers [7], [12]or by crossing two laser beams
[9], [54]. [72]-[74], while the TDTR approach measures the temporal temperature profile
of the metallic heat absorbers [8], [13], [14].

In the non-diffusive transport regime, no local thermal equilibrium can be defined and
thus the conventional heat diffusion theory breaks down [75]-[77]. To analyze the
transport physics, the phonon BTE must instead be solved [2], [78]-[83]. In this Chapter,

we develop a theoretical framework based upon the phonon BTE to model the suppression
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functions in the metallic line grating spectroscopy experiments [49], [84], [85]. We
numerically study the impact of heater size and heaters’ spacing on the thermal transport
regime in the underlying substrate by solving multidimensional phonon BTE under
transient heating conditions. We compute the peak temperature rise of the heaters that
corresponds to the measured reflectance signal in the TDTR experiment [8], [13], [14] and
is also of interests for microelectronics and nanowire/nanotube based thermal interface
materials. The surface temperature difference between the peak and the valley of such
periodic structures, corresponding to measurements in the diffraction-based experiments
[7], [9], [12], is also calculated. Using these two temperatures as ‘measured’ signals, the
effective thermal conductivities ke of the substrate that encode the degree of ballistic
thermal transport are fit by matching the solution of the heat equation with that of the
phonon BTE across a wide range of lengthscales. We find that both the heater size and the
spacing between neighboring heaters have strong impact on the transport regime. The
simulation results also show that the degree of ballistic thermal transport depends on what
is measured: for the peak temperature rise, the ballistic effect diminishes as the heaters get

closer, while for the peak-valley temperature difference, ballistic effect increases.

- 2.1 Simulation Details

In the non-diffusive regime, many phonons have MFPs longer than the characteristic
thermal lengthscales and do not scatter in the locally heated region. Analyzing heat
transfer in this regime requires solving the phonon BTE [86]-[90]. In this Chapter, we
investigate the heat transport regime in the underlying substrate with periodic nanoscale
line heaters on top under transient heating conditions. In general, the phonon BTE is
difficult to solve since the phonon distribution function is a scalar in the six dimensional
phase space. The simulation domain is sketched in Fig. 2-1(a). To make the computations

tractable, the heater and substrate are modeled as materials with phonons being the heat
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carriers. The material properties, listed in Table 2.1, are chosen based on sensitivity
consideration and assumed to be temperature independent. In addition, to compensate for
the computational cost associated with solving the frequency dependent BTE, the
developed transport model is based upon a gray two-dimensional phonon BTE [4],
meaning that all the phonons in the heater and the substrate assume the same respective
transport properties. Although existing studies all show that phonon MFP spans a wide
range [36], [44], the constant MFP assumption helps to understand the physics and

simulation results are useful for reconstructing phonon MFP distributions from

experimental data through thermal conductivity suppression function [49].

Figure 2-1. (a) Schematic diagram of the simulation domain; (b) representative of one
period.

Table 2.1 Material properties of the heater and substrate.

Material Bulk £ (W/mK) C, (J/m'K) V (m/s) A (nm)
Heater 100 2.35E6 3000 42
Substrate 50 1.0E6 1500 100
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The transient phonon BTE under the relaxation time approximation is given by |75]:

-1,

oI = ,
AV = @2-1)

where I(x,y,0,¢,t) = izp fow""" hwfyDypVypdw is the local directional phonon

intensity along the propagation direction (8, @) (6: polar angle, ¢: azimuthal angle,.as
sketched in Fig. 2-2(a)), V is the phonon group velocity, 7 is the gray phonon lifetime,
and Iy(x,y,t) is the equivalent equilibrium phonon intensity used to resolve the spatial
and temporal temperature distribution. In the definition of the phonon intensity /, Aw is
the phonon quanta energy, f,, is the spectral phonon occupation function, D,,,, is the
spectral density of phonon states for polarization p, V,,, is the spectral group velocity,
and wp,, is the maximum vibration frequency for polarization p. The difficulty of
solving Eq. (2-1) originates from obtaining I, since it averages the directional phonon
intensity over the entire solid angle. The numerical technique has been thoroughly
described elsewhere and is only briefly discussed here.

During the simulation, the discrete ordinate method is used to solve the phonon BTE
together with a two-dimensional Gauss-Quadrature to integrate properties over the 47
solid angle [4]. An explicit first-order finite differencing method is implemented to
perform both temporal and spatial derivatives in the phonon BTE. The initial temperature
distributions inside the heaters and the substrate are assumed to be uniform, respectively,
but differ by 1K. That temperature difference, small enough to justify the use of constant
material properties, drives a heat current between them. The discretized BTE form
depends upon the phonon propagation direction, as shown by the differencing schemes in
Fig. 2-2(b), where p = cos@ is the directional cosine and 7 is defined as 7 = sinfcosg.
In general, backward differencing is taken when phonons travel along the positive
direction, and vice versa. For example, assuming isotropic medium, the discretized BTE

for the quadrant u < 0,17 > 0 is given by:
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where i, j, n, m, and k are the x, y, p, n, and time indices, respectively, I[fj'n’m is the

phonon intensity at a specific point (i, j, n, m) in the phase space and time £, and Ifj,o is

the equivalent equilibrium intensity at time k. Similarly, the discretized transport equation
for other propagation directions can be written down. This explicit scheme is used to

propagate in time until the expected simulation time is reached.

(a) (b)
Y An = siné cosg ﬂ\ 11 = sinfcose.
# < 0,1 > 0: backward discre- u > 0,17 > 0: backward
tization in y direction, forward discretizationin x and y
discretization in x direction directions 4t = cosb.
>

i < 0,n < 0. forward p > 0,1 < 0: forward discreti-
discretizationin x and y zation in y direction, backward
directions discretization in x direction

Figure 2-2. (a) Local phonon propagation direction, adapted from Ref. 4; (b)
discretization schemes for different phonon propagation directions.

A two-dimensional Gaussian-Quadrature is implemented in the simulation to discretize
the directional angles p and ¢. In particular, we discretize the directional cosine p from

-1to 1 into N, = 40 points and the azimuthal angle ¢ from 0 to @ (not 0~2m due to
symmetry) into N, =30 points. The corresponding weights w, and wpy for each
propagation direction (u,n) is computed through a numerical program and satisfy

Ny <N i : :
Znil qu;l Wy Wy, = 2. To guarantee stability and accuracy, the spatial and time steps

must be sufficiently small and satisfy:

At < AXmin (2-3)
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where Ax,,;, is the minimum spatial step size and V is the phonon group velocity. In this
study, the spatial step size is chosen to be equal to or less than one twentieth of the smaller

phonon MFP of the heater and the substrate, therefore ensuring stability and convergence.

Once initialized, the rate of heat rejection depends strongly upon the interfacial thermal
properties, i.e. phonon transmittance and reflectance at the heater-substrate interface [70],
[91]-[94]. Phonon scattering at the metal-substrate interface is assumed to be completely
diffuse, which implies that phonons leaving the interface on either side of the interface
bear an isotropic distribution [79]. Energy conservation requires the transmittance and

reflectance to obey the following relation:
R+T=1 (2-4)

where R and 7 are the reflectance and transmittance on either side of the interface. At
thermal equilibrium, the net heat flux across an interface is exactly zero, as required by the
principle of detailed balance [1] which relates the transmittances on either side of an
interface to one another by:

T, = MlTu (2-5)

CyaVz

where T, is the transmittance from medium 1 to medium 2, 7, is the transmittance from
medium 2 to medium 1, and C,; and V, (i=1, 2) are the volumetric specific heat capacities
and speeds of sound, respectively. To obtain the transmittances, we first specify the
transmittance 7T,, (T, = 0.1). Then T7,, can be straightforwardly determined through Eq.
(2-5). When solving the diffusion heat transfer model, an interfacial thermal conductance
G ir is needed as the input and is determined from the phonon transmittances by |11, [80]:

T12Cy1Va
4(1-0.5(T12+T21))

Gaiffr = (2-6)
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No size dependence of the interfacial thermal conductance is assumed, consistent with
recent experiments |8]. Simulation results to be presented later will also validate this

assumption.

The periodicity of the computed structure allows us to simulate one period of the
structure, as shown in Fig. 2-1(b). The thicknesses of the heater array and the substrate are
80 nm and 3 um respectively. In reality, the substrate is a semi-infinite system with its
backside being adiabatic. In practice, by checking the substrate backside temperature rise,
we find that 3 wm is sufficiently thick to approximate the substrate as a semi-infinite body.
We also find that doubling the substrate thickness to 6 wm causes aimost no difference in
the peak temperature rise and peak-valley temperature difference. The left and right
boundaries of the substrate in Fig. 2-1(b) are periodic boundaries |86]. We implement the
periodic boundary condition as a specular reflection. All other free boundaries (including
the free surfaces of the heater and the gaps between neighboring heaters) are modeled as
being adiabatic. The effects of these free boundaries’ specularity (fraction of phonons
being specularly reflected) are checked by comparing the BTE results under totally
specular and totally diffuse boundary conditions. Our simulation results show almost no
specularity dependence from such comparison, thus we also model these free surfaces as

specularly adiabatic walls.

The equivalent equilibrium phonon intensity [4], |80], corresponding to a locally
thermalized equilibrium state, is computed by weighting all the directional intensities

through:

1 N, N *
Ik, y,t) = P Y Yo (Y. 6,0, w0, 2-7)

where I*(x,y,6,¢,t) is the directional phonon intensity at (x, y) along the direction
(6, 9) at time t. Instead of calculating the local thermodynamic equilibrium temperature

which does not exist in highly non-equilibrium transport, we compute the equivalent

45



equilibrium temperature [4], |80] that is a measure of the local energy density and defined
as:

T(x,y,t) = 2—7;1(’,"‘ (x,y,t) (2-8)
The local heat flux along a specific direction consists of contributions from all the

directional phonon intensities at the point being studied. For example, if we define the

cross-plane direction as x, the local heat flux along this direction is given by:

N N .
Gy, 8) = =F, 2 20 14(x,5, 0,0, Opnwpwiy, (2-9)

where p,, is the directional cosine. Similarly, the heat flux along the in-plane direction

can be written down as:

N N, *
qy(x,y,t) = %Znil ey (6,3, 0, 0, )wy wpcos (@) (2-10)

where ¢,, isthe azimuthal angle.

The effects of heater dimension and spacing between neighboring heaters on the
transport regime in the substrate of the proposed structure are studied under the framework
of the developed thermal model. Heat transport occurs from the heaters to the underlying
substrate after imposing an initial temperature difference between them. The presence of
periodically arranged hot and cold spots in the computed structure generates thermal
grating effects [9]. To gain insight into the heat conduction, we examine both the peak
temperature rise (i.e. the temperature difference between points A and C, ATy, as
indicated in Fig. 2-1(b)) and the temperature difference between the grating peak and
valley (i.e. the temperature difference between points A and B, AT,g, as indicated in Fig.
2-1(b)). The temporal decays of the peak temperature rise and the peak-valley grating

temperature difference from the diffusion heat equation are matched with the

46



corresponding results from the phonon BTE to find the effective thermal conductivities
that are then used to analyze the heat transfer regime and derive the suppression functions

for the grating geometry.

2.2. Results and Discussion

Two important length scales affecting the heat transfer are the heater width w and the
period L (heater spacing = L — w) of the heater array. The simulations are carried out by
varying the heater width w under different filling fractions (FF) defined as the ratio of the
heater width to the heater array period w/L. This means that we systematically tune the
heater width w while maintaining the filling fraction w/L at constant values to examine the
effects of these two parameters on the thermal transport. Hereafter, without explicit
explanation, we refer the phonon MFP or A to the substrate phonon mean free path.

As discussed before, we assumed that the interfacial thermal conductance has negligible
size dependence. This assumption is validated from our simulation results, as shown in Fig.
2-3 that plots the calculated temporal interfacial thermal conductance G (based on the
temporal interfacial heat flux and temperature difference across the interface) from the
phonon BTE at different filling fractions when the heater width is 100 nm. Clearly, G
increases with increasing filling fraction at a fixed heater width. However, the overall
variation of G is within 6% and thus can be neglected. The computed interfacial thermal
conductances for other geometries, including small and large heater widths relative to the
phonon MFP, fall in the same range (2.50 ~ 2.64 x 10* W/m’K). In addition, we note
that the magnitude of the calculated G is very close to the value G predicted by Eq. (2-6):
2465 x 10° W/m’K. Consequently, we implement a constant interfacial thermal
conductance computed from Eq. (2-6) when solving the diffusion heat equation for

different geometries and only fit the substrate thermal conductivity.
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Figure 2-3. Calculated interfacial thermal conductance as a function of time at different
filling fractions when w = 100 nm.

Figure 2-4 shows the decay of the peak temperature rise when the heater width is 100
nm (same as the substrate phonon MFP A) at a 10% filling fraction. The decay rate from
the phonon BTE represented by the red squares is slower than that of Fourier’s law
represented by the green dashed curve obtained by using the bulk thermal conductivity of
the substrate. The discrepancy between the diffusion result and the BTE data indicates the
presence of ballistic transport in the substrate [84]. Our best fitting result returns an
effective thermal conductivity &, = 37.5 W/mK represented by the blue solid curve. This
reduced substrate thermal conductivity implies that there is an additional ballistic

resistance associated with transport in the substrate 7], [47].
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The effect of varying filling fractions is shown in Fig. 2-5 where the heater width is kept
constant at 100 nm under three different filling fractions. The dots represent the data from
the phonon BTE and the solid curves represent the best fittings from the diffusion heat
equation. As the filling fraction increases from 10% to 83%, k., increases by
approximately 20% from 37.5 W/mK to 47.0 W/mK, which indicates that the filling
fraction, apart from the heater size, also significantly affects the thermal transport in the
substrate. In the limit of zero spacing between heaters (100% filling fraction), the heater
effectively becomes a continuous thin film covering the substrate and in this case our
fitting returns the bulk thermal conductivity, consistent with prior pump-and-probe
measurements.| 8| Intuitively, for two structures with the same heater size, the structure
with a larger filling fraction (smaller spacing) more closely approaches to the ‘thin film

heater case’ and therefore has a higher £;. One can also view a continuous thin film heater

as the superposition of many closely spaced point heat sources, and our results
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demonstrate that this superposition of closely spaced ballistic heat sources with identical
heat generation actually leads to the familiar diffusive transport picture. This observation
is imlportant for designing thermal conductivity spectroscopy technique and also has many
implications for thermal management of micro-/nanoelectronics and thermal interface
materials. In microelectronics, heat may also be generated in a region of the MOSFET
much smaller than the MFP of the substrate that spreads out the heat. Our calculation
results suggest that the collective behavior caused by closely packed MOSFETs will
reduce the ballistic effects present in an isolated nanoscale hot spot [4], |5]. Similarly, the
predicted ballistic contact effect of an isolated point contact such as between a carbon
nanotube and the underlying substrate may diminish in closely arranged carbon nanotube

arrays used in thermal interface materials |95].
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Figure 2-5. Effects of varying filling fractions w/L on k. by fitting the peak temperature
rise. Open dots (squares, circles, and triangles) represent BTE results and solid lines
represent the best fittings from Fourier’s diffusion theory when the heater width is 100 nm.
The corresponding effective thermal conductivities are 47.0 W/mK, 43.5 W/mK, and 37.5
W/mK for 83%, 50%, and 10% filling fractions, respectively, clearly showing the impact
of filling fraction on the heat transport in the underlying substrate.
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Figure 2-6 further shows the normalized effective substrate thermal conductivities (i.e.

Keff (R FF)

p } as a function of the normalized heater
bulk

the suppression functions S (!X-,F F ) =

width w/A at three different filling fractions. When the heater width w is appreciably
larger than the phonon MFP (w/A = 10), phonons experience sufficient scattering to
establish local thermal equilibrium and thus diffusive transport occurs in the substrate [1],
[47]. In this scenario, the fitting returns the bulk thermal conductivity regardless of the
filling fraction, as shown by Fig. 2-6. As the heater width is gradually reduced to a level
comparable to the phonon MFP, some phonons travel ballistically and do not relax |47],
[81]. Those ballistic phonons result in an additional ballistic thermal resistance that
suppresses the rate of heat rejection through the conduction in the substrate, leading to a
lower effective thermal conductivity. However, the degree of ballistic transport in the
substrate under those three different filling fractions differs significantly as the heater
width becomes comparable or small than the phonon MFP, as indicated by the
substantially distinct effective thermal conductivities. For the very large filling fraction,
represented by the blue curve, the transport is more diffusive compared with the transport
at those two smaller filling fractions, which again implies that the collective behavior due
to the interaction between closely spaced nanoscale heat sources significantly diminishes
the non-diffusive transport effect that occurs in the case of an isolated nanoscale heat
source. We also note that heat generation in current MOSFETs is typically confined to be
around a tiny small region (much smaller than the gate length) near the drain side, thus the
predicted impact of collective behavior may not reduce the non-local effects substantially
due to the small filling fraction. However, as the gate length continues to shrink, we
expect such collective behavior to have significant influence in reducing the degree of
non-local transport.

As discussed before, periodically arranged nanoscale heat sources are required in the
pump-and-probe techniques to probe short phonon MFP materials [47]. Typically, a set of

effective thermal conductivities is measured with respect to some characteristic thermal
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lengthscales, i.e. heater sizes. Phonon MFPs are subsequently estimated by assuming the
heat transfer suppression of phonons with MFPs exceeding the heater dimension |8], |47].
Our simulation results indicate that accurate interpretation of the measured effective
thermal conductivities and phonon MFP reconstruction must take into account the impact
of both the heater size and the spacing between neighboring heaters. In fact, as shown by
Fig. 2-6, significant residual suppression occurs for finite filling fractions, meaning that
the suppression function does not drop to zero even if when the ratio of phonon MFP to
the heater size approaches zero. In contrast to an isolated heater, this happens due to the

transport coupling in the substrate induced by the presence of the periodic heaters.

LAE | T YT T T T =TT Ty

1.0

I a2 3zl i A 3 3aal M o a3 a2l

0.01 0.1 1 10
Normalized heater width w/MFP

Figure 2-6. Normalized effective thermal conductivities vs. normalized heater width at
three different filling fractions by fitting the peak temperature rise.
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Interestingly, the effective thermal conductivities obtained via fitting the peak-valley
temperature difference are inversely correlated to the filling fraction as opposed to fitting
the peak temperature rise. Figure 2-7 shows the peak-valley temperature difference
solutions from the phonon BTE together with the best fittings from the Fourier’s diffusion
theory for 400nm-sized heaters at three different filling fractions. Non-diffusive transport
occurs for all three of these structures as can be seen from the obtained effective thermal
conductivities. However, the structure with the largest filling fraction has the lowest
thermal conductivity compared with other two cases. Physically this originates from the
fact that the peak-valley temperature difference always measures the thermal transport
between the two heaters as the valley is the lowest temperature point on the substrate
surface |9]. The spacing between adjacent heaters becomes the characteristic thermal
length while fitting the peak-valley temperature difference. For a fixed heater width, the
structure with a larger filling fraction has a smaller spacing between adjacent heaters,
consequently giving a lower effective thermal conductivity. The contradicting trends in the
effective thermal conductivities obtained using the peak temperature rise of the heater and
the temperature difference between the peak and the valley in a grating structure imply
that a single effective thermal conductivity cannot perfectly match the results from the
phonon BTE and the diffusion theory in the whole simulation domain [96]. Equivalently,
the peak temperature rise and peak-valley temperature difference are associated with two
different thermal lengths for the same structure and care must be taken when comparing

the thermal conductivities measured by these two signals.
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Figure 2-7. Effects of varying filling fractions on ke by fitting the peak-valley grating
temperature difference. The data correspond to a heater width of 400 nm at three different
filling fractions. Open dots (triangles, circles, and squares) are the BTE results and solid
lines are the best fitting based on Fourier’s law. The corresponding effective thermal
conductivities for 10%, 50%, and 83% filling fractions are 47.2 W/mK, 43.0 W/mK, 30.0
W/mK, respectively, showing an opposite trend in the effective thermal conductivity while
varying the filling fraction at the same heater width.

The thermal conductivities measured by the peak-valley temperature difference as a
function of the normalized heater width is shown in Fig. 2-8. It is worth noting that for a

large filling fraction, the k,, is significantly lower than the bulk value even at a very large

ell

heater size (w/A= 10). This occurs because the spacing between heaters is still

comparable to the phonon MFP despite of the large heater size.
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Figure 2-8. Normalized effective thermal conductivities vs. normalized heater width at
three different filling fractions by fitting the peak-valley grating temperature difference.

Note that a single spectrum-averaged phonon MFP is used in this study to make the
calculations tractable. In reality, phonon MFP in many materials varies by several orders
of magnitude |10], [97]. Consequently, when the heater width or spacing between
neighboring heaters falls within the range of the phonon MFP spectrum, long-MFP
phonons travel ballistically and short-MFP phonons propagate diffusely, resulting in a
much more complicated transport picture. Incorporating real phonon dispersion and
frequency dependent MFPs makes a deterministic approach (for example, discrete ordinate
method) to solving the phonon BTE expensive. More sophisticated technique, such as
Monte Carlo method |87], |89], needs using to assess the effect of nonlinear phonon
spectrum. Future work should focus on the implementation of newly developed
variance-reduced Monte Carlo method to evaluate the impact of phonon dispersion on the

thermal transport characteristics in the presence of periodical nanoscale heat sources.
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2.3 Summary

We have studied the impact of heater size and heater spacing on the thermal transport
regime in a substrate covered by periodic heat sources when either the heater width or the
spacing becomes comparable to the phonon MFP. When the peak temperature rise and the
peak-valley temperature difference are used as separate measures of the transport regime
in the substrate, they give opposite trends in the substrate effective thermal conductivity as
a function of the spacing between heaters. When only the heater temperature is of concern,
we identified that the close spacing between neighboring heaters can reduce the ballistic
transport effects which occur in the presence of an isolated nanoscale hot spot, consistent
with the fact that in the limit that the heaters become a continuous film, both experimental
and simulation results approach that of diffusive transport. On the other hand, if the
peak-valley temperature difference on the surface is measured, ballistic effect becomes
stronger as the spacing between heaters becomes smaller. These results are important for
understanding experimental results in phonon MFP spectroscopy using TDTR method and
transient thermal grating method, and for understanding the impact of scaling on the
thermal management of micro- and nanoelectronics, and thermal interface materials. We
will use the computed suppression functions to help extract the phonon MFP distributions

in the wire grid polarizer spectroscopy experiments in the following two chapters.
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Chapter 3

Phonon MFP spectroscopy Using 1D
Metallic Wire Grid Polarizer

As discussed in Chapter 1, a generic phonon MFP spectroscopy technique would have
sub-micrometer spatial resolution and apply to both transparent and opaque samples. To
overcome these challenges, Hu et al. developed a hybrid nanodots approach [13] to
effectively localizing the heating and preventing photo-excitation and direct substrate
heating and demonstrated this approach by measuring phonon MFP distributions in a
variety of materials. To simplify the microfabrication associated with this approach, we
continue the efforts initiated by Dr. Kimberlee Collins, a previous graduate student in our
laboratory, to refine the wire grid polarizer approach that is designed to probe the
heat-carrying phonon MFPs in a generic sample [98]. In this Chapter, we discuss the
progress made towards minimizing the photo-induced carrier excitation effect in the
substrate observed in prior experimental efforts. The key feature of the wire grid polarizer
approach is that the 1D array of metallic lines used as nanoscale heat absorbers is deéigned
with subwavelength gaps between neighboring lines in order to simultaneously function as

a wire grid polarizer, insulating the substrate from both photo-excitation and probe light,
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so that the standard TDTR measurement approach can be used without complications due
to direct substrate heating and electron-hole generation. Compared with the EUV
diffraction method [7], [12], this approach permits the measurement of thermal transport
in similar nanostructured samples using more readily available optical probe wavelengths.
We also note that the requirement for a subwavelength gap dimension restricts its
sensitivity to submicron transport lengths that are crucially important and generally
inaccessible optically. Furthermore, we develop a consistent BTE-based approach for
reconstructing the MFP distribution from the experimental data based on a generalization
of the suppression function method proposed in Ref. 49. We demonstrate the
reconstruction of phonon MFP distributions in single crystalline silicon at different
temperatures without any fitting parameters or calibration procedures. The resulting
phonon MFP spectra agree reasonably well with first-principles calculations. The
experimental simplicity combined with the straightforward analysis algorithm makes our

approach applicable to a wide range of materials at the nanoscale.

3.1 Structure Design and Optical Simulation

The sample structure, as shown previously in Fig. 2-1(a), consists of an array of closely
spaced metal lines of various line widths sitting on top of the substrate under study. This
experimental geometry is much simpler than the 2D hybrid nanostructure developed
previously in our group [13]. To avoid direct substrate heating due to laser transmission
through the openings between neighboring metal lines, we keep the spacing between
neighboring lines to be approximately constant at 150 ~ 200 nm, much smaller than the
laser wavelength (~ 790 nm, to be discussed later), while systematically varying the heater
size (defined by the metal line width). This sample structure differs from previously used
structures in that prior experimental studies typically kept the filling fraction (defined as

the ratio of the grating line width to the grating period) constant [7], [13].
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To examine the laser energy transmission to the substrate surface, we performed
optical simulations using COMSOL Multiphysics software package [99] to obtain the laser
transmittance through a metal grating. As shown in Fig. 3-1(a), the simulation domain
consists of an aluminum grating on a sapphire substrate, mimicking the experimental
sample configuration. Floquet boundary conditions describing the periodicity are used for
the periodic boundaries of the simulation domain [99]. We chose sapphire as the substrate
underneath the aluminum metal grating since sapphire is transparent in our laser spectrum
and allows us to directly compute the transmittance through the metal grating. The
materials’ optical properties used in the simulation are listed in Table 3.1. The wavelength
is specified to be the center wavelength of our laser spectrum, 785 nm. In order to
minimize laser transmittance, the polarization of the laser E field is specified to be parallel
with the metal grating lines to mimic experimental conditions. The angle of incidence is
zero (normal incidence). The metal thickness and the gap between neighboring metal lines
are set to be 105 nm and 150 nm, consistent with the fabricated grating structures. As
suggested by the optical simulation results shown in Fig. 3-1(b), the transmittance through
the grating to the substrate is indeed negligible. The optical simulation results, as shown in
Fig. 3-1(b), suggest that a spacing of 150 nm is sufficient to achieve negligible direct laser
transmission to the substrate. This is expected since the pump and probe wavelengths (~
785 nm) are much longer than the spacing between neighboring grating lines and the

extraordinary transmission phenomenon is not strong in aluminum [100].
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Figure 3-1. (a) Schematic illustration of the optical simulation domain. (b) Simulated and
measured transmittance of Al grating on sapphire versus the grating line width.

In addition to optical simulations, we also set up a transmission platform and
measured the laser transmittance through the grating structure for different grating line
widths. The transmittance setup is sketched in Fig. 3-2. The laser beam first passes
through a combination of a quarter wave plate that circularly polarizes the incoming light
and a linear polarizer that linearizes the laser polarization in a selected direction. Then the
laser beam is focused onto the sample with the patterned metal grating on top. The
transmitted laser light is further focused into a photodetector that reads its intensity. The
transmittance is defined as the ratio of the transmitted intensity through a metallic grating
structure to the transmitted intensity through bare sapphire substrate. The measured
transmittance as a function of grating line width, represented by the red circle in Fig.
3-1(b), shows insignificant direct laser energy transmission, suggesting that the designed

gratings indeed effectively minimize the laser transmittance to the substrate [101], [102].
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Table 3.1 Material optical properties at 785 nm (source: refractiveindex.info).

Material Refractive index (real part) Refractive index (imaginary part)
Air 1.00 0.00
Aluminum 2.6265 8.3766
Sapphire 1.7606 0.00

Pump or probe beam

Linear Polarizer in

PIN ]
Detector Sample rotational stage
Lens Lens A/4 Polarizing

Wave plate Beam Splitter

Figure 3-2. Schematic diagram of the transmittance measurement setup (built by Dr.
Kimberlee C. Collins).

3.2 Sample microfabrication

To demonstrate the wire grid polarizer spectroscopy approach, we choose single
crystalline silicon as a benchmark material since its thermal properties have been studied
extensively by first-principle DFT calculations. A standard electron beam lithography and
liftoff method is used to pattern the gratings onto the substrate. The single crystalline
silicon wafers purchased from MTI Corporation are single-side polished and have an area
of 10 x 10 mm? with 100 crystalline axis. To begin, we use BOE (Buffered Oxide Etch) to
etch away the native oxide layer on the silicon substrate. Immediately following the oxide
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etch, we spin coat a thin layer of electron beam resist 950K A4 PMMA (Polymethyl
methacrylate, ~260 nm) onto the substrate. Immediately after resist coating, the sample
undergoes prebaking on a hot plate at 180 degree Celsius for approximately 3 minutes.
Then the resist is exposed by electron beam at 125 keV using an exposure machine
ELIONIX in the Microsystems Technology Laboratory at MIT. After exposure, the resist
is subsequently developed using 3:1 IPA:MIBK solution for 90 seconds, followed by an
IPA (isopropyl alcohol) rinse and nitrogen blow-dry. We then use an electron beam
evaporator to deposit a thin aluminum film onto the silicon wafer. Following metal
deposition, we use an acetone bath at room temperature to strip the remaining resist off the
silicon substrate. Finally, the sample is rinsed by IPA and blown dry with nitrogen.

Our grating line width varies from 10 um down to 50 nm, implying a changing filling
fraction across gratings with different line widths. The line width and spacing for all the
grating patterns were measured using scanning electron microscopy (SEM). The thickness
of the metal layers was measured using atomic force microscopy (AFM). Figure 3-3
shows a typical SEM image of a fabricated aluminum grating on a crystalline silicon
substrate. Figure 3-4 shows a representative AFM image of the metal thickness
measurement for a fabricated metal grating on the crystalline substrate. The metallic
gratings act as optical wire-grid polarizers that effectively prevent laser light with
polarization parallel to the grating lines from passing through the openings between

neighboring lines.
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Figure 3-3. SEM image of a typical aluminum grating on silicon substrate.
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Figure 3-4. AFM measurement of the metal thickness.



3.3 Two-tint Time-domain Thermoreflectance

An ultrafast two-tint TDTR optical setup is used to measure the size-dependent thermal
conductivities in this thesis. As discussed in Chapter 1, the original two-color TDTR
system in the Rohsenow Kendall Heat Transfer Laboratory, as sketched in Fig. 1-3, uses a
second harmonic generator (SHG) optic to double the frequency of the pump beam from
800 nm to 400 nm, therefore the heating wavelength at the sample surface is at 400 nm
and the probing wavelength is still at 800 nm [68]. A cold dichroic mirror that reflects blue
light and transmits infrared light and a blue color filter are used in combination to separate
the pump and probe beams since they have dramatic wavelength difference. For our
application, laser transmission through the metallic grating must be minimized to prevent
carrier excitation in the substrate. Since the transmittance decreases with increasing
wavelength, we modify the original two-color TDTR setup to have infrared pump beam.
The modified TDTR setup, called two-tint TDTR and sketched in Fig. 3-5, uses a set of
sharp-edge color filters to create spectrally different and distinct pump and probe beams
by splitting different part of the Ti:Sapp laser output into the pump and probe arms [71].
Briefly, after passing through an electro-optic modulator (EOM) that enables lock-in
signal detection, the pump beam, instead of going through a SHG crystal, goes through
two sharp-edged long-pass filters. These two sharp-edged long-pass filters with an edge
wavelength of ~ 791 nm are used to cut the short wavelength part of the Ti:Sapp laser
spectrum and retain the spectrum with wavelength longer than 791 nm. The pump beam
then passes through a quarter wave-plate and a linear polarizer and is subsequently
focused by a 10x microscope objective onto the sample surface. After the first PBS, the
probe beam passes through a mechanical delay stage that regulates the delay time between
the pump beam and the probe beam. A sharp-edged short-pass filter with an edge
wavelength of ~781 nm is placed on the probe path to cut the long-wavelength part of the
Ti:Sapp laser spectrum and retain the spectrum with wavelength shorter than 781 nm. The
probe beam then goes through the quarter wave-plate and the linear polarizer and is
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focused coaxially with the pump beam onto the sample surface. The combination of the
quarter wave-plate and the linear polarizer allows us to control the angle between the laser
polarization and the metal grating lines. To create spectrally distinct pump and probe
beams and perform reliable measurements, the full-width at half-maximum (FWHM) of
the laser source is set to be approximately 12.0 nm |71]. The reflected probe beam from
the sample goes through another sharp-edged short-pass filter, which completely rejects
the reflected pump beam, before reaching the detector. The lock-in amplifier records the
signal as a function of the delay time at the pump modulation frequency. As shown before
by the optical simulation and by measuring the thermal response at different angles formed
by the laser polarization and the metallic grating, the infrared heating beam indeed

significantly reduces the light transmission.
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Figure 3-5. Schematic diagram of the two-tint TDTR setup in Rohsenow Kendall Heat
Transfer Laboratory at MIT.
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3.4 Heat Transfer Model for 1D Grating

In Chapter 1, we gave an overview of the diffusion heat transfer model that is used to
describe the thermal transport in the diffusive regime [50], [51], [68]. In this section, we
briefly present a modified thermal model to account for the discontinuous nature of the
microfabricated metal gratings [47], [98].

When the spacing between neighboring metal lines becomes comparable with the
phonon MFPs, the cooling of an individual metal line is affected by the presence of its
neighboring lines. In this case, the heaters cannot be viewed as isolated lines and care must
be taken to account for the thermal interactions between them. Since the metal line width
is typically much smaller than the heating and probing laser spot sizes, we assume a 1D
rectangular intensity profile for both pump and probe beams, mimicking the profile of the
grating structure. To account for the discontinuous nature of the metal transducer, we
assume that the metal has zero diffusivity in the xy-plane and thus heat can only diffuse in
the z direction. Under these assumptions, the frequency response function H(w) can be
derived from solving the conduction heat equation in the frequency domain in the

Cartesian coordinate system. The definition of parameter g is slightly modified in the

Oxykb+Cyjw

Cartesian coordinate system being that g = , where oy, is the xy-plane

Oz
thermal conductivity and k, is the Fourier transform variable in the y-direction

perpendicular to the metal grating. The final frequency response is given by [98]:
D
H(w) = ZnIXnIZ('" 'E)n (3-1)

where C and D are the matrix elements determined by the material properties, and X, is
the Fourier transform coefficients of the 1D rectangular heating and probing profile, as

given by:
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where w is the grating line width, L is the grating period, and j is the imaginary number
, 2 . . . . .
j=v-1, Q= - is the fundamental spatial frequency, n is the index for evaluating the

spatial Fourier transform frequency at k,, = nl,.

3.5 Measurement Results and Discussion

The two-tint TDTR setup with 791 nm pump and 780 nm probe wavelengths is used for
the thermal conductivity measurements. Both the pump and probe beams are linearly
polarized with their E fields parallel to the metallic grating to ensure that the measured
thermoreflectance signal comes only from the metal grating. The substrate effective
thermal conductivity and the interfacial thermal conductance between the metal transducer
and the substrate are extracted by fitting the experimental reflectance signal with the
model prediction based on the heat diffusion theory.

We first measure the effective thermal conductivity of a single crystalline silicon
sample at various temperatures using a 30 ym pump spot size on a continuous aluminum
transducer film. Figure 3-6 shows the comparison of temperature-dependent silicon
thermal conductivities from TDTR measurements [103], DFT calculations and literature
|104], | 105]. We refine our DFT calculation reported before [36] by using a much finer k
mesh in the reciprocal space and the computed thermal conductivities are consistent with
the literature data for the entire examined temperature range. Above 200 K, our
measurement results agree well with literature and prior TDTR measurements [ 103] (Ref.
103 used 25 ym pump diameter). However, below 200 K, our measured thermal

conductivities fall below the literature value due to non-diffusive thermal transport
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induced by the finite pump spot size [106] and again agree well with prior measurement

data |103].
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Figure 3-6. Measured silicon thermal conductivities (circles and squares), DFT computed
thermal conductivity (diamonds), and the literature data (solid line, Ref. 104).

We then proceed to measure the heater-width-dependent thermal conductivities of
silicon samples with aluminum gratings at different temperatures. Since the heating laser
spot diameter is typically orders of magnitude larger than the grating line width, the
diffusion heat transfer model used for the grating samples assumes two-dimensional
thermal transport in the plane perpendicular to the metal grating and accounts for both the
heater line width and the spacing between neighboring heaters. Representative traces of
the measured phase signals at room temperature and the corresponding model fits for 50
nm, 220 nm and 2 pm heater widths are shown in Fig. 3-7. The fitting quality is excellent

for all the heater line widths, indicating that our heat transfer model incorporating an
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modified substrate thermal conductivity and interface conductance describes well the
thermal transport occurring in the TDTR experiments. The effective thermal conductivity
decreases dramatically with decreasing heater width. At a very large heater width (2 gm),
the measurement returns an effective silicon thermal conductivity very close to the bulk
value, indicating diffusive thermal transport in the substrate. At a 220 nm heater width, the
effective thermal conductivity is approximately 82% of the bulk value, which suggests that
the transport becomes quasiballistic and the experiment measures an additional ballistic
resistance [7], [8], [13]. The quasiballistic effect becomes stronger with decreasing heater
width, as verified by the constantly decreasing effective thermal conductivity. At a 50 nm
heater line width, the thermal conductivity drops to ~ 46% of the bulk value. We note that
the observation of near-diffusive transport when w = 2 ym does not suggest the maximum
phonon MFP in silicon is less than 2 ym since the onset of the quasiballistic transport
depends upon the heater line width, the filling fraction of the heater array and the phonon
MFP distribution [85].

The effective thermal conductivities of silicon versus heater line width at four
different temperatures (circle: 200 K; square: 250 K; triangle: 300 K; diamond: 350 K) are
shown in Fig. 3-8. At room temperature, the transition from diffusive transport to
non-diffusive transport occurs around 1 pm, below which length scale non-diffusive
transport effect becomes increasingly stronger with decreasing heater width. Again, the
observed diffusive transport above 1 um originates from the weak sensitivity of the
current measurement approach to probe MFPs larger than several microns and does not
indicate that the intrinsic phonon MFP in the sample is less than 1 m, as will be discussed
later. In fact, earlier measurements at room temperature [9], | 13] and reduced temperatures
[8] have shown that silicon exhibits non-diffusive transport at length scales significantly
greater than 1 pm. To a first approximation, phonons in the silicon substrate can be
divided into two groups: a diffusive group with MFPs shorter than the heater width and a

ballistic group with MFPs longer than the heater width|81]. The observed increasing
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ballistic resistance originates from an increasingly larger portion of phonons joining the
ballistic group as the heater width is reduced. Varying the heater line width in a systematic
manner helps sample different MFP phonons’” contribution to thermal transport, making it

possible to extract the phonon MFP distribution information from the size-dependent

thermal conductivities.

Phase (Degrees)

1500 2500 3500 4500 5500
Delay (ps)

Figure 3-7. Representative traces of measured room temperature TDTR reflectance signals
(circles) and best model fits (solid lines) for three heater widths: 50 nm, 220 nm, and 2 pm.
The effective thermal conductivities for these three samples are approximately 66.0 W/mK,

120.0 W/mK, and 140.0 W/mK. respectively.
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Figure 3-8. Silicon effective thermal conductivities versus heater width at 200 K. 250 K,
300 K and 350 K, respectively. The error bars represent standard deviations in the
measured thermal conductivities. The filled dots represent silicon bulk thermal
conductivity from literature (Ref. 104) at four different temperatures (circle: 200 K; square:
250 K; triangle: 300 K; diamond: 350 K).

In addition to the optical simulations and transmittance measurement discussed before,
we experimentally verify the insignificant direct laser transmittance by varying the laser
polarization angle relative to the metal grating and measuring how the reflectance signal
changes with varying angles. The angle variation leads to variation in the transmitted laser
energy into the substrate through the openings between neighboring metal lines. In
principle, as the angle increases, a larger portion of the linearly polarized laser energy
directly penetrates into the substrate, resulting in an increasing substrate heating effect.
Figure 3-9 compares the room-temperature two-tint TDTR signals at different polarization
angles obtained from the grating with the smallest (50 nm wide) aluminum line width on a
silicon substrate with linearly polarized laser illumination. Zero degree means that the
laser polarization is aligned with the metal grating line. The inset shows the early

delay-time reflectance signals. Interestingly, the two-tint signals overlap excellently within
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30 degree of angle variation and show a clear thermal decay profile. This experimentally
confirms that the impact of direct substrate heating and carrier excitation is negligible at

zero-degree angle illumination.
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Figure 3-9. Two-tint TDTR signal as a function of the angle between laser polarization
and the metal grating lines for the 50 nm line width grating on silicon substrate.

73



10 L) T 1 T T T T T
- ——0 degree
10 P ] T 10 degree
1 f | ----20 degree
— 10° } ! o - 30 degree -
;; ;
£
2
P 107} i
107 —
-1000 O 1000 2000 3000 4000 5000 6000 7000
Delay time (ps)

Figure 3-10. Two-color TDTR signal as a function of the angle between the laser
polarization and the metal grating lines for the 50 nm wide grating on silicon substrate.

On the other hand, we perform two-color TDTR [51] (pump wavelength = 400 nm,
probe wavelength = 800 nm) measurements with linearly polarized beams on the same 50
nm wide grating sample. As shown in Fig. 3-10, the two-color reflectance signal decays
much more slowly than the two-tint signal and rises significantly as the angle increases.
This arises because a significant portion of the incident blue laser energy in the two-color
TDTR experiments directly enters and heats the substrate and excites electron-hole pairs,
resulting in a much slower decay profile due to the smaller temperature difference between
the metal grating and the substrate. The heating and excitation become stronger when the
angle between the blue laser polarization and the metal grating is increased due to an
increased amount of direct laser transmission. The fitted thermal conductivity from
two-color TDTR measurements on the 50 nm wide grating sample is approximately 17.0
W/mK at zero degree and decreases constantly as the angle is increased. It is clear that the

thermal conductivities derived from the two-color signals, as affected by the direct
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substrate heating and electron-hole pair generation, are remarkably lower than those
derived from two-tint signals (~66 W/mK), and thus do not reflect the real non-diffusive
thermal transport effects physically induced purely by the finite heater line width since the
diffusion heat transfer model used to fit the experimental signal does not account for direct
heating and electron-hole pair generation in the substrate. Moreover, the thermal
conductivities derived from the two-tint signals have a weak angle dependence within 30
degree of angle variation, again confirming the insignificant direct substrate heating. For
heater line width larger than 50 nm, the reflectance signals measured by the two-tint
TDTR overlap quite well even for an angle variation larger than 30 degree due to lower

laser energy penetration into the substrate relative to heating of the metal lines.

3.6 MFP Reconstruction

To gain insight into which phonon MFPs are responsible for heat conduction in the
substrate, we follow the reconstruction approach proposed by Minnich [49]. To extract the
intrinsic phonon MFP distribution from the measured length-dependent thermal
conductivities k.rr, Minnich|49] introduced a heat flux suppression function to relate the

measurement results to the MFPs:

ds dn

kepr W) = [ SGNF(A)A = [[7 =T ZLF (A)dA (3-1)

where n = % is the ratio of the spectral MFP to the characteristic thermal length w, S(n)
is the suppression function, K(n) = —% is the kernel function, f(A) is the differential
phonon MFP distribution, and F(A) is the cumulative phonon MFP distribution. F(A) is
related to f(A) through: F(A) = [ f(A")dA'.

Minnich’s original formulation of the MFP reconstruction algorithm [49] assumes that

the measurement is characterized by a single length parameter w such that the suppression
function is a function of the single variable 7 = = This is rarely the case in a real
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experiment: in fact, the transient grating measurements of thin membranes considered in
Ref. 49 involved two characteristic lengths, i.e. the membrane thickness and the transient
grating period. Likewise, our experiments involve two characteristic geometric lengths:
the heater line width w and the array period L. However, the approach developed by
Minnich’ can be used in a more general way not requiring that the suppression function
for all measurements be given by a single function of a single nondimensional variable.
Consider N measurements on the same or different samples, with an effective thermal
conductivity k; in the i-th measurement described by the suppression function S;(7):

k= [y Simf (A)dA = P + [ K, () SEF (A)dA (3-2)
where K;(n) is the kernel function for the i-th measurement. The second equality is
obtained through integration by parts and note that F(0) = 0 and F(c0) = 1. Thus we
generalize Minnich’s equation presented earlier by allowing the suppression function to be
different for each measurement (the possibility of such generalization has been in fact
pointed out by Minnich [49]). A further generalization is made by allowing the
suppression function to have nonzero residual suppression at the limit of large A: S;(A —
) = 5. Although the residual suppression factor is zero for some experimental
configurations, it can be finite and significant for other geometries, such as the ones used
in this work as discussed below.

The suppression functions for our sample geometries depend on two nondimensional
variables: the ratio of MFP to heater width n = > and filling fraction FF = %, where L is

the heater array period. The filling fraction takes into account the impact of the heater
array periodicity on the heat transfer regime in the underlying substrate. The relevant
suppression function for the measurement on sample i with filling fraction FF; is S; =
S(n, FF;). The suppression functions are calculated from the gray-body phonon BTE in
Chapter 2 and are combined with the measurement results in this Chapter to determine the

MPFP distributions.
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The computed suppression functions across a range of filling fractions, as shown in
Fig. 3-11, capture the transition from totally diffusive transport regime to strongly ballistic
transport regime. In the diffusive limit, all the phonons contribute to thermal conductivity
as described by the heat diffusion theory and the suppression factor is unity regardless of
the filling fraction, whereas in the non-diffusive limit, long-MFP phonons’ contributions

to heat transport are suppressed and the suppression factor depends on both the ratio of
MFP to heater width ‘—:\,- and the filling fraction FF. Depending on the spacing between

neighboring heaters, thermal transport in the substrate external to the heater array may
differ significantly from highly ballistic heat spreading from an isolated nanoscale hot spot
112],185]. Given the heater size, the thermal transport near an individual heater is weakly
affected by the presence of its neighboring heaters in the case of small filling fraction,
whereas for a large filling fraction, the thermal transport near one heater is strongly
influenced by the presence of neighboring heaters. The BTE simulation returns the bulk
substrate thermal conductivity for a continuous film heater (FF = 100%) that can be
viewed as a superposition of an infinite number of isolated point heat sources on the
substrate, suggesting that superposition of closely spaced ballistic heat sources recovers
the familiar diffusive transport in the underlying substrate. As the filling fraction
approaches 100%, the suppression function approaches unity for all phonon MFPs. Figure
3-8 shows that our measurements yield the bulk thermal conductivity values for w > | um,
indicating that for filling fractions above 90% the measurements are no longer sensitive to
non-diffusive transport. For the same ratio of phonon MFP to heater size, the BTE
simulation shows that a smaller filling fraction leads to stronger ballistic transport as
demonstrated by Fig. 3-11 [85]. The residual suppression function value that occurs when
the phonon MFP is much larger than the heater width increases toward unity with
increasing filling fraction. Figure 3-11 clearly shows that phonons with MFPs longer than

the heater line width still carry significant amount of heat. In fact, our results show that
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significant residual suppression exists for finite filling fractions even when — approaches
w

infinity.
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Figure 3-11. Computed heat flux suppression functions at different filling fractions based

on solving the phonon Boltzmann transport equation.

After suppression functions for all the samples are calculated, a convex optimization

scheme is used to reconstruct the phonon MFP distribution [49], |54]|. For our sample

geometry, the kernel functions, as shown in Fig. 3-12, span just under two orders of

. . A A . .
magnitude from approximately e 0.1 to e 5, meaning that the thermal conductivity

measurement for a certain heater width w contains MFP distribution information ranging

from approximately one tenth of the heater width to five times that of the heater width.

Since our minimum heater line width is 50 nm, our MFP reconstruction scheme is

sensitive to the cumulative MFP distribution much smaller than 50 nm (down to ~ 3 nm).
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Figures 3-13 to 3-16 compare the reconstructed silicon MFP distributions at four different
temperatures with DFT calculations using a very dense k mesh (64 x 64 x 64 k meshes) in
the reciprocal space |107]. The reconstructed phonon MFP distributions agree well with
DFT predictions for all the studied temperatures. The agreement demonstrates the viability

of the current thermal conductivity spectroscopy technique.
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Figure 3-12. Computed kernel functions versus filling fractions.
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Figure 3-13. Comparison of experimentally reconstructed silicon MFP distributions and
predictions from DFT calculations at 200 K.
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Figure 3-14. Comparison of experimentally reconstructed silicon MFP distributions and
predictions from DFT calculations at 250 K.
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Figure 3-15. Comparison of experimentally reconstructed silicon MFP distributions and
predictions from DFT calculations at 300 K.
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Figure 3-16. Comparison of experimentally reconstructed silicon MFP distributions and
predictions from DFT calculations at 350 K.
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The described thermal conductivity spectroscopy technique is a general method for
studying phonon MFPs in a wide range of materials. The ability to obtain MFP spectra
using this approach will lead to a better understanding of microscopic phonon-mediated
heat transport in nanostructures and bulk materials and have important implications in
many technological applications. Compared to our previous work using hybrid heater
nanostructures |13], the current approach utilizing 1D metal gratings greatly simplifies the
fabrication processes. Given its sensitivity, our future work will focus on materials of
practical interest, such as thermoelectrics. Future design of more efficient thermoelectric
devices calls for a more adequate understanding of microscopic thermal transport in
thermoelectric materials. As predicted by previous DFT calculations, most thermoelectric
materials have dominant phonon MFPs in the a few tens to a few hundreds of nanometers
range |31], |[44]. Therefore, our approach is well suited for measuring phonon MFPs in
those materials for which ab-initio calculations are difficult and inaccurate due to the
complex material structure. The ability to measure MFP distributions in thermoelectric
materials may serve as a blueprint for engineers to tailor thermal conductivity for better
device performance [24], |25], [31]. In Chapter 4, we will discuss the progress made

towards studying phonon MFP distributions in some select thermoelectrics.

3.7 Summary

We developed a new implementation of a thermal conductivity spectroscopy technique
that can be employed to probe phonon mean free paths in opaque materials down to tens
of nanometers. The technique utilizes 1D metallic gratings with sub-optical-wavelength
gaps between the metal lines to localize the heating to the metal lines and insulate the
substrate from linearly polarized laser illumination. We demonstrated the technique by
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measuring the length-dependent effective thermal conductivities of crystalline silicon at
various temperatures using the two-tint time-domain thermoreflectance method. We also
generalized the MFP reconstruction scheme to measurements involving multiple
characteristic lengths by recognizing the importance of residual suppressions in the limit
of infinite phonon MFP, and we developed a consistent BTE-based procedure to extract
the MFP distribution from the measured thermal conductivity data. The reconstructed
phonon MFPs in silicon agree reasonably well with results predicted from first-principles
DFT calculations, without any fitting parameters. The agreement between the
reconstructed MFP distributions and the DFT-based calculation results indicates that now
we have both experimental and computational tools for studying nanoscale phonon MFPs

in a wide range of materials of interest.
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Chapter 4

Probing phonon MFP distributions in
thermoelectrics

4.1 Thermoelectrics Background

Thermoelectric energy conversion is a solid state technique that can convert heat directly
to electricity without any intermediate mechanical steps [23], [24], [28], [31]. Due to its
reliability and potential to harvest the vast amount of waste heat from industrial
applications, thermoelectrics have gained renewed research interest for the last two
decades. The basic principle is based upon the Seebeck effect, discovered by Thomas
Johann Seebeck in 1821, that a voltage is generated across the two junctions of a material
when those two junctions are subjected to a temperature difference. The generated voltage
can be used to produce electricity if a closed-loop circuit is formed. The heat to electricity

energy conversion efficiency is characterized by a nondimensional thermoelectric figure of

S%oT

merit ZT, defined as ZT = , where S is the Seebeck coefficient, ¢ is the electrical

ptke

conductivity, T is the average operating temperature, k, and k. are the lattice and

85



electronic contribution to thermal conductivity, respectively. The product, S2a, is termed
power factor since it is related to the power output density for a given thermoelectric
device. The higher the ZT, the higher the energy conversion efficiency.

The challenge associated with improving ZT is that thermal and electrical properties
are generally highly inter-coupled [1], [108], [109]. Improving one material property in a
favorable direction often times causes changes in other properties that adversely affect the
overall ZT. For example, one might think of increasing the doping level to enhance the
electrical conductivity, but this typically leads to a reduction in the Seebeck coefficient and
an increase in the electronic thermal conductivity that may counteract the effect of
enhancing the electrical conductivity. One common practice over the last two decades to
improve ZT is to use nanostructuring approach [110], [111], proposed by Hicks and
Dresselhaus, that can significantly reduce the lattice thermal conductivity while
maintaining the electrical properties unchanged. The achieved reduction in the lattice
thermal conductivity results mainly from the additional phonon interface or phonon
boundary scattering induced by the introduction of nanometer scale structures [22], [25]-
[27], [112]. These additional scattering events effectively shorten the phonon MFPs that
contribute to thermal conductivity and thus improve the thermoelectric performance [113].

Although the nanostructuring approach has been proved effective in enhancing the
figure of merit ZT by reducing the heat-carrying phonon MFPs, quantitative knowledge of
the phonon MFP distributions is still limited, even for the majority of the bulk
thermoelectric materials. First-principle DFT has been used to compute the phonon MFP
distributions in some select thermoelectric materials with relatively simple atomic
structures [37], [39], [44], but for complex thermoelectric materials such calculation is still
prohibitive. Engineering the next generation thermoelectric materials calls for a more
fundamental understanding of the distribution of the heat-carrying phonon MFPs.
Knowing the phonon MFP distributions in thermoelectric materials would guide the

design of next-generation thermoelectrics towards a higher level of ZT. For example, one
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might be able to optimize the size distribution of the nanoscale structures to optimally
scatter phonons of different MFPs [114].

In Chapter 3, we demonstrated the feasibility of the wire grid polarizer approach to
measuring phonon MFP distributions indirectly in opaque samples. In this Chapter we
apply the same approach to probe the phonon MFP distributions in some select
thermoelectric samples. The materials we study include a half heusler sample
Nby 95 Tig.05FeSb [115] and a boron-doped nanocrystalline SigyGe»oB- s sample [116]-{118].
We choose NbyggsTigosFeSb as a first try because recent experimental studies observed a
record high power factor in that sample compared with other semiconductor-based
thermoelectric materials [119]. We would like to study its phonon MFP distribution to gain
more understanding on its microscopic thermal transport. Nanocrystalline SigyGexB
sample is chosen to investigate the quantitative impact of grain boundary scattering on the
phonon MFP spectrum [116]-[118]. After obtaining the length-dependent thermal
conductivities, we use the same reconstruction algorithm to extract the phonon MFP
distributions in both materials. The reconstructed MFP distributions shed light on the
dominant heat-carrying phonon MFPs in those materials and may also guide the design of
next generation thermoelectric materials and devices to achieve better energy conversion
performance. The extracted MFP distribution for nanocrystalline SigyGe»B. s sample also
helps us gain insight into the impact of phonon-grain boundary scattering on the heat

carrying phonons’ MFPs.

4.2 Sample preparation and pattern fabrication

The thermoelectric samples were provided from Professor Zhifeng Ren’s group at the
University of Houston [115]. To prepare the samples, ingots were first formed by arc
melting individual elements contained in the samples. To guarantee uniformity, the ingots

were melted a few times and flipped over each time. The ingots were then ball milled for a
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few hours to produce nano powders that were subsequently hot pressed under high
temperatures and high pressures to produce sample disks of half-inch diameter. Figures
4-1(a) and 4-1(b) show the SEM image of the grain structures in NbyggsTigosFeSb and

SigoGeoBa s, respectively.

s =
i
S L PERERE

Figure 4-1. SEM images of grain structures in (a) NbgosTigosFeSb (Courtesy of Mr. Ran
He) and (b) SigoGe20Ba s, respectively. Figure 4-1(b) is adapted from Ref. 116.

The as-received samples typically have rough surfaces that cannot be directly used to
perform microfabrication and TDTR measurement. To improve the surface quality, we
developed a polishing process following Dr. Collins’s recipe to mechanically polish the
samples until a desired root mean square (RMS) roughness is achieved [98], [120], [121].

The polishing is done on a South Bay Technology lapping and polishing machine
(model 920) that contains a central rotary lapping plate and a yoke that provides additional
rotation to the sample holder. To start, the recipe uses a set of SiC grinding papers,
200-400-600-800-1200 grit in sequence, to planarize and smooth the as-diced sample
surface. Each step takes approximately 5-10 mins and the sample is thoroughly rinsed by
DI water between each polishing step. The surface normally has mirror finish after the

1200 grit grinding paper polishing.
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Following the grinding paper polishing, the sample is then polished using 1um Al,O;
or diamond suspension on a hard polishing cloth (Buehler Trident) for about 10mins. To
fine-polish the sample surface, we dilute the 50nm Al>O; suspension with DI water until
the pH of the diluted suspension reaches ~7.5. A two-step fine polishing procedure is used
to obtain an excellent surface finish. First, we use the prepared suspension to polish the
sample on a hard cloth (Buehler Trident) for approximately 10mins with continuous
feeding of the suspension. Then, the sample undergoes a final polish on a soft polishing
cloth (Buehler Microcloth) for about 15secs. As mentioned in Ref. 98, the final polishing
time is critical to achieve an excellent surface finish without pits or orange-peel texture.
The sample is thoroughly rinsed by warm DI water to remove any residual polishing
suspension on top of the surface and is then blown dry.

The developed recipe can routinely achieve a surface finish with RMS roughness
around or less than 5 nm. Figure 4-2 shows a representative atomic force microscopy
(AFM) image of the surface roughness on a 5 um x 5 um area with RMS roughness Rq ~ 6

nm and arithmetic roughness R, ~ 4 nm on a Nby 95 Tig.0sFeSb sample.
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Figure 4-2. A representative AFM image of the surface roughness for a 5 um x 5 um
polished Nby ¢sTip.0sFeSb area. The RMS roughness R, and arithmetic roughness R, are ~6
nm and ~ 4 nm, respectively.

Following the polishing process, the sample is patterned with grating nanostructures
in order to perform size-dependent thermal conductivity measurement. We follow a
lithography recipe similar to the one used for single crystalline silicon substrate to
fabricate aluminum gratings of variable linewidths on top of the polished thermoelectric
samples. Figure 4-3 shows a representative SEM image of the fabricated metal grating on

top of the Nby ¢5Tig0sFeSb substrate.

9



Figure 4-3. A representative SEM image of the fabricated metal grating on the
Nbyg 95 Tig.0sFeSb substrate.

4.3 Thermal conductivity measurement

Following the sample microfabrication, we again use the two-tint TDTR setup to measure
the length-dependent thermal conductivity for the prepared samples. Figure 4-4 shows a
representative fitting for the NbgosTigosFeSb substrate at three different heater sizes at
room temperature. The circles represent the experimental measurement phase data and the
blue curves represent the best fittings based on a diffusion heat transfer model with a
modified substrate thermal conductivity. As shown in Fig. 4-4, the fitting quality appears
to be very good, indicating that the diffusion heat transfer model with a modified effective
thermal conductivity can describe the thermal transport in the TDTR measurement. The
green and red dashed curves in Fig. 4-4, representing a 10% bounds on the best-fitted
thermal conductivity, show the sensitivity of the fitting to the substrate thermal
conductivity. It is clear that the fitting is pretty sensitive to the thermal conductivity we

would like to extract from the experimental data.
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Figure 4-4. Representative TDTR fittings for the NbgosTiposFeSb substrate at three
different heater sizes.
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Figure 4-5. Measured size-dependent NbygsTiposFeSb thermal conductivities across a
range of temperatures. The filled dots represent the bulk thermal conductivity at the
corresponding temperatures.
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Figure 4-5 shows the measured length-dependent thermal conductivities for the
Nby.95Tio.0sFeSb substrate across a range of lengthscales and temperatures. The filled dots
denote the bulk thermal conductivities at corresponding temperatures. As shown in Fig.
4-5, when the heater size is large, the measured thermal conductivity is close to the bulk
value, indicating near-diffusive thermal transport. However, the thermal conductivity
becomes length-dependent when the heater size is reduced below ~300 nm, implying the
transition of the transport from diffusive to non-diffusive regimes. Note that the electronic
contribution to thermal conductivity in the NbgosTioosFeSb substrate is approximately 10%
using the Wiedemann-Franz law and the measured electrical conductivity. Since our
interest is to study the phonon MFP distributions, we subtract the electronic thermal
conductivity from the measured total thermal conductivity to give the lattice thermal
conductivity that is subsequently used in the reconstruction algorithm to approximately
extract the phonon MFP distribution. This is justifiable since the electron MFP is much
shorter than the heater size and no non-diffusive electron transport is expected.

As mentioned before, nanostructured thermoelectric materials show favorable
performance compared with their bulk counterpart. To examine the impact of grain
boundary scattering on the thermal phonon MFP spectra in thermoelectric materials, we
apply the wire-grid polarizer approach to studying non-diffusive thermal transport in
nanocrystalline SigoGeoB2s sample that is commonly used in thermoelectric applications
at elevated temperatures [28], [31]. In bulk SiGe systems, the introduced impurity
significantly scatters the high-frequency, short-wavelength phonon modes and suppresses
their contribution to thermal conductivity. Consequently, the fractional thermal
conductivity contribution from long-MFP phonons in SiGe can be even larger than that of
single crystalline silicon, as shown by prior first-principles calculations [122]. For
nanocrystalline SiGe samples, the additional grain boundary scattering can significantly
suppress the effective MFPs of the low-frequency phonon modes. Prior experimental

studies indeed observed significant reduction in lattice thermal conductivity as the grain

93



size was systematically reduced [116]-[118], [123]. However, few studies focused on the
quantitative impact of the grain boundary scattering on the microscopic MFP spectrum
[123].

To gain insight into the effect of grain boundary scattering, we study size-dependent
thermal transport in boron-doped SiggGeaoB, s sample. Similar fabrication recipe is used to
pattern metallic nanowires on top of the sample. The patterned sample is subsequently
characterized using the two-tint TDTR setup. Figure 4-6 shows some representative
measurement phase data at three different heater sizes along with the respective best
fittings based off the diffusion heat transfer model with a modified thermal conductivity. It
is clear that the heat diffusion model with an apparent substrate thermal conductivity can
accurately describe the thermal transport in the near-diffusive regime. The measured
size-dependent effective thermal conductivities for the nanocrystalline SigoGe2oB-.s sample
are shown in Fig. 4-7. Again we observe a clear transport transition from diffusive to
non-diffusive regimes when we systematically reduce the heater size. Figure 4-8 compares
the normalized size-dependent effective thermal conductivities of Si and SigoGexBo s
measured at room temperature. Since grain boundary scattering significantly shortens the
effective MFPs of low-frequency phonons in SigGeyB.s, the probed degree of
non-diffusive thermal transport in SigoGexB.s is generally weaker than that of Si,

especially at small heater sizes.
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Figure 4-6. Representative TDTR fittings for the SigyGe2oB2 s substrate at three different
heater sizes.
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Figure 4-7. Measured size-dependent SigoGezoB>s thermal conductivities at room
temperature. The filled dot denotes the bulk thermal conductivity.
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Figure 4-8. Normalized size-dependent effective thermal conductivities of single
crystalline Si and SigoGe»oB2 s measured at room temperature.

4.4 MFP reconstruction and results discussion

To gain insight into the distribution of the heat-carrying phonon MFPs, we follow the
same reconstruction algorithm described in Chapter 3 to extract the phonon MFP
distributions in the studied samples. Figures 4-9 and 4-10 show the reconstructed thermal
conductivity accumulation functions for the NbgosTiposFeSb sample at two different
temperatures and for the nanocrystalline SigoGeoB»s sample at room temperature,
respectively. As shown in Fig. 4-9 and Fig. 4-10, the dominant heat-carrying phonon
MFPs are in the a few tens to a few hundreds of nanometers range for both thermoelectric
materials at room temperature. Also shown in Fig. 4-10 are the calculated phonon MFP
distributions for single crystalline silicon and bulk SisoGeso from first principle DFT
computation [36], [122]. The comparison clearly shows that nanometer scale grain
structures introduced in the nanocrystalline SigoGe,oB.s sample significantly scatters

long-MFP phonons and thus reduces the effective phonon MFPs that contribute to thermal
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transport. The obtained phonon MFP spectra will provide guideline for designing more

efficient thermoelectrics to further enhance the energy conversion performance.
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Figure 4-9. Reconstructed phonon MFP distributions for NbgosTiposFeSb at two
temperatures. The dominant heat-carrying phonon MFPs are in the a few tens to a few
hundreds of nanometers.
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Figure 4-10. Reconstructed phonon MFP distribution for SigyGe»oB» 5 at room temperature.
The dominant thermal phonon MFPs are in the a few tens to a few hundreds of nanometers.
The MFP spectrum comparison clearly shows that grain boundary scattering significantly
suppresses the contribution of long-MFP phonons to thermal conductivity.

4.5 Summary

In this chapter we applied the wire grid polarizer spectroscopy approach to study the
distribution of phonon MFPs that contribute to the thermal conductivity of some select
thermoelectric materials. We developed material-specific polishing recipe and lithography
recipe to micro-fabricate metallic gratings on top of the thermoelectric samples. The
modified two-tint TDTR was again used to study the length-dependent thermal transport
in the patterned samples. The reconstructed phonon MFP distributions for both
thermoelectric samples indicate that the dominant heat-carrying phonon modes have MFPs
in the a few tens to a few hundreds of nanometers range. Our measurement results on

nanocrystalline SiggGe>oB.s sample also shed light on the impact of grain boundary
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scattering on the microscopic distribution of phonon MFPs. The reconstructed MFP
distributions provide important insight on how to further tailor the thermal conductivity of

thermoelectrics to achieve higher solid-state energy conversion efficiency.
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Chapter 5

Summary and Future Work

5.1 Summary

- Thermal transport in non-metals is a broadband process that involves dispersive phonons
with different frequencies and MFPs [44]. Understanding the distribution of heat-carrying
phonon MFPs in materials has important implications for both fundamental description of
microscopic energy transport and many technological applications, including
thermoelectric energy conversion, thermal management in micro-/nano-electronics, and
nano-enhanced photovoltaics, to name a few. In this thesis, we developed a thermal
conductivity spectroscopy technique to extract the phonon MFP distributions of different
materials by exploring non-diffusive thermal transport induced by grating nanostructures
patterned on top of the samples of interest [14]. A heat flux suppression function based on
solving the multidimensional phonon BTE is used to link the measured length-dependent
thermal conductivities with the intrinsic phonon MFP distributions of the materials studied
[85]. The phonon MFP distribution is reconstructed using a convex optimization algorithm
[49].
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Under the current algorithm framework, the heat flux suppression function for the
experimental sample geometry is an essential ingredient in order to map out the phonon
MFP distribution. Since the suppression function is assumed to depend only upon the
sample configuration and the distribution of heat sources, we solved the gray phonon BTE
across a wide range of lengthscales to find the appropriate suppression function for our
sample configuration. The obtained suppression function depends upon both the
characteristic heater size and the metallic pattern period. We found that both the heater size
and the filling fraction significantly influence the non-diffusive thermal transport and the
effective thermal conductivities have a strong dependence on which temperature we
measure in the experiment [85]. When the peak temperature rise is concerned, the
effective thermal conductivity decreases constantly as the heater size shrinks for a given
filling fraction. The degree of non-diffusive thermal transport becomes weaker with
increasing filling fraction for the same heater size, resulting in residual suppression effect
for a finite filling fraction. This happens due to the transport coupling in the substrate
induced by neighboring heaters. When the peak-valley temperature is considered, the
dominant characteristic lengthscale becomes the gap distance between neighboring heaters.
Consequently, for the same heater size, the non-diffusive transport effect is enhanced with
increasing filling fraction. These results indicate the importance of accurately accounting
for the temperature measurement location in the experiment.

Probing phonon MFP distribution requires the study of non-diffusive thermal
transport at lengthscales comparable with phonon MFPs. Previous work utilizing localized
heating are either diffraction limited by the optical wavelength or involve complex
microfabrication [7}-[10], [12], [13], [15], [72]. We developed a thermal conductivity
spectroscopy technique that utilizes the wire grid polarizer effect to effectively localize the
heating while avoiding direct substrate heating and photo-excitation in the underlying
substrate [14]. The 1D metallic patterns, with heater size down to 50 nm, were fabricated

on top of the samples of interest using standard electron beam lithography. To reduce the

102



laser light transmission into the substrate, we set up a two-tint time-domain
thermoreflectance system that uses near infrared beams as both heating and probing beams
[71]. The relative ~10 nm wavelength difference between pump and probe beams allows
us to separate them using sharp-edge color filters. Both the pump and probe beams are
linearly polarized to be parallel with the metal grating before reaching the sample surface
to prevent laser transmission through the metal grating. We carried out optical simulations
using COMSOL Multiphysics software package to calculate the light transmittance into
the substrate and found that the transmittance is negligible for the relevant experimental
lengthscales. Crystalline silicon was used as a benchmark material to demonstrate this
spectroscopy technique. We fabricated metallic patterns of variable sizes on silicon and
measured the light transmittance through the metal grating using a transmission
measurement setup and observed that the transmittance is indeed small. We then
performed thermal conductivity measurements across a range of lengthscales and
temperatures and inverted the measured size-dependent thermal conductivities using the
previously calculated suppression functions to reconstruct the phonon MFP distributions at
different temperatures. We achieved reasonably good agreement between the reconstructed
MFP distributions and the predictions from first-principle density functional theory
calculations. The negligible effect of laser transmission was also confirmed by measuring
the sample thermal response at different angles formed by the laser polarization and the
metal grating.

We subsequently applied the phonon MFP spectroscopy technique to measure phonon
MFP distributions in some select thermoelectric materials. The materials studied include
Nbo.osTioosFeSb and nanocrystalline SigoGexoB>s samples [115]-[118], [123]. The
as-received samples were prepared from powders by ball milling and hot pressing in
Professor Zhifeng Ren’s group at University of Houston. To improve the surface quality to
be acceptable for TDTR measurement, we developed material specific recipes to polish

the sample surface to achieve root-mean square roughness down to around or less than 5
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nm in conjunction with a commercial polishing machine. The samples were then patterned
with metallic gratings with variable line widths using electron beam lithography. We again
measured the length-dependent thermal conductivities for both materials and extracted the
phonon MFP distributions for both materials. We found that the dominant heat carrier
MFP in NbyosTigosFeSb and SiggGeaoB: s is in the tens to hundreds of nanometers range.
We also observed that nanostructuring can significantly reduce the phonon MFPs below
the bulk values, therefore leading to a reduced thermal conductivity. These results help
gain insight into how thermal conductivity can be further tailored for next-generation of

thermoelectric devices.

5.2 Future Research

Determining the heat carrier MFP distribution is of fundamental interest and also has
practical implications in many energy-related applications. The state of the art phonon
MFP spectroscopy technique has spatial resolution down to ~50 nm. This experimental
capability allows the MFP distributions to be measurable for a wide range of materials.
However, some materials of interest, such as Bi,Te; and PbTe, have dominant
heat-carrying phonon MFPs in the sub-100 nm range [37], [39]. To study materials with
MFPs in the sub-100 nm range, future research should focus on how to further refine the
spatial resolution down to ~20 nm. One option is to employ reactive ion etching (RIE) to
fabricate high-quality metallic gratings down to ~20 nm to access non-diffusive thermal
transport at extremely short lengthscales [98]. The major challenge here is to develop a
robust microfabrication recipe. On the other hand, many current MFP spectroscopy
techniques, including those indirect approaches utilizing metallic grating to access
non-diffusive transport regime, involve thermal transport across a metal-substrate interface
[7], [8], [10], [13], [14]. Interpreting interfacial thermal transport is typically very

challenging, especially when non-diffusive thermal transport in the underlying substrate
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occurs simultaneously with non-equilibrium interfacial thermal transport. Future work
should be expended on constructing appropriate models to address transport issues across
interfaces [94].

Thé current convex optimization algorithm used to reconstruct the phonon MFP
distribution from the measured size-dependent thermal conductivities includes a
‘smoothing” parameter that balances the smoothness of the reconstructed thermal
conductivity accumulation function and the accuracy of solving the thermal conductivity
integral equation [49]. At present, one reasonable way of specifying an acceptable
smoothing factor is to choose the minimum value that still avoids abrupt jumps in the
reconstructed thermal conductivity accumulation function. Future work should try to
improve the reconstruction algorithm to remove the arbitrariness of the “smoothing’ factor.
For example, one may use a linear combination of some basis cumulative distribution
functions to describe the thermal conductivity accumulation function and solve for the
linear coefficients associated with each basis function through some optimization
algorithm. Since the basis functions are already smooth, the constructed thermal
conductivity accumulation function must be smooth, thus removing the smoothing factor.
An alternate solution might take advantage of the shape of the differential thermal
conductivity distribution function. For example, one may linearly combine some basis
functions, like Gaussian probability density functions, for the differential thermal
conductivity distribution function and solve for the linear coefficients through some
optimization algorithm. In addition, the heat flux suppression function may depend
significantly upon the sample material properties (for example, heat capacities and phonon
lifetimes), particularly in the strongly non-diffusive transport regime. One exception for
the previous statement is the measurement of membrane’s thickness-dependent thermal
conductivity in the diffusive transport regime in the TTG spectroscopy experiments, where
the suppression function depends rigorously upon only the ratio of the phonon MFP to the

membrane thickness [124], [125]. Generally, the dependence of the suppression function
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on other material properties besides the geometric ratio of phonon MFP to the
characteristic thermal length makes accurate extraction of phonon MFP distributions more
challenging, though [74]. Future research needs to resolve how to account for the material

properties dependence of the suppression function while performing MFP reconstruction.
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