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ABSTRACT OF THE DISSERTATION

Thermal Transport in Heterogeneous Nanostructures

by

Man Li
Doctor of Philosophy in Mechanical Engineering
University of California, Los Angeles, 2022

Professor Yongjie Hu, Chair

Heterogeneous nanostructures involve nanoscale interfaces with different materials
components, such as matrix and fillers in composites, stacking planer structures in electronics, and
aggregates of nanomaterials. Thermal transport in heterogenous nanostructures is critical to the
safety and performance of various applications ranging from high temperature turbines,
microelectronics, solar cells, thermoelectrics, buildings’ thermal management and so on. However,
it remains challenging to achieve rational control of the thermal properties in heterogeneous
nanostructures due to limitations in current characterization techniques and fundamental
understandings of interface thermal transport. My PhD research focuses on developing new
thermal measurement techniques and investigating fundamental interface transport mechanisms
through the combination of experiments and modeling, to provide rational control over
heterogeneous nanostructures for better addressing practical heat management and energy

conversion problems using nanoengineering.



The study of thermal transport in heterogeneous nanostructures in my dissertation spans
from technical development of new tools, experimental measurements at nanoscale interfaces and
porous structures, and atomistic modelling of fundamental transport physics to practical device
applications. First, |1 have developed a new metrology based on asymmetric beam time-domain
thermoreflectance (AB-TDTR) that enables accurate measurements over three-dimensional
thermal transport. Through the design of an asymmetric laser beam with controlled elliptical ratio
and spot size, the experimental signals can be exploited to be dominantly sensitive to measure
anisotropic thermal conductivity along the cross-plane or any specific in-plane directions. | have
further applied this new approach to investigate anisotropic transport phenomena that enables
unique applications. Second, | have explored the effects of crystal orientations and dipole-dipole
interactions on interface thermal transport. In particular, for the first time, we have observed a
record-high anisotropy ratio of 3.25 in the thermal boundary resistance across a prototype two-
dimensional material, i.e., black phosphorus. Moreover, my study has resulted in the first
observation of strong effects from long-range molecular dipole-dipole interactions on interface
thermal transport. In addition, | have also investigated the heterogeneous integration of our
recently developed new high thermal conductivity materials with prototyped high-power
semiconductor, i.e., gallium nitride. Our in-situ measurement demonstrated substantially reduced
hot-spot temperatures in devices using boron arsenide cooling substrates, beyond the best state-of-
the-art HEMTs using diamond or silicon carbide. Lastly, | have investigated thermal transport in
porous and mesoporous structures, including super-hydrophobic polymer aerogel, transparent
mesoporous silica, and flexible tin selenide nanosheet films for applications in buildings, windows,

and thermoelectric energy conversion.
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CHAPTER 1

Introduction

1.1 Motivation and background

With the continuing miniaturization of electronic and photonic devices, the power density
increases extremely and heat dissipation becomes one of the key technological challenges for the
semiconductor industry®. In the meanwhile, environmental problems caused by our energy
demands have been stressed the needs of sustainable technologies? such as solar cells and
thermoelectric devices. To address these challenges, manipulating and managing heat transfer is
critical to achieving their high performance®*. The introduction of nanostructures has made
substantial contributions in the recent studies®®. Therefore, my thesis study focus on investigating
thermal transport across nanoscale interfaces and aims to develop fundamental understanding for
interface thermal transport that is essential to the future development for information and energy
technologies.

During the last two decades, intensive studies have been made on nanoscale thermal
transport”®. The development of thermal characterization techniques such as 3o, time-domain
thermoreflectance, Raman thermometry and micro-bridge have enabled measurements from
macroscopic samples to nanostructures®*2. The fundamental knowledge of heat conduction based
on phonons, which is the quantized atomic vibrations in crystal, have been greatly broaden due to
the experimental discovery of new phonon transport phenomenon, such as diffusive to ballistic

phonon transport in nanostructures, spectral mapping of phonon transport in crystals, and unique



thermal transport properties of low-dimensional materials'®>6. On the theory side, first principles
calculation’”*® provides the recent breakthrough in predictive determination of thermal
conductivity in bulk solids. Density functional theory has been applied to calculate interatomic
force constants and phonon scattering. Combined with Boltzmann transport equation, thermal
conductivity can be calculated only based on the physical constants and atomic structure of
elements without any fitting parameters. The metrology is called first principles calculation of
phonon transport Taking advantage of these predictive capability, people can find the right
directions to explore new materials with extraordinary thermal properties, for example, the
ultrahigh thermal conductivity solid, boron arsenide’®. Despite these great success, most of the
current research have been focused on homogeneous systems. However, many aspects in thermal
transport has yet to be explored for systems involving heterogenous nanostructures, such as
composites, porous materials, alloys and polycrystals.

However, thermal transport in heterogeneous materials is much more complicated than in
homogeneous materials. For example, there are numerous effective thermal conductivity models
for composites, implying none of them works well for a relatively large group of composites. The
main challenges include the irregular structures, lack of periodicity, thermal boundary resistance
between the homogeneous counterparts, anisotropic properties of the component materials and so
on. In mesoporous materials, the nanoscale pores impose more complexity on the phonon transport
in the porous network. Due to the nanoscale characteristic length, phonons scatter more frequently
than in the dense counterpart and thermal conductivity can be suppressed significantly, for
example more than 90 % with porosity less than 50 % in holy siliconz. In alloys, the atomic level
of disorder also strongly affects the thermal transport propertiesz. Although the so-called first

principle calculations can explain well the experimental data like the U shape trend between



thermal conductivity and germanium concentration in silicon germanium alloy, the virtual crystal
approximation is dispensablez. The effects of variation of local interatomic forces and random
distribution of mass on phonon transport are still unclear. For composite, the problems become
even challenging. The thermal resistance between different phases can usually dominate the heat
conduction in composites. However, the interfacial thermal transport is determined by a lot of
factors, e.g. the crystal directions, bonding energy between materials, roughness and disorder at
the interfaces, most of which are not well studieds.  Obviously, the thermal properties of
heterogenous materials are determined by the nanoscale features, from the nanoscale structures to
the atomic level interfaces and disorder.

Understanding thermal transport in heterogeneous nanostructures still remains challenging,
despite their wide applications such as in thermal interfaces, thermoelectrics, and supercapacitorsz-
7. For example, it is well known that alloys with hierarchical architectures can significantly
improve the thermoelectric figure of merit®. But it’s unclear how the grain boundaries affect
electron and phonon transport. There are still many unknow things about thermal transport at
interfaces, such as the crystal orientation and dipole-dipole effects. Based on our fundamental
understanding of interfaces, can we design electronics devices with good thermal management?
Composites with graphene fillers had been studied as a highly efficient thermal interface material?.
But the extremely anisotropic thermal properties of graphene made the fundamental understanding
of thermal transport in composites with graphene fillers extremely challenging. To solve this
problem, the first challenge is to develop new thermal characterization techniques. Mesoporous
silica held promise for the transparent thermal insulation applications due to its low thermal
conductivity and optical transparency for the visible light. But the previous measurements were

performed on samples with relatively narrow porosity range. The effects of mesoporous structures



on vibrational modes in silica are also not clear*. A systematic study of thermal properties of

mesoporous solid is urgently needed.

1.2 Outline of the dissertation

In this dissertation, | will present thermal transport across heterogeneous nanostructures as
well as the application in thermal management and energy conversion.

In chapter 2, | introduce a new metrology based on asymmetric beam time-domain
thermoreflectance (AB-TDTR), developed to measure three-dimensional anisotropic thermal
transport by extending the conventional TDTR technique ultrafast pump-probe spectroscopy
which is called time-domain thermoreflectance (TDTR) method for thermal conductivity
measurement. Using an elliptical laser beam with controlled elliptical ratio and spot size, the
experimental signals can be exploited to be dominantly sensitive to measure thermal conductivity
along the cross-plane or any specific in-plane directions. An analytic solution for a multi-layer
system is derived for the AB-TDTR signal in response to the periodical pulse, elliptical laser beam,
and heating geometry, to extract the anisotropic thermal conductivity from experimental
measurement. Examples with experimental data are given for various materials with in-plane
thermal conductivity from 5 W/mK to 2000W/mK, including isotropic materials (silicon, boron
phosphide, boron nitride), transversely isotropic materials (graphite, quartz, sapphire) and
transversely anisotropic materials (black phosphorus). Furthermore, a detailed sensitivity analysis
is conducted to guide the optimal setting of experimental configurations for different materials.

In Chapter 3, I report the observation of a highly anisotropic TBR across a prototype two-
dimensional material, i.e., black phosphorus through crystal orientation dependent interfacial

transport study. Atomistic ab-initio calculations are conducted to analyze the anisotropic and



temperature-dependent TBR using density functional theory calculated full phonon dispersion
relation and molecular dynamics simulation. This study provides a critical fundamental
understanding of interfacial thermal transport and TBR-structure relationships

In Chapter 4, | reveal the significant thermal transport contribution by long-range dipole-
dipole interaction between molecules. By delicate design of molecular structures, we altered the
dipole moment of self-assembled monolayer without changing the short-range interactions, i.e.,
covalent and van der Waals interactions. The thermal transport enhancement is verified with
molecular dynamics simulations, where the dipole-dipole interactions can be artificially turn on
and off.

In Chapter 5, | report the heterogeneous integration of boron arsenide (BAs) and boron
phosphide (BP), with different metals and the prototype high power semiconductor gallium nitride
(GaN). In addition, multiscale and non-equilibrium simulation were performed to quantify device-
level hot spot temperatures in both diffusive and ballistic regimes. The study represents an
important step towards device integration of emerging high thermal condutivity materials for
power electronics applications and establishes a benchmark performance in comparison with the
current state of the arts.

In Chapter 6, | report a facile ambient processing approach to synthesize a highly insulating
and flexible monolithic polyvinyl chloride aerogel. We measured the thermal conductivity and
performed thermal modeling to understand the thermal conductivity contributions from different
heat transport pathways.

In Chapter 7, | report a low-cost and scalable solution process to fabricate a nanostructured
tin selenide thin film and demonstrate a record-high thermoelectric performance near room

temperature. Moreover, | demonstrate that the tin selenide thin film can be readily implemented



on flexible plastic substrates and preserve the high thermoelectric performance over 1000 bending
cycles. Together, our study demonstrates a low-cost and scalable approach to achieve high-
performance flexible thin film energy harvesting devices to power electronics and sensors near
room temperature.

In Chapter 8, | report the thermal transport measurement of mesoporous amorphous silica
and observe strong correlations between nanoarchitecture and effective thermal conductivity.
Three semi-classical thermal models are constructed to interpret the thermal conductivity with
consideration of the characteristic size effects on vibrational modes. The fundamental
understanding of vibrational modes transport in mesoporous silica is verified by comparing the

experimental results with simulations based on spectral Boltzmann transport equation.



CHAPTER 2

Anisotropic Thermal Conductivity Measurement using
Asymmetric Beam Time-Domain Thermoreflectance (AB-
TDTR) Method

2.1 Introduction to anisotropic thermal measurements

Anisotropic thermal transport is of both fundamental and practical importance.
Orientation-dependent thermal conductivity has been observed in many materials systems because
of their highly asymmetric crystal structures®. For example, the in-plane thermal conductivity of
most familiar two-dimensional (2D) materials, e.g. graphene, hexagonal boron nitride, and
molybdenum disulfide can be more than 10 times, even 100 times higher than their cross-plane
thermal conductivity®—3". Furthermore, some 2D materials like black phosphorus can have three-
dimensional anisotropy, i.e., the in-plane thermal conductivity also depends on crystal

orientation®” . Importantly, the interaction between 2D lattices and external defects has been

revealed to be highly anisotropic and phonon mode dependent through in situ thermal-
electrochemical characterizations®’. Polymers can also exhibit strong orientation dependent
thermal conductivity, like more than 40 times larger thermal conductivity along chain direction
than that of the transverse direction in polyethylene***®. In addition to these van der Waals and

covalent bonding mixed system, materials with single form of bonding can also possess anisotropic
thermal conductivity, like quartz, uranium dioxide, perovskites and so on*®“8, Even materials
considered as isotropic materials can display anisotropic thermal transport due to nonhomogeneous

grains and defects during crystal growth, high aspect ratio nanostructure®®->!, superlattice or



heterostructures®?, and measurement or device heating geometries!#°34, For many applications,
understanding the anisotropic thermal properties is a key merit to evaluate performance, e.g.
thermal management in electronics®®®, nuclear reactor design and safety*”>’, thermally stable
photovoltaic conversion?®®8, directional thermoelectric conversion efficiency®*®® and thermal
regulation®” %, However, accurately measuring the anisotropic thermal transport remains
challenging, despite that significant progress has been made recently.

The traditional spirit of measuring anisotropic thermal conductivity is to align temperature
gradient and heat flux along the sample orientation that is of interest, so that no temperature
gradient exists in any other directions, like steady-state methods and transient laser flash®?-%°, The
prerequisite of big size samples or specified geometry limits their application for anisotropic
measurement on novel materials. Modified 3w-method and micro-bridge techniques can enable
anisotropic thermal conductivity measurement on small samples®® "4, however, these methods
usually require complicated microfabrications and materials processing to produce heating
elements or resistive temperature sensors on the sample surface. Compared with micro-fabricated
devices and 3w method, the pump-probe optical spectroscopies such as time-domain
thermoreflectance (TDTR), frequency-domain thermoreflectance, and transient thermal grating
techniques can be used to perform non-contact and fast thermal conductivity measurement on both
bulk and nanoscale samples’>8!, while isotropic heat conduction model was assumed in its early
stage of development. To facilitate directional thermal conductivity measurement, TDTR has been
recently modified to improve the measurement sensitivity to in-plane heat conduction®-%. Beam
offset method was developed, but requires extra setups for translating beam positions and its data

fitting under anisotropic heat conduction model can be time-consuming if the material is three-



dimensional anisotropic®. Variable circular spot size has been applied but this method is not able
to distinguish the in-plane anisotropy®:.

Here we develop a new metrology based on asymmetric beam time-domain
thermoreflectance (AB-TDTR) to measure anisotropic thermal transport along cross-plane or any
in-plane directions. The AB-TDTR signal sensitivity to thermal transport along different in-plane
directions is decoupled and exploited using an elliptical laser beam with controlled elliptical ratio
and spot size, to accomplish fast three-dimensional anisotropic thermal conductivity measurement.
We first develop a mathematical model of anisotropic heat diffusion in multilayers heated by
elliptical laser beam and provide the working principle of AB-TDTR method. Sensitivity analysis
is conducted to guide the setting of experimental configuration for various materials.
Demonstration experiment is performed on standard materials, including silicon (Si), cubic boron
nitride (c-BN), boron phosphide, graphite, sapphire, quartz. Finally, the angle dependent thermal
conductivity of black phosphorus is measured and compared with theoretical prediction to show
the capability of our approach to measure thermal conductivity of three-dimensional anisotropic

materials.

2.2 Mathematical model and experimental principles

2.2.1 Frequency domain solution to multilayer heat conduction equation with anisotropic
thermal conductivity and asymmetric laser heating

For TDTR measurement, a thin metal film is coated on the sample surface to serve as a
thermal transducer, which is instantaneously heated by absorbing femtosecond pump laser pulses.

This metal film also serves as the temperature sensor by reflecting a probe beam to photo diode



with its reflectivity linearly proportional to temperature under a small temperature change. Thus,
the transient temperature decay with time can be continuously detected by controlling the delay
time between pump and probe beams using a mechanical stage and fitted with a multilayer thermal
model to obtain the thermal conductivity (k) of the sample. To achieve high signal to noise ratio,
the laser pulses are modulated, and lock-in technique are used to detect temperature response at
modulation frequency fo. Under the assumption that temperature response of the sample to laser
heating is both linear and time invariant, the detected signal by lock-in amplifier was given by

Cahill as®

7(fy) = BE 3w H@nrf, + 2nf,k)e?™ kT (2-1)

T2

where H(f) is the frequency response of sample heated periodically, B indicating temperature
coefficient of reflectivity and electronic gains, Q and Qs power of each pump pulse and probe pulse
respectively, Ts the period of laser pulses, fo the modulation frequency, fs the frequency of laser
pulses, T the delay time between pump beam and probe beam. The detected in-phase signal Vi» and
out-of-phase signal Vout by lock-in amplifier are real part and imaginary part of Z(fo). Since the
phase signal tan"}(Vous/Vin) can exclude effects from some of the noise signals, we would discuss
only the phase signals in the rest sections. For conventional TDTR, more details of experimental
setup and derivation of H(f) can be found in literatures®®8!, As follows, the frequency response of
anisotropic materials with elliptical laser heating is derived for analyzing AB-TDTR measurement
signal.

Different from isotropic medium, where heat flux is always along temperature gradient
direction, heat conduction in anisotropic medium is much more complicated, where heat flux is
related with temperature gradient along all the directions. Mathematically, it can be expressed in

cartesian coordinates as*®
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3 aT

q = —Xj=1 Kij s (2-2)

where i, j mean the directions and T is temperature. Nine «ij elements constitute a second rank
tensor,
Kyxx ny Kyxz
K= [ny Kyy KyZ] (2-3)
Kzx sz Kzz
which is called thermal conductivity tensor. When the Cartesian coordinates are along the principal
thermal transport axes, the off-diagonal elements in thermal conductivity tensor would vanish and

the anisotropic heat conduction equation in AB-TDTR measurement is expressed as

92T a%T a%T _ . T

Kxxﬁﬁ'lcyyﬁﬁ'lczzﬁ'i's—cva (2'4)

where S is the heat source term, Cy, volumetric heat capacity of anisotropic solids*. In the multi-

layers model of AB-TDTR experiment, heat source term is zero. The laser heating term I(x,y) =

24, 2x2 2y2% . .. .
exp (— -) is treated as a heat flux boundary condition, where Ao is the
"y

TWo.xWo,y Wox® W
absorbed power of pump beam, wox and wo,, the 1/e? semi-minor axis length and 1/e? semi-major
axis length respectively as shown in Fig. 1(a), which mean the distance from ellipse center to points
on major axis and minor axis where laser intensity is 1/e? of the peak intensity. In the following
sections, the 1/e? will not be explicitly given. To obtain frequency-domain solution of temperature

response, heat conduction equation is written as after Fourier transformation

2T

922

=AT  (2-5)

1= M+@52 +22p2 (2-6)
Kzz Kzz

Kzz
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where T is temperature in frequency domain, f, & and n the variables in Fourier space
corresponding to t, x and y. This one-dimensional multi-layer heat conduction equation was solved

by Schmidt et al. following the approach of Carslaw and Jaegar!#

P, E6m) = (-2) Rexp (- 22T (2.7)

where C and D are elements of transfer matrix as function of thickness and 4, indicating geometry
and thermal properties of each layer8l. After inverse Fourier transformation and taking the
elliptical shape of probe beam into account, the frequency response function of AB-TDTR is

derived as

AoAs D ( ,x2+ s,xz)fz"'( , 24 s, Hn?
H(f) = 20 [ (= 2) exp (- St 2 Coy W Iy ey (28)

472 8
where As is the reflected power of probe beam, ws xand ws,y the semi-minor length and semi-major

length of probe beam. Here it should be noted that the only important characteristic sizes of laser

beams in AB-TDTR are the root mean square of the minor axis length D, = 2 /W and of

2 2
the major axis length D, = 2 /w

Note, the alignment between the elliptical beams and the principal crystal directions can
be controlled using a rotating sample holder (Figure. 2.1 (a)). Even under the coordinates that the
asymmetric beams are not aligned with the principal crystal directions, when elliptical beams with

very high elliptical ratio is used and cross-plane is along z axis, the heat conduction would be two-

. . . . . %t  a*r %T . . .
dimensional in x-z plane and the terms involving : and in heat conduction equation
0x0y 0x0z 0yodz

would also vanish*. The mathematical form of anisotropic heat conduction would stay unchanged
as Egn. (2-4). More discussion about anisotropic heat conduction will be given in the following

for the demonstrative experiment on black phosphorus (BPh).
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Figure 2.1 Working principles of the asymmetric beam TDTR (AB-TDTR) for measuring
anisotropic thermal conductivity. (a) Schematic illustrates the surface temperature distribution
of samples heated by an elliptical laser beam. The major principal axis (y) and minor axis (X)
represents the longest and shortest diameter of the laser beam. To measure anisotropic thermal
conductivity, the heat conduction direction of interest is aligned to be in parallel with the y axis.
(b) Schematic of an AB-TDTR setup. (c) Four beam profiler images of laser beams with different
aspect ratios controlled by the cylindrical lens.

2.2.2 Experimental principles and sensitivity analysis

The setup schematic of AB-TDTR is shown in Figure 2.1 (b). In addition to the spherical
lenses used in normal TDTR setup, a pair of cylindrical lenses are included to tune the elliptical
shape of laser beams. The combination of using both cylindrical and sphere lens allows the control

of both principal axis lengths (Dx and Dy) independently. The use of asymmetric beams instead of
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circular beams in AB-TDTR measurement enables the capability to precisely measure thermal
conductivity along arbitrary directions of interest.

The key design of AB-TDTR is to decouple thermal transport along different directions.
For conventional TDTR experiment, high modulation frequency and large beam spot size are
usually used so that the thermal penetration depth (L, = m) is much smaller than laser
spot size. In this case, the temperature gradient is only along the cross-plane direction. By reducing
the laser spot size to be close to or smaller than the in-plane L, in-plane thermal transport can
affect the detection signal, however, it is not possible to distinguish thermal conductivity difference
between different in-plane directions due to the circular beam symmetry. For AB-TDTR
experiment, the Dx and Dy can be controlled to be much longer and close to the in-plane L,
respectively, so that the detected signal is dominantly sensitive to the heat transfer along D (versus
Dy) direction. Therefore, AB-TDTR enables the precise measurement of anisotropic in-plane
thermal conductivity.

In addition, it should be noted that the elliptical modeling for AB-TDTR can minimize the
measurement uncertainty from an imperfect laser beam profile. In conventional TDTR, circular
beams are usually assumed in data analysis despite that the actual beam shape always deviates
from a perfect circular shape. Such a deviation from a perfect circular beam to a practically
elliptical beam can bring non-negligible errors for the fitted thermal conductivity. A hypothetical
example is given below with the following listed parameters: isotropic thermal conductivity x =
100 W/mK, volumetric heat capacity Cy = 2x10° J/m3K, interfacial thermal conductance G = 1x10®
W/m?2K. The actual elliptical ratio of is 1.25 and Dx is 5 pm. Under modulation frequency of 1

MHz and a circular beam assumption, the fitted x would be 87 W/mK, 13 % lower than the actual
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value. Therefore, the anisotropic mathematical modeling presented for the AB-TDTR would avoid
such an error to improve measurement accuracy.

To provide a guideline for optimizing experimental settings for different materials, a
comprehensive sensitivity analysis is conducted in this work by varying materials anisotropy,
beam spot size and modulation frequency. Considering the generality of this analysis, some
properties are fixed at most common values. For example, the volumetric heat capacity is fixed at
2x108 J/m3K since most of solid materials at room temperature have values from 1~3x10° J/m3K®®,
while G between our hypothetical sample and aluminum is 1x108 W/m?K, located in the most
common range of 1x107~° W/m2K’. The sensitivity of TDTR phase signal to a certain parameter

a was defined as®’

__0In (6)
@ 3ln ()

(2-9)
where o can be kxx, kyy. Here, a sensitivity ratio is definedasy = S, /S,cyy, representing the key

metric to quantitatively determine the measurement uncertainty due to the two competing fitting
parameters, i.e. kxx, kyy. The sensitivity ratio as a function of thermal conductivity and beam
diameter are plotted as a color couture in Figure. 2.2.

Figure. 2.2 clearly shows that the Skxx is much higher than S_xyy for most Dx and materials thermal
conductivity, which verifies that the measurement signal is dominantly sensitive to xxx. The
sensitivity ratio depends on the beam spot size, xxx, kyy and modulation frequency. Small Dy, high
frequency and large kxx contribute to a relatively small y, which can be explained by the
comparison between in-plane Lp and spot size. For example, when the in-plane thermal
conductivity is 10000 W/mK, the in-plane L is 40 um at modulation frequency of 1 MHz. If the

Dx is only 0.5 um, the Dy will be 50 pum given the fixed elliptical ratio of 100, close to the in-plane
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Lp, which means the y-direction temperature gradient probed by the laser beam is significant.
Therefore, the signal would not be solely determined by the xxx in this case. Although the effect of
Kzz on v Is relatively weak compared with other parameters, it is still clear that high cross-plane
thermal conductivity can increase the value of y. The reason is that higher kz; means longer cross-
plane Lp, which indicates the detection depth along cross-plane direction is deeper. As heat
dissipate farther beneath the top surface, the effective spot size is larger in the deeper layer. Thus,
in-plane L, tenders to be even smaller than the effective Dy. As a result, the signal sensitivity to

Kyy becomes weak.

16



Ky (W/mK) Ky (W/mK) Ky (W/mK)
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Figure 2.2 Sensitivity contour for design setting of the modulation frequency, the laser spot
size for materials with different thermal conductivity and anisotropy. The amplitude of the
color scale is defined as the ratio of phase sensitivity, i.e. S, /S Ky and calculated at a fixed

delay time of 100 ps and a fixed elliptical ratio of laser beam of 100. (a), (b) and (c) give the
sensitivity analysis for different materials with k. from 1~100 W/mK at modulation frequency of
10 MHz. while (d), (e) and (f) are corresponding to IMHz. Some basic rules can be found from
the comparison. Higher modulation frequency and bigger spot size can enhance sensitivity ratio of
Kxx OVer kyy. Smaller spot size can be used when materials have smaller k.

We have also calculated the absolute values of the sensitivity of AB-TDTR and plotted it
in Figure 2.3. To make a quantitative comparison with state-of-the-art anisotropic measurement
techniques, we have also performed the sensitivity calculations of the beam-offset TDTR
technique and plotted in the following Figure 2.4. The calculation parameters for absolute

sensitivity analysis of the following AB-TDTR and beam-offset TDTR are kept the same with
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those used for Figure 2.2. In comparison of the two techniques, the absolution sensitivity results

show that the AB-TDTR method has higher absolute sensitivity than the beam-offset TDTR for

most of the thermal conductivity and spot size ranges.
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Figure 2.3 The absolute sensitivity to k,, for the AB-TDTR method. Simulation parameters are
kept the same as Figure 2.2.
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Figure 2.4 The absolute sensitivity to k,, for the beam-offset TDTR method. Simulation
parameters are kept the same as Figure 2.2.

2.3 Demonstrative AB-TDTR on various materials

2.3.1 Experimental details

Examples of AB-TDTR experiments are conducted on different materials from isotropic
materials, 2D anisotropic materials, to 3D anisotropic materials. The optical setup of AB-TDTR
is illustrated in Figure. 2.1 (b). In this setup, a Ti:Sapphire oscillator (Tsunami, Spectra-physics)

generates a train of femtosecond laser pulses with 800 nm wavelength and 80 MHz repetition rate.

19



A polarizing beam splitter divides the beam into a pump and a probe pulse. The pump beam is
sinusoidally modulated by the electro-optic modulator (EOM) typically from 1 MHz to 20 MHz
and fundamental frequency of pump beam was doubled by (BIBO), corresponding to the
wavelength of 400 nm. Probe beam is delayed using mechanical delay stage from O to 6000 ps
with a resolution of less than 1 ps. The signal is detected by a lock-in amplifier at modulation
frequency after the photo diode converts the reflected probe beam intensity into electrical signal.
Before the recombination of the pump and probe beams, four lenses are introduced to tune the size
and shape of the pump beam, two of which are cylindrical lenses and the other two are spherical
lenses as shown in Figure. 2.1 (b). By controlling the distance of the plano-concave and plano-
convex lenses, the beam size can be manipulated. And the elliptical ratio can be tuned by
controlling the distance between convex and concave cylindrical lens as shown in Figure. 2.1 (c).
For all the samples in the following sections, 80nm aluminum films are coated on them to serve
as transducer by using e-beam evaporator. To evaluate the measurement reliability, 10

measurements are performed at each sample condition for all the following experiments.

2.3.2 Measurement of isotropic materials (kxx = Kyy = Kzz)

First, the AB-TDTR experiment is conducted on prototype isotropic materials, including
silicon, cubic boron nitride, and cubic boron phosphide. As the first step, the cross-plane thermal
conductivity kz; is accurately measured. Based on the sensitivity analysis (Figure. 2.2), the
experiment is designed to achieve high sensitivity to the cross-plane thermal transport, for example,
using a big beam spot size (Dx ~30 um) and high modulation frequency (9.8 MHz). As an example,
The cross-plane thermal conductivity of the silicon sample was measured as 138.2 + 5.1 W/mK,

consistent with literature®®®°. Then by using smaller spot size Dx = 7 um and Dy = 210 um and
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small modulation frequency of 1.1 MHz, the phase data with delay time from 500 ps to 5000 ps
was probed as displayed in Figure. 2.5. By fitting with the thermal diffusion model described in
section Il. A, the in-plane thermal conductivity can be obtained as 146.4+5.2 W/mK, within 10%
error compared with k. Since silicon is isotropic, the in-plane thermal conductivity is supposed
to be same with the cross-plane thermal conductivity, which is consistent with our experimental
results. We also applied our AB-TDTR to measure cubic boron nitride and boron phosphide and

summarize data in Figure. 2.8%%,
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Figure 2.5 A typical AB-TDTR measurement data set (circles) for silicon, along with the best

fitting curve (black line) from the thermal diffusion model. Calculated curves (dash lines) with

+10% variation of the best fitting value k. are plotted to show the sensitivity. The modulation
frequency is set as 1.1 MHz and beam size is Dx =7 pm, Dy =210 um.
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2.3.3 Measurement of transversely isotropic materials (kxx = Kyy # Kzz)

Next, AB-TDTR is performed on transversely isotropic material which possesses isotropic in-
plane thermal conductivity but different from the cross-plane thermal conductivity. Highly
oriented pyrolytic graphite (HOPG) is used as a prototype exemplary material here. Since in each
layer of graphite carbon atoms are arranged at honeycomb lattice, thermal transport in basal plane
IS isotropic. A two-step measurement procedure is performed. First of all, the interfacial thermal
conductance (G) and k; are measured using TDTR at a high f value and a large beam spot to
ensure highest signal sensitivity to G. Specifically, here by using modulation frequency of 9.8
MHz and big circular spot with diameter of 30 um, the interface conductance between graphite
and aluminum is measured as 5.5x10” W/m?K, which is consistent with the reported value at room
temperature by Schmidt et al®*. Next, AB-TDTR is applied with a low f value for in-plane
measurement. Specifically, the modulation frequency is set as f = 1.1 MHz and beam spot size are
Dx =30 um and Dy = 900 um. Consequently, with the value of G fixed, kxx and k., were extracted
simultaneously by fitting the AB-TDTR measurement data (Figure 2.6 (a)). In addition, the angle
dependent thermal conductivity of graphite is measured using AB-TDTR method by rotating
sample around the laser incidence direction (Figure 2.6 (b)). kxx and kz; of graphite are measured
as 2054.0+£313.9 W/mK and 5.5+0.7 W/mK respectively with no angle dependence, consistent
with literature data®:82:8492,

In addition to the highly anisotropic graphite, AB-TDTR is applied to measure weakly
anisotropic materials with relatively low thermal conductivity such as quartz and sapphire are also
used as examples. For quartz, because of the absolute value of thermal conductivity is less than 10
W/mK, smaller spot size Dx = 3 um is adopted to improve sensitivity to in-plane thermal

conductivity. The AB-TDTR results on these relatively low thermal conductivity materials show
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consistency with literature (Figure. 2.8), proving the applicability of our new metrology on
relatively low thermal conductivity materials with small anisotropy®®3, In addition, we note that
a modulation frequency (f) dependent k,; was observed in transition metal chalcogenides®. To
consider such an effect from modulation frequency dependence, kz; will be simultaneously fitted

with kxx from the AB-TDTR data.
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Figure 2.6 AB-TDTR measurement of angle-dependent thermal conductivity of graphite. (a)
A typical AB-TDTR phase data set for graphite, along with the best fitting curve and £10% &,
fitting curves. The modulation frequency is set as 1.1 MHz and beam size is Dx =30 um, Dy =900
pm. (b) Angle dependence of in-plane and cross-plane thermal conductivity of graphite.
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2.3.4 Measurement of transversely-anisotropic materials (kxx # Kyy # Kzz)

As we mentioned in the previous section, the most important advantage of AB-TDTR over
variable spot size approach® is the extended capability of measuring transversely anisotropic
materials, in which the thermal conductivity show significant difference even in the transverse
plane. Black phosphorus (BPh) is an ideal material platform that shows strong three-dimensional
isotropy due to its highly anisotropic lattice structure.

Here, we performed AB-TDTR measured and studied the angle dependent thermal
conductivity of BPh. The G between BPh and aluminum is measured as 3.3x10” W/m2K by using
a modulation frequency f= 9.8 MHz and circular beam spot diameter of 30 um. Measurement
sensitivity analysis is simulated in Figure 2.7 (a) and shows that the phase signal has sufficient
measurement sensitivity to the thermal conductivity along zigzag or armchair direction when it is
aligned with the major elliptical direction. AB-TDTR data of BPh are displayed in Figure. 2.7 (b).
Thermal conductivity are measured as 84.4+1.0 and 24.1+1.8 W/mK for zigzag and armchair
direction respectively, in good agreement with the literature values®’-3:95.%

Importantly, AB-TDTR measurement can clearly identify the diagonal elements in the
thermal conductivity tensor, i.e., kxx, Kyy, and kzz. As a contrast, previous methods such as beam-
offset TDTR measure a mixed contribution from diagonal and off-diagonal elements (xxy, kyz, and
Kzx). Mathematically, the off-diagonal elements of thermal conductivity tensor as described by the

anisotropic heat conduction equation®%’
a%T a%r a%r a%T a%r a%r aT
Koy ﬁ + Kyy W + K, E + Zny _axay + 2sz _6xaz + ZKyz _6yaz = Cv E (2-10)

2
In AB-TDTR measurement, the temperature gradient (i.e., Znyai_aTy) along major direction is

vanishing, under a large elliptical ratio of laser beams. When the incidence direction of laser beam
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is normal to one principal directions, the other two off-diagonal terms would also vanish, and the

heat conduction equation would become

9°T 22T R oT

Koyx 9x2 T Kyy ﬁ + KZZE =G at (2-11).

Based on equation (9), we can calculate the thermal conductivity when we rotate an angle 0
between zigzag direction of BPh and the minor axis direction of beam. First, we can build a new
coordinate by rotating 0 degree along z axis. In the new coordinate, x c0s = x and x'sin 0 =y,
where X’ is along the minor axis direction of laser beams, x along zigzag direction and y along

armchair direction. The new heat conduction equation would be

a%T , a2%T a%T oT
KxC0S20 P KyySin®0 St =Gy (2-12)
So the thermal conductivity along x” would be
kyryr = kyxcos?0 + ky,sin®0 (2-13)

where kxx and kyy are thermal conductivity along zigzag and armchair direction respectively. Based
on Eqn. (2-13), the angle-dependent diagonal elements of thermal conductivity tensor is predicted
(Figure. 2.7 (c)). Experimentally measured thermal conductivity using AB-TDTR as a function of
angle is plotted together and shows great agreement with the model prediction (Figure. 2.7 (c)).

This suggests that our AB-TDTR measurement is a direct representation of the diagonal elements.
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Figure 2.7 AB-TDTR measurement of anisotropic thermal conductivity of black phosphorus
with angel dependence. (a) Sensitivity analysis for kxx measurement when the major direction of
elliptical beam aligned with armchair or zigzag directions. The modulation frequency is 1.1 MHz
and spot size is Dx = 10 um, Dy =300 um. (b) Two typical AB-TDTR phase data sets for in-plane
thermal conductivity measurement along armchair and zigzag directions. (c) Angle dependent
thermal conductivity of BPh. The dash line is the theoretical prediction of thermal conductivity
based on thermal conductivity of zigzag direction and armchair direction.

2.4 Uncertainty Analysis

The uncertainty analysis of thermal conductivity measurement using AB-TDTR is performed here
using the exemplary samples, i.e. silicon, graphite, black phosphorus, by following the procedure

of Malen et al.%®. The uncertainty of k,, comes mainly from the uncertainty of x,,, interfacial
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thermal conductance G, spot size Dx, metal thickness dm and volumetric heat capacity of the
samples Cy. Mathematically, the uncertainty of kxx can be calculated from the uncertainty using
Ay = /X (B, )
J = Kz, G, Dx, dm, Cy (2-14)
where Ak, is the uncertainty of x,, measurement and Ax,, ; the uncertainty of «,, contributed
by the factor j. Ak, of our exemplary materials along with the uncertainty contributions from each
individual factor are listed in Table 2.1. From the analysis, the Ax,, measurement uncertainty is
around 10 %. And most of the error comes from the uncertainty of k,, and G, which can be further

reduced by using bigger beam spot size and more repetitive measurements.

Table 2.1 Uncertainty analysis of AB-TDTR in-plane thermal conductivity measurement of silicon,
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graphite and black phosphorus.

Black phosphorus
Silicon Graphite
X along zigzag direction

j value | Aj | Akyy; | value | Aj | Akyy; | value | Aj A¥yy j

dm(hM) | 80.0 | £1.0 | +0.2 | 80.0 | +1.0| +402 | 80.0 | +1.0 | =+2.4
D(um) | 7.0 | 0.1 | +38 | 300 | 03| #41.1 | 100 | 20.1| 2.5

Kzz

138.2 | 5.1 | #4.8 55 | 0.7 | £2424 | 4.2 | +0.2 6.5

(W/mK)
Gn(]'g"K‘;W 86 | +43| 2114 | 55 |28 +506 | 33 |+02| 50
Cv

165 [20.1| 03 | 159 |20.1| 4.6 | 159 |+0.1| 3.1
(MIIM3K)
total | 144.2 +12.9 | 2054.0 +254.3 | 84.4 19.4

2.5 Conclusion

In summary, AB-TDTR measurements are conducted for different materials with wide
range of thermal conductivity values from ~5 W/mK to 2000 W/mK and thermal conductivity
anisotropy from 0.5 to 400. The measurement results are plotted in Figure. 2.8 in good agreement
with the literature. This study proves that AB-TDTR method as a new metrology to precisely
measure anisotropic thermal transport properties. This development enable a powerful platform to

understand thermal transport mechanism in anisotropic materials.
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values.

30



CHAPER 3

Anisotropic Thermal Boundary Resistance Across Black
Phosphorous

3.1 Introduction

With the continuous miniaturization of modern electronic devices, power density increases
dramatically in nanoscale chips and heat dissipation becomes a key technological challenge for the
semiconductor industryl1-121. Intensive efforts have been devoted to thermal management
including the recent development of new semiconductor materials with ultrahigh thermal
conductivity, such as cubic boron phosphide (~500 W/mK)®® and boron arsenide (~ 1300
W/mK)102106.107 "1 parallel to heat transfer in homogenous materials, heat dissipation in high
power devices can also be severely limited by the near-junction thermal resistance across
heterogeneous interfaces, i.e., the thermal boundary resistance (TBR)>>%105108.109 'On the other
hand, thermal isolation applications, such as jet engine turbines require interfaces with large TBR
and high temperature stability!'°. Therefore, controlling TBR at the interfaces between different
materials is of primary significance. However, the current understanding of TBR remains elusive
and is far below that of heat transfer in homogenous materials. Fundamentally, TBR measures an
interface’s resistance to thermal flow and results from the scattering of energy carriers, due to the
difference in vibrational and electronic band structures from both sides of the interface. The earliest

discovery of TBR can be traced back to 1941 and the Kapitza resistance between liquid and solid
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helium!!®, Thereafter, TBR was confirmed to exist at all heterogenous interfaces regardless of the
atomic perfection!!?, Despite decades of efforts, understanding and improving TBR still remains
challenging. Most studies are usually limited to idealized interfaces or isotropic considerations,

and a synergy between TBR and materials structures has not been well established?*.

AC

Figure 3.1 Schematic of the crystal structure of BPh.

In the meantime, two-dimensional (2D) van der Waals materials and their heterostructures
are under intense exploration as building blocks for nanoelectronics, making studying heat
dissipation across their interfaces of high interest'**18, Moreover, 2D materials are the ideal
platform for exploring the structural relationship with TBR because of their highly orientation-
dependent phonon band structures. In particular, black phosphorus (BPh) has a highly anisotropic
puckered orthorhombic crystal structure'®-120, As illustrated in Figure 3.1, each P atom forms
three covalent bonds from the 3p orbitals. Inside each 2D lattice layer, there are two types of

phosphorus bonds: the longer bond connects P atoms in the top and bottom planes, and the shorter
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bond connects the nearest P atoms in the same plane. The interlayer interaction is based on van
der Waals forces. So there are three characteristic directions in BPh defined as armchair (AC),
zigzag (ZZ) and cross-plane (CP) directions (Figure 3.1) which lead to their respective thermal
conductivity of 85.80, 27.58, and 3.86 W/mK?3742%_|n situ measurements, conducted with ionic
intercalations has also revealed anisotropic defect scattering on the phonon transport®’. Therefore,
BPh can serve as a powerful platform to explore the mechanisms for the formation of TBR and its
crystal structural relationship. As illustrated in Fig 1b, TBR is generally understood as resulting
from the breakdown of coherence of energy carriers’ transport across the interface. When the
incident phonons encounter the interface, some of them transmit through the interface, while the
remainders are reflected by the interface. The sudden impedance to the phonon transport leads to
discontinuous equilibrium distribution of phonons at the interface, i.e., a sharp temperature drop
(AT, Figure 3.2). At steady state, the total heat flux (Q) near the interface regime on both sides
should match with each other. Therefore, as the heat flux is mainly carried by the phonons, the
anisotropy of the phonon band structures of BPh may result in different spectral phonon fluxes
along different directions. However, on the metal side, the nearly isotropic structure will result in
the same spectral heat flux regardless of the orientation. In the meanwhile, to conserve the energy
flow across the interface, the spectral phonon transmissivity needs to be orientation dependent.
Therefore, studying such interfacial energy transport across directional 2D lattice could be strongly
affected by the intrinsic anisotropic phonon spectra and provide direct TBR-structure relationships

but remains unexplored so far?*,
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Figure 3.2 Schematic of thermal transport and temperature profile across a materials interface. tas
represents the mode-specific transmission of phonons from Material A to Material B. (k, 1)
represent the phonon wave vector and polarization respectively. An abrupt temperature drop (AT)
at the materials interface indicate a TBR that restricts the heat flux (Q) going across the interface.
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3.2 Experimental observation of anisotropic thermal boundary resistance

Figure 3.3 Optical images of BPh samples.

Here we report the first investigation on the crystal-orientation dependent thermal transport
across metal-BPh interfaces and observe highly anisotropic TBRs stemmed from its intrinsic
structures. High-quality BPh crystals were synthesized using the chemical vapor deposition
method. Red phosphorus was used for starting material and Snls and Sn as a mineralizer. 400 mg
of red phosphorus with 20 mg of Sn and 10 mg of Snls were grinded by using pestle and mortar.
A quartz tube was pre-heated at 473 K under vacuum to remove possible moisture. After the red
phosphorus, Snls, and Sn mixture was loaded, the quartz tube was evacuated and flame-sealed
under high vacuum. The tube was then placed into the two-zone tube furnace, with temperature of
923K and 897K for hot zone and cold zone respectively. Furnace temperature was slowly heated
from room temperature to reaction temperature for 4 hours and held for 24 hours and slowly cooled
down to room temperature. We are able to obtain centimeter-size high-quality BPh as shown in

Figure 3.3, indicating a clean surface after exfoliation. To prepare interfaces with different
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orientations, the crystalline directions of BPh were identified first by angle-resolved, polarized
Raman spectroscopy. When the incident laser beam was parallel to the cross-plane direction of
BPh, three Raman peaks were observed: A} (~363cm™), BZ (~440 cm™) and AZ (~467 cm™)37 121
123 (Figure. 3.4 (a)). The fact that the relative intensity of the three Raman peaks depends on the
alignment of the angles between the polarization of the excitation laser and the crystal orientations
is noteworthy. For example, the Aj, A% peaks are maximized when the polarization is along the
AC direction, whereas B achieves the highest intensity when the laser polarization forms a 45°
angle with the AC direction. Therefore, the angle dependent intensity of the three Raman peaks,
plotted in Fig. 3.4 (b), were used to determine the crystal orientations. The BPh samples were
cleaved along different orientations in parallel to ZZ, AC and CP directions, respectively. A thin
layer of aluminum (Al) around 100 nm was deposited on the samples via e-beam evaporation to
form a clean metal-semiconductor interface (Fig. 3.5). The crystal orientations of BPh were also
verified by the AB-TDTR measurement of anisotropic thermal conductivity and show consistency
with recent studies. Note that for all the thermal measurement in this work, the samples are kept
in cryostat (Janis, ST-100H) under a high vacuum ~ 10 torr to avoid oxidation. We conducted
Energy Dispersive X-ray Spectroscopy (EDS) at the cross-section interface of Al-BPh samples
(Figure 3.6). Only Al and P peaks are detected and there is no observation of any impurity. The

escape peak (P Si-ESC) at ~ 0.3 keV is generated from the EDS silicon detector crystal.
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Figure 3.4 (a) Angle-dependent Raman spectroscopy of BPh. (b)The intensity plot of three Raman
peaks with measurement angle dependence and used to determine the crystal orientations of BPh.

Figure 3.5 High-resolution transmission electron microscopy image of the interface between
aluminum and black phosphorus.
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Figure 3.6 Energy dispersive x-ray spectroscopy (EDS) analysis near the Al-BPh interface.

TBR of metal-semiconductor interfaces along different crystal orientations of BPh was
characterized using a time-domain thermoreflectance (TDTR) technique, illustrated in Figure 3.7
(a). TDTR is an ultrafast technique that has been widely applied for measuring thermal properties
and TBRs of different materials®>38081102124125 and has been used to develop novel experimental
spectroscopy techniques to study phonon spectra!+>*!2¢, In our setup, a femtosecond laser pulse is
split into a pump beam and a probe beam. The pump beam, at the wavelength of 400 nm, thermally
excites the sample surface, and the probe beam, at the wavelength of 800 nm, detects the sample
temperature. The delay time between pump and probe beams can be precisely controlled by a
mechanical delay stage with a sub-picosecond resolution. The transient TDTR signal is detected
and fitted to a multilayer thermal model to extract TBR. The typical experimental data from our
TDTR measurements and fittings®, based on the phase signals for ZZ, AC, and CP directions, are

shown in Figure 3.7 (b). Surprisingly, a significantly high ratio of anisotropic TBRs for BPh-Al
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interfaces were measured for different BPh crystal orientations. TBR in the cross-plane direction
(TBRcp) is 1.62x10°° m2K/W, 2.41 times of that in the AC direction (6.71x10” m*K/W) and 3.27
times of that in the ZZ direction (4.95x10° m*K/W). To further investigate the phonon transport
mechanism at the BPh-Al interface, we also measured the temperature dependent TBR in each
direction from 80 K to 300 K. The anisotropy of TBR along different orientations remains
remarkable for the full temperature range. Such a high ratio of anisotropic TBR has not been
observed in other materials interfaces*. We attribute the observed substantial TBR anisotropy to
the highly anisotropic crystal structures thus the anisotropic phonon band structures of BPh, and

combine theory and experiment to perform detailed analysis in the following.
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Figure 3.7 Experimental setup of the ultrafast pump-probe spectroscopy and the
measurements of anisotropic TBR. (a) Schematic of the time-domain thermoreflectance (TDTR)
method. Blue and red color represents the pump and probe beam, respectively. (b) Experimental
data (circles) and the fits from the multilayer thermal transport model (solid lines) for the TDTR
phase signal. Calculated curves (dashed lines) using the TBR varied by £10% of best values are
plotted to illustrate the measurement sensitivity.

3.3 Fundamental understanding of anisotropic TBR from ab initio calculations
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and molecular dynamics simulations

To quantitatively analyze the crystal orientation and temperature dependent anisotropic
TBR, we performed ab-initio calculations to capture phonon spectral contributions. From the
phonon picture'?’, TBR can be understood as phonon reflection by interface. By integrating all the
energy carried by the transmitted phonons, TBR or its reciprocal value, i.e. thermal boundary

conductance (G), can be calculated as:

1 —
TBR

1 . . . d
G = 555 21 fy, sl DRk, Dlv(k iyn| <L dk (3-1)

where T45(k, i), w(k, i), v(ki), f=

1 ..
W are the mode-dependent transmission
exp KT

coefficient, phonon frequency, group velocity and equilibrium Bose-Einstein distribution function
corresponding to phonons with wavevector k and polarization i. n is the unit vector normal to
interface. The calculation of TBR requires a detailed knowledge of the phonon dispersion
relationship over the entire Brillouin zone. In literature, for simplicity, the dispersion relationship
is usually approximated by a linear dispersion relationship (i.e., the Debye approximation®?®).
However, the Debye approximation oversimplifies the TBR calculation using a single phonon
group velocity along each direction. Reddy and Majumdar?® improved the Debye approximation
by using the Born-von Karman model instead of the linear assumption in the Debye model. Dames
et al.*® proposed elliptical dispersion relations to account for the anisotropic phonon band
structure.

Here we performed ab-initio calculations to obtain the full phonon dispersion relationship
and construct the phonon-mode dependent modeling of the interfacial thermal transport. To obtain
the full phonon dispersion relationship of BPh and Al, the second order interatomic force constants

are needed for the construction of the dynamical matrix*?®. We applied the density functional
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theory (DFT) calculations and finite displacement method to obtain the interatomic force constants
corresponding to the equilibrium crystal structures'?131132_For the DFT calculations, we used the
open-source package, Quantum Espresso and XSEDE computational platform to construct a
supercell with a 5x5x2 cubic unit cell for BPh and 3x3x3 cubic unit cell for Al with periodic
condition and a wave pseudopotential with PBEsol functional was adopted. The kinetic-energy
cut-off for the plane-wave basis set was 550 eV for Al and 960 eV for BPh. 10x10x10 and 4x4x4
Monkhorst-Pack meshes were used for the reciprocal space of Al and BPh, respectively. The
interlayer van de Waals interaction was corrected by using the DFT-D functionals!®3. The lattice
constants for the calculated equilibrium structure of Al and BPh were compared with the
experimental values™*1® and are in good agreements. Under the equilibrium structure, the phonon
band structures can be calculated by extracting the second order force constants by displacing the
atoms with a finite distance. Note that the TBR here is dominated by phonon transport across the
Al-BPh interfaces!®**” and we notice that electron-phonon coupling can show importance across
some metal-dielectric interfaces'®*®*3°. To verify our calculation results, the calculated phonon
dispersion relationships along different directions were compared to experimental data from

neutron scattering experiments!4%14! showing good consistence (Figure 3.8).

Table 3.1 Lattice constants obtained from the DFT calculations and experiments.
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Lattice constant (A) | Aluminum Black phosphorus
Our DFT calculation 4.013 3.294,10.424, 4.329
Experiments 4.046 3.314, 10.478, 4.376
(a) (b) (c) (d)
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Figure 3.8 Phonon dispersion relations calculated from density functional theory (DFT) (red lines)
in comparison with neutron scattering experiments (blue dots, Ref. 119, 120) for (a) Al and (c-d)
BPh.

TBR is considered as how resistive it is when phonons from both sides participate in
thermal transport across the interface. Here we compare the phonon band structures of BPh and
Al. Al has three acoustic phonon branches with frequency up to 10 THz. By contrast, BPh has
three acoustic branches from 0 to ~6 THz, nine optical branches, three of which are from ~2 to 8
THz, and the other six above 10 THz. Considering energy conservation during the interface
transport and the low probability of scattering events involving multiple phonons, since there is no
energy state with comparably high frequency available in Al, the high-frequency phonons inside

BPh make negligible contributions to the interfacial phonon transport. The highest cutoff

frequencies of acoustic phonons along ZZ, AC and CP direction will be determined by that of BPh,
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i.e.5.6 THz, 4.1 THz and 2 THz, respectively. The CP direction has the largest mismatch of highest
cutoff frequencies between the two materials, AC direction the second, and ZZ direction the
smallest, which qualitatively explains the formation of anisotropic TBRs. In addition, we also
noticed that the variations in the phonon travelling velocity distributions along different directions
(Figure 3.9 (a)) can further amplify the anisotropic TBRs: phonon velocity along the ZZ direction

has a distribution for higher values than those along the AC and CP directions.

@ (b)

Distribution (a.u.)
Phonon DOS (a.u.)
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Phonon group Velocity (m/s) Frequency (THz)

Figure 3.9 (a) Phonon spectral distribution of group velocity in the first Brillouin zone along
different crystal directions. (b) Phonon spectral distribution of density of states (DOS).

More quantitatively, the TBRs along different directions are carefully calculated in the
following. From the detailed balance, at equilibrium and under elastic scattering assumption, the
heat flux carried by phonons with a certainty frequency w, from side A to side B is equal to that

from side B to side A#2:
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YiJ, tas (kD) hw(k, D v(k, OnlfSuy w,)Hdk =
2j fi tralk NDhw(k, Dv(k, )nlf 6o, wapndk  (3-2)
TaB (k' l) =1- (3:7 (k' I') (3'3)

Thus, the transmission coefficient can be calculated as follows:

SideB

Zifk
|”(k'i)"|5wo,m(k,i)dk+zj

[v(k, D18 00k, jH Ak
SideB
Ji

TaB (k, l) = SideA (3-4)

where 8, ., is the Kronecker delta function. 7,5 (k, i) is a key parameter to quantify TBR, but
remains challenging for state-of-the-art phonon theories. Note that one implicit assumption in most
literature modeling is that all the phonons lose their memory of their polarization after diffusely
scattered at the interface. However, phonons may not be able to hop across different branches
freely. The determination of the probability of the phonons to jump between different branches is
non-trivial. Although some recent work based on atomic Green’s function investigated the
modelling of the phonon mode conversion'*144  these study are limited to ideal interfaces with
atomic-level perfection. Therefore, we performed calculations for both extreme cases, i.e., free
branch conversion (FBC) and no branch conversion (NBC) based on diffuse mismatch model
(DMM). In FBC-DMM, the phonons flux balance is calculated without specified to a certain
polarization. In NBC-DMM, the transmission coefficient was calculated for longitudinal acoustic

(LA) branches and transversely acoustic (TA) branches separately by using Eqgn. (3-4).
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Figure 3.10 (a) Phonon mode dependent transmission coefficients at the Al-BPh interface
calculated from the free branch conversion (FBC) and no branch conversion (NBC) diffuse
mismatch models. (b) Spectral G as a function of phonon frequency calculated from FBC and NBC.

To analyze the phonon spectral transport at the interface, the phonon spectral interface
transmission coefficients (z,5) for different orientations were calculated based on FBC-DMM and
NBC-DMM and shown in Fig. 3.10 (a). The FBC-DMM transmission coefficients show a
frequency with a nearly monotonically decreasing trend followed by a sharp drop to zero at 7.9
MHz. The sudden drop of transmissivities can be explained by the phonon density of states (PDOS)
of Al and BP (Figure 3.9 (b)). The phonons with frequencies from 7.9 MHz to 9.8 MHz allowed
on the Al side are not allowed on the BPh side, leading to no open channels for these phonons at
the interface. Figure 3.9 (b) also shows that the PDOS ratio of BPh and Al is higher than 1 before
~ 4 THz, and decreases from 4 THz to 6 THz, thus following the same trend as the transmission
coefficients. In addition, the reduced phonon group velocity near the Brillouin zone edge is also
responsible for the decreasing transmission coefficients. In the NBC-DMM, the transmission

coefficients can be decomposed into contributions from LA and TA phonons. The transmission
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coefficients become zero when frequencies of LA phonons and TA phonons reach to their highest
values.

The TBRs are calculated based on both FBC-DMM and NBC-DMM. These two models
lead to different interface spectral transmissivities (Figure. 3.10 (a)) and thus different phonon
spectral contribution to TBR. The spectral interface thermal conductance G (i.e. 1/TBR) for the
Al-BPh interface is decomposed into relative contributions from different phonon modes and
displayed in Figure. 3.10 (b). For almost the full frequency range, G along the cross-plane direction
is lowest regardless of the model used, because of the smallest phonon energy and group velocity
in the cross-plane direction. Despite the different absolute magnitudes, the most significant
difference in spectral G between these two models lies in the contribution from high energy
phonons (e.g., frequency > 4 THz, which is the cutoff frequency of TA phonons in BPh).
According to the FBC-DMM prediction, the optical phonons with frequencies between 2.1 to 7.8
THz dominate the interfacial thermal transport, whereas the NBC-DMM ignores the contribution
from optical phonons. In the FBC-DMM, peaks are around 4-6 THz, where both the optical
phonons and LA phonons exist with relatively high group velocity. The maximum frequency of
phonons contributing to G in the NBC-DMM are around 5.6 THz, up to which phonons are allowed
on three acoustic bands.

Furthermore, this distinct phonon spectral contribution to interface thermal transport can
be observed from its temperature dependence because the excitation of higher energy phonons is
more temperature dependent. We calculated temperature-dependent G from 50 to 300 K using both
FBC-DMM and NBC-DMM in Figure 3.11. We have also plotted our experimentally measured
temperature-dependent G in the same figure for comparison. First, it is clear that the NBC-DMM

prediction has a better agreement with the experimental measurement in terms of the magnitude
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of TBR. On the other hand, it is interesting to notice that the FBC-DMM predicts a stronger

temperature effect (i.e. a higher slope of temperature dependent G) than NBC-DMM, indicating

that optical phonons partially participate in the interfacial thermal transport. To involve the optical

phonons transport at interface, it requires the mode conversion from acoustic phonons in Al to

optical phonons in BPh. The probability for phonon mode conversion across different branches is

important for phonon theory but difficult to be determined. Recently, atomic Green’s function

(AGF) was combined with DFT calculations to treat the mode conversion'*>4¢ but it is

challenging to include anharmonic effects into AGF. Molecular dynamics simulation, on the other

hand, can be an alternative tool to study interfacial thermal transport by implicitly considering the

phonon mode conversion and full order anharmonic effects?*14.
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Figure 3.11 Experimentally measured TBRs (dots) of Al-BPh interfaces in comparison to
calculations (lines), considering temperature dependence and different crystal orientations.
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To further quantify TBR between Al and BPh along the different crystal directions and
phonon mode conversion across branches, we performed the nonequilibrium molecular dynamics
(MD) simulations. In the MD simulation domain illustrated in Figure. 3.12 (a), BPh is sandwiched
by two Al blocks. A periodic boundary condition is applied to all the directions and the real
structure can be interpreted as an Al/BPh superlattice, with heat source and hear sink layers lie in
the center of BPh and Al. To minimize the lattice mismatch at the interface between BP and Al,
the supercells were 60x5x12, 11x5%50 and 11x20x12 for BPh and 50x13x13, 9x13%x50, 9x50%x13
for Al respectively when the interface is normal to the ZZ, AC and c directions. The strain on these
three interface systems is below 0.2%. Application of heat current through the heat source to the
heat sink forms a temperature gradient along the direction normal to the interface. By monitoring

the temperature drop (AT) across the interface, the thermal boundary conductance can be
calculated from G = %. In our simulation, the embedded-atom method empirical potential®*® was

used for describing the interaction between Al atoms. The Stillinger—Weber potential and Lennard-
Jones (LJ) potential were adopted for the intra- and inter-plane interactions in BPh, respectively4-

1 The interfacial interaction between Al and BPh was simulated using LJ potential V;; =

12 6

4e I(ri) — <r1) l, where the ¢ is the interatomic energy and ¢ the distance corresponding to the
ij ij

zero potential energy 5%, The MD simulations were performed with the open-source package,

Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS). The time step was set

at 0.5 fs. The systems were relaxed under canonical ensemble at 300 K for 3 ns after a first

relaxation under the isothermal—isobaric ensemble (300 K and 0 Pa) for 3 ns. Then the

microcanonical ensemble was applied to the system for 4 ns. To ensure a significant temperature

drop at the interface and avoid the nonlinear effect, the heat flux was set as ~ 5, 3.5, and 3.3 GW/m?
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for the ZZ, AC, and CP respectively. The heat flux was applied through the system to induce a
steady-state temperature gradient for 3 ns. The temperature data in the last 1 ns was sampling for
TBR calculation.
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Figure 3.12 (a) Schematic of MD simulations for interfaces with different orientations. (b) Steady-
state temperature profiles across the interfaces calculated using different interatomic energies (€)
under a constant heat flux.

The steady-state temperature profiles of the BPh-Al system for different crystal directions
are predicted by the MD simulation and shown in Figure. 3.12 (b). Here a key parameter, the
interatomic energy ¢, is varied to study the effects from the interfacial bonding between BPh and
Al on the TBR. It’s interesting to notice that the anisotropic TBR has a strong dependence on ¢,
and there is transition point around 0.03 eV (Figure 3.13 (a)). A larger ¢ stands for a stronger
bonding between atoms across the interface and reduces TBR, and also potentially affect phonon
conversion between different branches. When ¢ > 0.03 eV, MD simulation predicts TBRzz <
TBRac < TBRcp, which is consistent with the experimental results and DMM calculations. Note
that the value of € for BPh-Al interface can be estimated following the Lorentz-Berthelot rules',
to be around €0 = 0.0719 eV. Interestingly, at €, the predicted TBRs for the interface with the ZZ
and c orientations are almost similar to the values calculated with the FBC model (Figure 3.13 (b))

but deviate from NBC model (Figure 3.13 (c)). From the consistence between the MD simulation

50



and FBC model calculations, it can be inferred that phonon mode conversion is relatively strong
at the interface along the ZZ and CP directions, but weak (although non-negligible) in the AC
direction. Such an observation can be partially attributed to the cross of phonon dispersions of
different branches along ZZ direction as illustrated in Fig. 3b, which opens the conversion channel
between different branches. At a much lower ¢, for example 0.03 eV in Figure 3.13 (c), the MD
simulated TBRs decrease and approach the NBC prediction. Therefore, this study indicates the

strength of interfacial bonding positively correlates with the phonon mode conversion at interface.
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Figure 3.13 Molecular dynamic (MD) simulation of anisotropic TBRs. (a) Calculated
anisotropic TBRs as a function of the € at 300 K. (b, ¢) Experimentally measured TBRs (dots) in
comparison to MD simulations and DMM calculations for € =0.0719 and 0.0288 eV respectively,

considering three characteristic crystal orientations.
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3.4 Conclusion

In summary, we report for the first time a systematic characterization of anisotropic
interfacial phonon transport across metal-semiconductor materials interfaces. A record-high
anisotropic ratio of TBR of 3.27 has been experimentally measured due to the strongly anisotropic
phonon band structures of black phosphorus. The spectral transmissivity of phonon transport
across interfaces with different orientations has been analyzed by using ab-initio calculated full
phonon dispersions from DFT. The temperature dependent anisotropic TBR measurement and
DMM calculations suggest the existence of phonon conversion between different branches under
phonon gas theory. Moreover, molecular dynamic simulation was performed to implicitly include
all the anharmonic effects and phonon mode conversion and show consistence with experimental
results. Our experimental measurements and theoretical calculations of the thermal transport at the
metal-semiconductor interface provide a detailed fundamental understanding of TBR-structure
relationships. This knowledge provides important guidance for improving the thermal boundary
resistance in nanoscale electronic devices, and may open up new opportunities in the rational
design and control of novel interface materials for advanced thermal management technologies.
Note that BPh serves as a concept-of-proof study in this work, but such anisotropic interface energy
transport can be extended to more energy forms and wide range of systems such as layered
materials, supper lattices, and any inhomogeneous structures. We also expect such anisotropic
TBRs are becoming more important for scale-down device structures in 3D and at the nanoscale.
In addition, how to take the advantage of interface anisotropy to design new device operation
schemes, for example thermal switch or thermal diode for thermal management, could be other

interesting research directions.
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CHAPTER 4

Thermal Energy Across Molecular Junctions Enabled by
Dipole Coupling

4.1 Introduction

Energy transport in molecular junction is critically important to the development of next
generation atomic level electronic devices and had been a hot research area during the last three
decades, however mainly focused on charge transport across molecular devices™® %, The
experience that the high-power density and inefficient heat dissipation has become the major
technology bottleneck of the current nanoscale semiconductor electronics, is warning us of the
importance of thermal transport properties of future atomic or molecular electronics
development®8102109.159-161 - contrary with the mist of charge transport raised by numerous
research results, thermal transport across molecular junction remains far less explored and is
focused on modelling work®?%3, So far, only several major factors such as molecule types,
functional group of molecular head, binding chemistry at anchor atoms had been revealed as
dominant factors for thermal transport across molecular junctions'®*1%5 For example, the
hydrophobicity of head group of self-assembled monolayer (SAM) significantly affects the
thermal conductance across molecule-water interface®®. Different binding energy between
molecules and substrate, such as thiol-metal binding and silane-silicon binding is also a dominant

factor'®’. Some other important factors are still wearing their mask had more investigation not been
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conducted, like the extremely important coulomb forces in organic systems, including hydrogen
bond and dipole-dipole effects.

Dipole-dipole interaction plays a critical role in organic molecules involved systems,
including but not limited to molecular electronics, molecular biology, and pharmacy®®-1°, For
example, the intermolecular between proteins and local environment and intramolecular between
different functional parts of proteins determines their conformation and biology functionality®".
On the other hand, the thermal transport across molecules determines the local temperature of cells,
which could affect the efficient circulation of blood or the survival time of bacteria and virus*’?173,
Therefore, dipole-dipole effects on thermal transport across molecular junction is essentially
important for future molecular devices, fundamental understanding of cell biology and novel
thermotherapy development. Here, we show a comprehensive study on dipole-dipole effects on

interfacial thermal transport across molecular junctions.

4.2 Experimental measurements across molecular junctions

To systematically study role of dipole moments on interfacial thermal transport across
molecular junctions, we prepared self-assembled carboranethiol monolayer with different dipole
moments on gold surface. The atomic geometries of carbonranethiol are illustrated in Figure 4.1.
The carbonranethiol molecules have icosahedral geometry constructed with 10 boron atoms and 2
carbon atoms'’4. Carboranethiols are ideal molecules for the study of dipole effects because their
dipole moment can be altered by only changing the relative positions of carbon and boron atoms
without any modification of the molecular framework and they have extraordinarily chemically
and thermally stability’”. The carboranethiol molecules are named as ortho-, meta-, and para-

carborane based on the zero, one or two atoms separation of two carbon atoms in the cage. Here,
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five types of carboranethiol, i.e., P1, M1, M9, O1 and O9 with distinct dipole moments are used
in this study. The dipole moments of P1, M1, M9, O1 and O9 ranges from near zero up to 4
Debye!’®. Since the chemical composition and molecular structure do not change, the difference
of thermal transport across different molecules are attributed to the difference of dipole moments.
The molecules are self-assembled on gold surface in ethanol solution till the formation of self-
assembled monolayer (SAM). The uniformity of SAMs adsorption on gold substrate is verified by

scanning tunneling microscope in Figure 4.2.

Figure 4.1. Atomic geometries of different carboranethiol molecules, i.e. P1, M1, M9, O1 and O9.

200 pm
150

100

Figure 4.2 Scanning tunnelling microscopy image from M9 carboranethiol adsorbed on gold
substrate
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One of the most challenging part for studying thermal transport across molecular junctions
is the thermal measurement at sub-nanometer scale. Here, we apply an ultrafast pump probe
spectroscopy technique called time-domain thermoreflectance (TDTR) to capture the dynamic
heat transport process across molecules®*1":1’8, The TDTR setup is as shown in Figure 4.3, where
the femtosecond laser pulse is generated in Ti:Sapphire cavity and divided into pump and probe
beams. The high energy photons in pump beam heat up the gold substrate instantaneously while
the reflectance of probe beam is used to detect the temperature of the surface via thermoreflectance.
The arrival time on gold of probe beam is delayed relative to the pump beam by the delay stage
and thus the temperature evolution could be continuously sampled. To improve the signal to noise
ratio, the pump beam is modulated by electric-optical modulator and the lock-in amplifier is used
for signal detection. The temperature decay can be compared with the solution of heat conduction
differential equation to extract the desired thermal properties, our focus of which is interfacial
thermal conductance in this study. For example, the temperature decay curves across different
interfaces are plotted in Figure 4.4, Au/water, where the Au/M9/water interface shows fastest
temperature decay rate, Au/M1/water the second and Au/water the slowest. From the temperature
decay rates, we can infer that the thermal conductance across Au/M9/water is highest, followed by

Au/M1/water interface and Au/water.
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Figure 4.3 Experimental setup of ultrafast time-domain thermoreflectance measurement
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Figure 4.4 Temperature decay of gold at the molecular junction of Au/M1/Water and Au/M9/Water.

To investigate how the dipole-dipole interaction affects thermal transport across molecular
junction, we measure the thermal conductance between different SAMs and liquids with
significantly different dipole moments. First, the hexane is tested as a nearly zero dipole moment

liquid. The thermal conductance across hexane and different carboranethiol molecules is measured
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and plotted in Figure 4.5. The thermal conductance remains around 28+5 MW/m?2K regardless of
the dipole moments of the SAMs, indicating that the different dipole moments of SAMs do not
affect the thermal transport because there is no dipole-dipole interaction between SAMs and
nonpolar hexane. On the other hand, the results also exclude other possible factors arising from
the different SAMs, which might affect the thermal conductance. Therefore, the difference of
thermal conductance across different SAMs and polar liquid would result from the dipole-dipole

effects.
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Figure 4.5 Thermal conductance across Au/SAMs/hexane interfaces

As the most common liquid, water is tested as a polar liquid with dipole moment of 1.85
D. The thermal conductance increases from 43 to 103 MW/m?K with improved dipole moments
of SAMs as shown in Figure 4.6. In another word, the dipole-dipole interaction between water and

SAMs enhances up to 139% of the interfacial thermal conductance.
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Figure 4. 6 Thermal conductance across Au/SAMs/water interfaces

Moreover, the contribution could be further improved by using liquid with even larger
dipole moment. In Figure 4.7 (a-c), the thermal conductance across SAMs and polar liquids, i.e.,
ethylene glycol (EG) and dimethylformamide (DMF) with dipole moment of 2.36 D and 3.82 D
are plotted. The thermal conductance increases from 48 to 132 MW/m?K for Au/SAM/EG
interfaces and from 10 to 42 MW/m?2K for Au/SAM/DMF interfaces. The enhancement of thermal
conductance reaches up to 175% and 320% for EG and DMF involved junctions. It could be
concluded from the experimental observation that molecular junction made with highly polarized
molecules could significantly amplify the thermal transport efficiency. Moreover, the ionic liquid
with separated positively and negatively charged ions is also tested in our study. 1-hexyl-3-
methylimidazolium hexafluorophosphate is used in this study. The thermal conductance increases

from 24 to 79 MW/m?K. The thermal conductance enhancement is around 229%, slightly lower
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than the DMF involved junctions. At atomic scale, the energy exchange rate is proportional to the
product of interatomic forces and their velocities. Even though the coulomb force is only related
to the interatomic distance and carried charges regardless of atom types, the vibrational velocity
of ionic liquid is limited by the large molecular mass. As a result, the thermal conductance

enhancement by dipole-dipole effects is not improved further by the larger polarity of ionic liquid.

61



—
W
—
—
o
=
—
(s}
—
[7]
=

£ 120 1 i £
s 9 2
=
Z 100 - 1 Sa0f |
3 8
[ —
m [u]
S 80} ] 3]
40 =
o el
S S
S 60} % - 020+ > .
ol ® *rb:(;" o] xif o
i) r 1 [1}]
= . 236D | , . 3.82D
20 1 1 | | | D I I I 1 1
AuP1  Au/M1 AuM9  Au/O1  Au/Q9 AulP1 AuM1  AwM9  AU/O1  Au/O9
SAM Type SAM Type
(c) 100 — : : : : (d) . : : : .
— : @ Hexane |
X ' 4L @ Water -
§ 80 - . @ EG ]
= . DMF ]
o = 3] @ lonic liquid ]
60 F i © 1
E v 9 @
3 z @ 9 o
c 40r 1 2 2L o -
Q
- L
[n]
E 20| 1 2 9 ]
L1h]
= "9 o o @
1 1 1 1 1 1 1 1 1 1 |
AuP1  AuM1  AWM2  AWO1  Au/O9 AWP1  AuM1  AWUMY A0l AWO9
SAM Type SAM Type

Figure 4.7 Dipole-Dipole effects on thermal conductance across Au/SAMs/Liquid interfaces.
(a). Thermal conductance across Au/SAMs/ethylene glycol interfaces. (b). Thermal conductance
across Au/SAMs/dimethylformamide interfaces. (c). Thermal conductance across Au/SAMs/ 1-
hexyl-3-methylimidazolium hexafluorophosphate interfaces. (d). A summary of thermal
conductance improvement by dipole-dipole interaction between different molecules and liquids.
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4.3 Atomistic modelling of dipole-dipole effects on thermal transport

To reveal the fundamental mechanism of thermal transport contribution by dipole-dipole
interaction, molecular dynamics simulation is performed. In the simulation, SAMs are embedded
between gold and different liquid as illustrated in Figure 4.8 A. Two ends of the sandwich structure
serve as heat source and heat sink. The interatomic interaction for gold, SAMs and liquid are
described by embedded atom method, MM3, SPC and OPLS potentials, respectively!’®18, The
charges with atoms in carboranethiols are taken from the Mulliken charge calculated from density
functional theories (DFT)!™®. The van der Waals interactions between different materials is
described with Lennard-Jones function and parameterized from the modified universal force field
and the Lorentz—Berthelot rule. The thiol-gold covalent bond is described with Morse potential
with binding energy calculated from DFT. To minimize the mismatch at interface, the
carboranethiols is adsorbed on gold with a supercell of (5x5) R30°. The total simulations size of
gold and liquid are 50%43.5x270 nm and 50x43.5x200 nm. The whole systems are first relaxed
under isothermal—isobaric ensemble at 300 K and 1 atm for 2.5 ns and then relaxed under canonical
ensemble for 2.5 ns and microcanonical ensemble for 2 ns. All the MD simulations are performed
with Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)*®*. Finally, the
thermal conductance can be calculated from the given heat flux and temperature difference at the

interface as shown in Figure 4.8 A using equation G = Q/AT.
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Figure 4. 8 Atomistic modelling of thermal transport across molecular junctions. A. Schematic of the
molecular dynamic simulation of Au/SAM/Liquid interfaces and the steady-state temperature distribution
under fixed heat current along the system. B. Simulated thermal conductance across Au/water, Au/P1/water,
Au/M1/water, and Aw/M9/water interfaces with dipole-dipole interaction turned on and off. C. Simulated
thermal conductance across Au/M9/Liquids, including hexane, water, ethylene glycol, dimethylformamide
and 1-hexyl-3-methylimidazolium hexafluorophosphate with dipole-dipole interaction turned on and off.

Figure 4.8 B compares the simulated thermal conductance across Au/SAMs/water
junctions made with P1, M1, M9 as representatives of molecules with weak, intermediate, and
strong dipole moments. Consistent with our experimental results, the junction made with M9 has
higher thermal conductance than junction made with M1 and P1 shown by the red columns in
Figure 4.8 B. One of the advantages of atomistic modelling is to freely control dipole-dipole

interaction directly. To further confirm that the enhancement of thermal conductance is truly from
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dipole effects, we artificially tune off the coulomb interaction between SAMs and water. The
results are shown by the blue columns. The thermal conductance values for P1, M1 and M9
involved interfaces are 43, 48, 48 MW/m?K with dipole-dipole interaction, and 50, 58 and 74
MW/m2K  without dipole-dipole interaction. First, no observable difference of thermal
conductance between different molecule can be found after the dipole-dipole interaction turned
off, which means the thermal conductance by van der Waals interaction does not vary with
molecules since they share the same molecular skeleton. Second, the enhancement of thermal
conductance indicated by red columns over those without dipole-dipole interaction increase with
the dipole moments of SAMs. Both observations agree with our experimental observations and
support our hypothesis that dipole-dipole interaction is significant to interfacial thermal transport
across molecules and this significance increases with the dipole moments of the molecules.

Furthermore, the simulations are also performed for the molecule junctions between M9 and
different liquid. The results are plotted in Figure 4.8 C. When the dipole-dipole interaction is on,
the thermal conductance across interface between M9 and hexane, water, EG and DMF is 95, 48,
82, 54, 17 MW/m?2K, which are enhanced up to 109, 74, 124, 134, 45 MW/m?K respectively while
dipole-dipole interaction is on. The enhancement percentage is around 15%, 54%, 51%, 148% and
164%. Similar with the dipole effects from SAMs, the thermal conductance enhancement
percentage represented by red columns over those without dipole-dipole interaction increase with

the dipole moments of the liquids, which is also consistent with the experimental measurements.
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4.4 Conclusion

In conclusion, the thermal transport across molecular junctions made with materials with
different dipole moments were measured with ultrafast pump probe spectroscopy. Strong
enhancement of thermal conductance up to 320% were observed for the junctions with large dipole
moments SAMs and liquids. Our observations are further confirmed by the atomistic modelling.
By artificially switching the dipole-dipole interaction in the simulations, the thermal conductance
contributed by the van der Waals interaction and coulomb interaction were separated. The large
contribution from dipole-dipole interaction to the thermal conductance from our simulation results
explained the experimental measurements. This study will establish our knowledge of thermal
transport by dipole-dipole interaction and open up new opportunities in molecular engineering for

thermal, electronic, energy conversion and medical system.
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CHAPTER 5

Heat Dissipation through the Interface Integration of Boron
Arsenide

5.1 Introduction

Thermal management has been a serious technology hurdle in semiconductor industry for decades.
The continuous size reduction of modern electronic devices has expanded the heat dissipation issue
down to the nanoscale, calling for the development of new materials with high thermal
conductivity (HTC)!8-18 Recently, building on ab initio theoretical calculations'®-1%, a new
class of boron compound semiconductors, including boron arsenide (BAs)!®"1*® and boron
phosphide (BP)?®, has been experimentally realized and verified with record-high thermal
conductivity . In particular, our recent study®”2! has measured an isotropic thermal conductivity
of 1300 W/mK in BAs, beyond that of most known heat conductors, and over three times that of
the industrial HTC standards such as copper and SiC (both around 400 W/mK). With high
application promise, the design and integration of these new HTC materials with other materials
layers is critically important towards their future device implementation, however, has remained
to be explored. Here, we report the first systematic study of interfacial integration and nanoscale
energy transport across these new HTC semiconductors with prototype metal and semiconductor
materials. As demonstrated through ultrafast spectroscopy experiments and atomistic to multi-
scale modeling, BAs and BP, with their intrinsic semiconducting nature and phonon band
structures, provide a significant improvement of the thermal boundary conductance and thermal

management performance.
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With the continuous emergence of novel nanomaterials and nanoelectronic devices, nanoscale
thermal management has to take into consideration that heat dissipation across integrated devices
(Figure 5.1a) depends on not only the materials’ thermal conductivity, but also the interfacial
thermal transport between different working layers?°22%3, The key metric to quantify the interfacial
thermal transport is the thermal boundary resistance (TBR): TBR = AT/Q, where AT and Q are
the temperature drop and heat flux across the interface, respectively?®*. A small TBR together with
a high thermal conductivity are desirable to achieve efficient heat dissipation. Fundamentally, TBR
arises from the mismatch across the interface of atomistic vibrations, the quantum mechanical
modes of which are defined as phonons?®. Despite decades of efforts, understanding and
improving TBR still remains challenging. Under the classical Debye model, vibrational properties
of materials is approximated as the linear phonon dispersion, and the maximum temperature of the
highest phonon frequency is defined as the Debye temperature (6,,)?%. Therefore, in the literature
a simplified evaluation metric, which qualitatively estimates the overlap between phonon spectra,
is to compare the Debye temperatures?*. Based on that, a smaller difference in Debye temperature
between materials across the interface expects a smaller TBR. Figure 5.1b shows the Debye
temperatures for typical semiconductors, metals, and HTC materials. Most semiconductors (Si, Ge,
GaAs, GaN) and metals (Al, Au, Ni, Pd, Pt, Ti) usually have a low 0, (e.g., below 700 K).
However, the traditional prototype HTC materials, i.e. diamond and cubic BN, as a result of their
large phonon group velocity, have a much higher @, (over 2000 K). Indeed, literature studies
reveal a high TBR for integrated diamond or BN, despite their HTC. For example, the interface
between diamond and GaN, has a mismatch in @, over 1500 K, leading to TBRs usually of ~ 30
m2K/GW?2"-2% In comparison, the @, of BAs and BP is much lower; for example, BAs has a

0, of ~ 700 K. According to this estimation, the new HTC materials BAs and BP hold high
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promise for TBR improvement upon integration with typical metals and semiconductors for

electronics cooling applications.
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Figure 5.1 Nanoscale thermal management using integrated HTC materials as cooling
substrate to improve heat dissipation. a. Schematic illustrating heat dissipation and thermal
boundary resistance at the interfaces in microchip packaging. b. Room-temperature thermal
conductivities and Debye temperatures of representative metals, semiconductors, and HTC
materials.

5.2 Thermal transport across boron compounds and metals

First we measured the thermal transport across the interfaces of the HTC materials with
various metals. Metal films, including Al, Au, Ni, Pd, Pt, Ti, and Ni, are deposited on top of BAs
and BP thin films (~80nm) using an electron beam evaporation technique to form a clean metal-
HTC interface, as verified by cross-section scanning electron microscopy (SEM) (Figure 5.2a).
The TBR was measured using ultrafast pump-probe spectroscopy, the time domain
thermoreflectance (TDTR) technique, illustrated in Figure 5.2b. TDTR is an ultrafast technique
that is widely used for measuring thermal properties and TBR of different materials!®>197:200.202.210,
In our setup, a femtosecond pulse laser with 80 MHz repetition rate is generated by a Ti:Sapphire

optical cavity and divided into pump and probe beam. The pump beam doubles its frequency (i.e.,
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at the wavelength of 400 nm) after passing through a second harmonic generator, and is used to
thermally excite the sample surface. The probe beam, at the wavelength of 800 nm, is used to
detect the sample temperature. The time delay between pump and probe beams is precisely
controlled by a mechanical delay stage with a sub-picosecond resolution. To determine TBR, the
transient TDTR signal is detected and fitted to a multilayer thermal model (Figure 5.2c). More
details regarding TDTR and TBR measurements can be found in our other recent studies?*22!*, We
used 10 um (1/e?) beam radius with 9.8MHz modulation frequency to obtain accurate TBR values.
We do not observe any frequency dependent TBR changes in measurement. It is also noticed that
steady-state heating from pump and probe laser is less than 2K for both materials during
measurement.

Figure 5.2(d, e) shows measurement results of the temperature dependent thermal
boundary conductance (G), i.e. the reciprocal value of TBR. In general, metal interfaces with BAs
and BP show high thermal conductance. The value of G varies for each metal but has a similar
trend between BAs and BP: For example, Au and Ti have the lowest and highest G values,
respectively. The measured thermal boundary conductance values at room temperature between
BAs and Au, Pt, Al, Pd, Ni, and Ti are 85, 133, 250, 290, 309, 310 MW/m?K, respectively. These
values are slightly higher than that obtained with BP, as expected from the difference in ©,. From
300K to 600K, no significant temperature dependence is observed for G, indicating that a complete
phonon excitation and a saturated phonon population are involved in the interface transport. It
should be noted that the thermal boundary conductance of BAs and BP with metals are typically
over 4x and 2.5x higher, respectively, than that of a metal-diamond interface?'?, which supports a

high heat dissipation efficiency.
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Figure 5.2 Metal-HTC interfaces and ultrafast optical spectroscopy measurements of
temperature-dependent thermal boundary conductance. a. BAs and BP as cooling substrate
for metal films; cross-section SEM image of a typical sample: Top layer is aluminum film and the
bottom layer is BAs. b. Schematic of the time-domain thermoreflectance (TDTR) measurement
set-up. Blue and orange routes represent pump and probe laser beams. c. Typical TDTR
experimental data versus time (circles), fitted to the thermal transport model (solid lines).
Calculated curves (dashed lines) with the thermal boundary conductance changed by +10% of the
best values to illustrate measurement accuracy. d and e. Experimental results for the temperature-
dependent thermal boundary conductance between varied metals with BAs and BP, respectively.

To better understand our experimental results, we performed atomistic calculations to
capture the phonon spectral contributions to the interfacial energy transport. Under the phonon
picture, TBR can be understood as resulting from the breakdown of coherence of the mode-
dependent phonon transport across the interfaces?®. As illustrated in Figure 5.3a, when the
incident phonons encounter the interface, partial transmission (i.e., partial reflection back) could
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happen, but with different probabilities for each phonon mode. Understanding this mode-
dependent transmission probability (1) is challenging, particularly in that the actual phonon spectra
has mode-dependent properties including group velocity, specific heat, relaxation time, and
anharmonic interactions?®. To develop an atomistic understanding of the interface phonon
transport, we first performed ab initio calculations!®2%221% hased on density functional theory
(DFT) to obtain the detailed phonon band structures of the different materials (Figure 5.3b). The
second-order interatomic force constants were calculated using the finite displacement method.
For all the materials considered here, the projector augmented wave pseudopotential with the local
density approximation was used. For each structure, a supercell with a 3x3x3 cubic unit cell with
periodic condition was constructed for DFT calculations using Quantum Espresso package?4. A
12x12x12 Monkhorst-Pack mesh was used for the reciprocal space and the kinetic-energy cut-off
for the plane-wave basis set was 600 eV. By displacing the atoms with a finite distance of 0.03 A,
the second order force constants were extracted with the Phono3py package. Our calculated
phonon band structures were compared with neutron scattering and Raman scattering
experiments!®’25-218 and show good consistency (Figure 5.3b). The phonon density of states
(PDOS) were also calculated and plotted on the right side of Figure 5.3b. Note that PDOS defines
the number of available quantum states for each phonon energy. The PDOS overlap across the
interface dictates TBR as it determines the probability to prepare phonons before incident on the
interface and to accommodate phonons after transmission from the interface. Therefore, a larger
PDOS overlap qualitatively indicates a lower TBR. The results in Figure 5.3b show that the
dominant range of PDOS spans from 15 to 40 THz for diamond, and from 0 to 20 THz for BAs or
BP. In comparison, the PDOS is mainly distributed between 0 and 10 THz for most metals. In

particular, the cutoff acoustic frequencies are 32.0 THz in diamond, 16.1 THz in BP, 9.6 THz in
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BAs,9.5THzin Al, 6.1 THz in Pt,and 4.9 THz in Au. These PDOS spectra show that BAs overlaps
best with most metals, followed by BP, and with diamond as the worst option. The comparison of
PDOS further explains the improved TBR with BAs/BP versus diamond, as well as the variation
between different metals, which is consistent with the experimental results shown in Figure 5.2d,
e.

We developed more quantitative calculations of the TBR by taking advantage of our ab initio
derived phonon band structures. Under the Landauer-Buttiker formulation?'°2%, the TBR can be

calculated based on the mode-dependent properties as:

1 1 hole k . . . d
i = G = 5o N [T 1y, (ke Dheo (e, 1)V (K, D dk (5-1)

where 7,45(k, 1), w(k, i), V(k,i), f = m are the transmission coefficient, frequency,

kgT

group velocity and equilibrium Bose-Einstein distribution function of phonons with wavevector k
and polarization i. n is the unit vector normal to interface. The subscript indicates the material on
side 1 or side 2 across the interface. The transmission coefficient term (7, (k, i)) is a key parameter
to quantify how many phonons are reflected or allowed to transmit through the interface, as
illustrated in Figure 5.3a. The exact determination of t,,(k, i) remains challenging for state-of-
the-art phonon theories, however, the lower limit of TBR can be considered when the transmission
of all overlapping phonon modes reaches 100%, i.e., the Radiation limit?2l. Under this Radiation
limit, the phonon transport is similar to radiation heat transfer between blackbodies, so that all the
emitted phonons from the one side of the interface would be accepted by the absorption side once
the state of phonons are allowed into the absorption side. Mathematically, the transmission
coefficient would be unitary, i.e., 71, (k, i) = 1 if the frequency of the emitted phonon from side

1 is lower than the maximum phonon frequency in side 1. The maximum G values based on the
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Radiation limit, plotted as dotted lines in Figure 5.3c, are 953 MW/m?K for an Al-BAs interface,
652 MW/m?2K for an Al-BP interface, and 232 MW/m?2K for an Al-diamond interface. As expected,
the experimental results for the different interfaces follow the order predicted by the Radiation
limit, but the experimental values are far below this maximum limit, as a full transmission cannot
be achieved for practical interfaces. Alternatively, the interface transmission t,,(k,i) was
calculated by considering the diffuse mismatch model (DMM) between phonon spectra across the
interfaces. Under this consideration, all the phonons are assumed to be diffusely scattered by the
interface, i.e., phonons lose their memory after scattering at the interface. In other words, the
phonons re-emitted from the interface can originally be from either side of the interface, i.e.,
T15(k, i) =1 —1,,(k,i). By applying this physical constraint and considering the detailed

balance of heat flux?22, the transmission coefficient can be calculated as:

Side2

Zi fk
|V(k,i)n|5w_w(k_i) dk+2]

[V (K, )N gy g (1, j AR
Sid -
5 RV U )18 gy o, jy e

112(k, i) = Side1 (5-2)

Zi i
where &, ki) 1S the Kronecker delta function. Note that the ab initio derived full phonon band
structure from DFT calculations were used for the calculation. The DMM calculated results for the
interfaces between Al and BAs, BP and diamond are plotted as dashed lines in Figure 5.3c. Both
the Radiation limit and the DMM calculation results show a consistent trend with the experimental
measurements, i.e., Gaisas > Gai-sp > Gal-diamond OVer a wide (77 K to 600 K) temperature range.
The G values between BAs and metals are much larger than that between diamond and metals, due
to the better match in PDOS and the phonon group velocities. Note that the DMM predictions are
higher than experimental results -- This is because DMM assumes unrealistic fully diffusive

scattering at interface and results in overestimated phonon transmission coefficient.
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To simulate the phonon scattering at interface more realistically, we performed molecular
dynamics (MD) simulation to calculate the TBRs. We first developed the interatomic potentials
for the new materials, i.e. BAs and BP directly from quantum mechanical calculations based on
ab initio MD determined atomic forces using potfit package??3. In the ab initio MD, Quantum
Espresso was used to construct a supercell with a 4x4x4 cubic unit cell for BAs and BP with norm-
conserving pseudopotentials in the local-density approximation. The Kinetic-energy cut-off for the
plane-wave basis set was 1360 eV. The Tersoff and embedded atom method potential are used for
diamond and AI??#?%, The interfacial interaction between Al and HTC materials were described
using Lennard-Jones potential and the parameters were derived from the Lorentz—Berthelot
rules??®2%’. To minimize the mismatch at interface, the supercell size is 10x10x80 (Al) and
11x11x80 (diamond) for Al-diamond interface, 14x14x80 (Al) and 12x12x80 (BP) for Al-BP
interface, 13x13x80 (Al) and 11x11x80 (BAs) for Al-BAs interface. The whole systems were
relaxed under isothermal—isobaric ensemble at desired temperature and pressure for 5 ns, followed
with relaxation under canonical ensemble for 3 ns and microcanonical ensemble for 2 ns with a
time step of 0.5 fs. The MD simulations were performed with Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)?28, By setting anchor layers and thermal reservoirs at
the two ends of the system, the steady-state temperature profile across the system under a constant
heat flux can be obtained after 10 ns. The TBR values are determined from the heat flux and
temperature drop at interface. The MD predicted TBRs for the interface with BAs, BP, and
diamond are plotted in comparison with experimental results in Figure 5.3c. Interestingly, the MD
predictions are in close to the experimental measurements; the better agreement by the MD
predictions indicate a realistic interatomic interaction can better describe all the phonons behaviors

at interface, including the elastic phonon scattering, high-order anharmonicity and phonon mode
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conversion that such atomistic interactions dictate the macroscopic TBRs. More importantly, from
the consistent trend between the Radiation limit, DMM calculation, and MD simulation, it can be
concluded that the band structure of BAs facilitates efficient phonon transport across the interface

and ensures its TBR to be intrinsically low.
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Figure 5.3 Ab initio calculation of phonon band structures and atomistic modelling of phonon
spectral contribution to the thermal boundary conductance. a. Schematic of phonon transport
with mode specific transmission (t) and reflection probability (r) at the interface. b. Phonon
dispersion relationships (left) and density of states (right) of BAs, BP, Diamond, Al, Pt, Au
calculated from DFT (lines) in comparison with neutron scattering and Raman scattering
experiments (dots!*7215218) ¢ Experimentally measured thermal boundary conductance (dots) of
aluminum-HTC interfaces in comparison to calculations (lines), considering temperature
dependence and different modeling methods.
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5.3 Integration of boron arsenide cooling substrates into gallium nitride devices

As a step further, we also demonstrated for the first time the experimental integration of
BAs with a prototype high-power semiconductor, i.e., GaN, and investigated their interfacial
thermal transport. Recent progress has been made in integrating GaN with classical HTC materials
(in particular diamond) for power cooling®®. However, integrating GaN with BAs is challenging
because crystal structures of BAs (zinc blende cubic) and GaN (wurtzite) are different, making it
difficult to form epitaxial interfaces with minimum disorders. Also, BAs decomposes at about
1200K, so low temperature crystal growth is required. Here, in order to get a high quality interface
between BAs and GaN, we applied metamorphic heteroepitaxy method to relax the strain?°: We
introduced a thin layer of oxide as the adhesion layer in between, using atomic layer deposition
technique®°. A follow-up treatment using oxygen plasma was used to activate interface bonds and
the sample was annealed at 773K for 24 hours in vacuum. The heterogeneous interface was
carefully verified by SEM and high-resolution transmission electron microscopy (HR-TEM):
Figure 5.4a shows an atomically clean and uniform GaN-BAs interface with a 2 nm interlayer
aluminum oxide. To measure thermal boundary conductance of BAs-GaN, we deposit ~80 nm of
Al film on top of BAs. We first measured thermal conductivity of our GaN substrate by using
TDTR which is 170 W/mK. Thermal conductivity of GaN and TBR of Al-BAs are input
parameters of our multilayer thermal model to decide thermal boundary conductance of BAs-GaN.
The thermal boundary conductance of the high quality BAs-GaN interface was measured using
TDTR to be ~ 250 MW/m?K -- Note that this conductance value is already over 8 times higher

than that of the typical GaN-diamond interfaces?®’2%°, Moreover, considering the thermal
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resistance of oxide layer around 1 m*K/GW 25% of our measured values and the possible blocked
phonon transmission across the oxide layer, the TBR of GaN-BAs interface could be subject to
further enhancement through the optimization of the resistance contribution from the oxide
interlayer.

To evaluate the device-level heat dissipation performance of BAs as a cooling substrate,
we performed a multiscale simulation of the hot spot temperature across a GaN-BAs interface as
a function of various heating sizes that used experimental data as the input and consisted of solving
the heat conduction equation and the Boltzmann transport equation (BTE). We considered an
exemplary device geometry involving GaN device layer on the top of BAs cooling substrate
(Figure 5.4b). A boundary line heat source with a fixed power (e.g., 10 W/mm) was placed on top
of the GaN layer to serve as the hot spot, and the bottom of the substrate was fixed at room
temperature. To study the size-dependent effect of the hot spot temperature, the width of the heat
source was varied. Experimental data of TBR and thermal conductivity were used for these
simulations. We first simulated a hot spot temperature by solving the heat conduction equation
using the finite element method. In this case, thermal transport is considered as a diffusive process,
where the heat flux is proportional to the temperature gradient following the Fourier’s heat
conduction law. The classical diffusion theory describes the thermal transport process well when
the characteristic length is far larger than the phonon mean free path, and is commonly used for
engineering macroscopic devices. Figure 5.4b show the hot spot temperature calculated with the
heat conduction equation. The hot spot temperature increases when the heater width decreases,
due to the larger heating power density. To evaluate the effect from TBR, upon intentionally
removing TBR in the simulation (dotted lines), we found that, as expected due to its high thermal

conductivity, diamond shows slightly advantage. However, TBR ubiquitously exists in practical
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devices. When TBR was included in the simulation (dashed lines), BAs clearly has a reduced hot
spot temperature than diamond, supporting its superior performance in heat dissipation through a
combination of HTC and low TBR. Importantly, we also evaluated the device performance under
conditions where the ballistic thermal transport takes place and the classical diffusion theory fails
for nanoscale devices!®. With the shrinking of device sizes down below the phonon mean free
paths, phonon transport would not experience scattering. In this case, the practical heat dissipation
behaves more like radiation rather than diffusion, so the actual hot spot temperature will deviate
from the prediction by the Fourier’s law. Such ballistic thermal transport and phonon mean free
path spectra of GaN, diamond, BAs and BP have all been experimentally measured and analyzed
in our recent studies'®>197:2%° Here, to capture the physics of thermal transport from the diffusive
regime to the ballistic regime, we solved the spectral-dependent Boltzmann transport equation
considering mode-dependent phonon properties for the same device structure. The three-

dimensional spectral-dependent BTE is given by:

of N ]
5 + v(w,p) - Vf = o) (5-3)

where f is the phonon distribution function, and £, is the equilibrium Bose-Einstein distribution
at the local temperature. v(w, p) and t(w, p) are respectively the phonon group velocity and the
phonon relaxation time at a certain angular frequency w and polarization p. A = vt is the phonon
mean free path. However, it should be noted that it is challenging to solve the three-dimensional
(3D) spectral dependent BTE, especially using deterministic methods. Here, to solve the BTE for
the 3D experimental geometry, we calculated the spectral-dependent phonon BTE using variance-
reduced Monte Carlo (VRMC) method?®. In VRMC method, phonon bundles are initialized in the
computational domain, and then proceeded following “advection — sampling — scattering”
procedures?. In the advection procedure, the phonon bundles are moved under group velocity. In
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the sampling procedure, the energy carried by the phonon bundles are sampled. In the scattering
procedure, the frequencies of the phonon bundles are redistributed based on the spectral
distribution of the specific heat. To determine the hot spot temperature, we calculate the
temperature response to a heat pulse and integrate the response from t = 0 to infinity. All the
material’s spectral properties for the input into the BTE simulation come from ab initio

calculations and experiments.
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Figure 5.4 Interface integration of GaN and BAs, and device-level thermal management. a.
Cross-section SEM (left) and high-resolution TEM (right) images of a typical sample, showing
atomically resolved interface. b. The hot spot temperatures for the two best thermal conductors
(BAs and diamond), as a function of heating sizes from 100 pm to 100 nm for the inset simulation
domain, including a 0.8 pm thick GaN layer on the top of a 100 um thick BAs substrate. All
simulations inputs are from experimental measurements and ab initio calculations. The comparison
from Fourier’s heat conduction law (dashed lines) and spectral-dependent Boltzmann transport
equation (solid lines), quantifies the transition from diffusive to ballistic thermal transport (insets).
The size-dependent hot spot temperature results, indicate that BAs has a superior performance for
nanoscale thermal management, owing to its both high thermal conductivity and thermal boundary
conductance.

Figure 5.4b shows the hot spot temperature as a function of the heating sizes (solid line). As
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expected, with reducing the heating width from 100 pm to 10 nm, the hot spot temperature
increases dramatically due to the increased packing density. We also noticed that the ballistic heat
transfer becomes substantial for heat spots of small sizes, so that Fourier’s law result deviates
significantly from the BTE calculation, i.e., representing the practical heating prediction. When
the heating width is large, the result of Fourier’s law is consistent with the BTE. But when heating
source width is smaller than 1 um, the hot spot temperature by the BTE is much higher compared
with Fourier’s law, and such difference between the BTE and Fourier’s law increases dramatically
with the width decrease of the heating source. Fundamentally, the ballistic transport takes place
when the heated spot size is smaller than the mean free paths, and here it occurs for a heating
source width on the order of ~ 1 um, which is consistent with our previous study of phonon mean
free paths'1972%, This clearly shows that at the nanoscale, the ballistic transport will significantly
increase the overheating issue over classical theory prediction. In addition, the hot spot
temperatures are compared between using BAs and diamond as cooling substrates (Figure 5.4b):
For the whole range of heating sizes, BAs is superior to diamond for heat dissipation. For example,
with a 1 um heating width, the hot spot temperature increase for BAs is 38% lower than that of
diamond. These results demonstrate that the high G value between GaN and BAs (250 MW/m?K),
together with its high thermal conductivity (1300 W/mK), significantly improves heat dissipation,
and underscore the promise of using BAs for thermal management in nanoscale electronic devices.

Finally, we carried out device integration with HEMTs and experimentally measured the
operating HEMT devices for a comparison of the performances of the BAs, diamond and SiC
cooling substrates. To make a fair comparison, the HEMTs were fabricated using the same
AlGaN/GaN epitaxial layers and device layout. Figure 5.5a presents an SEM image of our

fabricated HEMTs device integrated on top of a BAs substrate. In Fig. 5.5b, we show the hot-spot
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temperature rise, while operating the AlGaN/GaN HEMTs, as a function of power density for the
different cooling substrates. With the same device layout and operating conditions, the device
cooling performance for BAs exceeds that for diamond and SiC, verifying the modelling
predictions. For example, at a transistor power density of ~15 W mm—1, the hot-spot temperature
rise is ~60 K for GaN-BAs, substantially lower than the temperature rise for GaN— diamond (~110

K) and GaN-SiC (~140 K) devices.
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Figure 5.5 Experimental measurements of the hot-spot temperature rise in operating
AlGaN/GaN HEMTs as a function of transistor power density, with different cooling
substrates (BAs, diamond and SiC). All devices shared the same geometry: two fingers, with a
width of 100 um and gate pitch of 34 um. An SEM image of the fabricated HEMT device is shown
in ¢ (scale bar, 20 um) and a plot of GaN temperature as a function of power density is shown in
d, measured using Raman spectroscopy on the drain side at a lateral distance of 0.5 um from the
T-gate edge, for transistors on a GaN-on-BAs wafer, as well as a reference GaN-on-diamond wafer
and GaN-on-SiC wafer. Data for diamond and SiC substrates are adapted from ref. 188.
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5.4 Conclusion

In summary, we report the systematic energy transport study across the interface of the
emerging HTC materials. We experimentally demonstrated that TBR is significantly improved
with BAs and BP in comparison to the state-of-the-art HTC prototype materials. Replacing
diamond with BAs, we developed interface integration using metamorphic heteroepitaxy and
measured TBR by over 8 times improvement with a typical GaN-interface. In addition, we
performed atomistic calculations based on ab initio derived phonon band structures and verified
the intrinsic enhancement in interface heat dissipation under varied conditions including Radiation
limit, DMM calculation, and MD simulations. Our study revealed that the enhanced TBR with
BAs is due to the fundamental semiconducting band structure with a large overlap of phonon
density of states and efficient interface phonon transmission. As a further step, through
experiments and multiscale modeling, hot spot temperatures of GaN devices integrated with
different cooling substrates are examined for both diffusive and ballistic regimes, confirming the
high cooling performance of BAs. Together with the ultra-high thermal conductivities and low
TBR, these new materials could revolutionize the current technological paradigm of nanoscale

thermal management of high-power electronics and possibly extend their roadmap.
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CHAPTER 6

Ultralight and Flexible Monolithic Polymer Aerogel

6.1 Introduction

High performance thermal insulation materials are desired for a wide range of applications
in cryogenics, space, subsea systems, buildings, and civil, biomedicines, energy and
environments®110232233 - Traditional insulation materials include porous structures such as
fiberglass, mineral wool, cellulose, polyurethane and polystyrene foams®*. Aerogel, most
commonly based on silica, is an extremely porous structure artificially formed through the careful
drying out of the liquid component inside a gel and leaving a solid filled up almost entirely by
air®>. Despite of its record-low thermal conductivity, the fragility and brittleness of silica aerogel
needs to be improved for applications where mechanical strengths are important. Recent progress
has been made in developing aerogels involving organic or nanostructured components®®$-24° to
improve the mechanical properties. However, most synthesis methods usually involve chemical
reactions in gel preparation and are limited to specific materials. In addition, the manufacturing
cost introduced by delicate processes such as supercritical drying in preparing high-quality
aerogels requires high pressure equipment and consumes large amount of liquid carbon diode can
pose challenge for large scale deployment.

Here, we report the first systematic study of interfacial integration and nanoscale energy
transport across these new HTC semiconductors with prototype metal and semiconductor materials.
As demonstrated through ultrafast spectroscopy experiments and atomistic to multi-scale modeling,
BAs and BP, with their intrinsic semiconducting nature and phonon band structures, provide a
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significant improvement of the thermal boundary conductance and thermal management

performance.

6.2 A facile way to synthesize polymer aerogel — using PVC as an example

We developed an ambient synthesis process of PVC aerogel mainly consisting of three
steps: gelation, solvent exchange and drying (Figure 6.1a). First, the reaction sources, i.e. PVC
powder (389293, Sigma-Aldrich, USA) is mixed with dimethylformamide (DMF) (DX1727, EMD
Millipore, Germany) with ratio from 0.2 g/10 mL to 1 g/10 mL at temperature of 60 °C. The
porosity of aerogel is controlled by tuning the concentrations of PVC solutions. Second, the
solution is sonicated for an hour and exposed to air for 12 hours, from which the water vapor is
absorbed into DMF/PVC solution. Consequently, the solubility of PVC decreases gradually
resulting in the precipitation of polymer particles. Finally, a white and jelly-liked PVC solid was
formed. To remove the liquid from the PVC gel while avoiding shrinkage of the porous structure,
the solvent is exchanged with ethanol, which has a small surface tension. The solvent exchange
process includes five steps each with a time interval of 6 hours to gradually increase the volume
percentage of ethanol in the solvent from 0%, 25%, 50%, 75%, 87.5% to 93.8%. Following aged
for twelve hours, the gel is exposed to ambient environment. After the solvent is completely
evaporated, a solid backbone is formed s shown in the optical image (Figure. 6.1b). The volume
of aerogel can expand by more than ten times larger than that of the original PVC powder
indicating a high porosity is formed and filled with air. Note that this ambient processing approach

allows readily preparation of inch-size PVVC aerogel samples and further scaling up (Figure. 6.1b).
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The microscopic structures of PVC aerogel samples were examined using scanning
electron microscope (SEM) as shown in Figure 6.1c. It can be observed that there are enormous
PVC particles with diameter from 0.5 to 5 um connected with each other with necks at the
microscale. These PVC particles are initially precipitated during diffusion of water vapor into
DMF solvent. While the growth of distributed PVC particles, the dangling polymer chains can
entangle with the chains from other particles. Finally, different particles are connected and form a
porous network. It was observed that when a small droplet of water was added into the solution, a
lot of white PVC particles precipitated but not connected, which proved the critical importance of
a natural slow absorption process. It should be noted here this dynamical process of generation of
polymer network can happen to other polymers in principle only if the polymers are well dissolved
in a certain solvent and precipitated gradually with absorption of insoluble solvent. The effective

density p. s can be measured based on Archimedes principle, from which the porosity can be

directly derived from the comparison with the density of bulk form PVC (ppy. = 1.38 g/cm?)

according to the following equation

p=1-24L (6-1)

PPVC

As summarized in Figure 6.1d, when the ratio of PVC/DMF varies from 0.02 to 0.10 /mL,
the porosity can change from 60.4% to 95.4% continually, with density decreasing from 0.546 to
0.063 g/cm?®. In comparison, such a low mass density of 0.063 g/cm? corresponds to a porosity of
97% for silica aerogel, which however usually requires delicate synthesis methods such as
supercritical drying or multiple surface modifications?*®. The lightness and flexibility of the
synthesized PVC aerogel are further illustrated in Figure 6.1e. As an example, a 3.5 cubic
centimeter of the PVVC aerogel weighs just 230 miligrams and is so light that it can be balanced on
a flower and a blade of foxtail grass (see Figure 6.1e. In addition, the as-synthesized PVC aerogel
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can be highly twisted to a rope but without leading to a mechanical breakdown (Figure 6.1f), which
is impossible for standard silica-based aerogels. To further explore the potential application in
flexible devices, we have performed a compression test and the PVC aerogel shows high
robustness and reversibility for bending at large angles of 90 to 180 degree (Figure 6.1g). Such an

ultraflexibility remains challenging for other aerogels.
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Figure 6.1 Ambient synthesis and characterizations of polyvinyl chloride (PVC) aerogels. (a)
Schematic illustrating the ambient synthesis process. (b) Optical image of a typical PVC aerogel
sample. (¢) Scanning electron microscope (SEM) image of PVC aerogel showing a porous network
consisting of PVC particles. (d) The relationship between the porosity of aerogel and the mass
ratio of chemical precursors. (e) Ultralight aerogel sample balanced on a flower and a foxtail, (f)
the twisting test and (g) bending test of the flexible PVC aerogel.
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6.3 Ultralow thermal conductivity of PVC aerogel

Thermal conductivity of PVC aerogels is measured using the hot-wire method?¥’. The hot-
wire method is a standard technique for measuring a wide range of materials?*3-2%3, In this method,
an electrically resistive metal wire is embedded in the sample, serving as both a line heat source
and a temperature sensor, as depicted schematically in Figure 6.2a%°*. A constant current is applied
and uniform joule heating is generated along the wire, and the local temperature of the wire is
sampled instantly by taking advantage of the linear relationship between temperature and
resistance of metal wire. More specifically, in our measurement, a platinum wire with a diameter
of 23 um was placed in the PVC/DMF solution. The platinum wire would be well embedded in
the sample while the formation of aerogel. By solving the transient heat conduction model, the
temperature rise is found linear with the logarithm value of time and the thermal conductivity can

be related with the temperature rise rate by

__UI Aln(t)
T 4ml AT

(6-2)

where U, | and L are the average voltage drop, current across the wire and the length of the wire.
Figure 6.2b displays two temperature rise curves versus logarithm time of two typical samples
prepared with 0.25 g/10mL and 0.5 g/10 mL PVC mass to DMF volume ratio. The applied current
is 89 mA and the wire length of 1.56 cm. For a fixed heating power, a larger slope of the
measurement curve would indicate a smaller thermal conductivity. By comparing the temperature

rise curve versus time with a transient heat conduction model, the thermal conductivity of sample

can be precisely derived.
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Figure 6.2 Thermal conductivity measurement of PVC aerogels. (a) Schematic of hot-wire
thermal conductivity measurement. (b) Typical experimental data (symbols) fitted to the transient
heat conduction model (dash lines). Black and red color represents samples prepared with different
initial PVC mass to DMF volume ratios, i.e. here respectively 0.025 g/mL and 0.05 g/mL

With such a high porosity and low intrinsic thermal conductivity of bulk PVVC around 0.16
W/mK?%, thermal conductivity of the PVC aerogel with a porosity of 95.4% was measured to be
as low as 0.028 W/mK, approaching the thermal conductivity of air (~0.026 W/mK)?®, which
means our PVVC aerogel can act as air-like thermal insulation material. Moreover, evacuation to a
mild vacuum of ~ 0.01 atm is sufficient to further suppress the gaseous heat transfer and to achieve
a thermal conductivity as low as to 0.0077 W/mK. From the comparison of thermal conductivity
in air and under evacuation, we can find the air molecules have dominant effects on thermal
transport in PVC aerogel and the heat conduction through the PVC backbone is negligible. Note
that there are three different thermal transport pathways inside aerogel as illustrated in Figure.6.3a:
heat conduction through the solid backbone, heat conduction via the gas molecules filled in the

pores, and thermal radiation from the surface of the backbone. Thus, the total thermal conductivity
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of aerogel () can be decomposed into three components: solid thermal conductivity (x), gaseous
thermal conductivity (x,), and radiative thermal conductivity (x,.), which can be mathematically

expresses as>’

K = Kst+Kg+K, (6-3)
From the heat transfer estimation, the radiative thermal conductivity k. is less than 0.002

W/mK when porosity is below 95%2°’

, Which is much smaller than the other components.
Therefore, the two main contributions to thermal transport in the PVC aerogels are ks and kg,
which are affected mostly by the porosity and pore size. Porosity dependent k of PVC aerogels
were measured and plotted in Figure 6.3b. When samples are measured in air, k¥ decreases
monotonically from 0.0618 to 0.0283 W/mK with porosity from 60.4% to 95.4%, indicating that
K contributes to the heat conduction following the volumetric fractions of the solid PV C backbone.

To make a comparison, literature data of silica aerogel from supercritical drying and
ambient drying processes®*%2%® are also plotted in Figure 6.3b. For the same porosity, the PVC
aerogel demonstrates remarkably lower thermal conductivity than silica aerogels prepared from
both methods. The PVC samples were also measured in mild vacuum at a pressure around 0.001

atm, and shows a thermal conductivity from 0.0356 to 0.0077 W/mK for the same porosity range.
For the sample with porosity of 95.4%, the gaseous contribution k, can be calculated from the
subtraction of the thermal conductivity value in vacuum from that in air. This calculation gives

to be around 0.0206 W/mK. On the other hand, from the calculation using the porosity and the

thermal conductivity of air, k, is 0.0245 W/mK, which is 20% higher than the former value. We
attribute such a difference in k, to the Knudsen effect?302°7:2592% of ajr molecules in confined

space, i.e. small pores inside the PVC aerogels. This Knudsen effect indicates that if the pore size
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is smaller than or comparable with the traveling mean free path of the gas molecules in free space,
the gas molecules would collide with the solid framework before their interactive scattering. Such
additional scattering with solid framework can effectively lower the mean free path of gas
molecules than its intrinsic values in free paths, and thereby reduce thermal conductivity. Further
reduction in pore size will lead to stronger Knudsen effect, and thus lower thermal conductivity.
Here, we use the Knudsen effect to analyze the pore size of the PVC aerogel by measuring
their pressure dependent thermal conductivity. The pressure dependent thermal conductivity of
high porosity aerogel samples is measured from 100 Pa to ambient pressure (Figure 6.3c). Note
that among the three heat transfer contributions, k, and kg are pressure independent, and the

decrease of i with reduced pressure represents the reduction of x,. From the kinetic theory, the

thermal conductivity of air can be calculated as?®*

kg = Apcy VA (6-4)

where A is a constant, and p, C,, 7 and A are the air density, specific heat, average velocity, and
mean free path of molecules respectively. p is proportional to the pressure, and A is inversely
proportional to pressure. Thus, in principle, k4 in free space should be pressure independent.
Contrary from the simplification, x, of PVC aerogel from measurement (Figure 6.3c) strongly
depends on the ambient pressure because the porous structure limits the air molecules diffusion
and breaks the inverse relationship between A and the pressure. The A of air molecules in a porous
structure can be calculated based on Matthiessen's rule?®

A=-—2-4, (6-5)

" D+Ag
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D is pore size in diameter. A, is the mean free path of air molecules in free space and is calculated
using Ay = g, where P is the pressure in the unit of Pa. Since A, equals to 66 nm at 1 atm?%!, B

equals to 0.00663 for air. So the total thermal conductivity at different pressures can be calculated

as

K = Ks + Kgo % (6-6)

where kg4 o is the gaseous thermal conductivity at 1 atm. k, represents the solid state
contribution and can be measured at a high pressure (e.g. 100 Pa). From Eqn. (7-6), we can find
that when the pore size is smaller, k, would be smaller at a fixed pressure. The experimental data
with best fitting using Equation (6-6) is shown in Figure 6.3 (c). For a fixed pore diameter, It is
clear that « increases for high pressure since k, is increasing. The average pore size was extracted
from the modeling fitting with experiment and ranges from 800 nm to 1300 nm. Note that the
distribution of pore sizes provides the substantial confinement to the travelling of molecules

despite that the average pore size is larger than the mean free path A of air molecules at atmosphere

pressure,
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Figure 6.3 Thermal transport analysis in PVC aerogel. (a) Thermal transport pathways inside
PVC aerogel, consisting of heat conduction through solid backbone, heat conduction via gas
molecules, and thermal radiation from surface of backbone. (b) Porosity dependent thermal
conductivity of PVC aerogel in air and at 0.01 atm. Literature data [18, 30] on thermal conductivity
of silica aerogel obtained from supercritical drying and ambient drying are included for
comparison. The guidelines are power law fitting of experimental data to illustrate the porosity-
thermal conductivity relationship. (¢) Pressure dependent thermal conductivity of PVC aerogel
with different porosities and mass densities. The red, green and blue color represents the PVC

aerogel with a porosity of 95.4%, 94.8 and 83.9%, respectively. The symbols are for experimental
data and the lines are for best fittings.
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6.4 Superhydrophobicity of PVC aerogel

Next, we explore the superhydrophobicity of the PVC aerogel. The hydrophobic property
of a material is determined by the wettability of surface (i.e., the interaction with water). When the
Young contact angle on a surface is over 150°, they are defined as superhydrophobic materials®?-
265, Superhydrophobicity can be extremely beneficial for various potential applications?®. For
instance, in building materials involving water-resistance or absorption of hydrophobic substances
such as 0il?®’. However, classic materials such as silica tend to shrink and cloud in humid
environments, and therefore destroy its transparency and integrity. Superphydrophobic surfaces
are intensively investigated and specially formulated to repel water and not absorb moisture from
the air?%82%° Here, we performed contact angle measurement and reveals that supershydrophobic
PVC aerogels can be achieved at a high porosity. The contact angle of PVC aerogel samples with
water are summarized in Table. 1 with the other properties. In comparison, the contact angel of
bulk PVVC with water of is ~ 87°, which indicates a slightly hydrophilic material. Notably, the
aerogels samples with porosity higher than 85% have the contact angle over 150°. The tested
contact angle is as high as to 160.2° when the porosity increases to 95%, implying a
superhydrophobic material. To evaluate the structural stability, these samples were re-measured
after being kept in ambient environment for more than a month and still sustain the

superhydrophobicity.
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Table 6. 1. Properties of PVC aerogels prepared with different porosities.

Mass Thermal Thermal Contact angle
PVC | DMF . . conductivity | conductivity . g
Sample Porosity | density o with water
(9) (ml) (glem?) in air at 0.01 atm (deg)
g MmW/m-K) | (mW/m-K) g
S20 0.20 10 95.4% | 0.063 28.3 7.7 160.2
S25 1 | 0.25 10 92.9% | 0.098 32.6 10.4 158.1
S25 2 | 0.25 10 94.8% | 0.071 30.9 10.5 158.0
S38 0.38 10 83.9% | 0.222 38.9 14.7 147.3
S50 0.50 10 745% | 0.352 50.4 17.9 131.1
S75 0.75 10 64.3% | 0.493 53.1 24.7 101.4
S100 | 1.00 10 60.4% | 0.546 61.8 35.6 97.7

We attribute the micro-pores near the PVC aerogel surface as the main reason for the

observed superhydrophobicity, as illustrated in Figure 6.4a. These surface porosity can serve as

roughness on a flat surface and create hydrophobic materials?’®. Cassie and Baxter put forward an

analytical model for porous solid surface in which no water is filled?”

cosf, = f - (cosOeo+1) — 1

(6-7)

where 6., 6., f are respectively the contact angle between porous surface and water, the contact

angle between dense surface and water, and the fraction of solid on the surface. Since the PVC

itself is weakly hydrophilic, some space of the pores near the surface would be filled. The wetting

status would be a mixed state of Wenzel state and Cassie-Baxter models. For the mixed state, the

contact angle can be calculated by combining Eqgn. (6-7) and Wenzel model?™

cosf, = f - (r *cosf, o + 1) —1 (6-8)
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where r is the roughness factor, defined as the ratio of the actual wetted area to the projected area
on the surface?’2. In Figure 6.4b, the predicted contact angles for aerogel with different porosities
are plotted together with the experimental data, where the porosities was obtained from the
pressure-dependent measurement in Figure 6.3 and taken to determine the solid fraction near the
surface. The experimental measurement of contact angles are plotted together with the calculation
in Figure 6.4b, and shows good agreement, indicating that the high porosity of PVC aerogel
increases gas-solid interface areas and enhances the surface roughness, which together leads to the
superhydrophobicity. The observed superhydrophobicity in the PVC aerogels synthesized by this
facile ambient process can enable new opportunities in designing water-repelling building blocks,

surface engineering, and drug delivery platforms?/3-276,
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Figure 6.4 Contact angel measurement and superhydrophobicity of PVC aerogels. (a)
Schematic illustrating the mechanism how the surface porosity improves the surface area and the
contact angle with water. (b) The porosity dependent contact angle of PVC aerogel, following the
prediction based on Cassie-Baxter model (blue) and Wenzel model (Orange and Green). r is the r
oughness factor, defined as the ratio of the actual wetted area to the projected area on the surface.
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6.5 Conclusion

In summary, we develop a facile method to synthesize ultralight and flexible polymer
aerogel with low thermal conductivity without supercritical drying. We successfully prepared PVC
aerogels with the porosities ranging from 60% to 95% and measured the thermal conductivity of
the PVC aerogel as 28 mW/mK in air and 7.7 mW/mK under mild evacuation. The contribution
from air conduction dominates the thermal transport in PVC aerogel. Our modeling analysis
indicates that the lower boundary of thermal conductivity can be pushed by further reducing the
pore size and increase the porosity. In addition, we measured the contact angle of PVC aerogel
with water and found that the PVVC aerogels with porosity larger than 85% are superhydrophobic.
The porosity-dependent contact angles from experimental measurement are in good consistence
with theory prediction by mixed Cassie-Baxter and Wenzel models. The low thermal conductivity,
mechanical flexibility and superhydrophobicity show high promise in engineering the PVC aerogel

for thermal insulation applications under different working environments.
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CHAPTER 7

Flexible Tin Selenide Nanosheet Films for Thermoelectric
Energy Conversion

7.1 Introduction

The growing demand for energy continues to represent a dichotomy in the struggle against
increasing greenhouse gas emissions. In this endeavor, research has shown that over 15 quadrillion
Joules of this energy is lost as waste heat, and among which, 80% of the waste heat is lower grade,
i.e. below 400 K. Despite that various approaches including traditional steam cycles, Kalina cycles,
and organic Rankine cycles have already been implemented in various industries for mid- to high-
grade waste heat recovery, resulting in millions of saved dollars over long-term operation, such
efforts are not yet economical for lower grade waste heat?”’. In addition, most current approaches
are limited to recovering waste heat from hot-water based systems, while the opportunities and
requirements for wide-spread recovery of lower grade waste heat can be highly specific based on
the industry of interest. Despite that a variety of novel solutions rooted in nanotechnology have
been emerging in literature, such efforts continue to be primarily limited in applicability due to
low efficiencies far below the thermodynamic limit.

On the other hand, thermoelectrics, a solid-state technology that directly converts between
heat and electricity attracted decades of investigations and has been matured for applications in
radioisotope thermoelectric generators and Peltier coolers. The benefits of using thermoelectric
materials manifest in their reliability, low-maintenance, and no moving parts, but have thus far
been limited from lower grade waste heat recovery applications due primarily to their low energy

278

efficiency”’®. Recent efforts have focused on and succeeded in improving thermoelectric energy
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efficiency and identifying new records of thermoelectric materials. However, the peak
performance and associated temperature range of operation for most thermoelectric materials such
as SiGe?”?, PbTe?®, Clathrates®®!, skutterudites?®?, CuSe?3, and Cu.S are currently focused on high
temperature applications®®*, and retain limited efficiency at low temperatures, below 400 K. The

efficiency of these materials indeed benefits with increased temperature, as defined through the
2
thermoelectric material figure of merit, ZT = % T, where o is the electrical conductivity, S is the

Seebeck coefficient, k is the thermal conductivity, and T is the average absolute temperature. The
state of the art room temperature thermoelectric materials remain to be alloys of expensive bismuth
telluride®® (Bio.sSbysTes with ZT = 1.86 & 0.15 at 320 K), which continue to benefit from and
improve in performance with the development of new techniques to modify and enhance the
properties of the compound as needed, such as through solid-solution alloying, porosity control,
band engineering, topological states, resonance states, and hierarchical micro- and nano-

285 'While commercialization of thermoelectric materials and devices in the waste heat

structuring
recovery market is expected to rapidly expand with a material Z7 around 2 — 3 (~10 — 15 % Carnot
efficiency) at room temperature, these values have previously only been accessible in lab-
environments or at high temperatures. New materials and geometries have emerged that may rival
these compounds in terms of both cost and performance, including tin selenide (SnSe) with a
record high ZT of 2.6 at 923 K in the Cmcm structural phase®®S.

This record thermoelectric performance has excited the field to try to understand its origin,
and has led to a vast number of investigations that document its synthesis, characteristics, and
applications. Moreover, SnSe has the highest reported device ZT from 300 to 773 K at ~ 1.34%7,

Extensive efforts have begun to explore ways to tune doping to modulate and improve the

performance of SnSe, including via the carrier concentration, and boundary scattering phenomena
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(nanostructuring), that can lower the thermal conductivity and maintain sufficient electrical
conductivity. Structural control of SnSe has led to dramatic performance improvement and record-
high efficiency, however, exploration of this new material for lower grade temperatures still lacks

study.

7.2 Material synthesis and characterizations

Here, we report high performance solution-processable flexible SnSe nanosheet stacks in
a packed bed structure for lower grade waste heat recovery. The nanostructured SnSe in the
morphology of two-dimensional sheets are prepared using a readily scalable hydrothermal
synthesis temperature difference method. A record-high energy efficiency with ZT ~ 2.2 was
measured at room temperature. The significant improvement over its bulk form is attributed to the
largely reduced thermal conductivity due to interface phonon scattering. Furthermore, to evaluate
the functional flexibility, SnSe samples are coated as a thin film on a flexible polyethylene
terephthalate substrate with a bending test performed over 1000 cycles, showing highly stable
performance for flexible energy harvesting devices.

We synthesized SnSe to achieve the structural form of two-dimensional nanosheets using
a surfactant-free hydrothermal synthesis method. In this method, nutrients in a sealed,
hydrothermal autoclave reactor are dissolved in water-miscible solvents that are heated for reaction.
As detailed in Figure 7.1a, SnCl2:2H20 and NaOH are successively dissolved via sonication in a
50 mL beaker filled with DI water using 10 minute sonication increments. By placing the reaction
mixture on a preheated hot plate at 473 K for 5 hours at 400 RPM, the high temperature and
pressure thermodynamic conditions create a slurry of ions conducive for the reduction of the Se to

Se? and oxidation of some of Sn'? to Sn*', from which SnSe nanosheet crystals can begin to
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nucleate and grow in a process (Figure 7.1a). Note that the growth condition is designed to achieve
a 2D surface morphology. Considering the Law of Bravais, the morphology of the grown SnSe can
be controlled by carefully selecting precursors and their concentrations to avoid suppression of the
{001} and {010} higher surface energy planes in SnSe. In comparison, by utilizing a reaction
pathway incorporating oleylamine surfactant, the [100] direction is only weakly suppressed to
allow for growth of nanoflowers, versus in this paper where the growth along the [100] direction
is strongly suppressed. Here, a 2D morphology of SnSe enhances surface contact areas and
provides strong interfacial scattering events, from which a significant effect on the energy transport
properties is expected. In the final reaction steps, the mixture is allowed to slowly return to ambient
conditions under continued stirring to ensure limited particle aggregation as the newly synthesized
particles precipitate out of the solution. The products are washed and collected using a decanting
and gravitational sedimentation process that can capture the crystalline SnSe nanosheets. Finally,
the nanosheets are re-dispersed into a suspension using DI water, sonication, and vortex mixing
before drop casting solutions; further details on the reaction and sample preparation are presented
in the supporting information. Single SnSe nanosheets are carefully characterized using atomic
force microscopy (AFM) (Figure 7.1b), showing a lateral dimension of about 3 um and a thickness
of about 150 nm.

Next, thin film of SnSe samples are prepared via drop casting for further characterizations.
The crystalline structure of SnSe is determined by X-ray diffraction (XRD) shown in Figure 7.1c
and confirmed to be orthorhombic Pmna space group 62 phase, whose crystal structure is
illustrated in the inset of Figure 7.1c. Note that the solution processing method allows scaling
nanomaterials for macroscopic device applications. As demonstrated in Figure 7.1d, a thin film of

SnSe nanosheets was uniformly deposited using drop casting onto a copper tape substrate over an
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area of 1 cm?. A cross section SEM of the sample details the high density of this packed bed

structure, which is critical for thermoelectric transport.

a Pressure Vessel
<A — A
¢ Na ‘ B Heat to 453 K Cool to Ambient l
Q Sn 1 i
o (e — e AR
\ Se % 5 Hours 3 Hours p g ¥
5 0 Fgtat ]
g = 4
—_—
Solvation: Redox and Crystal Growth: Precipitation:
Nutrients: SnCl,-2H,0 + Se Sn2* + Se — Sn*4+ Se2 Sn2* + Se’2 - SnSe |
Solvents: H,0 + NaOH Sn?* + Se’? - SnSe
¢ Sn ;AR T
= @ o oo
§, ‘sed BE WK §
3 ; :
3
>
B
3 =
g
= =
& 8 h

25 30 35 40 45 50 55 60 65 70

2() (degrees)

Figure 7.1 Chemical synthesis and structural characterization of tin selenide nanosheet
stacks. (a) Hydrothermal synthesis of tin selenide (SnSe) nanosheets using the hydrothermal
method. (b) Scanning electron microscopy (SEM) of as-synthesized SnSe nanomaterials, verifying
it’s in the form of nanosheets. The scale bar is 10 um. Inset, atomic force microscopy (AFM)
image showing the thickness of single SnSe nanosheet of about 100 nm. (c) Powder X-ray
diffraction (XRD) for SnSe with inset indicates its van der Waals crystal structure. (d) Optical
image of scaling up SnSe thin film, with the scale bar of 5 mm. The packed bed structure of the
SnSe film is obtained from the scalable solution process (bottom right) and its cross-section is
studied by SEM (top right with the scale bar of 50 um).
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7.3 Thermoelectric properties measurement

To evaluate the potential for lower grade waste heat harvesting, the thermoelectric
properties of the SnSe thin film were measured near room temperature. The temperature gradient
versus voltage gradient data are plotted in Figure 7.2a, indicating a p-type behavior of the SnSe
film. Seebeck coefficient are measured for 300 — 400 K shown in Figure 7.2b, with room
temperature value S = 1625 + 94 uV/K. As a control experiment, we also simultaneously
measured bulk SnSe single crystal samples synthesized by chemical vapor deposition and obtained
a Seebeck coefficient of 809 + 55 uV /K, consistent with literature®?. Note that the measured near-
room temperature Seebeck of SnSe nanosheet films represents twice improvement over bulk single
crystal SnSe, which was attributed to a possible carrier filtering effect from the high density of
interfaces and low electrical conductivity as previously reported in SnSe nanostructures?. Next,
standard electrical transport measurements performed across the SnSe nanosheet thin film. A linear
I-V curve is measured in Figure 7.2¢, indicating the Ohmic contact and an electrical conductivity
of ~2.4 S/cm at 300 K. Figure 7.2d plots the temperature-dependent electrical conductivity, which
exhibits semiconductor transport behavior: the conductivity decreases as temperature increases
due to increased phonon scattering, and is consistent with undoped bulk SnSe®®. Note that the
measured electrical conductivity of our SnSe nanosheet film is about 4.5 times lower than the

single-crystal form?°

. This reduced electrical conductivity is verified and expected as a
compromise from the boundary scattering of electrons at the grain interfaces between the stacked

nanosheets.
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Figure 7.2 Seebeck and electrical characterization of the tin selenide thin film. (a) Seebeck
coefficient determination of tin selenide (SnSe) from 300 to 400 K, including nanosheets (NS,
black) and bulk SnSe (gray) for comparison. (b) Temperature-dependent Seebeck coefficient. (c)
Current-voltae transport curve. (d) Temperature-dependent electrical conductivity
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The thermal conductivity of SnSe thin film is measured using the hot-wire method?3%. The
hot-wire method is a standard technique for measuring a wide range of materials?%®2%, In this
method, a platinum wire is embedded in the SnSe powder, serving as both a line heat source and
a temperature sensor, as depicted schematically in Figure 3a. After applying a constant current,
uniform joule heating is generated along the wire. Using an infinitely large boundary condition

and line heat source, the following heat conduction differential equation can be solved:?3

T(r,t) = Al;ﬁ In (%) — y] (7-1)

where P is the Joule heating power, x thermal conductivity, L length of the hot wire, « thermal
diffusivity, t time, r the distance between wire center and interested point, and y higher order terms
regarding t and r, which can be neglected in our experiment. Thus, the thermal conductivity of the

sample can be calculated from the slope of temperature rise versus the logarithmic value of time:

P
4mL-slope

(7-2)

In our experiment, the temperature rise versus the logarithmic value of time is plotted in
Figure 7.3b, and the temperature-dependent thermal conductivity is plotted in Figure 7.3c. While
the thermal conductivity of single crystals is expected to decrease with an increase in temperature
around room temperature, the thermal conductivity of SnSe films shows slight increase and
indicates that the interface boundary thermal conductance dominates the phonon transport in the
nanostructures. Indeed, our experiment measures a very low cross-plane thermal conductivity k =
0.088 + 0.004 W/mK for piled SnSe nanosheets at room temperature (Figure 7.3c), which is
approximately seven times smaller than the intrinsic bulk thermal conductivity of single crystal

SnSe.
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Figure 7.3 Thermal transport measurement and modeling of the tin selenide thin film. (a)
Schematic for hot-wire measurement. (b) Typical measurement data and model fitting that
determines the thermal conductivity. (¢) Temperature-dependent thermal conductivity, in
comparison with bulk SnSe crystals. (d) Schematic illustrating thermal boundary resistance and
reduced effective thermal conductivity due to strong phonon scattering at the interfaces of SnSe
nanosheets.

We attribute such an ultralow thermal conductivity to the thermally resistive interfaces
between nanosheets. In the thin film samples, individual SnSe nanosheets are piled together and
form multiple interfaces which are expected to dominate the thermal resistance. To verify this
expectation, a simplified multi-layer model is built to estimate the interface thermal resistance R;.
The total thermal resistance through the entire material consists of two components: one is

resistance due to the interface, and the other is resistance due to the intrinsic SnSe inside each
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individual nanosheet, i.e. the bulk crystal resistance. For n layers of SnSe nanosheets with
thickness at t for each layer, then the total thermal resistance R;,; through the whole material

should be:

t

Rtot=n =N

Kexp Kbulk

+ nR; (7-3)

where k., and k., are the thermal conductivity of the bulk single-crystal SnSe and the thermal
conductivity of SnSe nanosheet measured by our experiment, respectively. The thickness of our
SnSe nanosheet is estimated to be 100 nm for this calculation. Based on Eqn. [7-3], the interface
thermal resistance R; = 1.1 x 10~® m2K/W . In comparison, the bulk thermal resistance is
3.3x107 m2K /W, more than 3 times smaller than R;.

Hence, this large thermal boundary resistance dominates the overall contribution to the
thermal conductivity of SnSe thin films. As illustrated in Figure 7.3d, the large thermal boundary
resistance in the system leads to a large temperature drop at the interfaces and strong energy filter
effects as expected. As a result of the largely reduced thermal conductivity, the SnSe nanosheet
film provides a record-high ZT = 2.2 near 300 K. Such a high room-temperature ZT has only been
observed previously in quantum confinement structures such atomically thin Bi;Tes?®! and

interface engineered bulk p-type BiosSb1sTes alloy?®2,
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Figure 7.4 Thermoelectric performance of SnSe thin film on flexible substrate. (a) Photograhy
of the SnSe fhin film coated on a polyethylene terephthalate substrate under mechanical bending.
(b) Room-temperature Relative change of the Seebeck coefficient S, (c) electrical resistance R,
and (d) thermal conductivity k of the thin film in response to the cyclic bending. (¢) The
thermoelectric figure of merit (Z7) in response to bending cycles.
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As a further step, we fabricated the SnSe film on a flexible substrate and evaluated its
promise as a building block for flexible energy harvesting devices. In Figure 7.4a, the SnSe is
deposited on a polyethylene terephthalate substrate to demonstrate preserved functional material
properties after being subjected to cyclic mechanical bending of the sample around a 4.5 mm radius
of curvature surface. The bending cycle dependent Seebeck coefficient, electrical resistance, and
thermal conductivity are plotted respectively in Figure 7.4b-d. As a control in Figure 7.4c, and to
better reference the severity of the prescribed bending regime, an ITO film was bending in the
same configuration and its cycle dependent electrical resistance is measured for comparison. The
ITO film begins to degrade dramatically between 100 to 1000 bending cycles, resulting in a five
times increase in resistance. In contrast, the Seebeck coefficient, electrical resistance, and thermal
conductivity of our SnSe sample maintain stable over 1000 bending cycles with a maximum
fluctuation within 7%, 6%, and 5% respectively. Finally, the bending cycle dependent ZT remains
around 2.2 for over 1000 cycles, as plotted in Figure 7.4e. The retention of the high performance
thermoelectric performance after mechanical bending underscore the promise of using SnSe

nanostructures for powering flexible electronics and sensors on curved heating surfaces.

7.4 Conclusion

In summary, we have reported a high-performance thermoelectric thin film fabricated
from a low-cost and scalable solution process for lower grade waste heat harvesting. The resulted
SnSe nanosheet stacks introduces strong interface phonon scattering and exhibits an ultralow
thermal conductivity of 0.09 W/mK at room temperature, which are significantly lower than values
of other polycrystalline forms reported in literature. The resulting figure of merit ZT ~ 2.2

represents the highest for room-temperature thermoelectric materials reported to date. Moreover,
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the SnSe thin film coated on plastic substrate shows a superior flexibility and stability for
integration with flexible electronics applications. The low-cost and scalable fabrication routes,
together with the demonstrated high thermoelectric performance achieved in relatively earth-
abundant materials, represents an important step in harvesting low-grader waste heat and powering

flexible electronic devices.
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CHAPTER 8

Structurally Tunable Thermal Conductivity in Mesoporous
Silica

8.1 Introduction

Manipulating thermal properties of materials through dedicated design of their nanoscale
architecture has been successfully demonstrated in various materials for different applications.?%3-
2% During the last two decades, thanks to the improved synthesis controllability of the structure
and hence the tunability of properties, mesoporous silica has attracted intense attention in various
fields, including but not limited to drug delivery systems, manipulation of ions and fluid transport
in nanochannels, low dielectric constant medium in electronics and nanofluidic energy harvesting
system.?%6-2% For most of these applications, thermal property is a significant metric to evaluate
the material eligibility to achieve the desired system performance. For instance, a sensitive
temperature-based stimuli-responsive drug delivery system and electronic systems with efficient
heat dissipation requires high thermal conductivity.33%301 On the other hand, low thermal
conductivity is of paramount importance for thermal insulation and energy harvesting purpose.®®
Therefore, a good understanding of the relationship between thermal transport property and
nanostructure of mesoporous silica, i.e. the porosity, pore size, and/or pore shape could enable
dedicated design of these materials toward desired thermal conductivity and application.

However, thermal transport in porous media has never been a trivial problem, not only because
of the complicated porous structures but also due to the unclear heat carrier transport process,

especially in amorphous solid. There exist numerous models designed for predicting the effective

thermal conductivity of porous materials. Most of them are based on effective medium
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approximations (EMAS), which estimate the effective thermal conductivity as some functions of
the volume fractions and thermal conductivities of the solid and fluid phases ranging from the
simple series model, parallel model, dilute particle model and dilute fluid model to the more
complicated Maxwell-Garnett model and Bruggeman model 3393305 However, most of the models
do not consider the specific porous structures, i.e., the porosity is the only factor considered.
Although some attempts were made to include more structural effects into certain fitting
parameters, it is challenging to relate them with some measurable physical observables.3%33% |n
addition, when only one solid phase and vacuum void phase are present, most of the models show
an unreasonably simple linear relationship between effective thermal conductivity and volume
fraction of solid phase. From a microscopic perspective, none of these models takes into account
the structural effects on the vibrational modes although it has been recognized that micropores
have significant effects on those of crystalline materials, e.g. silicon®**"=%. One of the reasons is
the severe lack of knowledge about vibrational modes properties in amorphous media. For a long
time, mean free path of vibrational modes in amorphous solid was believed to be on the order of
interatomic distance.®1%3!! Recently, some numerical and experimental studies have revealed much
longer mean free path in amorphous silicon and silica, on the order of nanometers.32314 This
suggests ballistic transport of heat carriers may exist in mesoporous silica. All these findings
highlight the need for (i) a careful study of the heat transport in nanostructured silica and (ii)
revised thermal conductivity models that consider more details of the porous structure and the
effects of domain confinement on vibrational modes.

In this paper, mesoporous silica with different nanoarchitectures, porosities, and pore sizes are
synthesized and characterized and their effective thermal conductivity was measured to investigate

the structurally modulated thermal properties. Three distinct thermal models were constructed
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based on the structural characterization of the three types of materials. Vibrational modes
confinement due to the nanoscale pores were discovered to be partially responsible for the unique
porosity-dependent thermal conductivity observed. The consistence among the thermal models,
Boltzmann transport equation (BTE) calculations, and the experimental observations of the effects
of pore size on effective thermal conductivity further confirmed our understanding of thermal

transport in mesoporous amorphous solid.

8.2 Material synthesis and characterizations

Here, the nanostructures of mesoporous silica was controlled by using previously reported
synthesis approaches.3>318 As shown in Figure 8.1(a), three different nanoarchitectures were
achieved through (i) sol-gel derived mesoporous silica monoliths (silica ambigels or AM), sol-gel
evaporation induced self-assembly of block-copolymers - used as structure directing agents - (ii)
in silica precursors (SG) or (iii) in a colloidal suspension of silica nanoparticles (NP). More details
regarding the synthesis can be found elsewhere and need not be repeated.3’

In brief, the AM samples were prepared by mixing TEOS, EtOH, deionized water, formamide,
and HCI (37 wt% in water, Sigma-Aldrich, St. Louis, MO, USA) with variable molar ratio to
control the final porosity. The resulting solution was transferred into a plastic mold for gelation,
followed by aging at room temperature. The aqueous solution was exchanged with acetone six
times, and then acetone was exchanged with cyclohexane six times at room temperature and
atmospheric pressure. The gel was then dried in a cyclohexane-rich atmosphere at room
temperature for a week. Finally, the gel was calcined in a box furnace in static air at 500 °C to

remove all traces of solvents and organic phase.
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Figure 8.1 Schematic of synthesis and structural characterization of mesoporous SiO2 film.
a). The synthesis processes of mesoporous SiO> ambigel (AM), sol-gel-based mesoporous SiO:
(SG), and nanoparticle-based mesoporous SiO> (NP). (b) and (c) Two typical TEM images of the
AM sample with nanosized building blocks and the SG with ordered pores. (d) A typical SEM
image of the NP sample with chain-like network and spherical pores.
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For the synthesis of SG samples, a silica sol-gel solution was made using a mixture of
triblock copolymer Pluronic F127 (EO100POssEOQ100, Mw = 12600, BASF), EtOH, 0.05 M HCI
and silica precursor tetraethyl orthosilicate (TEOS). A solution was prepared by dissolving 25 mg
F127 in 0.6 mL EtOH, 0.16 mL 0.05 M HCI and a certain amount of TEOS. The final porosity
was tuned by controlling the polymer to silica (mass) ratio in the range of 0.1 to 3. Then, the films
were spin-coated onto Si substrate and calcined at 350 °C in air for 30 minutes to remove the
polymer.

For the synthesis of NP samples, a stock solution of polymer was made by mixing 0.678 g
Pluronic F127 with 3 mL DI water. The final porosity was also controlled by tuning the mass ratio
of polymer to silica nanoparticle solution (15 wt%, Nalco 2326, ammonia-stabilized colloidal
silica, d = 5 nm, Nalco Chemical Company) in the range of 0.1 to 3. Then, the films were spin-
coated onto Si substrates. Dried films were calcined at 350 °C in air for 30 minutes to remove the
polymer.

Different nanoarchitectures resulted from the synthesis control are verified by structural
characterization. First, Figure 8.1(b) shows the transmission electron microscope (TEM) image of
the porous structure of a typical AM sample. The solid framework consisted of silica nanoparticles
with irregular shape and diameter around 10 nm as building blocks. This silica particle network
structure was also confirmed with supercritical-drying leading to silica aerogel.3'°3?° Figure 8.1(c)
shows TEM image of the porous structure of a typical SG sample. The spherical pores were orderly
arranged in the silica matrix, due to the removal of the uniformly distributed and monodisperse
polymer templates upon calcination. After measuring the low-temperature nitrogen adsorption-

desorption isotherms at —196 °C using a surface area and porosity analyzers ASAP 2010 and
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TriStar 11 3020 (Micromeritics Instrument Corp., Norcross, GA, USA), the average pore diameter
was calculated based on the pore size distribution determined using the Kruk—Jaroniec—Sayari
(KJS) method®?! based on the Barrett—Joyner—Halenda (BJH) method22. The pore diameter of SG
samples varied from 4 nm to 18 nm and average value is 10 nm.

The porous structure of NP is more complicated than both AM and SG samples. On the
one hand, like AM samples, the NP samples were built with silica nanoparticles. On the other hand,
the templating polymers created additional spherical void space in the particulate system. Figure
8.1(d) shows a typical scanning electron microscope (SEM) image of an NP sample featuring
spherical pores with diameter around 10 nm together with the branched-polymer-like structure
jointed by each silica nanoparticles, indicating it inherits the most important features of SG and

AM.

8.3 Thermal properties measurement of pristine black phosphorus

The thermal conductivity measurements of mesoporous silica were performed using time-
domain thermoreflectance (TDTR) method, a well-established thermal characterization technique
based on ultrafast femtosecond laser pump-probe technique. Our experimental setup is shown as
Figure 8.2(a) and details about TDTR method can be found in literature.3":8081124 Briefly speaking,
a thin aluminum film (80 nm) is deposited on the top surface of the samples, serving as both
transducer to convert laser energy to thermal energy and temperature sensor. The absorbed energy
from pump beam with wavelength of 400 nm leads to an instantaneous temperature rise. The probe
beam at wavelength of 800 nm is used to continuously detect temperature decay. The delay time
between pump pulse and probe pulse can be controlled with sub-picosecond temporal resolution.

The full transient decay curve from 100 ps to 5000 ps can be fitted based on a layered thermal
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diffusion model to obtain the effective thermal conductivity of the mesoporous film. The validity
of the model is justified by (i) the clear interface between Al and sample, (ii) negligible diffusion
of Al into pores, and (iii) smooth surface, as illustrated by the cross-section SEM image shown in
Figure 8.2(b). In addition, Figure 8.2(c) shows the atomic force microscope image of the sample
surface and establishes that the surface roughness of the Al-coated sample was around 2.2 nm,
thus fulfilling the flat surface assumption. Lock-in technique is utilized here to improve the signal
to noise ratio and the modulation frequency used here was 9.8 MHz. To accommodate for the
potential inhomogeneity in the local thermal conductivity induced by random network of silica,
large laser spot size with diameter of 20 um was used to average the local structural difference
effects during measurements. Moreover, for each sample, the thermal conductivity was measured
at ten different spots on the mesoporous sample and averaged. The measurements were performed
in a cryostat with pressure less than 1 Pa at room temperature after dehydrating samples at 150 °C
for more than 12 hours. Figure 8.2(d) shows three typical smooth experimental raw datasets with

the best fit curve, confirming the validity of our heat conduction model.
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Figure 8.2 Thermal conductivity characterization of mesoporous SiO:. a) Schematic of time-
domain thermoreflectance setup; b) A typical cross-sectional SEM image shows the clear layered
structure of Al/SiO; structure, required by the layered heat conduction model of TDTR; ¢) A typical
AFM image demonstrates the flatness and uniformity of surface of the sample with roughness 2.2
nm; d) Three typical TDTR data sets from mesoporous samples with different porosities
accompanied with their best fitting curve.
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Figure 8.3 The measured thermal conductivity of SG samples compared with literature values™
and predicted effective thermal conductivity using different thermal models. The theoretical curves
given by several classic models for porous medium show their failure to predict thermal
conductivity of mesoporous SiO».
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8.4 Thermal modelling of mesoporous silica considering carriers’ scattering

In the literature, porosity and pore size are usually key parameters used to evaluate the
effective thermal conductivity of mesoporous materials. In particular, for porous amorphous
materials, such as porous silica, porosity is believed to be the dominant factor that determines the
thermal conductivity.>*32 Here, the samples of different pore size and porosity were synthesized
through the use of different block-copolymers and different polymer to TEOS ratios. Ellipsometric
porosimetry measurements were performed with a PS-1100 instrument from Semilab using toluene
as the adsorbate to measure the porosity and pore size distribution of all samples. The porosity of
AM samples ranged from ~35% to ~70%. For SG, the porosity was successfully varied from ~10%
to ~70%. For NPS, the upper bound was also ~70% while the lower bound was around ~35%,
corresponding to the porosity of close random packing of nanoparticles spheres?.

Figure 8.3 reports the thermal conductivity measured for SG samples with different porosities
together with data for SGS obtained from the literature®’. Several classical models were used to
calculate the effective thermal conductivity. The thermal conductivity measurements of our SG
samples were consistent with those collected from the literature. In addition, the results show much
stronger dependence on porosity than simple linear relationship. At porosity around 50%, the
thermal conductivity reduces to around 0.3 W/mK, corresponding to about 20% of the thermal
conductivity of dense silica (1.4 W/mK)3%. This was much lower than the effective thermal
conductivity of mesoporous silica predicted from the classical models based on Clausius-Mossotti
(CM) approximation and differential effective medium (DEM) approximation. Although CM and
DEM models were initially designed for predicting the dielectric constant of composites, both have
also been used for calculating the effective thermal conductivity of porous solid by considering

the spherical cavities in the matrix.32-32 However, these two models significantly overestimate
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the thermal conductivity of mesoporous silica. The Russell’s model®*"? is another effective
thermal conductivity model based on Fourier’s law and developed for porous medium with

periodic spherical pores. It is expressed as,

1—2/3
(Kepf/Km) = Jﬁ (8-1)

where ¢ is the porosity and k.rs/kp, is the ratio of effective thermal conductivity of porous
medium to the matrix. However, the predicted values are also significantly higher than the
measurements, suggesting that non-Fourier heat conduction could happen even in mesoporous
silica. The porosity weighted simple model (PWSM)® can achieve good agreement with the
experimental results. However, the PWSM is a simple combination of series model and parallel
model with a weighing factor, accounting for all the structural factors. This weighing factor can
only be fitted from experimental values and do not have a clear physical explanation. Therefore,
to provide better fundamental insight into thermal transport in mesoporous silica, a more detailed
model that can capture the effects of nanoarchitecture and transport mechanisms needs to be
developed.

Fundamentally, thermal transport in mesoporous silica (e.g., aerogel) can be divided into three
parts: solid heat conduction, gaseous heat conduction, and heat convection, and thermal radiation
as illustrated in Figure 8.4 (a)*%327. In our mesoporous silica samples, heat conduction through
the entrapped air should be negligible due to the high vacuum and strong confinement of gas
molecules in mesopores. The contribution from thermal radiation can also be neglected, based on
our knowledge about silica aerogel, for which the contributions of radiation transport to the
effective thermal conductivity becomes important only if the porosity exceeds 90%%’. Thus,
thermal transport through the solid phases dominates and will be considered in the rest of the
manuscript.
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Figure 8.4 Schematic for thermal modelling of mesoporous SiO2. a) Thermal transport
pathways in porous mediums; b). The schematic for AM with extremely high porosity, reflecting
the branched-polymer-like structure elongates heat conduction path by random bonding between
different nanoparticles; ¢) The schematic for SG film, representing the ordered spherical porous
structure; d) The schematic for NP film, demonstrating both the spherical pores and pseudo-matrix
made of nanoparticles.

Here, we consider the ballistic thermal transport due to specific nanoarchitectures. Although
nanoscale thermal transport has been intensely studied during the last several decades’#, the study
on non-Fourier transport in amorphous materials is far behind that in crystalline materials. From
the early study of temperature dependence of thermal conductivity, heat carriers mean free path in
amorphous silica was considered to be less than 1 nm.®*2 But observations of decreasing thermal

conductivity with decreasing film thickness of amorphous silica thin films when thickness is less
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than 30 nm disagreed with such claim®®. In addition, the most recent experimental study on
ballistic vibrational modes transport across silica/Si/silica heterostructures revealed that the mean
free path of vibrational modes in silica was around 4 nm.**° Since the transport of vibrational
modes in amorphous solid is not completely diffusive,®!2331:332 thermal transport in mesoporous
silica is determined not only by the complex heat conduction network due to the porosity but also
by the confinement of heat carriers in nanostructures. Then, the effective thermal conductivity of
mesoporous silica can be expressed, by analogy with crystals, as'*
Kefr = KpSp (8-2)
where kp is the thermal conductivity calculated from Fourier theory and structural factors (e.g.,
porosity) assuming completely diffusive thermal transport and Sy is a correction factor accounting
for the ballistic effects, i.e. the suppression of thermal transport due to vibrational modes scattering
with nanostructures.
For AM samples, the structure of AM samples is illustrated by the TEM image of Figure 8.1
(b). The silica nanoparticles join with each other to form a rigid network. To make the modelling
mathematical tractable, the following assumptions were made: (1) the nanoparticles were treated
as spherical and monodisperse with diameter dpa = 10 nm. (2) The porous structure was represented
by that shown in Figure 8.4 (b), which should be valid at high porosity®2. (3) Each silica
nanoparticle can bind with two neighbor nanoparticles. (4) the orientation of each nanoparticle is
random relative to its neighboring nanoparticles. The heat conduction analysis can be performed
based on single chain. For a single chain of N monodisperse nanoparticles with diameter dpa, the
real heat conduction length is given Ndpa. The nominal heat conduction length can be calculated

as
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|< Ry >| = \/|T1z|2 + |ra3|? + -+ |[ry_gnl? + ZZIiV¢j|< Tii+1Tjj+1 >| = \/Ndpa (8-

3)
where r;, 4 is the vector pointing to the (i+1)™" particle from i"" particle and <...> is the ensemble
average on all the possible configurations of the single chain. The particle number N and porosity
¢ can be related with each other by

1—¢= Nmd3a/6  \3m

T (N/3dpa)?  2VN (8-4)

According to Fourier’s law, Q = kA AL—T, where Q is the heat transfer rate (in W), A is the cross-

sectional area through which heat is conducted, while AT is the temperature difference across a
distance L. For porous medium, the cross-section area and heat conduction pathlength for heat
conduction are reduced and increased respectively compared with the dense and homogeneous

matriX. Thus, the k,, can be expressed as

|<Rin>|/V3 mdpa®/4 2
Kp = Ky 1N 1d = ;KM(]- — @)3 (8'5)

Ndpg  |<Rin>I2/3
For the lower porosity limit (35%)3, the structure of the AM samples is a close packed spherical
nanoparticles bed. From the TEM image in Figure 8.1(b), the nanoparticles appear to be fused with
each other and interfacial thermal resistance is negligible compare with the thermal resistance of
individual nanoparticle. By ignoring the contact resistance between individual nanoparticles, the
parallel heat conduction model was applied to this system33,

Kp = Ky (1 —0). (8-6)
Between the limits of porosity of 35% to 100%, the power factors and the scale factors in Eqgn. (8-

5) and (6) were assumed to change linearly from 1 to 3 and from 1 to 32? Therefore, the thermal

conductivity for the whole porosity range can be derived as
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kp = (1.50 — 1.430) i, (1 — ¢)3:080-0.08, (8-7)
Moreover, the boundary of each nanoparticle is an important source of scattering that affect the

vibrational modes of heat carriers in AM samples. Thus, the average mean free path of vibrational

modes can be calculated according to Chen’s model3%63%
_ 3dpqa
Ae = Ay 3dpq+8Am (8-8)

where A, is the intrinsic mean free path of heat carriers in dense silica. And the effective thermal

conductivity for ambigel samples can be estimated from

3dpq

Kepf.am = (1.50 — 1.430)Kgense (1 — )3 080-0.08 3dyq+80y

(8-9)

For SG samples, since the spherical pores are arranged orderly in the medium as illustrated in

Figure 8.4(c), the kp of SG sample can be described by Russell’s model,

1_¢2/3
D — KM 1_¢2/3+¢'

K (8-10)

For the ballistic correction factor, the nanopores’ wall introduces scattering in addition to
scattering among heat carriers also occurring in the bulk material. According to Majumdar’s model,

the average mean free path of vibrational modes can be expressed as®*’

3w
= AM
3w+4Ay

A, (8-11)

where w is the wall thickness of the nanopores. The wall thickness can be estimated based on each
unit cubic cell containing one spherical pore. The porosity of the sample is related with the length

of each cube Lcand pore diameter dpo by

@ o 220, (8-12)

3
LC
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At high porosity, the pores will deviate from a perfectly spherical shape to maintain the structural
3

robustness and @ = 100% when dpo approaches to L¢. Thus, it is assumed that @ = %. Thus, the

wall thickness can be estimated from porosity ¢ and pore diameter dpo by

W= (975 — Ddyo. (8-13)

The correction factor due to ballistic transport would be

Sp=at = 3V (8-14)

Apm - 3w+4Ay

Combining Eqgn. (8-2), (8-10), and (8-14), the effective thermal conductivity of SG samples can

be written as

1
1-¢p2/3 3(p3-1)dpo

Keff.sG (8-15)

~ Mgy 3(®'%—1)dp0+4AM.
Nanoparticle-based mesoporous silica samples possess both features of AM and SG samples.
Based on observation of the SEM image of Figure 8.2 (d), both spherical pores and silica
nanoparticle chains exist in NP samples. An ideal schematic of NP sample is illustrated in Figure
8.4(d). The NP sample can be analogue with SG sample with pores left by polymer template.
However, the matrix is not dense silica but an aggregation of nanoparticles, similar with ambigel.
Thus, the porosity of NP samples can be divided into two sub-porosities. Porosity ¢ is from the
pores left by the polymer template and porosity ¢ is due to the nanoparticle aggregation structure
that prevails even in absence of polymer templates. They can be related to the total porosity by
1-90=>0-0,)(1-0,) (8-16)
Unfortunately, it remains unclear how much each form of porosity contributes to the total porosity.
To make the model mathematically feasible, an assumption is given that total porosity is

contributed equally by two reasons so that,
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1-0)=>01-0)=>010-09)"2 (8-17)
If we exclude the space left by the polymer template corresponding to porosity ¢, the remaining
volume can be treated as a pseudo-matrix, which has the same structure as that of AM. Then, the
thermal conductivity of NP sample is analogous to SG samples so that

1-¢,*/3

oo (8-18)

Kerf = Kpseudo-MKMm
Here, scattering of the vibrational modes by large pores is not considered because most of the

scattering happens at the boundary of each nanoparticle. The thermal conductivity of the pseudo-

solid can be calculated from Eqn. (8-9) developed for ambigel

- 3dpa
Kpseudo-sotia = (150 = 14302)1cy (1 — 9;) 200027008 >t (8-19)
As a result, the effective thermal conductivity of NP sample is
_ 4 2/3
Keff,NP - (1.50 - 1'43®2)KM(1 - @2)3'08(2)2_0'08 ! ¢1 3dpa (8'20)

1-¢1 23+ ¢, 3dpa+8Any
It should be noted here that the thermal conductivity of dense silica in our samples is not

338 It was

necessarily equal to the thermal conductivity of bulk thermal oxide reported in literature
observed the so-called dense silica may have different thermal conductivity because of different
synthesis method®*. The thermal conductivity of silica prepared with TEOS is usually around 1
W/mK338:3%°_ Thys, the parameters k,, was set as 1 W/mK for all the models. The A,, in Eqgn. (8-
9), (8-15) and (8-20) were fitted by least square method to fit the experimental data for AM, SG,
NP samples respectively. Figure 8.5 plots the above model prediction along with the experimental
results for AM, SG, and NP samples. The results indicate that for total porosity ¢ < 45%, AM

samples have higher thermal conductivity than NPS samples while SG samples have the smallest

thermal conductivity. And for porosity > 60%, AM samples have smallest thermal conductivity.
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All three models, based on kinetic theory, show excellent agreement with experimental data using

Ay = 1.8-4.2 nm.

| PN W Y NN T YO TN W N W YOO WY T N T T W N TN WY T W N W WO WY W Y S WY WY 1
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Figure 8.5 The successful application of our models on three kinds of mesoporous SiO> (green for
AM, red for SG, and blue for NP. The overlapping between three best fitting solid curves and three
sets of experimental data demonstrate agreement between our three distinct models with three
different mesoporous SiO.. The shallows stand for 30% variation of the best fitting mean free path
of vibrational modes.
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Although the mean free path of vibrational modes retrieved here for dense silica prepared with
TEOS is much longer than the mean free path expected from the traditional knowledge about
silica®3531° it’s on the same order of magnitude as that of recent studies®'>*"*. The most recent
knowledge about vibrational properties in amorphous silica revealed that there are three different
modes responsible for heat transport: propagating proagons, diffusive diffusons and localized
locons?12314331340 The propagons were found to travelled long distances before colliding with one
another, up to more than 100 nm in amorphous silicon and 10 nm in amorphous silica*'?. This is
consistent with our discovery. Another delicately designed experiment on ballistic transport across
heterostructures involving silica also supports our results in which the average mean free path of
vibrational modes in silica was reported to be as high as ~4 nm?3. Therefore, although the
extremely small mean free path of vibrational modes prevented us to from directly mapping the
vibrational modes spectra, the mesoporous structure enables us to observe strong vibrational

modes confinement effects.

8.5 Verification of carriers’ scattering using size effects

To further confirm the propagating feature of vibrational modes in silica and validate our
thermal conductivity models, the pore size effects on thermal conductivity of porous amorphous
silica were also investigated. The strong pore size-dependent thermal conductivity of porous
silicon had been widely observed because of the long mean free path of phonons in silicon and the
capability of modern lab to fabricate porous silicon with variable pore size from tens to thousands
of nanometers®”31-343 Similar experimental exploration on silica is much more challenging

because of the extremely small mean free path of vibrational modes. Here we prepared SG samples
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with different pore size varying from 2 nm to 25 nm with different templating polymers. The SG
samples made with surfactants CTAB and Brij®C10 had very small pores between 2 and 4 nm.
On the other hand, the SG samples templated with block copolymers PBO-PEO had large pores
with diameter between 15 and 25 nm. All the SG samples had similar porous structure with highly
ordered spherical pores.

Figure 8.6 plots the measured thermal conductivity as a function of porosity for SG samples
with different pore sizes. It indicates that the SG films templated with PBO-PEO, had larger
thermal conductivity than SG films templated with surfactants. The films templated with Pluronic
F127 have the second highest thermal conductivity, followed by films templated with CTAB and
Brij®C10. In another word, the thermal conductivity decreased with decreasing pore size for any
given porosity. For the SG samples with 2-4 nm, we used two different templating polymers and
observed similar thermal properties, which exclude the other potential effects brought by the
polymers. The experimental results verify the existence of boundary scattering of vibrational
modes in the nanostructure of amorphous silica. Figure 8.6 also plots three trend lines for thermal
conductivity of SG films with different pore sizes ranging from 3 nm to 20 nm predicted by Eqn.
(8-15). The model predictions (dark yellow line) for SG film with pore size of 5 nm agrees well
with the samples prepared with CTAB and Brij®C10. Similarly, the model predictions (violet line)
shows good consistence with SG films synthesized by PBO-PEO.

Furthermore, to quantitatively understand the ballistic transport process of vibrational modes
in porous silica, we apply the variance-reduced Monte Carlo method to solve the three-dimensional

spectral Boltzmann transport equation,

0fw . — _fw_fw,o _
—. Tv(w,p)-Vf, = o) (8-21)
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where f;,(w, p) is the spectral distribution of vibrational modes, and f,, o is the equilibrium Bose-
Einstein distribution. v(w, p) and 7(w, p) are respectively the heat carrier’s group velocity and
lifetime at frequency w and polarization p. The inputs of the model include the spectral density of
state D (w, p), the spectral group velocity v(w, p), and the spectral lifetime t(w, p), which were
obtained by fitting the molecular dynamics simulation results performed by Larkin and
McGaughey®'?. The details of the simulations can be found in literatures®344, The geometric
structure of porous silica is simplified as one cubic cell in Figure 8.4b. Thermally insulating
boundary conditions was imposed on all the inner surface of the pores. The temperature at one side
of the cubic cell was fixed at 300 K whereas the heat flux was imposed on the opposite side. The
temperature difference across the cell was sampled in the VMRC simulations for a given heat flux,
and the effective thermal conductivity of the porous silica can be calculated from Fourier’s law.
The dot lines in Figure 8.6 show the thermal conductivity of porous silica calculated by VRMC
simulation for different values of porosity and pore size. The suppression effects of the vibrational
modes can be observed in the reduction of the effective thermal conductivity with decreased pore
size from 20 to 5 nm. The consistence between the physical model predictions, experimental
measurements, and Boltzman transport simulations further prove the validity of our kinetic theory

based thermal conductivity model for mesoporous silica.
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Figure 8.6 The supporting evidence of heat carriers scattering in mesoporous silica revealed by
the pore size effects on thermal conductivity. The SG films prepared with PB-PEO, Pluronic F127,
Brij®C10, CTAB templating polymers have different pore size ranging from ~20 nm, ~10 nm, ~3
nm and ~3 nm, respectively. The experimental thermal conductivity of samples with different pore
size follow the dash trend lines according to our kinetic theory-based model and the dot trend lines
from Boltzmann transport equation calculations.

8.6 Summary

In summary, we synthesized and characterized the structure-dependent thermal transport
properties of three different kinds of mesoporous silica. AM had the highest thermal conductivity
below porosity of 50% followed by NPS and SNG in the order of decreasing conductivity. By
contrast, AM had the lowest thermal conductivity at porosities exceeding 65% followed by SG

and NP. Three distinct thermal conductivity models were built for each mesoporous silica type by
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considering their specific nanoarchitectures and accounting for the ballistic transport of heat
carriers. All the models showed excellent agreement with experimental data and correctly captured
the strong porosity dependence of thermal conductivity on AM, SG and NP samples. The mean
free path of heat carriers in silica was estimated to be around 1.8-4.2 nm from all three type of
nanoarchitectures. The models and the estimated mean free path of heat carriers were applied to
experimental results of mesoporous silica samples with varying pore sizes and correctly explained
the observed trends. Overall, this study improved the fundamental understanding of thermal

transport in mesoporous and amorphous solids.
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