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Abstract

The primary objective of this dissertation is to study the extreme limits of thermal con-
duction in solids via the pump-probe technique steady-state thermoreflectance (SSTR).
This recently-developed optical technique operates at a time and length scale previously
inaccessible by conventional laser-based thermometry techniques, e.g., time-domain ther-
moreflectance (TDTR), frequency-domain thermoreflectance (FDTR), and laser flash anal-
ysis (LFA). These unique features enable SSTR to circumvent many limitations of the exist-
ing laser-based thermal measurement systems. For instance, the thermal penetration depth
of SSTR can be significantly higher compared to TDTR and FDTR, while still remaining
sensitive to nanoscale resistances and thermal transport in solids with length scales inac-
cessible by LFA. Additionally, using Fourier’s law, SSTR can directly measure the thermal
conductivity of any material without prior knowledge of its heat capacity. These capabili-
ties make SSTR an ideal technique for investigating the fundamental transport mechanisms
in different materials as well as measuring the thermal properties of challenging geome-
tries. Inspired by this, I use SSTR to study the thermal properties of buried films and sub-
strates, in-plane and cross-plane thermal conductivity of thin film materials, total thermal
resistance of multilayered geometries, and high-temperature thermal conductivity of new-
types of materials. The material candidates chosen for the projects include high-quality
aluminum nitride films, organic-inorganic hybrid metalcone films, copper-tungsten nano-
multilayers, high-entropy diborides, and perovskite chalcogenides. Each of the discussed
projects fit a geometry consideration that is highly challenging to measure via the more tra-
ditionally used thermometry techniques. The measured thermal properties of these systems
increase the fundamental understanding of electron and phonon transport mechanisms that
is only enabled by the unique length scales and sensitivities of SSTR, which we analyze

and discuss in detail in this dissertation.
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Chapter 1

Introduction

Non-contact, optical, laser-based thermometry techniques, such as laser flash analysis
(LFA), time-domain thermoreflectance (TDTR), and frequency-domain thermoreflectance
(FDTR), have emerged as powerful tools for measuring the thermal properties of bulk and
thin film materials [1, 2]. Each of these techniques works at a particular range of time and
length scales based on their fundamental principles of operations. For example, LFA, while
probably the most implemented method for measuring the thermal diffusivity of materials,
works mostly on macroscopic samples with length scales usually greater than 100 um [3,
4]. Ultrafast thermoreflectance techniques, such as TDTR and FDTR, on the other hand,
operate at length scales ranging from nanometers to micrometers [5, 6]. The temporal
resolution provided by these techniques are also approximately proportional to their length
scales. While TDTR and FDTR can operate at picosecond to nanosecond resolution, LFA
works at milisecond time scales or higher.

An overview of the characteristic time and length scales associated with these conven-
tional optical thermometry techniques is exhibited in Figure 1.1. A gap exists between
the temporal and spatial resolution provided by the ultrafast thermoreflactance techniques
and LFA. The recently-developed pump-probe technique, steady-state thermoreflectance
(SSTR) offers promise in bridging this gap. Based on the principles of Fourier’s law, this

technique operates at a novel regime of time and length scales previously inaccessible by



other thermometry techniques [7].
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Figure 1.1: Characteristic time and length scales associated with the optical thermometry
techniques.

Following its development in 2019, SSTR has emerged as a robust technique capable
of circumventing the limitations of existing laser-based thermal measurement systems. In
addition, it has the ability to probe nano-to-macro thermal transport mechanisms in new
materials. For example, using its relatively larger length scale, SSTR can probe into sub-
surface buried substrates and films that are typically inaccessible by TDTR and FDTR. Ad-
ditionally, based on the sample geometry, SSTR has the capability to measure the in-plane
thermal conductivity of non-metallic and metallic crystalline materials. Such measure-
ments can provide insights into the transport mechanisms of highly conductive thin film
materials and are relevant to solving the heat dissipation issue in electronic devices. SSTR
measurements are also capable of shedding light into the thermal transport mechanisms of
insulating hybrid polymers.

One of the biggest advantages of SSTR compared to other thermoreflectance techniques
is its insensitivity to heat capacity. This allows SSTR to the measure thermal conductiv-
ity of a material without prior knowledge of its heat capacity. This advantage also en-
ables SSTR to measure the total thermal resistance of challenging multilayered geometries.
These capabilities set SSTR apart from conventional thermometry techniques. However,

due to the relatively new age of SSTR, these features have not been explored yet.



The overarching goal of this dissertation is to explore the new capabilities of SSTR to
investigate the thermal transport mechanisms in thin film materials and expand SSTR’s us-
age in challenging multilayered geometries. A brief overview of the dissertation is provided

below:

* Chapter 2: Theory - In this chapter, I discuss the dominant energy carriers in non-
metallic and metallic crystals as well as amorphous materials and describe their ex-

pected thermal conductivity trends.

* Chapter 3: Experimental measurement techniques - This chapter provides a brief
overview of the thermoreflectance techniques I have used throughout the dissertation,

namely, SSTR and TDTR.

* Chapter 4: Measuring sub-surface buried substrates and films via SSTR - In this
chapter, I discuss the thermal penetration depth of SSTR technique and its ability to

probe into sub-surface buried substrates and films.

* Chapter 5: Investigating thermal transport in thermally conductive ultra-wide
bandgap semiconductor films - This chapter focuses on investigating in-plane ther-
mal transport in highly conductive aluminum nitride (AIN) films with thicknesses

ranging from 3.05 to 6 um.

* Chapter 6: Investigating thermal transport in insulating polymers films - In
this chapter, I use SSTR to investigate the cross-plane thermal transport in organic-

inorganic hybrid polymer films with thicknesses ranging from 1.4 to 120 nm.

* Chapter 7: Measuring thermal resistance of multilayered geometries - This
chapter focuses on measuring thermal resistance of challenging multilayered geome-

tries via SSTR.

* Chapter 8: Extending SSTR measurements to high temperatures - In this chap-
ter, I extend thermal characterizations of a high-entropy ceramic beyond ambient

conditions using SSTR.



* Chapter 9: Validating heat capacity assumptions of a perovskite chalcogenide -
One of the biggest advantages of SSTR technique is its insensitivity to heat capac-
ity. Here, I use this advantage of SSTR to validate heat capacity assumptions of a

perovskite chalcogenide.

* Chapter 10: Summary and future works - In this chapter, I summarize the use of
SSTR for each of the projects to signify its advantages compared to other laser-based
thermometry techniques. I also provide future directions and next steps based on the

works presented in this dissertation.



Chapter 2

Theory

In this chapter, I discuss the dominant energy carriers in non-metallic and metallic
crystals as well as amorphous materials and describe their expected thermal conductivity

trends.

2.1 Energy carriers in non-metallic crystals

2.1.1 Phonons

Phonons are the primary energy carriers in a non-metallic crystal. The collective vibra-
tion of atoms around their equilibrium positions give rise to waves that propagate through

the crystal. The normal modes of these atomic vibrations are quantized and defined as
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Figure 2.1: Phonon propagation through a crystal.



phonons. Phonons are quasi-particles that display both wave and particle-like behaviors.

Figure 2.1 shows a schematic of phonon propagation through crystalline materials.

2.1.2 Phonon dispersion

The phonon dispersion curve provides the correlation between the phonon angular fre-
quency and wavevector. The phonon group velocity (i.e., the speed of the wavepacket

propagation) can be derived from the dispersion relation using the following equation:

vj(k) = TR (2.1)

where v, @, k, and j represent group velocity, angular frequency, wavevector, and phonon
branch, respectively. The most simplistic way to derive the phonon dispersion relation for
a system 1is the infinite one-dimensional atomic chain problem [8, 9]. In this problem, the
atoms and interatomic bonds are represented by a spring-mass system. Assuming the crys-
tal basis consists of one atom and each atom interacts with only the nearest neighbors, the

following phonon dispersion relation can be obtained by solving the equations of motion:

sin (%) ‘, 2.2)

where K, m, and a represent the spring constant, atomic mass, and interatomic spacing,

o(k) =2 g

respectively. The phonon dispersion curve corresponding to equation 2.2 is depicted in
Figure 2.2(a). It is adequate to plot the phonon dispersion curve for the first Brillouin zone
due to the periodicity of the crystal.

The phonon branch shown in Figure 2.2(a) is referred to as the acoustic mode. In this
mode, all atoms move in-phase with one another and angular frequency reaches zero at
the zone center. Near the zone center, the angular frequency is linearly proportional to the
wavevector and phonons have a constant group velocity. This is the known as the Debye
approximation which states that w(k) = vsk, where v; is the sound speed of the material.

The Debye model is valid for low frequency acoustic phonons and overpredicts the group



velocity and frequency at the zone edge. The real group velocity approaches zero at the
zone edge and creates a standing wave.
If the crystal basis consists of two atoms, the phonon dispersion relation can be ex-

pressed by the following equation:
1/2
o1 11\ 4 k
w? (k) :K(—+—) +K <—+—) — sin’ (-“) : (2.3)
my;  nmp mp;  nmp mimy 2

The two solutions of the equation give rise to the acoustic and optical phonon branches

as depicted in Figure 2.2(b). In the optical mode, atoms vibrate out-of-phase with one
another and angular frequency never reaches zero. The two different masses of the diatomic
chain give rise to the band gap at the zone edge. If both atoms of crystal basis possess the
same mass, the band gap disappears.

Since Figure 2.2 depicts an one-dimensional atomic chain, all the phonon branches have
one polarization, i.e., longitudinal. In a three-dimensional crystal, two additional transverse

branches appear.

(a) (b)

T T T T T T
3 3 Optical
5 5
2 2 Band gap
o o
8 g
3 >
2 2
< <

Acoustic
1 1
-n/a 0 n/a -n/a 0 nt/a
Wavevector, k Wavevector, k

Figure 2.2: Phonon dispersion curves for (a) monoatomic and (b) diatomic chains. The
models correspondto K =1,m=1,a=1,m; =1, and my = 2m;.



2.1.3 Phonon heat capacity

Heat capacity defines the relationship between the absorbed energy and temperature
rise in a system. The volumetric heat capacity of a non-metallic crystal can be expressed

as the following:

COmax,j
2 o*exp [,fB—“’T}

2
b 27r2kBT2v§ (exp [,fB—“}] — 1>

c=) , (2.4)
j
where C, h, kp, T, v, and j represent volumetric heat capacity, reduced Planck’s constant,

Boltzmann constant, temperature, sound speed, and phonon branch, respectively. The vol-

umetric heat capacity of silicon (Si) is shown in Figure 2.3 as a function of temperature.
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Figure 2.3: Volumetric heat capacity of Si taken from Ref [10].

At low temperatures, very few phonon modes are thermally excited. As a result, the vol-
umetric heat capacity is quite small. As temperature increases, heat capacity continuously
increases until all the phonon modes are thermally excited. At this point, the volumetric
heat capacity becomes weakly dependent on temperature. This is known as the Dulong-

Petit limit.



2.1.4 Phonon thermal conductivity

The phonon thermal conductivity of a crystalline material can be expressed as the fol-

lowing [11-13]:

1 Omax,j af (o, T
K= 5;/0 thj(w)%vﬁ(a))rj(w)da), (2.5)
o2
Dj(w) = 2 (@) (2.6)
flo,T) = ——— 2.7)

exp [,f’B—“}] —1

11 11
= — 4 — =AT 0% BT 1 Co* +v,/d, (2.8)
i Tppj W, B,

where x is the thermal conductivity, Dj(®) is the density of states of branch j, f(®,T)
is the Bose-Einstein distribution function, 7; is total phonon scattering time of branch j,
A, B, and C are material constants, and d is the characteristic length of the crystal. Using
Matthiessen’s rule, the total phonon scattering rate (1/7) can be expressed as the summation
of three major phonon scattering rates: phonon-phonon scattering rate (1/7,,), phonon-
defect scattering rate (1/7p), and phonon-boundary scattering rate (1/tp). Figure 2.4 de-
picts the representative defects that drive different phonon scattering mechanisms. In the
pure crystal of Figure 2.4(a), thermal conductivity is only influenced by phonon-phonon
scattering. Due to presence of defects (e.g., vacancies and impurities) and boundaries in
Figures 2.3(b) and 2.3(c), thermal conductivity is also influenced by phonon-defect and
phonon-boundary scattering, respectively. Phonon-phonon scattering is known as the in-
trinsic scattering, whereas defect and boundary scattering are referred to as the extrinsic
scattering.

The thermal conductivity of crystalline materials generally exhibits the same trend as a

function of temperature. At low temperatures, thermal conductivity is proportional to heat
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Pure crystal Vacancy Impurity Boundary

Figure 2.4: Representative crystal structures where the thermal conductivity is impacted
by (a) phonon-phonon scattering, (b) phonon-defect scattering, and (c) phonon-boundary
scattering.

capacity and increases with temperature. Defect and boundary scattering can dominate the
thermal conductivity in this regime. As temperature increases, heat capacity reaches the
Dulong—Petit limit and phonon-phonon scattering becomes increasingly important. As a
result, thermal conductivity decreases with temperature often exhibiting a 1/7"" (m = 1-
1.5) trend [14-16]. The resulting peak-shape temperature profile of thermal conductivity is
shown in Figure 2.5(a) for crystalline Si.

A large concentration of extrinsic scattering sites can cause a deviation from the afore-
mentioned trend. An example of this is shown in Figure 2.5(b) for Ba;_,La,F>,, from
Refs. [17, 18]. When x = 0, thermal conductivity exhibits the typical peak-shaped tem-
perature profile. As x is increased to 0.045, thermal conductivity decreases significantly at
all temperatures, but still exhibits the crystalline peak. When the La’>* concentration be-
comes 0.33, thermal conductivity first increases with heat capacity, then becomes weakly
dependent on temperature, similar to amorphous materials. Some crystalline materials also

exhibit the amorphous-like thermal conductivity trend due to intrinsic reasons, such as
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complex crystal structures or the presence of rattling modes [19, 20].
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Figure 2.5: Thermal conductivity of crystalline (a) Si and (b) Ba;_,La,F>, as a function
of temperature. Data is obtained from Ref. [21] for Si and Refs. [17, 18] for Ba;_,La,Fo.

2.2 Energy carriers in metallic crystals

2.2.1 Electrons

Electrons are the primary energy carriers in metallic crystals. Heat is transported
through metals via diffusion of hot free electrons. Phonons also conduct heat in metals,
but the contribution is usually much smaller compared to electrons. Figure 2.6 shows a

schematic of electron diffusions in metals.
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Figure 2.6: Diffusion of hot electrons in metals.
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2.2.2 Electronic heat capacity

At low temperatures, the electronic heat capacity can be expressed as the following

[13]:

212
n°kzNT,
C,=—B"°¢— 2.9
e 2E; Y1e, (2.9)
where C,, N, T,, Er, and 7y represent electronic heat capacity, number of electrons, temper-
ature of electrons, Fermi energy, and a material dependent constant, respectively. Figure

2.7 shows the volumetric heat capacity of platinum (Pt) as a function of temperature.

10’ T T .

Dulong-petit |
limit

10°

10°

104

10°

Volumetric heat capacity (J m™= K™?)

102 sl PR | sl
1 10 100 1000

Temperature (K)

Figure 2.7: Volumetric heat capacity of Pt taken from Ref [22].

Both electrons and phonons contribute to the heat capacity of metals. At significantly
low temperatures, the electronic heat capacity dominates. As temperature increases, the
phonon contribution starts to dominate. Because of this reason, the volumetric heat capacity

of metals reaches the classical Dulong-Petit limit at high temperatures.

2.2.3 Electronic thermal conductivity

The electronic thermal conductivity of a metal can be expressed as the following [23,

247

212
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where K, is the electronic thermal conductivity, m is the mass of the conduction electrons,
Tmeral 18 the total carrier scattering time in metals, A and B are constants, T), is the tem-
perature of phonons, and vr is the Fermi velocity. The total scattering rate (1/7) in metals
can be expressed as the summation of the electron-electron scattering rate (1/7,), electron-
phonon scattering rate (1/7), electron-defect scattering rate (1/7p), and electron-boundary
scattering rate (1/7p). The electron-electron and electron-phonon scattering rates depend on
electron and phonon temperatures, respectively, whereas, the electron-defect and electron-
boundary scattering rates are temperature independent. In metals, electron-electron and
electron-phonon scattering are known as intrinsic scattering and defect and boundary scat-
tering are referred to as the extrinsic scattering. Electron-phonon scattering is the dominant
intrinsic scattering mechanism and usually much stronger than electron-electron scattering.

Figure 2.8 shows the thermal conductivity of Pt as a function of temperature. Similar to
semiconductors, the thermal conductivity of metals exhibit a peak-shaped profile. However,
at high temperatures, the thermal conductivity of metals deviate from the trend observed in

semiconductors due to electron-electron and electron-phonon scattering.
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Figure 2.8: Thermal conductivity of Pt taken from Ref [25].

2.3 Energy carriers in non-metallic amorphous solids

2.3.1 Locons, diffusons, and propagons

Due to lack of any periodicity, energy carriers in amorphous solids are described us-
ing a different taxonomy. The vibrational modes of an amorphous material can be strictly
classified into two catagories: locons and extendons [26, 27]. Locons are localized vibra-
tional modes that do not contribute to thermal conductivity. On the other hand, extendons
are delocalized vibrational modes and primary energy carriers in an amorphous solid. The
boundary between the two vibrational modes is known as the mobility edge. One effective
way to distinguish between locons and extendons is the participation ratio (PR,) defined as

the following [28]:

2

PR (Zie’z’"> (2.16)
" N Eie;‘n ’ .

where €; ,, N, n, and i represent eigenvector, number of atoms, mode index, and individual
atoms in the system, respectively. A vibrational mode is considered to be locon or extendon
based on whether the PR, is small or large, respectively. Locons usually have a PR, less

than 0.1 [29].

The entendons can be further classified into two catagories: diffusons and propagons.
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Diffusons are non-propagating vibrational modes without a defined wavevector or a mean
free path. On the contrary, propagons are propagating vibrational modes with defined
wavevectors and can travel at the sound speed over distances greater than the interatomic
spacings before scattering. The boundary between diffusons and propagons is known as
the Ioffe-Regel cross-over. Due to the delocalized nature of diffusons and propagons, dif-

ferentiating between them can be challenging.

2.3.2 Thermal conductivity of non-metallic amorphous solids

Amorphous solids exhibit a completely different thermal conductivity trend compared
to non-metallic and metallic crystals. Figure 2.9 shows the thermal conductivity of amor-
phous SiO, (vitreous silica) as a function of temperature. The thermal conductivity first
increases with temperature, reaches a plateau near 10 K, then becomes weakly dependent
on temperature at high temperatures. The presence of a large concentration of extrinsic

scattering sites can also cause a similar thermal conductivity trend in crystalline materials.
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Figure 2.9: Thermal conductivity of amorphous SiO; taken from Refs [19, 30-32].
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2.4 Theoretical lower limits of thermal conductivity

To predict the lower limit of thermal conductivity in crystalline materials, multiple
theoretical models have been proposed. The two most widely used among them are the
glass limit and diffuson limit models. The glass limit model states that the lower bound
of thermal conductivity can be achieved when the phonon mean free path reduces to half
of its wavelength [19]. This model assumes that the heat is transported through a solid
via random walks between localized osciallators. The glass limit model is also known as
the minimum thermal conductivity or amorphous limit model and can be expressed as the

following [17]:

1/3 206/ 3%
K'g:(—> Bn2/32v( )/ e 2.17)

h
A (znkB) (6nn)'", (2.18)

where K, n, h, and 6 represent thermal conductivity prediction, number density, Planck’s
constant, and Debye temperature, respectively.

The glass limit model has successfully predicted the thermal conductivity of many dis-
ordered solids and amorphous materials. However, several recent studies have showed that
the thermal conductivity of a few materials can fall below this limit [33-36]. Therefore,
to better estimate the theoretical lower bound of thermal conductivity, Agne et al. [37]
predicted a model based on the diffuson-mediated thermal transport. The diffuson model
assumes that the heat is transported through a material via diffusons. According to the

diffuson model, the thermal conductivity (k;) can be expressed as the following:

n*2/3k3 2wkpT 4 0'95% xe*
= — d 2.1
= o < h ) /0 (e — 12" (2.19)
h 13,
0=_——(6a°n) (2.20)
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Chapter 3

Experimental measurement techniques

This chapter provides a brief overview of the thermoreflectance techniques I have used
throughout the dissertation, namely, steady-state thermoreflectance and time-domain ther-

moreflectance.

3.1 Steady-state thermoreflectance (SSTR)

3.1.1 Experimental details and signal analysis

The pump-probe technique steady-state thermoreflectance (SSTR) is based on the prin-
ciple that the change in reflectivity of a meterial is linearly proportional to its change in
temperature [38]. A simplified schematic diagram of SSTR is shown in Figure 3.1(a). In
this experimental setup, a 532 nm continuous-wave (CW) pump laser is modulated at a low
frequency to generate a periodic heat flux at the sample surface for an extended period. The
low modulation frequency from the chopper ensures that enough time has passed for the
system to reach a quasi-steady-state condition. A 786 nm CW probe beam then measures
the resultant steady-state temperature rise by detecting the change in surface reflectivity.
By varying the pump power and monitoring the resulting change in reflectivity at each
power, a linear relation between the heat flux and temperature rise is established. The ther-

mal conductivity of the material can then be determined from this linear relationship using
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Fourier’s law. In our setup, the change in pump power is captured by a 90:10 beam splitter
and a photodetector. Similarly, the surface reflectivity change is proportionally captured by

a balanced photodetector and a lock-in amplifier.
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Figure 3.1: (a) A simplified schematic diagram of the SSTR setup. PD: photode-
tector, BPD: balanced photodetector, PBS: polarizing beam splitter, 90:10 BS: 90%
transmission/10% reflection beam splitter, and A/2, A/4: half- and quarter-wave plates,
respectively. (b) Balanced photodetector response, AV/V (o< temperature rise) as a func-
tion of pump photodetector response, AP (e< pump power) for SSTR fitting of Al-coated
bulk a-Si0,, z-cut quartz, and Si.

If we denote the pump photodetector response (< pump power) by AP, heat flux change
at the sample surface by AQ, steady-state temperature rise by AT, normalized reflectivity
change by AR/R, balanced photodetector response by AV/V, and thermal conductivity by

k, then the following equations can be obtained for SSTR measurements [7, 39]:

AR AV

o7,
AV AT(k)
NN (3.2)

here, ¥ is an experimental proportionality constant which is calculated from the compar-
ison of experimentally measured AV/(VAP) of a reference sample with known thermal
conductivity to the AT predicted by a steady-state thermal model [7, 40, 41]. After yis de-

termined from the reference sample, the thermal conductivity of any other material can be
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calculated from experimental measurements of corresponding AV/(VAP) and relating it to
AT (k)IAQ predicted by the steady-state thermal model under the assumption that y does
not change between the reference and samples. To ensure the validity of this assumption,
the reference and samples are kept in identical conditions during all SSTR measurements.
Figure 3.1(b) shows the SSTR best-fit curves for determining the thermal conductivity of
bulk a-SiO,, z-cut quartz, and Si. Prior to these measurements, a thin aluminum (Al) film
is deposited atop the samples to convert the optical energy of the laser into thermal energy.
Bulk sapphire is chosen as the reference sample for the measurements. SSTR measure-
ments of sapphire are almost insensitive to the Al/sapphire thermal boundary conductance
and Al thermal conductivity. This makes bulk sapphire an ideal reference sample. For this
reason, sapphire has been successfully used in SSTR for measuring materials with thermal

conductivities ranging from 0.05 to 2000 W m~! K1 [7, 42].

3.1.2 Analytical expression of steady-state temperature rise

In optical pump-probe measurements, the temperature rise at the sample surface is pro-
portionally captured by the probe reflectivity change. Assuming radial symmetry in the
cylindrical coordinate, the probe-averaged temperature rise (7 p) for a bulk, single-layered
material can be expressed as the following [40, 41, 43]:

4 oo

—2r2
Tp= A T(r)exp( 2 )rdr, (3.3)
1 1

here, r represents radial coordinate, and 7'(r) is the distribution of temperature oscillations
at the sample surface due to the modulated heating event from the pump beam. Equation
3.3 assumes that both pump and probe beams have Gaussian profiles and negligible optical
penetration depths. The 1/e? pump and probe radii are denoted by r( and ry, respectively.
In the extreme limits of low modulation frequency such as an unmodulated CW laser

source, equation 3.3 can be analytically solved to become [41, 43]
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P P
T 0 = 0 (3.4)
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here, ro; = 4 /r(z) + r% is the effective radius, and Py is average power absorbed by the sam-
ple. For a bulk material, equation 3.4 provides an approximation of the steady-state tem-
perature rise for conditions similar to SSTR measurement settings. As shown here, the
probe-averaged steady-state temperature rise depends on the geometric mean of in-plane
and cross-plane thermal conductivities. By rearranging the terms of equation 3.4, an ex-
pression for \/W can be obtained. Additionally, there is no heat capacity (C)
term in equation 3.4 showing that the SSTR measurements are insensitive to heat capac-
ity. Due to the low frequency characteristics of SSTR, its thermal penetration depth, i.e.,
the distance normal to the surface at which the temperature drops to the 1/e value of the
maximum surface temperature, is dictated by the pump radius [1, 40].

For layered structures such as thin films on a substrate, analytically obtaining expres-
sions similar to equation 3.4 becomes challenging. For such cases, the radially symmetric
heat diffusion equation is numerically solved to determine the thermal conductivity tensor

of SSTR measurements [7, 40].

3.1.3 Sensitivity analysis

The SSTR sensitivity expression can by obtained by following a methodology similar
to that of Yang ef al [6]. For FDTR measurements, Yang et al. [6] quantified the sensitivity,
Sy, of the thermal model as the change in the phase (¢) signal caused by the variation of a
parameter, x, within a tolerance limit of = 10%. According to this definition, Sy = @1.1,(®)
— ¢00.9x(w), where m is the frequency.

We adopt a similar approach for defining the sensitivity of SSTR measurements. How-
ever, since SSTR measures the magnitude (o< steady-state temperature rise) instead of
phase, a division term is added to the definition to make the comparison of sensitivities

among samples of different properties and geometries fair [7]. Therefore,
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_ | AT 1.1x(ro1) — ATo.0x(ro1) |

S ;
. ATX(Y‘QI)

(3.5)

here, AT, is the temperature rise predicted by the steady-state thermal model [7] for an
input parameter x. We define S, in terms of effective radius, rg;, as SSTR offers a conve-
nient way to change sensitivities to different parameters by using multiple pump and probe
radii. However, Sy can also be expressed in terms of modulation frequency or any other
parameters of interest.

For bulk materials, SSTR measures the geometric mean of & || and k& L and has nearly
equal sensitivity to both k || and k L. However, for thin film measurements, this changes
based on thin film to substrate thermal conductivity ratios [7]:

(a) If the thin film thermal conductivity is much higher than that of the substrate, heat
flows predominantly along the in-plane direction of the film. In this case, the in-plane
thermal conductivity of the film dominates the sensitivity calculations allowing SSTR to
directly measure knip film ||-

(b) When the thermal conductivity of the thin film and substrate are equal, heat flows
almost equally along the in-plane and cross-plane directions. This results in near-identical
temperature gradients in both directions. For such a case, sensitivity to the in-plane and
cross-plane thermal conductivities of the film are nearly the same. Thus, SSTR measures

v/ (khin fitm 1) (kthin fitm L)-

(c) For the case where the thin film thermal conductivity is much lower than substrate,

the majority of the heat flows towards the highly conductive substrate. Here, the temper-
ature gradient in the cross-plane direction becomes very large. As a result, sensitivity to
the cross-plane thermal conductivity of the thin film is much higher compared to that of
in-plane. Therefore, SSTR measurements represent kpip, fiim -

Figure 3.2(a) shows the heat flow directions for the three cases. The sensitibity cal-
culations for a 3.05 um AIN thin film on sapphire substrate is exhibited in 3.2(b). As the
thermal conductivity of AIN is nearly an order of magnitude higher than that of sapphire,

SSTR measurements are overwhelmingly sensitive to the in-plane thermal conductivity of
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the AIN films.
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Figure 3.2: (a) Heat flow directions during SSTR measurements of a thin film on a sub-
strate. The three cases considered here are: kiin film >>> Ksubstrate> Kthin film = Ksubstrate
and kpip film << Ksubstrate- (b) Sensitivity calculations for a 3.05 pm AIN thin film on
sapphire substrate. The calculations correspond to a modulation frequency of 100 Hz, Al
transducer thickness of 77 nm, Al transducer, AIN, and sapphire thermal conductivities of
130, 260, and 35 W m—! K1, respectively, and Al/AIN and AlN/sapphire thermal bound-
ary conductances of 120 and 200 MW m~—2 K~!, respectively.

3.1.4 Uncertainty analysis

The uncertainty of SSTR measurements is calculated according to the following equa-
tion [7]:
A =4/(0)2+%A02, (3.6)

where A is the total uncertainty, o is the standard deviation among multiple measurements

across different spots, and /\; is the uncertainty due to an individual parameter.
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3.2 Time-domain thermoreflectance (TDTR)

Along with SSTR, another thermal conductivity measurement technique I have exten-
sively used throughout my PhD is time-domain thermoreflectance (TDTR). Figure 3.3(a)
shows a simplified schematic diagram of our two-color TDTR setup. In this setup, a
Ti:sapphire laser with a central wavelength of ~800 nm and a full width at half maximum
of ~10 nm emanates sub-picosecond laser pulses. The repetition rate and pulse width of
the laser are 80 MHz and ~100 fs, respectively. Using a polarizing beam splitter, the laser
output is split into a pump and a probe path. The 800 nm pump beam is first modulated at
a frequency of 1 to 10 MHz via an electro-optic modulator, then frequency doubled to 400
nm by using a Bismuth Borate crystal. The unmodulated 800 nm probe beam is directed to
a mechanical translation stage to delay it up to ~5.5 ns compared to the pump beam. The
spatially overlapped pump and probe beams are then focused onto the sample surface using
a microscopic objective. The probe beam detects the reflectivity change due to the surface
temperature oscillations using a balanced photodetector and a lock-in amplifer. Similar to
SSTR, TDTR technique requires a thin Al film atop the sample surface for optothermal
transduction.

I'have also used a two-tint version [44, 45] of TDTR setup where the central wavelength
is ~808 nm. In the two-tint setup, no Bismuth Borate crystal is used to frequency double
the pump beam, instead sharp-edge optical filters are used to spectrally separate the pump
and probe beams by just a few nanometers. Aside from this difference, the two versions
are nearly identical.

In TDTR, the thermal properties of a sample are determined by fitting a radially sym-
metric, multilayer heat diffusion model to the ratio of the in-phase to out-of-phase signal
(=Vin/Vour) from the lock-in amplifier. Figure 3.3(b) shows the TDTR best-fit curves for
determining the thermal conductivity of a-SiO», sapphire, and Si. Details of TDTR data ac-
quisition, signal analysis, sensitivity, and uncertainty calculations can be found in literature

[43, 46-49].
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Figure 3.3: (a) A simplified schematic diagram of the two-color TDTR setup. EOM:
electro-optic modulator and BiBO crystal: Bismuth Borate crystal. (b) Ratio of in-phase to
out-of-phase signal (—V;,/Vout) as a function of pump-probe delay time for TDTR fitting
of Al-coated bulk a-Si0O,, sapphire, and Si. (c) Picosecond acoustic response for a ~80 nm
Al transducer on sapphire.

In addition to thermal conductivity measurements, I have used TDTR for picosecond
acoustics, which is a useful way to determine the longitudinal sound speed of a thin film
material [50-54]. During picosecond acoustics, the heating event from the pump beam
launches a strain wave that propagates through the sample structure. The interfaces par-
tially reflect the strain wave, which is captured by the probe beam at earlier pump-probe
delay times. A "hump" or "trough" is generated in the TDTR thermal decay curves based
on whether the reflecting material possesses a higher or lower acoustic impedance, re-

spectively. With the knowledge of the propagation time period and film thickness, the
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longitudinal sound speed of a thin film material can be calculated. Figure 3.3(c) shows the
picosecond acoustic response of TDTR measurements for a ~80 nm Al film on sapphire

substrate.
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Chapter 4

Measuring sub-surface buried substrates

and films via SSTR

In this chapter, I discuss the thermal penetration depth of SSTR technique and its ability
to probe into sub-surface buried substrates and films. The findings of this chapter have been

published in Review of Scientific Instruments [55].

4.1 Motivation

Thin films with thicknesses ranging from nanometer to micrometer length scales have
become an integral part of transistors [56, 57], thermoelectric devices [58], optical coatings
[59], solar cells [60], and memory devices [54, 61, 62]. As the device efficiency and relia-
bility are often dictated by the thermal performance, it is of crucial importance to properly
characterize the thermal properties of thin films and substrates [63]. Traditional optical
pump-probe and electrothermal methods, such as TDTR [43, 47, 49, 64], FDTR [65], and
3w method [66, 67] are widely used to measure the thermal conductivity of thin films [68].
However, both TDTR and FDTR have shallow thermal penetration depths (~0.2-3 pm)
under standard operating conditions [2, 7]. As a result, they often cannot measure thermal

conductivity of buried substrates located beyond these length scales. The disadvantages of
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the 3 method, on the other hand, include its requirement of large and flat sample surface
[69], complex microfabrication [70], and challenging sample preparation, particularly for
electrically conducting and semiconducting materials [2]. These requirements can often
limit the applicability of 3@ method for buried substrate measurements. SSTR technique
offers a solution to these issues as its thermal penetration depth can be much larger than
those produced during TDTR and FDTR measurements [7, 71]. In addition, SSTR is well
suited for electrically conducting or semiconducting materials and can operate on an opti-
cally smooth surface of 100 x 100 um? area or less [7, 72]. Therefore, in this chapter, I
provide an overview of the thermal penetration depth of SSTR technique and its ability to

measure the thermal conductivity of sub-surface buried substrates and films.

4.2 Thermal penetration depth of SSTR technique

The thermal penetration depth (TPD) of SSTR technique is defined as the distance
normal to the surface at which the temperature drops to the 1/e value of the maximum
surface temperature (Tyax) [1, 40, 41, 73]. According to this definition, the 1/€2 heater
(pump) radius represents the upper limit of the TPD [1]. However, such a description of
the TPD fails for multilayer material systems (e.g., a thin film on a substrate). In such
systems, the TPD can change widely based on the ratio of thin film to substrate thermal
conductivity and the thermal boundary conductance between the thin film and substrate.
This is further complicated by the presence of thin metal film transducers at the sample
surface, which are often a requirement in optical pump-probe techniques for optothermal
transduction [5, 74-77]. In subsequent sections, we discuss about the impact of metallic

transducer and multilayered geometry on the SSTR TPD.

4.2.1 Impact of metallic transducer on thermal penetration depth

We first review the TPD of a 2-layer system: metal transducer on a substrate. The

substrate here represents a bulk isotropic material. The TPD is calculated by solving the
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cylindrical heat diffusion equation, detailed descriptions of which are provided elsewhere
[40]. For these calculations, 1/e> pump and probe radii of 10 um are used. The modulation
frequency (f) is chosen to be 100 Hz as it represents a realistic value usable in an experi-
ment. We further assume that all the energy is absorbed in an infinitesimal thin layer on the
surface (i.e., surface boundary condition).

In Figure 4.1(a), the TPD corresponding to the 1/e temperature drop distance from the
surface is presented for two scenarios, with and without the inclusion of a transducer. When
no transducer is present, the change in the TPD is very small with respect to the substrate
thermal conductivity. The small decrease in the TPD with substrate thermal conductivity
reduction can be attributed to the choice of modulation frequency. For a given pump and
probe radii, the lower the substrate thermal conductivity, the longer it takes for the system
to reach steady-state [7]. Thus, as the substrate thermal conductivity decreases, the system
slightly deviates from the ideal steady-state condition (f = 0). To keep the TPD constant,
the modulation frequency needs to be lowered in accordance with the substrate thermal

conductivity reduction. However, for the chosen modulation frequency of 100 Hz, the
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Figure 4.1: (a) Thermal penetration depth as a function of substrate thermal conductivity
for a 2-layer system: metal transducer on a substrate. (b) Normalized temperature drop
(AT/Tmax) as a function of depth for a substrate thermal conductivity of 1000 W m KL
The calculations correspond to f = 100 Hz, d; = 80 nm, r9 = r; = 10 um, k; = 100 W m~!
K, Ci=C;=2MIm3 K~!, and G; =200 MW m~2 K~!. Here, d and G represent
thickness and thermal boundary conductance, respectively.
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deviation from the ideal steady-state condition is quite small for the substrate thermal con-
ductivities considered here and therefore, the system can still be reasonably approximated
to be in steady-state [7].

The presence of a high thermal conductivity (100 W m~! K~!) metallic transducer dras-
tically changes the TPD. For instance, when the substrate thermal conductivity is low (< 10
W m~! K~1), the TPD with the transducer is higher than the TPD without the transducer.
This stems from the radial heat spreading in the transducer and a corresponding increase
in the overall heater radius [1]. On the other hand, when the substrate thermal conductivity
is high (> 100 W m~! K1), the TPD with the transducer sharply deceases. With the in-
crease of substrate thermal conductivity, the thermal resistance offered by the probed region
gradually decreases. This leads to an increasingly important role of the interfacial thermal
resistance. As a result, for high thermal conductivity substrates, the temperature drop at the
transducer/substrate interface can become comparable to or even greater than that in the
substrate [1]. This is exemplified in Figure 4.1(b), where we present the normalized tem-
perature drop as a function of depth for a substrate thermal conductivity of 1000 W m™!
K~!. In this example, the temperature decreases by nearly 41% at the transducer/substrate

interface, leading to a TPD of 2.48 pym.

4.2.2 Impact of multilayered geometry on thermal penetration depth

We now extend the TPD discussion to a 3-layer system with the following geometry:
metal transducer/thin film/substrate. When the thin film and substrate thermal conductiv-
ities are nearly equal, the TPD will closely follow those shown in Figure 4.1(a) with a
minor influence from the thermal boundary conductance between the thin film and sub-
strate. Thus, we consider two extreme cases of this hypothetical geometry: an insulating
film on a conductive substrate (ky = 10 W m~! K~ ! and k3 = 100 W m~! K1), and a
conductive film on an insulating substrate (k; = 100 W m 'K landk3=10Wm~! K1),

In Figures 4.2(a) and 4.2(b), we present the TPD corresponding to the 1/e temperature

drop distance as a function of thin film thickness for the first and second case, respectively.
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It is evident that the TPD with and without the presence of a transducer are nearly iden-
tical. This is due to the fact that the thin film thermal conductivities are 10 and 100 W
m~!' K~! for the two cases considered here. For this range of thermal conductivities, the
transducer does not have a significant impact on the TPD. From Figures 4.2(a) and 4.2(b),
it is also clear that the TPD changes greatly with the film thickness when there is a signif-
icant difference between thin film and substrate thermal conductivities. Interestingly, the
influence of the thin film on the TPD does not subside until the film thickness is approxi-
mately four times the heater radius. To understand the rationale behind this, it is necessary
to review how the ratio of thin film to substrate thermal conductivity influences the heat
flow direction.

In Figures 4.2(c) and 4.2(d), we study the normalized temperature drop as a function of
depth for the first and second case, respectively. When the thin film is insulating and the
substrate is conductive, the bulk of the heat flows along the cross-plane direction of the thin
film. Due to this, a large temperature gradient exists in the thin film along the cross-plane
direction as shown in Figure 4.2(c). Therefore, in this case, the TPD is much lower than
the heater radius unless the thin film thickness is too high or too low. On the other hand,
when the thin film is conductive and the substrate is insulating, the majority of the heat
flows along the in-plane direction of the thin film. Thus, the temperature gradient along
the cross-plane direction of the thin film is quite small. As a result, the TPD can be much
higher than the heater radius as evident in Figure 4.2(d).

To provide a more visual representation of this, the temperature profiles [40] of SSTR
measurements are shown for a 3 um thin film corresponding to the first and second case
in Figures 4.2(e) and 4.2(f), respectively. For the insulating thin film case, temperature
decreases greatly along the cross-plane direction of the film, whereas for the conductive
film case, such temperature decrease is much smaller. However, for the conductive thin film
case, temperature decrease is significant along the in-plane direction. This is in alignment

with our discussion.
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Figure 4.2: [(a) and (b)] Thermal penetration depth as a function of film thickness for a
3-layer system: metal transducer/thin film/substrate. [(c) and (d)] Normalized temperature
drop as a function of depth for five different thin film thicknesses. [(e) and (f)] Temperature
profiles of SSTR measurements for a 3 um thin film on a substrate corresponding to an
absorbed power of 5 mW. Panels (a), (c), and (e) represent the case of an insulating film
on a conductive substrate (k; = I0 Wm ™! K~ ! and k3 = 100 W m~! K1), whereas panels
(b), (d), and (f) represent the case of a conductive film on an insulating substrate (k; = 100
Wm ' K and k3 = 10 W m~! K=1). The calculations correspond to f = 100 Hz, d; = 80
nm, ro=r;=10um, k; =100Wm 'K, C;=C,=C3=2MIm> K !, and G| =G,
=200 MW m2 K~
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4.3 Measurements of buried substrates

To demonstrate the ability of SSTR to measure the thermal conductivity of buried sub-
strates, we choose three samples with the following 3-layer geometry: Al transducer/thin
film/substrate. The schematics of the three samples are shown in Figures 4.3(a—c). The first
sample is a ~130 nm a-Si0O; thin film on Si substrate. This sample represents an insulat-
ing film on a conductive substrate. The second sample is a ~2.05 pm unintentional doped
(UID) GaN thin film on hydride vapor phase epitaxy (HVPE) n-GaN substrate. This sam-
ple represents the case where the thin film and substrate thermal conductivities are nearly
equal. The third sample is a ~2 um molecular beam epitaxy (MBE) grown AIN thin film
on sapphire substrate. This sample represents a conductive film on an insulating substrate.
Under standard operating conditions, it is often challenging to measure the thermal conduc-
tivity of such buried substrates by TDTR and FDTR due to their limited thermal penetration
depths.

In the ~130 nm a-SiO» thin film on Si sample, we use co-axially focused 1/e> pump
and probe radii of ~10 um to measure the thermal conductivity of buried Si substrate. The
sensitivity calculation for this sample is shown in Figure 4.3(d). As shown here, SSTR
measurements of the Si substrate are sensitive to the cross-plane thermal conductivity of
the SiO; thin film. TDTR is used to measure the cross-plane thermal conductivity of the
Si0; thin film. Using this Si0; value as an input, the SSTR-measured thermal conductivity
of the Si substrate is 141 4= 27 W m~! K~!. Figure 4.3(d) indicates that the sensitivity to
SiO, cross-plane thermal conductivity is very high when the pump and probe radii are 10
um. As a result, the uncertainty associated with the Si thermal conductivity is also high,
~19%. The sensitivity calculation also shows that using larger spot sizes, the sensitivity
to SiO; and corresponding uncertainty of Si measurement can be reduced. To demonstrate
this, we repeat the measurement with 1/e> pump and probe radii of ~20 um. The resultant
Si thermal conductivity is 140 + 18 W m 1 KL As predicted, the measurement with the

20 um spot sizes has a reduced uncertainty of ~13%.
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Figure 4.3: Schematics of the 3-layer samples measured by SSTR: (a) ~130 nm SiO, thin
film on Si substrate, (b) ~2.05 pm GaN thin film on n-GaN substrate, and (c) ~2 um AIN
thin film on sapphire substrate. Panels (d), (e), and (f) represent the sensitivity calculations
as a function of effective radius for the three samples shown in panels (a), (b), and (c)
respectively.

In the ~2.05 um GaN thin film on n-GaN substrate sample, we measure the thermal
conductivity of the n-GaN substrate by SSTR using ~10 and 20 um spot sizes. GaN sam-
ples of similar geometries have received significant attention in recent years for thermal
management applications of high-power and high-frequency electronic devices [16, 78—
81]. The sensitivity calculation for our sample is presented in Figure 4.3(e). The sensitivity
to the in-plane and cross-plane thermal conductivities of the GaN thin film are considerably
lower when the spot sizes are 20 um compared to the 10 um spot sizes. The cross-plane
thermal conductivity of the GaN thin film is measured by TDTR. At room temperature, the
in-plane and cross-plane thermal conductivity of the GaN thin film can be considered to
be the same [82]. The SSTR-measured thermal conductivity of the GaN substrate is 194

4+ 27 W m~! K~! when the spot sizes are 10 um. Using spot sizes of 20 um, the thermal
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conductivity of the GaN substrate is measured with a lower uncertainty to be 185 + 16 W
m~ ! K1

The thermal conductivity of the sapphire substrate is measured by SSTR in the ~2 um
AIN thin film on sapphire sample. The sensitivity calculation for this sample is shown in
Figure 4.3(f). SSTR measurement of the sapphire substrate thermal conductivity is most
sensitive to the in-plane thermal conductivity of the AIN thin film. The cross-plane thermal
conductivity of this AIN thin film is measured by TDTR. As the anisotropy in the AIN
thermal conductivity of is very small at room temperature [83], the in-plane and cross-
plane thermal conductivities of the 2 ym AIN thin film can be assumed to be the same.
Using SSTR, the thermal conductivity of the sapphire substrate is measured to be 35.1 +
5.9 W m~! K~! with 1/e? pump and probe radii of 10 um. Similar to the other two samples,
with 20 um spot sizes, the sapphire thermal conductivity can be determined with a lower
uncertainty, 34.5 £+ 4.2 W m K1,

In Table 4.1, we present the SSTR-measured substrate thermal conductivities for the
two spot sizes. The uncertainty of the measured values incorporate the uncertainty associ-
ated with the y value (sapphire reference), Al transducer and thin film thermal conductivity,
thin film thickness, and the thermal boundary conductances. The values of these param-
eters are tabulated in Table 4.1. As shown in Table 4.1, the measured substrate thermal
conductivities are in excellent agreement with literature.

For comparison, we also measure the substrate thermal conductivities with TDTR.
These substrates are inaccessible with the typical modulation frequency (~8-10 MHz)
used in TDTR setups [45, 84—87]. Therefore, to enable these measurements, we use a low
modulation frequency of 1 MHz. Even with this low modulation frequency, the TDTR TPD
[40, 71, 73] is much lower than that of SSTR. As a result, the uncertainty associated with
the TDTR measurements are significantly higher compared to SSTR as evident in Table
4.1. This proves the superiority of SSTR for accurately measuring the thermal conductivity

of sub-surface buried substrates.
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Table 4.1: SSTR- and TDTR-measured substrate thermal conductivity of the samples
shown in Figure 4.3.

Thermal conductivity (W m~ K1

Substrates SSTR TDTR Literature
Spot size 10 um  Spot size 20 um
Si 141 + 27 140 + 18 132 £+ 32 140 [88]
GaN 194 4+ 27 185 £ 16 213 £ 60 195 [89]
Sapphire 35.1£59 345+42 364+ 13.5 35[90]

4.4 Measurements of buried films

We now discuss the required criteria for SSTR to measure the thermal conductivity of
a buried film in a 4-layer system: metal transducer/thin film/buried film/substrate. Mea-
surement of such a buried film is possible when the thermal resistance of this layer is much
greater those of the top thin film and substrate. This stems from the fact that for SSTR
to measure the thermal conductivity of any layer in a multilayered material system, a sig-
nificant steady-state temperature gradient must exist in that layer, either in cross-plane or
in-plane direction. As the top thin film is in contact with the metal transducer, the temper-
ature gradient of this layer is often large unless the film thickness is very low. On the other
hand, since the substrate is a semi-infinite medium, a measurable temperature gradient ex-
ists in the substrate when large pump and probe radii are used. For a buried film, however,
unless the thermal resistance is large, the resulting temperature gradient is relatively small
compared to those of the thin film and substrate. Therefore, although SSTR probes through
the buried film and is influenced by the thermal properties of this layer, the degree of such
influence is relatively small. As a result, SSTR can not isolate the thermal conductivity of
a buried film with low thermal resistance.

In addition, large pump and probe radii (> 10 pm) are needed for buried film measure-
ments. When the thermal resistance of the buried layer is much higher than those of thin
film and substrate, bulk of the heat flows along the in-plane direction of the top thin film.

For a sufficient thermal gradient to exist in the buried film, large spot sizes are required.
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To experimentally show this, we have selected a sample that fits this criteria: 85 nm
Al transducer/2.5 um Si film/1 um SiO, layer/Si substrate. The schematic and sensitivity
calculation for this sample is shown in Figure 4.4. As exhibited here, SSTR can measure
the thermal conductivity of buried SiO; layer when large spot sizes are used. However,
such measurements are also sensitive to the in-plane thermal conductivity of the top Si
film. TDTR is used to measure the cross-plane thermal conductivity of top Si film. The
in-plane and cross-plane thermal conductivity of the 2.5 um Si film can be considered to
the same [91]. Using 1/e> pump and probe radii of ~20 um, we measure the buried SiO,
film thermal conductivity to be 1.34 + 0.26 W m~! K~!. This value is in agreement with
literature [86, 92], showing the capability of SSTR to measure the thermal conductivity of

sub-surface buried layers.
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Figure 4.4: (a) Schematic diagram and (b) sensitivity calculation as a function of effective
radius for the 4-layer sample: 85 nm Al transducer/2.5 ym Si film/1 pm SiO, layer/Si
substrate.

4.5 Summary

We investigate the influences of multilayer material systems, thin metal film transduc-
ers, and thermal boundary conductances on the TPD of SSTR technique. The low modula-

tion freqency of SSTR enables it to measure the thermal conductivity of buried substrates
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that are traditionally challenging by TDTR and FDTR, demonstrated by presenting exper-
imental data on three control samples. In addition, SSTR has the capability to isolate the
thermal properties of a buried film as long as the thermal resistance of this layer is much
higher than those of the top thin film and substrate. The works presented in this chapter
marks an advancement in experimental metrology by establishing SSTR as a robust tech-

nique for thermal characterizations of sub-surface buried substrates and films.
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Chapter 5

Investigating thermal transport in
thermally conductive ultra-wide

bandgap semiconductor films

This chapter focuses on investigating in-plane thermal transport in highly conductive
AIN films with thicknesses ranging from 3.05 to 6 um. The works presented in this chapter

have been published in ACS Nano [39].

5.1 Motivation

Thermal dissipation from hot-spots presents a bottleneck to the efficient and reliable
operation of electronic devices, ranging from low-power logic devices to high-power RF
high electron mobility transistors [93-99]. Different techniques, such as power manage-
ment [100], improved packaging technology [98, 101], thermoelectric cooling [102], heat
sink design [103, 104], and lateral heat spreaders [96, 97, 101] have been implemented to
circumvent this problem. However, these solutions often require departure from the most
efficient electronic device geometry to allow for gains in thermal dissipation. An ideal

solution to this problem would be the development of high in-plane thermal conductivity
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non-metallic materials that are able to easily remove heat from hot spots. These materials
would also need to remain in thin film form to continue to allow current device architec-
tures and form factors. To this end, high thermal conductivity crystals (e.g., diamond, cubic
boron nitride, boron arsenide, aluminum nitride, and gallium nitride) and two-dimensional
layered materials (e.g., graphene, and hexagonal boron nitride) have received significant
attention in recent years [96, 105]. Thin films of these non-metallic materials can be imple-
mented as heat spreaders when their thicknesses are larger than the hot-spot length scales
[95, 96, 106, 107] in devices. This implementation also requires that the thin films have
adequate length scales and crystal qualities to ensure bulk or near-bulk thermal conduc-
tivities. However, this is paradoxical, since defects and boundaries arising from thin film
growth commonly result in much reduced thermal conductivities as compared to the respec-
tive bulk values. Among bulk solids, diamond has the highest thermal conductivity, above
2000 W m~! K~! at room temperature [96, 108]. However, implementation of diamond
thin films as heat spreaders have several limitations. For example, the thermal conduc-
tivities of diamond thin films are much lower than the bulk value due to microstructural
features and defects during growth [109, 110]. Additionally, heterogeneous integration of
materials onto diamond can lead to poor crystal quality due to lattice constant mismatch.
Cubic boron arsenide, isotopically enriched cubic boron nitride and boron phosphide also
have high thermal conductivity in bulk form [108, 111, 112]. Shrinking the length scales
of these materials may lead to similar thermal conductivity reduction issues as diamond.
Two-dimensional (2D) materials, on the other hand, have a small cross-sectional area in
the in-plane direction by design. Therefore, in order to increase the thermal conductance
and use them as efficient heat spreaders, the thickness of the 2D materials may need to be
increased [96, 113]. Moreover, the thermal boundary conductance between 2D layers and
substrates can be an additional crucial parameter that controls the heat spreading efficiency
as it can reduce the effective thermal conductivity due to mode scattering and suppression
[96].

Compared to the other III-V compound semiconductors, bulk, high-purity AIN crystals
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have advantageous electronic properties, requisite transparency and higher thermal con-
ductivity, making them suitable for use in optoelectronics, light-emitting diodes and high-
power RF devices [14, 78, 83, 96, 114-119]. However, the use of AIN as heat spreaders in
high-power electronic devices comes with the challenge of achieving high thermal conduc-
tivities in thin film forms. Recently, Koh ef al. [71] reported bulk-like cross-plane thermal
conductivities in high-quality AIN films with thicknesses ranging from 3 — 22 um. These
promising results suggest that high-quality micrometer-thick films of AIN could act as heat
spreaders in high-power devices depending on their in-plane transport properties.

While extensive literature exists on the cross-plane thermal conductivity of AIN
[14, 120-128], reports on the in-plane thermal conductivity are almost non-existent. It is
well known that in thin films, in-plane thermal transport is much less impacted by boundary
scattering compared to cross-plane transport [129-131]. The intrinsic phonon thermal con-
ductivity [14, 83, 114, 128, 132] of AIN suggests it may exhibit exceptional heat spreading
characteristics and high in-plane thermal conductivity in its thin film form. Thus, measure-
ment of the in-plane thermal conductivity of high-quality AIN thin films is paramount to
realizing its potential as a radial heat sink. The SSTR technique provides an ideal platform

to measure the in-plane thermal conductivity of such high-quality thin films.

5.2 Growth and characterization details

We study three AIN films with thicknesses of 3.05, 3.75, and 6 um. The films are grown
on sapphire substrates via metal-organic chemical vapor deposition (MOCVD) [133, 134].
Scanning transmission electron microscopy reveals the existence of a nucleation layer near
the AIN/sapphire interface in all samples. The thickness of the nulceation layer is less than
22% of the total film thickness [71]. The region above the nucleation layer is a single crystal
AIN layer. This single crystal layer has low concentrations of silicon (Si), carbon (C), and
oxygen (O) impurities, whereas the nucleation layer has relatively higher concentrations

of these point-defects [71, 128]. The Al vacancy concentrations in the films are negligible
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[128]. The dislocation density is on the order of 10 cm~? in the single crystal layer and
one to two orders of magnitude higher in the nucleation layer. The AIN films are grown
by Dr. Asif Khan’s group at the University of South Carolina. The characterizations are

performed by Dr. Mark S. Goorsky’s group at the University of California, Los Angeles.

5.3 Results and discussion
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Figure 5.1: (a) Schematic of the AIN thin film samples: Al transducer/AIN film/sapphire
substrate. (b) Reflected probe laser intensity change as a function of pump photodetector
voltage for SSTR fitting of bulk Si and 3.05 pm AIN film thermal conductivities.

A schematic of the AIN thin film samples is presented in Figure 5.1(a). Each sample
consists of an Al transducer, an AIN thin film, and a sapphire substrate. The SSTR best fit
curves for the thermal conductivity of bulk Si calibration sample and 3.05 um AIN thin film
sample are shown in Figure 5.1(b). For bulk Si, SSTR measures the geometric mean of in-
plane (k ||) and cross-plane (k L) thermal conductivity [7]. However, due to the radial heat
spreading in the AIN thin films, SSTR measurements are much more strongly influenced
by the in-plane thermal conductivity of the AIN films compared to the cross-plane.

Bulk Si is used as a calibration sample and its thermal conductivity is measured by both
SSTR and TDTR from 120 — 400 K, as shown in Figure 5.2. At low temperatures, our

TDTR-measured Si thermal conductivites are lower than the values reported in literature
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for bulk Si [135]. A lower thermal conductivity of Si measured via TDTR has also been re-
ported by Wilson and Cahill [136]. As discussed extensively in recent literature [136—138],
TDTR and FDTR have failed to measure the thermal conductivity of Si at low temper-
atures due to obfuscations from thermal boundary resistances, nonequilibrium processes,
and limiting heater length scales. Similar phenomena have also been reported for several
other high thermal conductivity crystals and thick alloys [73, 84, 136—-141]. We note that
though TDTR fails for Si and several other crystals, the thermal conductivity of sapphire
and AIN can be accurately measured by TDTR at low temperatures [71, 128, 142]. The
nature of such material specific failure of TDTR is an active area of research [84, 136] and
beyond the scope of this work. However, due to the measurement time and length scales,
SSTR measurements are less sensitive to the above-mentioned limitations. As a result,
SSTR can accurately measure the intrinsic, bulk thermal conductivity of Si as evident in

Figure 5.2. Within uncertainty, the Si thermal conductivities measured by SSTR are in
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Figure 5.2: Calibration of SSTR technique via bulk Si wafer thermal conductivity measure-
ments. Within uncertainty, the SSTR measurements of Si (filled diamonds) are in agree-
ment with literature Si values [135] (solid line) and higher than our TDTR measurements
of Si (filled squares). TDTR-measured Si thermal conductivities being lower than literature
have also been reported by Wilson and Cahill [136] (open circles) when using 1/e* pump
radii of 5, 10, and 25 um. For comparison, the 1/e2 pump radii of our TDTR and SSTR
measurements are ~8.5 and 10 um, respectively.
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good agreement with previous literature [135]. The small deviations observed in SSTR
measurements from the values reported in literature can be attributed to the uncertainty

associated with temperature and other experimental variables.
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Figure 5.3: (a) In-plane thermal conductivity as a function of film thickness for different
high thermal conductivity materials. The hollow symbols are taken from literature [81,
109, 143-159]. (b) Normalized in-plane thermal conductivity (kgjm/kpuik) of the films
presented in panel a as a function of thickness. (c) The thermal conductivity of natural
and isotope enriched adamantine crystals as a function of the Leibfried-Schomann scaling
parameter. The solid line indicates Slack’s equation for adamantine crystals [14, 105, 114,
160]. The values of the Leibfried-Schomann scaling parameter and thermal conductivity
of the crystals are taken from literature [14, 16, 71, 105, 108, 108, 112, 114, 161-168].
For comparison, the highest reported in-plane thermal conductivities [81, 109, 152] of thin
films of the adamantine crystals are also included.

The room temperature in-plane thermal conductivity as a function of film thickness
for different high thermal conductivity materials are presented in Figure 5.3(a). As shown

here, the in-plane thermal conductivities of the three AIN thin films are nearly the same,
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~260 + 40 W m~—! K~!. For reference, the intrinsic thermal conductivity of bulk, defect-
free, single crystal AIN predicted by Slack ef al. [14] and Lindsay et al. [83] are ~319
and 322 W m~! K~!, respectively. As the defect concentrations are very low in the top
single crystal layer of the AIN thin films, the thermal conductivity of this layer is in close
agreement with the theoretical predictions [14, 71, 83]. The nucleation layer, on the other
hand, possesses a low thermal conductivity due to the presence of relatively higher point-
and line-defect concentrations [71]. With the spot sizes used here (1/€? radii ~10 pum),
SSTR probes through both layers of the AIN thin films. Thus, SSTR measurements repre-
sent a thermal conductivity that is influenced by both single crystal and nucleation layers.
As a result, the SSTR-measured in-plane thermal conductivities of the AIN thin films are
slightly lower than the predictions of Slack et al. [14] and Lindsay et al. [83]. From Figure
5.3(a), it is evident that compared to their thicknesses (6 um or less), these AIN films have
one of the highest in-plane thermal conductivities of any thin film material, surpassed only
by graphite and diamond. The deposition technique, microstructure, grain size, and de-
fect concentrations highly influence the thermal conductivity values of thin film materials
[81, 110, 149, 151, 155, 157, 158]. Due to this, bulk of the prior reports on the in-plane
thermal conductivity of diamond, GaN, and hexagonal boron nitride (hBN) thin films with
thicknesses on the order of 6 um or less are lower than 200 W m—! K—1.

In Figure 5.3(b), we have plotted the normalized in-plane thermal conductivity of var-
ious thin film materials with respect to their bulk in-plane values. This figure reveals that
the AIN films have one of the highest normalized in-plane thermal conductivities, higher
than nearly all graphite and diamond thin films. This indicates that the thermal conductivity
reduction due to defect and boundary scattering is much less severe in our AIN thin films
compared to the vast majority of the graphite and diamond films reported in literature.

In Figure 5.3(c), we present predictions of Slack’s equation for the thermal conductivity
of adamantine crystals as a function of the Liebfried-Schlomann scaling parameter, M8 63
(where M is the average atomic mass, 8° is the average atomic volume, and 6 is the Debye

temperature) [14, 105, 114, 160]. For comparison, the highest reported room temperature
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in-plane thermal conductivities of thin films of the adamantine crystals are also included.
Slack’s equation has been very successful in predicting the highest achievable thermal con-
ductivity of nearly all the adamantine crystals at room temperature [105]. The in-plane
thermal conductivity of the 3.05 um AIN thin film is very close to the prediction of Slack’s
equation. This indicates that the thermal conductivities of the AIN thin films are very close
to the maximum achievable value for AIN. Figure 5.3(c) provides a testament to the high
quality of the AIN thin films.

Figure 5.4(a) shows the SSTR-measured in-plane thermal conductivity of the 3.05 um
AIN thin film from 120 — 400 K. For comparison, the cross-plane thermal conductivities of
a commercial ~500 um AIN wafer [128], and bulk, high-purity, single crystal AIN [14] are
also shown. We also include the first-principles calculations of the in-plane phonon thermal
conductivity of isotopically pure AIN from Lindsay et al. [83] Due to the presence of the
nucleation layer, the thermal conductivity of the 3.05 um thin film is lower than bulk AIN,
and predictions of Lindsay et al. [83] at nearly all temperatures. As temperature decreases,
the in-plane thermal conductivity of the 3.05 um film increases. This indicates that the
thermal conductivity of the 3.05 um AIN film is mostly driven by intrinsic phonon-phonon
scattering, with a lesser influence from phonon-defect scattering.

At low temperatures, the in-plane thermal conductivity of the 3.05 um AIN thin film is
higher than the cross-plane thermal conductivity of the commercial ~500 um AIN wafer.
This can be attributed to the presence of large concentrations of Al vacancy in the commer-
cial wafer [128]. Among different types of phonon-defect scattering, Al vacancy-phonon
scattering plays the dominant role in AIN thermal conductivity reduction [127]. The Al va-
cancy concentrations in the films used in this work are negligible [128]. On the other hand,
the Al vacancy concentration in the commercial AIN wafer is ~3 x 10" cm—3 [128]. Near
room temperature, as phonon-phonon scattering is the dominant scattering mechanism, the
thermal conductivities of the 3.05 um film and 500 um commercial wafer are in agreement.
However, at low temperatures, the thermal conductivity of the wafer is lower compared to

that of the 3.05 pm film due to the dominance of phonon-vacancy scattering over phonon-
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Figure 5.4: (a) Temperature-dependent in-plane thermal conductivity of the 3.05 um AIN
film. For comparison, cross-plane thermal conductivities of a commercial ~500 pm AIN
wafer [128], and bulk, high-purity, single crystal AIN [14] are also included. The dotted
line represents the first-principles calculations of in-plane lattice thermal conductivity of
isotopically pure bulk AIN [83]. (b) Temperature-dependent in-plane and cross-plane ther-
mal conductivities of several high thermal conductivity materials: 3.05 pym AIN film, 13
um diamond film [109], 170 pum isotopically enriched diamond film [110], 5 um highly
oriented pyrolytic graphite film [156], 15 & 2 um thick isotopically enriched '°B hBN film
[159], and bulk boron phosphide (BP) [108]. (c) Temperature-dependent in-plane ther-
mal conductivities of the 3.05, 3.75, and 6 um AIN thin films. (d) Thickness-normalized
in-plane thermal conductivity of micrometer-thick films of high thermal conductivity mate-
rials at ~120 K. The materials include AIN, diamond [109], Si [152], graphite [156, 169],
GaN [81], and hBN [159]. In Figures a-d, filled symbols represent measurements taken in
this work, and open symbols represent literature values.

phonon scattering.
In Figure 5.4(b), the temperature-dependent in-plane thermal conductivities of the 3.05

um AIN thin film, a 13 um diamond film [109], a 5 um graphite film [156], and a 15 +
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2 um 99% isotopically enriched '°B hBN film [159] are presented. The cross-plane ther-
mal conductivities of a 170 um isotopically enriched diamond film [110], and bulk boron
phosphide (BP) [108] are also shown here. The graphite, diamond, and 10B hBN films as
well as bulk BP have much higher thermal conductivities than the 3.05 ym AIN thin film at
room temperature. However, the thermal conductivity of the graphite film remains nearly
constant with decreasing temperature because of phonon scattering at the grain boundaries
[156]. Similarly, due to phonon-boundary and phonon-defect scattering, the thermal con-
ductivities of the polycrystalline diamond films decrease with a reduction in temperature
[109, 110]. Contrary to these films, the thermal transport mechanisms in our AIN thin
films are primarily driven by phonon-phonon scattering. As a result, at low temperatures,
the in-plane thermal conductivity of the AIN film surpasses those of the diamond films and
becomes much closer to that of the graphite film. As the temperature decreases, the ther-
mal conductivities of the 3.05 um AIN thin film, 10B hBN, and BP start to converge. This
convergence can be attributed to the influence of extrinsic scattering on the thermal con-
ductivities of 1B hBN film, and bulk BP. At low temperatures, phonon scattering by the
sub-grain boundaries, dislocations, and point-defects influence the thermal conductivity of
the !B hBN film [159]. Similarly, the thermal conductivity of bulk BP is also impacted by
point-defect and isotope scattering as well as other experimental variables [108]. Thus, at
120 K, the in-plane thermal conductivity of the 3.05 um AIN film becomes comparable to
0B hBN and BP thermal conductivities.

In Figure 5.4(c), we have plotted the temperature-dependent in-plane thermal conduc-
tivities of the 3.05, 3.75, and 6 um AIN thin films. The thermal conductivities of the three
films are in excellent agreement with each other. This indicates that boundary scattering
is not significantly impacting the in-plane thermal conductivities of these AIN thin films at
any temperature. This further supports that the in-plane thermal conductivities of our AIN
films are driven by intrinsic phonon-phonon scattering events, leading to an increase in
thermal conductivity as temperature decreases. This is contrary to the behavior commonly

observed in traditional thin film materials.
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In Figure 5.4(d), the thickness-normalized in-plane thermal conductivity of
micrometer-thick diamond [109], Si [152], graphite [156, 169], GaN [81], hBN [159],
and AIN films at ~120 K are presented. These results show that along with graphite, the
AIN films examined in this study possess the highest thickness-normalized in-plane thermal
conductivity reported to date. Figure 5.4(d) provides evidence that at 120 K, only graphite
possesses higher thermal conductivity than the AIN films among all thin film materials of
micrometer length scale. These exceptionally high in-plane thermal conductivities of the
AIN films at low temperatures are consequences of in-plane heat transport mechanism be-
ing driven by phonon-phonon scattering, and not being significantly restricted by boundary
and defect scattering.

In Figure 5.5(a), we have plotted the in-plane and cross-plane thermal conductivities
of the 3.05 um thin film as a function of temperature. The in-plane and cross-plane ther-
mal conductivities are measured by SSTR and TDTR, respectively. Above 160 K, the
in-plane and cross-plane thermal conductivities are nearly the same. Below this tempera-
ture, however, the cross-plane thermal conductivity decreases compared to that of in-plane,
leading to a pronounced anisotropy. To conclusively show this anisotropy, we extend the
temperature-dependent measurements to 105 K. The observed anisotopy can not be ex-
plained from the AIN crystal structure as that would lead to the in-plane thermal conductiv-
ity being ~10 — 14% higher than the cross-plane thermal conductivity at low temperatures
[83]. This anisotropy is also not due to the failure of TDTR technique as TDTR has been
shown to measure AIN thermal conductivity accurately down to 80 K [71]. To explain
this anisotropy, we review the thermal transport mechanisms along the in-plane and cross-
plane directions of the 3.05 um AIN film. For simplicity, we have considered an interface
to exist between the single crystal and nucleation layer. The resistance at this interface
represents the equivalent resistance from point- and line-defect scattering at the nucleation
layer starting region.

As conceptually illustrated in Figure 5.5(b), in the single crystal layer, the phonons car-

rying heat in the in-plane direction travel relatively uninterrupted, whereas the phonons car-
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Figure 5.5: (a) Temperature-dependent in-plane and cross-plane thermal conductivities of
the 3.05 pm AIN thin film. (b) Phonon heat transport mechanisms along the in-plane and
cross-plane directions of the 3.05 pm film. The top layer is single crystal AIN and the
bottom layer is nucleation region with high Si, C, and O impurities, and dislocation den-
sity. (c) Thermal conductivity anisotropy ratios (k ||/k L) as a function of temperature for
the 3.05 um AIN film, graphite [170], black phosphorus (in-plane thermal conductivity is
taken along the zigzag direction) [171], 4.2 um Si on insulator (SOI) [172, 173], Si/Ge su-
perlattice [174], and InN film (dislocation density 1.1 x 10'0 cm™2) [175]. In panels a and
¢, filled symbols represent measurements taken in this study, and open symbols represent
literature values.

rying heat in cross-plane direction scatter at single crystal/nucleation layer interface. This
is supported by the fact that interface scattering is more dominant in cross-plane transport

compared to in-plane [129, 171, 174-177]. At low temperatures, phonon-phonon scatter-
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ing rates decrease and the thermal transport shifts to lower frequency phonons relative to
that of room temperature. While carrying heat in the cross-plane direction, the majority of
these low frequency, long wavelength phonons scatter at the single crystal/nulceation layer
interface. This leads to a significant decrease in the cross-plane thermal conductivity of the
single crystal layer. For the phonons carrying heat in the in-plane direction, the scattering at
the single crystal/nucleation layer interface, and subsequent thermal conductivity reduction
is much smaller. As a result, in the single crystal AIN layer, there is a large anisotropy in
thermal conductivity at low temperatures. With increasing temperature, thermal transport
shifts to high frequency phonons and phonon-phonon scattering becomes stronger. As a
result, the anisotropy in the single crystal layer reduces.

The nucleation layer has a lower thermal conductivity than the single crystal layer as it
contains higher concentrations of point-defects and dislocations. The point-defects scatter
cross-plane and in-plane travelling phonons homogeneously [178—180]. The small thick-
ness of the nucleation layer (~0.6 um) has a more pronounced impact on the cross-plane
travelling phonons compared to the in-plane [127, 129, 130]. On the contrary, the vertically
oriented dislocation line-defects have a stronger influence on the in-plane phonon transport
[128, 179] although this effect is likely not very large [81]. Due to a combination of these
scattering, the thermal conductivity of the nucleation layer can be expected to remain near
isotropic across all temperatures of interest in this study. TDTR and SSTR probe through
both layers of the 3.05 um AIN thin film [7, 40, 41, 73, 138]. Because of the previously
discussed pronounced anisotropy in the single crystal layer, the cross-plane thermal con-
ductivity of the 3.05 pum thin film is much lower compared to the in-plane below 160 K.

In Figure 5.5(c), we have plotted the thermal conductivity anisotropy ratios (the ratio
of in-plane to cross-plane thermal conductivity) of graphite [170], black phosphorus [171],
4.2 um silicon on insulator (SOI) [172, 173], a Si/Ge superlattice [174], an InN film [175],
and our 3.05 um AIN film as a function of temperature. For materials with anisotropic crys-
tal structures such as graphite and black phosphorus, the in-plane and cross-plane thermal

conductivities are dictated by the same phonon scattering mechanisms across the tempera-



51

ture range, thus, the anisotropy ratios are nearly temperature independent [171, 175]. For
the Si/Ge superlattice and 4.2 um SOI, the anisotropy ratios decrease with increasing tem-
perature as phonon-phonon scattering becomes stronger and phonon-interface scattering
becomes less dominant [174, 175, 181]. A similar trend is observed in the 3.05 pm AIN
film. It is to be noted that in the Si/Ge superlattice and 4.2 um SOI, phonon-interface
scattering originates at a physical interface. However, in the 3.05 pum AIN film, the sin-
gle crystal/nucleation layer interface is a representation of phonon scattering by point- and
line-defects at the nucleation layer starting region. Similar to the 3.05 um AIN film, highly
temperature-dependent anisotropy ratios induced by crystalline defects have been observed
in InN films [175]. In our work, anisotropy is observed only at low temperatures. However,
we posit that this anisotropy will become more pronounced and be observed even at room
temperature if the AIN film thickness is reduced to sub-micrometer levels [81, 127]. In
sub-micrometer thick AIN films, the nucleation layer can be expected to occupy a greater
percentage (> 22%) of the total film thickness [71], thereby significantly limiting the abil-
ity of phonons to carry heat in the cross-plane direction. Such crystalline defect-induced
anisotropy without any modification in crystal structure can provide guidelines for directed
heat dissipation [175] and therefore, has important implications in usage of AIN films for

thermal management of high-power devices.

5.4 Summary

We report on the high in-plane thermal conductivities of AIN thin films on sapphire sub-
strates. Using SSTR, we measure the in-plane thermal conductivities of the AIN films to
range from ~260 4+ 40 W m~! K~! to ~1200 + 300 W m~! K~! as temperature decreases
from 295 K to 120 K, respectively. At room temperature, the in-plane thermal conduc-
tivities of the AIN films are significantly less impacted by defect and boundary scattering
as compared to the majority of the graphite and diamond thin films reported in literature.

At low temperatures, the in-plane thermal conductivities of the AIN films are equivalent
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to boron phosphide and isotopically enriched hexagonal boron nitride, and much higher
than diamond thin films. These exceptionally high in-plane thermal conductivities of our
AIN films are consequences of in-plane thermal transport being driven by phonon-phonon
scattering. This leads to an increase in thermal conductivity with a reduction in tempera-
ture. This trend is opposite of what is observed in other traditionally studied high thermal
conductivity thin films, where boundaries and defects arising from film growth lead to a
thermal conductivity reduction with decreasing temperature. As a result, at 120 K, the in-
plane thermal conductivities of our AIN films are second-highest only to graphite among
all thin film materials of equivalent thicknesses measured to date, quantified via the thick-
ness normalized in-plane thermal conductivity. Moreover, defect scattering causes a large
temperature-dependent anisotropy ratio in the 3.05 pm AIN film. These AIN films with
high in-plane thermal conductivities offer a viable solution to the thermal management

issue of electronic devices.
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Chapter 6

Investigating thermal transport in

insulating polymer films

In this chapter, I use SSTR to investigate the cross-plane thermal transport in organic-
inorganic hybrid polymer films with thicknesses ranging from 1.4 to 120 nm. The works

presented in this chapter are currently under preparation for a journal submission.

6.1 Motivation

When a thin film thickness is on the order of 50 nm or less, directly measuring the in-
trinsic thermal conductivity is challenging via thermoreflectance techniques [182]. In such
cases, the parameter of interest is usually the thermal resistance [183], which incorporates
the interfacial resistances across the transducer/thin film and thin film/substrate as well as
the resistance of the film itself. SSTR’s large TPD and insensitivity to heat capacity makes
it an ideal technique for such measurements. To experimentally show this, I make a se-
ries of measurements on organic-inorganic hybrid metalcone (alucone and tincone) films
in this chapter. The hybrid polymer films are grown on Si substrates via molecular layer
deposition (MLD) [184]. MLD-grown metalcone films have received significant attention

in recent years as a suitable coating material for organic light emitting diodes [185], lithium
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and sodium ion batteries [186, 187]. Use of metalcone in these devices has resulted in im-
proved lifetimes and stability. However, the thermal properties of metalcone films have not
been previously studied. Therefore, to optimize the device efficiency, proper characteriza-

tions of thermal properties are of vital interest.

6.2 Growth details

The metalcone films are deposited using various organic precursor combinations. Tin-
cone is deposited from tetrakis tin and ethylene glycol. Alucone is deposited from trimethy-
laluminum and ethylene glycol. Each precursor is handled only in nitrogen-ambient before
being installed on the MLD reactor. Precursors are heated as follows to achieve sufficient
vapor pressure for deposition: tetrakis tin to 65 °C, trimethylaluminum to room temper-
ature, ethylene glycol to 70 °C for tincone and 80 °C for alucone. The Si substrates are
cleaned in a piranha solution of 1:1 volume ratio H,O,:H>SO, for 15 minutes before use.
The structures of alucone and tincone films are shown in Figure 6.1. The thicknesses of the
films range from 1.4 to 120 nm. The metalcone films are grown by Dr. Gregory Parsons’

group at North Carolina State University.
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Figure 6.1: Structures of the (a) alucone and (b) tincone films.
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6.3 Results and discussion

Figure 6.2(a) shows a schematic diagram of the metalcone sample geometry. As the
film thickness (L) is on the order of 50 nm or less, we measure the thermal resistance (R)
across the geometry via SSTR. This thermal resistance can be expressed using the following

series resistor model [188]:

1 L 1
R= (—) + (—) + (—) : 6.1)
G J At/ fitm K/ film G ) fitmsi

Figure 6.2(b) shows the measured thermal resistances as a function of metalcone film
thickness. As exhibited here, the thermal resistance increases with film thickness. This is
an indicator of diffusive thermal transport in the films. For such cases, the intrinsic thermal
conductivity can be extracted from a linear fit to the thermal resistance as a function of film
thickness. Here, the inverse of the slope (AR/AL)~! provides the intrinsic thermal conduc-
tivity of the films. Using this methodology, we determine the intrinsic thermal conductivity
of alucone and tincone to be 1.14 + 0.18 and 0.43 4+ 0.07 W m~!' K~!, respectively. The
thermal conductivity difference between the two polymers likely stems from the different
atomic masses of the metals [112].

We further measure the longitudinal sound speed of an alucone and tincone film via
picosecond acoustics as shown in Figure 6.2(c). The longitudinal sound speed of the two
polymers are 6288 =+ 324 and 4080 + 297 m s~!, respectively. As sound speed is an
indicator of bond strength [53], our measurements show that the bond strength is different
between the two polymers.

In 6.2(d), we plot the thermal conductivity as a function of longitudinal sound speed for
a wide range of polymers. As shown here, by changing the metal, the thermal and acoustic

properties of the metalcone films can be tuned to cover a large span.
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Figure 6.2: (a) Schematic diagram of the sample geometry. (b) Thermal resistance as a
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conductivity vs longitudinal sound speed for a wide range of polymers. The data for the soft
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from Refs [189-191].
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6.4 Summary

We study the thermal and acoustic properties of two hybrid metalcone (alucone and
tincone) films grown via MLD technique. The higher atomic mass of tin compared to
aluminum gives rise to a thermal conductivity difference between the two polymers. The
longitudinal sound speed, hence the bond strength is also different between the two poly-
mers. The works presented in this chapter opens up pathways for tuning the thermal and

acoustic properties of a hybrid metalcone polymer by changing the metal.
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Chapter 7

Measuring thermal resistance of

multilayered geometries

In this chapter, I use SSTR to measure the thermal resistance of challenging multilay-
ered geometries and validate TDTR measurements. The works presented in this chapter

have been published in Acta Materialia [192].

7.1 Motivation

The industrial devices used in electronic applications often consist of four to five lay-
ers [96]. Measuring the thermal conductivity of a single layer in such geometry requires
proper knowledge of the other layers and interfaces. TDTR and FDTR usually fulfill this
requirement by assuming the thermal properties of the other layers and interfaces from lit-
erature [78, 80]. However, as the thermal properties of a layer or interface highly depends
on deposition technique and microstructure [81, 157, 158], assuming accurate values from
the literature can be challenging. Using large spot sizes, SSTR can measure the thermal
resistance of the entire multilayered geometries without specific knowledge of the layers
and interfaces and therefore, provides a pathway to validate any measurements made by

TDTR or FDTR.
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To demonstrate this capability of SSTR, I use a series of samples of the following
geometry: ~80 nm Al transducer/200 nm copper-tungsten (Cu/W) nanomultilayer/25 nm
tungsten (W)/90 nm of silicon nitride (Si3Ny4)/Si substrate. Such nanomultilayers (NMLs)
are widely used in interconnect systems due to their scalability, longstanding fabrication
infrastructures, and low-cost [193]. While TDTR can measure the thermal conductivity
of the Cu/W NMLs assuming the thermal properties of other layers and interfaces, SSTR

provides a mean to validate these assumptions.

7.2 Growth and characterization details

The Cu/W NMLs are grown by DC magnetron sputtering in an ultra-high vacuum
(UHV) chamber with a base pressure of < 5 x 1072 mbar. The multilayers are grown
on Si substrates that have 90 nm of a-Si3N4 on top. This a-Si3Ny layer prevents interdif-
fusion between the Si substrate and Cu/W NML during the high-temperature annealing,
which can result in the unwanted formation of Si-Cu intermetallics. Prior to the deposition,
an RF bias of 100 V at 1.6 x 10~2 mbar is applied for 2 min to remove residual surface
contaminants after ultrasonic cleaning in acetone, ethanol, and isopropanol. 10 nm of Cu
and 10 nm of W repeated 10 times are grown on a 25 nm W layer working as a buffer. The
Ar pressure and gun power are optimized to tune the NML stress to compressive and tensile
values. After the deposition, selected samples undergo an isothermal annealing process for
100 min at 300 °C, 600 °C, 800 °C, or 850 °C in high vacuum (pressure < 107> mbar) with
a heating ramp of 20 K/min in a CVE (Cambridge Vacuum Engineering) HL 1218 oven.

The microstructure of the Cu/W NMLs are characterized via scanning transmission
electron microscopy (STEM), energy dispersive X-ray spectroscopy (EDS), X-ray diffrac-
tion analysis (XRD), and scanning electron microscopy (SEM). Figure 7.1 shows cross-
sectional STEM images of the tensile and compressive NML overlaid with the correspond-
ing EDS maps. The Cu and W nanolayers are straight and planar in the bottom of the

NML stacks, but roughen towards the NML surface. The individual W layer thicknesses
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are rather constant and very similar for the compressive and tensile NML stacks. On the
contrary, the thicknesses of the individual Cu layers appear less homogeneous and less
constant throughout the stack for the tensile NML. The constrast in the MAADF-STEM
images indicates that the tensile NML has a smaller grain size as compared to the compres-

sive NML.

Tensile Compressive

. . )
e A ST
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Figure 7.1: Cross-sectional MAADF-STEM images of the tensile and compressive NMLs
(greyscale) showing diffraction contrast and overlaid EDS elemental mapping of Cu and
W (colors).

XRD characterization reveals that the interfacial roughness is more than 3 times higher
in the tensile NML compared to the compressive one. Additionally, the disorder within
the W layers is 3 times higher in the tensile NML, whereas the Cu layer disorder is com-
parable for the two cases.

The cross-sectional SEM analyses of the as-deposited and annealed NMLs are shown
in Figure 7.2. The atomic disorder of the tensile NML appears to be reduced after anneal-
ing in the range from 300 °C to 600 °C, whereas such an effect is not discernible by SEM
for the compressive NML. At 800 °C, a striking difference in thermal stability between
the tensile and compressive NML becomes evident: while the tensile NML has completely
transformed into a nanocomposite (NC), the compressive NML is still in the first stage of

NML degradation. A compressive NML sample is also annealed at an even higher temper-
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ature of 850 °C, revealing that the NML-to-NC transformation process is still ongoing and

has only partially completed.
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Figure 7.2: SEM images of cross sections of as-deposited and annealed NMLs. Bright
regions in the NML/NC are associated to W; dark regions to Cu.

The growth and characterizations of the Cu/W NMLs are done by Dr. Claudia Cancel-
lieri’s group at Swiss Federal Laboratories for Materials Science and Technology. Dr. Eric

R. Hoglund from the University of Virginia also contributed to the characterizations.
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7.3 Results and discussion

TDTR is applied to investigate the effects of the intrinsic stress state and annealing tem-
perature on the cross-plane thermal conductivity of Cu/W NMLs. A schematic diagram of
the entire sample geometry is presented in Figure 7.3. A total of seven resistances between
the Al transducer and Si substrate are implemented for the TDTR data analysis. TDTR
can measure the top two resistances as long as the other five are known. To determine
the thermal resistance of the Si3Ny layer, we measure the thermal conductivity of a ~90
nm Si3Ny film via TDTR. The thermal resistance of the 25 nm W layer is adopted from
literature [193—-195]. Furthermore, we assume that the intrinsic thermal resistances of the
Cuw/W NML, W, and Si3Ny layers are significantly higher than the associated interfacial
resistances [193, 196]. Consequently, the interfacial resistances are disregarded. Addi-
tional details regarding the parameters used in TDTR analyses can be found in previous

publications [193].
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Figure 7.3: Schematic diagram of the sample geometry exhibiting the thermal resistances
between the Al transducer and Si substrate.

To validate the assumptions used for the TDTR measurements and analysis, we employ
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the SSTR technique. Using large 1/e*> pump and probe radii (~20 um), we fit the seven
resistances between the Al transducer and Si substrate as a single thermal resistance (R) in

SSTR. This thermal resistance can be expressed by the following equation:

1 L 1 L
S CTRIC NRIC W
G Al/(Cu/W )multilayer K (Cu/W)multilayer G (Cu/W)multilayer /W K/ w

)y (o ()
G/ w/sisNg K/ sisNy G/ sisny/si

(7.1)

The TDTR-measured thermal conductivity of the as-deposited tensile NML is 9.1 +
0.98 W m~—! K~!. The thermal conductivity of the as-deposited compressive NML is 22.9
+ 4.6 Wm~! K=, nearly 2.5 times higher compared to the tensile NML. The difference
in cross-plane thermal conductivity between the tensile and compressive specimens in the
as-deposited state can be directly correlated to microstructure. The W layers of the tensile
NML are much more disordered compared to the W layers of the compressive NML. The
interfacial roughness of the tensile NML is also much higher than that of the compressive
NML. Moreover, the tensile NML has a smaller grain size. The structural disorder and
smaller grain size result in a significantly lower thermal conductivity of the as-deposited
tensile NML [39, 193, 197-199].

The thermal conductivity of the tensile and compressive specimens after annealing at
different temperatures is also measured (after cooling down to RT) as shown in Figure 7.4.
Within the uncertainty of the measurement, the thermal conductivity of the compressive
NML remains approximately constant up to 800 °C, followed by a sharp decrease at 850
°C. Indeed, the compressive NML remains stable up to 800 °C. The NML-to-NC transfor-
mation sets in at 7 > 800 °C and is partially completed after the annealing at 850 °C. The
nanocomposite structure introduces additional electron and phonon scattering mechanisms,
resulting in a substantial decrease of the thermal conductivity [200-202]. A completely

different trend is observed for the tensile NML. The thermal conductivity of the tensile
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Figure 7.4: Thermal conductivity of the tensile and compressive samples as a function of
annealing temperature.

NML gradually increases with annealing temperature, which is attributed to the reduction
of atomic disorder.

The thermal resistance between the Al transducer and the Si substrate (i.e., the R value)
is measured by SSTR for the as-deposited and NMLs annealed at 600 °C. The results are
presented in Table 7.1. The R values derived independently by SSTR and TDTR are in
excellent agreement (within the uncertainty of both measurement methods) and nearly the
same for the selected samples, despite the vastly different microstucture and thermal con-
ductivity of the different Cu/W NML variants. This indicates that the contribution of the
Cu/W NMLs to the thermal resistance, R, is relatively small. This suggests that the ther-

Table 7.1: Thermal resistance between the Al transducer and the Si substrate, R, for the
as-deposited and annealed (at 600 °C) Cu/W NMLs, as derived by SSTR and TDTR.

R value (m* K GW™1)

Specimen
SSTR TDTR
Tensile as-deposited 71 £ 14.9 79 £9
Compressive as-deposited 64.5 £ 12.7 70 £9.1
Tensile annealed at 600 °C 78.1+ 14.8 75.7 £ 8.9

Compressive annealed at 600 °C 67.1£ 14.8 73.5+£9.2




65

mal performance of a NML device or functional component with a similar geometry will
not be significantly impacted by the stresses and microstructure generated during fabrica-
tion. However, such intrinsic stresses and microstructure will adversely impact the thermal

stability and, thereby, the device lifetime.

7.4 Summary

The stress state and microstructure of Cu/W NMLs affect their thermal stability and
thermal conductivity. The compressive system has manifested overall better performance:
its thermal conductivity is 2.5 times higher than that of the tensile system in the as-deposited
state. This number directly scales with the internal atomic disorder which is also 3 times
higher in the tensile samples. Additionally, the compressive sample is thermally more
stable and it requires much higher annealing temperatures to turn into a nanocomposite.
Although the thermal conductivity of the tensile sample improves with annealing, it un-
derperforms the compressive sample until 800 °C. The works presented in this chapter
shed light into the interplay between internal stress, microstructure, thermal stability, and

thermal conductivity of Cu/W NMLs.
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Chapter 8

Extending SSTR measurements to high

temperatures

In this chapter, I extend thermal characterizations of a high-entropy ceramic beyond
ambient conditions using SSTR. The works presented in this chapter have been published

in Journal of European Ceramic Society [203].

8.1 Motivation

High-entropy ceramics have garnered a lot of attention in recent years due to their
unique mechanical, physical, and thermal characteristics [53, 204, 205]. Typically in a
high-entropy ceramic, five or more components are mixed in equimolar or near-equimolar
concentrations to maximize the configuration entropy and minimize the Gibbs free energy
[206-210]. The minimization of Gibbs free energy leads to higher thermodynamic sta-
bility, making high-entropy ceramics promising for a wide array of applications. To date,
different types of high-entropy ceramics, such as metal diborides [211, 212], metal carbides
[213-218], nitrides [208, 219], sulfides [220], silicides [221, 222], fluorites [223, 224], and
oxides [225-231] have been successfully fabricated.

Among different classess of high-entropy ceramics, metal diborides and carbides fall
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into the category of ultra-high temperature ceramics (UHTCs), i.e., materials suitable for
extreme environment applications such as next generation gas turbines, rocket nozzles, and
scramjet propulsion [232]. Prior to the successful fabrication of high-entropy metal di-
borides and carbides, the pool of UHTCs were mostly limited to monolithic binary borides
and carbides. Several of them, such as ZrB,, ZrC, HfB,, and HfC, have been studied for
decades for advanced aerospace applications [233, 234]. However, the diverse demands of
the aerospace, energy, and nuclear industries have made it a necessity to expand the pool
of UHTCs and characterize their properties [235].

Thus far, the vast majority of the characterizations performed on high-entropy metal di-
borides and carbides have focused on room-temperature thermal and mechanical properties
[236, 237]. To properly assess the suitability of high-entropy metal diborides and carbides
for extreme environment applications, it is necessary to extend the characterizations be-
yond ambient conditions. Towards this goal, we use SSTR to perform a series of thermal
conductivity measurements on a single-phase high-entropy diboride (HEB) in this chapter.

The composition of the studied HEB is (Hfy 2Zrp 2 Tig.2Tag 2Nbg2)Bo.

8.2 Growth and characterization details

The HEB possesses a single-phase, hexagonal crystal structure (AlB,) [238] with high
symmetry [211, 221]. Figure 8.1 shows the highly anisotropic layered crystal structure of
the HEB consisting of alternating rigid two-dimensional (2D) boron nets and 2D layers
of five metal cations (Hf, Zr, Ti, Ta, and Nb) [211]. The polycrystalline HEB sample
is fabricated by reactive spark plasma sintering of ball milled elemental powders [239].
During spark plasma sintering, the powders are first held at temperatures of 1400 and 1600
°C for 80 minutes each to allow for sufficient outgassing and native oxide reduction. The
temperature is then raised at 30 °C/min to the final sintering temperature of 2200 °C and
held for 30 minutes, prior to cooling to room temperature in 15 - 20 minutes. A pressure of

80 MPa is applied at the maximum temperature to enable full densification. The prepared
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specimen is highly dense (> 98% of theoretical density) and contains negligible amount
of native oxide contaminants. The composition of the sample is measured by EDS to be
98% (Hf(.19Zr¢.19Tig.22Tag.19Nbg.18Wo.03)B2 with residual amount of carbide phase [239].
The average grain size of the HEB specimen is 15 £ 9.5 um, as measured by electron
backscatter diffraction (EBSD). A detailed description of the HEB sample fabrication and
characterization can be found in Qin et al. [239]. The HEB specimen is prepared and
characterized by Dr. Jian Luo’s group at the University of California, San Diego. Dr. Eric

R. Hoglund from the University of Virginia also contributed to the characterizations.

Figure 8.1: Schematic diagram of the crystal structure of (Hfy2Zrg>Tig>Tag2Nbg2)B>
(taken and modified from Gild et al. [211]).

8.3 Results and discussion

To measure the thermal conductivity of HEB, we employ three different thermal charac-
terization techniques: SSTR, TDTR, and LFA [240]. SSTR and TDTR are used to measure
the thermal conductivity up to 290 and 600 °C, respectively. LFA is used to measure ther-
mal diffusivity up to 1267 °C from which we extract the thermal conductivity. Although
SSTR can measure the thermal conductivity independent of heat capacity, TDTR and LFA
measurements require knowledge of HEB heat capacity [39, 55, 241]. To this end, we

assume that the heat capacity of the HEB and ZrB; is the same. This assumption is later
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verified in subsequent sections.

Table 8.1: Thermal conductivity and volumetric heat capacity of the HEB specimen mea-
sured in this study. For comparison, we also include the relevant properties of the con-
stituent metal diborides from the literature. The thermal conductivity of high-quality TaB;
has not been previously reported in the literature.

Materials Thermal conductivity Volumetric heat capacity
(Wm 'K MIm3 K™
(Hfo,zZI‘o,zTi()vzTa(),sz()vz)Bz 27.8+29 2.84 +£0.34
HfB, 107 [242] 2.81[10, 243]
ZrB; 127 [244] 2.95 [244]
TiB, 96 [245] 2.84 [10]
TaB, - 3.05 [10]
NbB, 102 [246] 2.91[10, 247]

The room-temperature thermal conductivity of the HEB sample is 27.8 & 2.9 W m~!
K~!. This is in agreement with literature [212, 239]. As exhibited in Table 8.1, the thermal
conductivity of the HEB is significantly lower compared to the monolithic diborides. Both
electrons and phonons contribute to the thermal conductivity of these diborides [238, 248—
250]. A small amount of impurities can reduce the thermal conductivity of the monolithic
diborides significantly [251, 252]. However, we attribute the thermal conductivity reduc-
tion in HEB to the significant electron and phonon scattering caused by the lattice dis-
tortions and compositional disorder [53, 253]. The localized mass and interatomic bond
strength differences among the five metal cations in the HEB cause lattice distortions as
evident by the changes in lattice parameters compared to the single diboride counterparts
[53,211,213,221]. In addition, the 2D rigid boron nets highly strain the metal-metal bond-
ing within the 2D cation layers leading to further electron and phonon scattering [211]. Due
to such extensive nature of electron and phonon scattering, the presence of small impurities
(i.e., tungsten or the carbide phase) is not expected to cause a significant reduction in HEB
thermal conductivity [19, 239].

To approximate the electron contribution (k,) to the thermal conductivity of the HEB,
we use the Wiedemann-Franz law: k, = ¢6,LT, where o,, L, and T represent electrical

conductivity, Lorentz number, and temperature, respectively [250]. For this purpose, we
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measure the electrical conductivity via the four-point probe method and use a Lorentz num-
ber of 2.45 x 1078 W Q K~2. This ideal Lorentz number has been previously used to
estimate the Kk, values of ZrB; [254], HfB, [255], ZrB;-TiB; [254], and ZrB,-SiC [250]
ceramics. The measured electrical conductivity of the HEB specimen is (2.42 + 0.12) x
10% S/m. This value corresponds to an electron contribution of 18.1 +£ 0.9 W m~! K1,
nearly 65% of the total thermal conductivity of HEB. Thus, our measurement provides the
first empirical evidence that the thermal conductivity of HEB is electron dominated.

The temperature-dependent thermal conductivity of the HEB specimen is presented in
Figure 8.2(a). For comparison, we also include the thermal conductivity of several tradi-
tional UHTCs such as ZrB, [244], ZrB,-30 vol% SiC [250], and HfB,-20 vol% SiC [242].
As evident here, at room temperature, the thermal conductivity of these ceramics is signifi-
cantly higher than that of the HEB. However, as temperature increases, the thermal conduc-
tivity of HEB, ZrB,, ZrB;,-30 vol% SiC, and HfB,-20 vol% SiC ceramics starts to converge.
The increase in thermal conductivity of the HEB with temperature can be attributed to its

electron dominated thermal transport [254]. This trend provides optimism that at elevated
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Figure 8.2: (a) Temperature-dependent thermal conductivity of HEB measured via three
different techniques: SSTR (21 - 290 °C), TDTR (400 - 600 °C), and LFA (787 - 1267 °C).
For comparison, we also include the thermal conductivity of ZrB, [244], ZrB,-30 vol%
SiC [250], and HfB;-20 vol% SiC [242] from literature. (b) Temperature-dependent heat
capacity of HEB along with that of ZrB, [244].
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temperatures (i.e., > 2000 °C), the thermal conductivity of HEB can become comparable to
or even higher than that of other UHTCs. At such temperatures, high thermal conductivity
is desired of UHTCs to avoid failure due to thermal shock [232, 242, 252]. Therefore, the
thermal conductivity measurements show that the HEB is a promising material for extreme
environment applications such as hypersonic aerospace vehicles.

Using the SSTR-measured thermal conductivity as an input parameter, we extract the
volumetric heat capacity of HEB from TDTR measurements up to 290 °C. The room-
temperature heat capacity of the HEB specimen is presented in Table 8.1. As exhibited
here, the heat capacity of HEB is nearly the same as that of the constituent diborides.
Furthermore, this value is in agreement with the rule of mixture [256] prediction (2.91 MJ
m~3 K~1). The temperature-dependent heat capacity of the HEB specimen is presented in
Figure 8.2(b). The excellent agreement shown between HEB and ZrB; supports our earlier
assumption that the volumetric heat capacities of the two materials are nearly identical.

To investigate the presence of any anisotropy in the thermal conductivity of HEB, we
spatially map the HEB specimen using TDTR. For comparison, we also spatially map the
thermal conductivity of a reference ZrB; system provided to us by Dr. W. G. Fahrenholtz
from Missouri University of Science and Technology. The ZrB; specimen is prepared by
reactive hot pressing and has a relative density > 96% [244, 252]. EDS technique reveals
the presence of 92-93 wt% zirconium in the ZrB; specimen. The sample also contains
oxygen, magnesium, titanium, and strontium impurities, and has an average grain size of
7.3 + 4.2 um. Therefore, we use a probe spot size (1/e? diameter) of 6 um or less and a
modulation frequency of 8.4 MHz for TDTR mapping to ensure that the thermal penetration
depth (< 1.5 um) remains lower than the HEB and ZrB; grain sizes [55]. At such low
thermal penetration depth, TDTR mapping is a good indicator of the cross-plane thermal
conductivity of individual grains. To correlate TDTR mapping with grain orientations, we
perform EBSD characterization of the samples.

Figures 8.3(a;) and 8.3(a) show the EBSD micrographs of the HEB and ZrB; spec-

imens, respectively. The HEB grains are randomly oriented without any significant tex-
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turing. In contrast, the ZrB, grains are preferentially oriented along the 001 direction.
The difference in texturing between the HEB and ZrB, can be attributed to the different
fabrication techniques of the two specimens [257, 258].

As TDTR measures the thermal conductivity along the cross-plane direction, we use
the pole figures to confirm the distribution of 001 oriented grains along the Z-axis. Figure
8.3(b;) indicates that the 001 oriented grains are randomly distributed along the Z-axis
in the HEB. In contrast, Figure 8.3(by) shows that the intensity of 001 oriented grains is
highest along the Z-axis in ZrB,.

Figures 8.3(cy) and 8.3(cy) show the disorientation angle distributions of HEB and
Z1B,, respectively. For comparison, we also show the corresponding Mackenzie distri-
bution, i.e., the theoretical distribution of a randomly oriented polycrystalline material of
hexagonal crystal structure. The disorientation angle distribution for HEB largely follows
the ideal Mackenzie distribution, confirming that the grains are randomly oriented. For
ZrB,, there is an increased proportion of smaller disorientation angles compared to that of
a random distribution, indicating the presence of texturing.

The cross-plane thermal conductivity distributions of HEB and ZrB, are presented in
Figures 8.3(d;) and 8.3(d»), respectively. The thermal conductivity maps used to extract the
distributions are provided in the Supporting Information. As exhibited in Figure 8.3(d;),
the thermal conductivity of HEB is relatively symmetric around the mean value. Nearly
89% of the pixel counts can be found within just ~15% of the mean value. The results are
confirmed in multiple thermal conductivity maps on different regions of the HEB speci-
men. The lower thermal conductivity pixel counts of Figure 8.3(d) likely stem from impu-
rities such as the carbide phase. Due to the presence of such impurities, the HEB thermal
conductivity distribution has a skewness value less than -1. For comparison, the thermal
conductivity distribution of ZrB; is nearly 24 times more skewed. This can be attributed to
the higher impurity concentrations of the ZrB, specimen. The 001 oriented grains of ZrB,
can possess thermal conductivities ranging from 95 to 102 W m~! K~!, whereas grains

oriented along other crystallographic directions can have a thermal conductivity above 120
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Figure 8.3: [a, a] EBSD micrographs exhibiting the grain orientations in HEB and ZrB,.
[by, ba] Pole figures exhibiting the distribution of 001 oriented grains along the Z-axis.
[c1, c2] Disorientation angle distributions extracted from the EBSD data. [d{, d>] Thermal
conductivity distributions extracted from TDTR mapping. Subscript 1 and 2 denote HEB
and ZrB,, respectively.
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W m~! K~ [244, 259]. The absence of pixel counts with thermal conductivities above 120
W m~! K~! shows that the mean thermal conductivity of Figure 8.3(d») is representative
of ZrB, textured along the 001 crystallographic direction.

The relatively symmetric distribution and similar thermal conductivity maps on mul-
tiple regions of the HEB specimen reveal that the thermal conductivity of HEB is nearly
isotropic across different crystallographic orientations. Therefore, the temperature depen-
dent thermal conductivity values exhibited in Figure 8.2(a) is representative of HEB tex-
tured in any orientation. However, we note that even for materials with anisotropic thermal
conductivity, such as ZrB,, the effect of anisotropy is likely to be very small at high tem-

peratures [244, 252].

8.4 Summary

The thermal properties of a HEB are presented in this chapter. Our work reveals that
the electrons contribute to nearly 65% of the total thermal conductivity of HEB. We use
multiple thermal characterization techniques to measure the HEB thermal conductivity up
to 1267 °C. The comparable thermal conductivity of HEB with that of other UHTCs at
such temperatures provides evidence that the HEB can be a promising material for use
in hypersonic aerospace vehicles and advanced rocket nozzles. The HEB also possesses
a nearly isotropic thermal conductivity along all crystallographic directions, contrary to
that of other binary diborides, such as ZrB;. The volumetric heat capacities of HEB and
ZrB, remain nearly the same as a function of temperature. The characterizations performed
in this chapter mark a significant advancement towards employing of HEB for ultra-high

temperature applications.
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Chapter 9

Validating heat capacity assumptions of

a perovskite chalcogenide

One of the biggest advantages of SSTR technique is its insensitivity to heat capacity.
Here, I use this advantage of SSTR to validate heat capacity assumptions of a perovskite
chalcogenide. The works presented in this chapter are currently under preparation for a

journal submission.

9.1 Motivation

Perovskite chacogenide BaZrS3 and its Ruddlesden-popper derivatives (i.e., Ba3Zr,S7
and BayZr3S;g) are suitable material candidates for optoelectronic, thermoelectric [260],
and photovoltanic applications [261]. To properly use them in such applications, thermal
characterizations are of vital interest. TDTR is able to measure the thermal conductivity
of crystalline and amorphous BaZrS3 as well as its Ruddlesden-popper (RP) derivatives.
However, such measurements require assumptions of heat capacity. As SSTR is insensitive
to heat capacity, it can directly measure the thermal conductivity of these materials and can

validate any heat capacity assumptions used in TDTR or FDTR.
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9.2 Growth and characterization details

The BaZrS3 and Ba3Zr,S7 crystals are synthesized using the flux method [262]. 1 g of
BaCl, powder (Alfa Aesar, 99.998%) is grounded and mixed with 0.5 g of stoichiometric
mixtures of precursor powders (BaS, Zr, and S), and loaded into a quartz tube. For BaZrSs,
the tube is heated to 1050 °C at a rate of 1.6 °C/min, held at 1050 °C for 100 h, cooled to
800 °C at a rate of 0.1 °C/min, and then to room temperature in an uncontrolled manner
by shutting off the furnace. For Ba;sZr3S;g, the tube is heated to 1050 °C at a rate of 0.3
°C/min, held at 1050 °C for 40 h, cooled to 400 °C at a rate of 1 °C/min, and then to
room temperature in an uncontrolled manner. BasZr3S¢ is formed as a secondary phase
twined with some large Ba3Zr;S7 crystals. X-ray diffraction along 001 orientation [263]
is used to characterize their existence, so BayZr3S;q layers are exfoliated to access them.
The obtained samples are washed repeatedly with deionized water and isopropyl alcohol
to remove excess flux before drying in airflow. The crystal dimensions are on the order of
~100 um.

Figure 9.1 shows the structure and TEM characterizations of BaZrS3 and Ba3Zr,S7.
The perovskite shown in Figure 9.1(a) consists of tilted ZrS¢ octahedra (Figure 9.1(c))
and BaS;; polyhedral that are distorted from the octahedral rotation (Figures 9.1(d) and
9.1(e)). The BazZr,S7 RP phases shown in Figure 9.1(b) contains two perovskite sections
(red brackets) that are separated by rock-salt packed layers. Figure 9.1(g) shows an iDPC
image of BaZrS3 viewed along the in-phase tilt axis. The Ba-Ba distance projected along
the c-axis is plotted in Figure 9.1(j). Figures 9.1(h) and 9.1(i) show the layered periodic
stacking of perovskite layers in the two RP phases with the enlarged regions of interest
emphasizing one of two rock-salt layers that are present in a single unit cell. The electron
energy-loss elemental maps and corresponding atomic number contrast image shown in
Figures 9.1(k) — 9.1(o) show the high degree of chemical ordering in each sublattice and
the change in local symmetry at the rock-salt layers. The out-of-plane projected Ba-Ba

distances in the Ruddlesden-Popper show that the distance across the rock-salt layers is
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not an integer multiple of the perovskite as a result of the redistributed bonds when the

rock-salt layers are introduced.
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Figure 9.1: Structure of perovskite and Ruddlesden-Popper Ba,,. | Zr,,S3,, 1. Ball-and-stick
model of (a) Pnma perovskite BaZrS3 and (b) I4mmm Ruddlesden-Popper BazZr,S7 show-
ing grey TiS¢ octahedra and green BaS bonds. Red markers in (b) indicate the perovskite
blocks of the RP phase separated by the rock-salt blocks. Blue dotted lines between BaS
atomic planes indicate the intra-unit cell interface-like planes. Ball-and-stick model of a
(c) Zr octahedra and (d) undistorted Ba polyhedral. (e) Distorted Ba polyhedral resulting
from octahedral tilts in BaZrS; and (f) rock-salt building block resulting from layering in
BasZr,S;. Integrated differential phase contrast images of the (g) BaZrSs3, (h) BazZr,S7,
and (1) BasZr3S|q crystals. Enlarged regions from the cyan annotations are shown below
each image. In the enlargements, two perovskites unit cells are annotated with Ba (green),
Ti (grey), and S (yellow) circles. The (j) cross-plane projected Ba-Ba distance in (g-h)
showing the periodic structure of the perovskite and rock-salt like sections of the RP phases.
(k) atomic-number contrast image and (1) BaZr composite image from a STEM-EELS spec-
trum image. Intensity maps of (m) Ba-Mys, (n) Zr-M>3, and (0) S-K background-subtracted
edges.

The samples discussed in this chapter are grown by Dr. Jayakanth Ravichandran’s
group at the University of Southern California. Dr. Eric R. Hoglund from the University of

Virginia performed the characterizations.
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9.3 Results and discussion
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Figure 9.2: TDTR-measured cross-plane thermal conductivity of BaZrS3 and its RP deriva-
tives. c-BaZrS3; and a-BaZrS; denote crystalline and amorphous BaZrSs, respectively. (b)
Elastic modulus/thermal conductivity (E/k) ratio for a wide range of crystalline materials
at room temperature. The crystals are grouped into superatoms, lead halide perovskites,
semiconductors, oxides, and BaZrS3; and its RP derivatives. The thermal conductivity and
elastic modulus data are taken from Refs [25, 53, 112, 128, 166, 264-287]. (c) Thermal
conductivity distribution of BaZrS3; and RP phases as a function of ion-irradiation doses.
The thermal conductivity of the crystalline BaZrS3 is lower compared to panel (a) due to
the presence of nano-domains in some of the crystals.

We measure the cross-plane (along c-axis) thermal conductivity of the materials us-
ing TDTR from 100 to 400 K, as shown in Figure 9.2(a). For this purpose, we calculate
the volumetric heat capacity of crystalline BaZrS3; and Ba3Zr,S7 using density functional

theory. Additionally, we assume that the crystalline and amorphous BaZrS3 possess the
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same volumetric heat capacity. To ensure the validity of this assumption, we measure the
room-temperature thermal conductivity of a ~107 nm amorphous BaZrS; film grown on
silicon substrate via both TDTR and SSTR techniques. The measured thermal conductiv-
ity is in excellent agreement between the two techniques, thus proving the accuracy of the
volumetric heat capacity assumed for amorphous BaZrS3; in TDTR.

The thermal conductivities exhibit two unusual features. First, the thermal conduc-
tivity of the crystals increases from 100 to 200 K, then remains relatively temperature
independent, which is rare for crystalline materials. Second, the RP phases possess ultra-
low thermal conductivities in agreement with the diffuson limit and much lower than the
glass limit. Additionally, the thermal conductivities are comparable to that of amorphous
BaZrS3. Such ultra-low thermal conductivity has also been observed in van der Waals lay-
ered 2D-materials such as WSe, [33]. However, the bonds in the rock-salt layers of RP
phase are comparable to the strong bonds in the perovskite sections.

To compare the bond strength of BaZrS; and its RP derivatives with other materials,
we plot the elastic modulus/thermal conductivity (E/k) ratio of a wide range of crystals in
Figure 9.2(b). The elastic modulus of BaZrS3 and RP phases is higher than supertatoms,
lead halide perovskites, and even some semiconductors. Despite such strong bonding,
the RP phases possess an ultra-low thermal conductivity. As a result, the E/x ratio of
the Ba3Zr,S7 crystal is the highest reported to date, much higher than the closest oxide
competitor. It is also unprecedented that different phases of the same material can span
across such a wide range of E/k ratios.

To further show the strong bonding across the rock-salt layers, we irradiate BaZrS3; and
BasZr3S;g crystals with energized gold ions. The measured cross-plane thermal conduc-
tivity of the irradiated crystals as a function of ion doses is shown in Figure 9.2(c). The
thermal conductivity of BaZrS3 exhibits a sigmoidal reduction, typically characteristic of
irradiated crystalline materials [288]. At low doses, irradiation introduces lower amount of
point defects and vacancies, and the crystal structure remains relatively unchanged, there-

fore the thermal conductivity is nearly constant. At high doses, point defects and vacancies
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increase, which gradually decreases the thermal conductivity to that of an amorphous solid,
as observed in BaZrSs;.

Compared to BaZrSs, a completely different trend is observed in the RP phases. The
thermal conductivity of the BasZr3Si¢ crystals remains nearly constant as a function of
ion doses. TEM characterizations show that the layering of BasZr3S¢ crystals remain un-
interrupted throughout the range of doses, although high doses can introduce amorphous
pockets. In weakly bonded van der Waals layered materials, ion irradiation can lead to
disruptions in crystalline order and increased thermal conductivity [33]. However, due to
strong bonding of the RP phases, no such trend is observed in our work. The thermal
conductivity also does not decrease with ion doses despite irradiation increasing point de-
fects and disorders within an intra-layer [288, 289]. This indicates that increased phonon
scattering due to irradiation is not impacting the thermal transport in RP phases. To gain
further insight into this, we measure the thermal conductivity of Ba3zZr,S; along the in-
plane direction (perpendicular to c-axis). The in-plane thermal conductivity is 1.06 £ 0.14
W m~! K1, ~2.5 times higher compared to the cross-plane thermal conductivity. The
major structural difference between the in-plane and cross-plane directions is the rock-salt
layers. This suggests that the structural building blocks in the unit cell can lead to ultra-
low and anisotropic thermal conductivity similar to weak bonding in van der Waals layered

materials.

9.4 Summary

The thermal conductivity of RP phases of BaZrS3 is found to be ultra-low. We find
that the rock-salt layers separating the perovskite sections of the Ruddlesden-Popper ma-
terial lead to highly anisotropic thermal conductivity, with the cross-plane reaching values
comparable to the amorphous solid despite comparable bonding across the full unit cell.
The findings of our work can provide insight into the thermal transport of all structurally

layered materials.
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Chapter 10

Summary and future works

In this dissertation, I use SSTR to investigate the fundamental thermal transport mech-
anisms in different materials as well as measure the thermal properties of challenging mul-
tilayered geometries. In chapter 2, I provide an overview of the dominant energy carriers in
non-metallic and metallic crystals as well as amorphous materials. In chapter 3, I discuss
about the thermoreflectance techniques I have used in this dissertation, namely SSTR and
TDTR. Chapter 4 focuses on the influence of multilayer material systems, thin metal film
transducers, and thermal boundary conductances on the thermal penetration depth of the
SSTR technique. I further demonstrate the ability of SSTR to measure the thermal conduc-
tivity of sub-surface buried substrates and films in this chapter. In chapter 5, I use SSTR to
measure the in-plane thermal conductivity of micrometer thick aluminum nitride thin films.
Our measurements reveal that the in-plane thermal transport of these films is being driven
by phonon-phonon scattering. In chapter 6, I employ SSTR to investigate the cross-plane
thermal transport in organic-inorganic hybrid polymer films of nanometer length scales.
Chapter 7 provides an overview of the use of SSTR for measuring the thermal properties
of challenging multilayered geometries. The works presented in this chapter shed light
into the interplay between internal stress, microstructure, thermal stability, and thermal
conductivity of copper-tungsten nanomultilayers. In chapter 8, I extend SSTR measure-

ments beyond ambient conditions. In chapter 9, I use SSTR to validate the heat capacity
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assumptions of a perovskite chalcogenide.
Based on the works presented in this dissertation, there are multiple opportunities for

future investigations such as the following:

* In chapter 4, I demonstrate the ability of SSTR to probe into sub-surface buried
substrates and films. Using the same principle, SSTR can probe into buried interfaces
when the interfacial resistance between the thin film and substrate is very high (e.g.,
200 m> K GW~! or greater). For such cases, the temperature drop at the interface is
quite large allowing SSTR to become sensitive to it. Measuring such buried interfaces

via SSTR can mark an important advancement in experimental metrology.

* In chapter 5, I use SSTR to measure the in-plane thermal conductivity of AIN thin
films grown on sapphire substrates. Similarly, SSTR is able to measure the in-plane
thermal conductivity of thin metallic films grown on insulating substrates. A future
study into this can provide insight into the thermal transport mechanisms of metallic
films and check the validity of Wiedemann-Franz law when the length scale is much

smaller than the bulk value.

* In chapter 6, I use SSTR to measure the thermal properties of hybrid metalcone
films. The thermal conductivity difference between alucone and tincone is attributed
to the different atomic masses of the metals. It is of significant interest to verify this
hypothesis by measuring the thermal properties of a third metalcone film. Towards

that goal, we are currently working on thermal characterizations of zincone films.

* In chapter 9, I measure the thermal conductivity of perovskite chalcogenide BaZrS;
and its Ruddlesden-popper derivative BazZr,S;7 and BasZr3S19. The Ruddlesden-
popper phases exhibit ultra-low thermal conductivities. We are currently working
with multiple collaborators (Dr. Ashutosh Giri at the University of Rhode Island, Dr.
Sokrates Pantelides at Vanderbilt University, and Dr. Tianli Feng at the University of

Utah) to isolate the mechanism behind such ultra-low thermal conductivity.
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