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ABSTRACT

Li, Xiangyu PhD, Purdue University, December 2018. Engineering Nanocomposites and
Interfaces for Conduction and Radiation Thermal Management . Major Professor: Xiulin
Ruan, School of Mechanical Engineering.

The rapid advance in nanoscale fabrication of nanoparticles and thin films has urged a
new perspective in the field of heat transfer. In one of the applications, composite materials,
fillers are added in polymer matrix to enhance certain properties. Thermal interface materi-
als are such composites to increase thermal conductivity of polymer for better heat transfer
between interfaces. Nanoparticles introduces other mechanisms rarely seen in large fillers,
such as aggregation and sintering effect. Such nanocomopsites can be utilized as thermal
interface materials for better thermal transport between macro-interfaces. Though thermal
interface materials have been studied for decades, aggregation and size effect have never
been of great attention as micro-particles diffuse slowly, stay isolated and get separated
easily. Thus, aggregation does not show much impact on the overall thermal conductivity.
Most of the theoretical models simply ignore aggregation to assume isolated or uniform
particle dispersion. However, with size shrinking down to nanometers, nanoparticles dif-
fuse much faster and form clusters more frequently. Along with sintering effect during
curing process, clusters with continuous filler phase are common, resulting in a further in-
crease for thermal conductivity. In this work, we focus on the aggregation and size effect on
thermal conductivity of metal-polymer nanocomposite. We have fabricated nickel-epoxy
nanocomposites and observed higher thermal conductivity than effective medium theory
predicts. Contrary to classical models indicate, smaller particles are also found to show
higher thermal conductivity with the same particle concentration. A two-level EMA model
is developed to account for the aggregation effect and to explain the size-dependent en-
hancement of the thermal conductivity by introducing local concentration in aggregation

structures. An aggregation simulation during the curing process is followed to illustrate
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both qualitatively and quantitatively that the size-dependent enhancement of thermal con-
ductivity is caused by the aggregation effect due to higher diffusing speed of the smaller
particles. The results help a better understanding on the impact of aggregation, provide
guidance in nanocomposite designing and can also apply for other areas such as composite
aging process. Metal-nonmetal interfacial thermal resistance that exist in the nanocompos-
ites is further studied in details using thin-film sandwich structures, as quantifying inter-
faces in nanocomposite is challenging especially with aggregation effect.

Heat generation in modern microelectronic device surges as the number of transistors
skyrockets along with the prediction of the Moore’s Law. What is worse, with a much
higher density of interfaces, especially metal-dielectric interfaces, their contribution has
dominated the overall thermal resistance and greatly impeded the thermal management, re-
sulting in one of the largest challenges for enhancing performance nowadays. In this work,
in order to decrease gold-alumina interfacial thermal resistance, we inserted an interme-
diate metal layer nickel between gold and alumina and observed a 70% reduction in total
interfacial thermal resistance. Though one more interface is introduced with the inserted
nickel layer, the higher electron-phonon coupling factor and the lattice constant of nickel
reduce the total thermal resistance. The two temperature model (TTM) is applied to explain
the reduction of interfacial resistance, and the results show that the nickel layer functions as
a bridge that reduces the phonon mismatch between gold and aluminum oxide. Moreover,
nickel has strong electron-phonon coupling, which reduces the thermal resistance caused
by the weak electron-phonon coupling in gold.

On the other hand, the thermal conductivity of nanoparticles and thin films changes as
the scale goes down to the mean free path of phonons. This size effect opens up more op-
portunities for thermal conductivity engineering for applications such as thermoelectric en-
ergy harvesting. Superlattices or multi-layer structures with minimal lattice mismatch can
achieve higher thermal conductivity than expected due to coherent phonons and coupled
interfaces. However, such multi-layer structures are rarely seen in actual devices, where
the coupling effect of two adjacent thermal interfaces is yet to be well understood. In this

work, sandwich structures of aluminum oxide, nickel, and aluminum oxide films are fab-
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ricated with atomic layer deposition to study thermal interfacial resistance between metal
and dielectric material and interfacial coupling effect across a thin metal layer. Thermal
resistances of thin nickel layer and two interfaces are measured with the 3w method. Exper-
imental results show interfacial thermal resistance between nickel and aluminum oxide as
6.8 x 107*mm?K /W at 300K, with weak dependence on metal thickness and temperature.
Two-temperature model and detailed diffuse mismatch model have been used to estimate
interfacial resistance theoretically, and the results agree reasonably well with experiments.
Estimations from the two temperature model indicate that in the overall thermal interfa-
cial resistance, the phonon-phonon interfacial resistance dominates over the resistance due
to electron-phonon coupling effect and inside the metal layer. Also, the phonon-phonon
interfacial resistance does not vary as the metal layer thickness decreases below electron-
phonon cooling length indicating the two adjacent interfaces are not thermally coupled.
Additional to function as fillers in thermal interface materials for thermal conduction,
nanocomposites have the potential to provide passive radiative cooling as exterior paints,
which holds significant promise for reducing the cost of cooling in residential, commercial,
and industrial sectors. Passive radiation cooling utilizes a transmission window of the at-
mosphere between 8um and 13um, the sky window, for emission into the deep sky. With
a high solar reflectance, such a coating can remain below ambient temperature throughout
24h even under direct sunlight, a potential application for cutting utility bills in commer-
cial and residential buildings. Although there has been decades-long interest to develop
paints with radiative cooling capability mainly involving TiO,, no previous paints have
shown cooling below the ambient under direct sunlight, due to insufficient solar reflectance
at around 80-85%. Other solutions other than paints utilized complicated photonic struc-
tures that are expensive to fabricate, or metallic layer for high solar reflectance. However,
in most outdoor equipment for communication network, metal coatings or fillings cause
malfunctions as metals interfere with high frequency signals. The lack of a paint form
restricts the applications of most exterior surfaces. Here we have demonstrated that with
the right fillers, we can achieve below-ambient cooling in paints under direct sunlight with

ultra-high efficiency. Barium sulfate and calcium carbonate nanoparticles were selected
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for their large intrinsic band gaps which help minimize the absorption in UV. Appropriate
particle sizes and high particle concentrations were used to strongly reflect sunlight. The
vibrational resonances of the particles or acrylic matrix provide strong emission in the sky
window. Our BaSO,-film shows a solar reflectance of 97.6% which is unseen in other
paints, and a high sky-window emissivity over 0.93. The resulted cooling power exceeds
110 W/m? over the 10am to 2pm period when the average solar irradiation is 930 W/m?.
The surface is cooled 4.5°C below the ambient at noon. Our radiative cooling paints show
comparable or better cooling performance than the other state-of-the-art approaches, while
offering unprecedented benefits including the convenient paint form, a fraction of the cost

of the other approaches, and the compatibility with commercial paint fabrication process.



1. INTRODUCTION

1.1 Particle Aggregation in Particle-Polymer Composite Thermal Interface Materi-

als

With low cost and easy manufacture, excellent mechanical properties as well as strong
chemical resistance, polymer such as epoxy, PMMA has been of great significance in mod-
ern world. In spite of its high bonding strength and its ability of fill in the gap between
interfaces, polymer has a thermal conductivity too low for thermal applications, such as
thermal interface materials. Adding fillers with higher thermal conductivity, such as metal,
metal oxide, graphene, BN and diamond, helps improve its thermal performance [[1]]. The
improvement depend on volume concentration, thermal conductivity, aspect ratio of the
fillers, polymer thermal conductivity as well as interfacial resistance between fillers and
polymer. To estimate the overall thermal conductivity of the composite based on these fac-
tors, many effective medium approximation models are proposed and reviewed [2-4]. The
Maxwell model assumes isolated and spherical particles in matrix material, neglecting any
interactions between particles [S6]. Several modifications, such as the Hamilton model [/7]
and modified effective medium approximation [8]], include a geometry factor of fillers, in-
terfacial resistance and size effect both in filler and matrix material. Utilizing Green’s func-
tion, Nan has developed a model that treats filler aspect ratio, orientation, and interfacial
resistance [9)]. However, these models only consider isolated particles, while aggregation
effect remains neglected. The Series and Parallel models [[10] consider the most simplified
geometry of multi-film stacked together. The Bruggeman model [11] was developed for
powder compact, and it neglects the effect of continuous phase of the matrix material. The
Percolation model [12] for thermal conductivity does include interactions between particles
and distinguish particles and matrix, with percolation threshold and percolation exponent as

two fitting parameters, though on the assumption that particles still dissipate randomly and



independently. Compared with electrical properties in metal-polymer composites, thermal
transport does not show an increase in conductivity as dramatic as electrical conductiv-
ity [[12514]. Thus, fitting parameters can be sensitive to experimental data. Some methods
for nanofluid utilize hierachical EMA models to include the aggregation effect [15] by us-
ing fractal dimensions, which can be difficult to determine [13,|161/17]] especially for com-
posites. These models work relatively well for micro-scale fillers as they are easy separated
and staying isolated to provide a uniform composite. However, commercial products using
large size of fillers, including thermal pads, grease, can rarely get to thermal conductivity
as high as SW/mK without sacrificing viscosity or affordability due to the lack of filler
interactions and continuous phase of high thermal conductivity.

Nanomaterials, such as nanoparticles, nanowire, or graphene, has the potential to offer
new opportunities as fillers in thermal interface materials. Due to its high surface-volume
ratio and active surface atoms, nano-fillers tend to aggregate faster and harder to separate
once clustered together than micro-scale ones. Sintering effect can be possible during the
curing process, resulting more and longer continuous paths with high thermal conductiv-
ity. Compared with larger particles uniformly dissipated and isolated by insulated polymer
matrix, nanoparticles offer higher performance with similar loadings. Pashayi et al uti-
lizes sintering effect occurring during the curing process for a self-construct struture to
achieve thermal conductivity as high as 27W /mK with around 45% silver concentration in
epoxy [18]. Figure [[.T]illustrate that larger particles stay isolated with low overall thermal
conductivity while smaller particles with similar concentration form higher overall ther-
mal conductivity with a longer continuous silver phase. With microwave welding, silver
wires with 4% concentration in PDMS achieve thermal conductivity as high as 6W /m?
by connected in a fashion shown in Fig. [I.2][19]. Even though many EMA models exist
for thermal conductivity, most of them ignore aggregation effect due to its complication,
underestimating most of nanocomposite thermal conductivity. A better understanding on
the aggregation effect on thermal performance as well as structural change is crucial for

more efficient composite design.



Interfacial resistance between metal and nonmetal in nanocomposite can be a challenge
to quantify with the existence of aggregation and sintering effect. Followed are some stud-

ies specifically on metal-nonmetal interfacial resistance.

Figure 1.1. : left: isolated micro-scale silver particles in epoxy provide low thermal
conductivity around 0.6W /mK. right: 20nm silver particles with same concentration in
epoxy form continuous path due to sintering effect, and yield thermal conductivity of

27W /mK (18]

Figure 1.2. : Ag nanowires are microwave welded together to provide continuous path in

PDMS for higher overall thermal conductivity. The white bar stands for 1m. [19]



1.2 Metal-Dielectric Thermal Interfacial Resistance

The recent development of material synthesis, nanoscale characterization, microelec-
tronic fabrication has pushed the scale of interest down to several nanometers. One of the
most significant applications is the integrated circuits, widely applied in modern electronic
devices, such as computer processors, mobile phones, memory storage devices, and sen-
sors. The continuous advance in manufacture has made it possible to follow the Moore’s
Law, that transistor number doubles every 18 months. The transistors are getting smaller as
feather length falls from 10um in 1970s to 10nm in 2017. Not only do they get smaller and
denser horizontally, they are also stacked multiple layers to ensure performance improve-
ment. However, the power consumption increases, so does heat generation. What makes
it worse is that overall thermal resistance increases dramatically as well. Total thermal
resistance consists of both that of films and interfacial resistance between films. Thermal

resistance for films themselves can be estimated according to Fourier’s Law as
' = L/ky, (1.1)

where R’Ji is the thermal resistance for films, L stands for the thickness of the film, and k is
the thermal conductivity of films. On the other hand, interfacial resistance occurs between
films, where temperature jumps across the interface. Thermal interfacial resistance R; be-
tween metals and dielectric materials is often in the scale of 10~®m?K/W. Where as R}
scales with the thickness of each film, interfacial resistance R; increases as the number of
interfaces surges. When the feature length and film thickness remain rather large, most of
thermal resistance comes from thin films themselves that are relatively thermal conductive,
and interfaces do not contribute much due to its low resistance(~ 10~8m?K /W) [20-24]
and smaller count number. As transistors get smaller, thinner films introduce interfaces
with much higher density while total thickness of films remain relatively constant. With
each interfacial resistance remains similar as before, total thermal resistance now is dom-
inated by the much larger overall thermal interfacial resistance. On the road to higher
performance and more compact integration, thermal management has become one of the

biggest challenges, and decreasing thermal interfacial resistance is the key.



To measure thermal interfacial resistance, 3w method as well as time-domain
thermoreflectance (TDTR) [28] are often utilized. Figure [I.3] [29] shows an example of
interfacial resistance measured by 3w method between Au and Si in a multi-layer structure.
A schematic view of TDTR method is illustrated in Fig. [T.4] [28]. The sample surface is
usually deposited with gold or other metal. A high-frequency pump light pulse as well as a
delayed weaker probe pulse shines on the metal surface, reflected into a detector. The pump
pulse excites the sample surface, causing changes in optical properties. Probe pulse carries
the information back to the detector. Associated with the changing optical properties, thin

film or interfacial resistance is obtained.

Figure 1.3. : An example of 3w method is applied for thermal interfacial resistance
measurement. (a) A metal line deposited on the surface, necessary for 3w measurement

(b) A multi-layer structure of Au and Si

Things get worse as most of the interfaces in modern electronic devices are metal-
dielectric interfaces. For interfaces between dielectric materials, there are many approaches
to estimate interfacial resistance, such as acoustic mismatch model (AMM) [30}31]], and
diffuse mismatch model (DMM) [31]]. These two models can reach reasonable agreement
with experiments at low temperatures below 40K depending on different interface condi-
tions, given phonon spectrum of each material. Certain modifications [32] are proposed
for high temperatures, by introducing and relying on parameters fitted with experimental

data, though the use of such fitting parameters may make the agreement coincidental. The
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Figure 1.4. : A schematic view of a TDTR setup in use at the Laser Facility of the
Frederick Seitz Materials Research Laboratory [@]

method mentioned above can only account for thermal transfer through phonons, ignoring
the contribution of other carriers. For metals, semimetals, or heavily doped semiconductors
where electron is the main carrier of heat transfer, its contribution to heat transfer cannot
be neglected. Due to differences in main heat carriers, electrons and phonons at different
sides of the interface between metal and dielectric materials may have a large difference
in kinetic energy, as shown in Fig. [I.5] when thermal energy has to be transferred from
electrons to phonons in metal before crossing to dielectric material, where phonons are the
dominant heat carrier [29,(33]. With additional energy transfer occurred during the ther-
mal transport, metal-nonmetal interfacial resistance is often reported to be higher than that
between two metals or two dielectric materials.

To reduce thermal interfacial resistance on lattice mismatch aspect, English et al [34]
illustrated in molecular dynamics (MD) that an intermediate layer between two materials

with highly vibrationally mismatch can help reduce total resistance. Both the thickness of
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Figure 1.5. : Electron-phonon coupling effect happens at metal-nonmetal interfaces.
Electron has to transfer heat to phonon in metal material before thermal energy crosses to

nonmetal material. [33]]

the interlayer and the disorder of the interfaces are studied in their simulations, shown in
Fig. [I.6l Wang et al [35] stepped it further to consider electron-phonon coupling effect
in Boltzman transport simulation as well. In a similar fashion that an interlayer help ease
the lattice mismatch between two materials, it can also be beneficial for electron-phonon
coupling. Gold is often used in microelectronics due to its high electrical conductivity
and excellent chemical stability. However, low electron-phonon coupling factor indicates
a higher resistance regarding to electron-phonon coupling. In Wang’s paper, an interlayer
is inserted between Au and Si, shown in Fig. such as Al and Pt, resulting in a more

efficient way for electron-phonon coupling and reduce overall thermal resistance.

1.3 Interface Coupling and Phonon Coherence

Previous discussion is mostly on an assumption that the metal layer is thick enough that
electrons are more efficient in thermal transfer in metal, as the resistance of heat carried by
phonons is far higher. Electron-phonon cooling length can be defined as the length where

electrons and phonons reach equilibrium in metal layer [36]. However, when the thickness
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Figure 1.6. : A MD simulation study is focused on how an interlayer helps reduce overall

thermal interfacial resistance between two materials with vibrationally mismatch. [@]

of the metal film decreases close to phonon mean free path or the cooling length, thermal
resistance of metal layer through phonon channel scales down with the thickness while
electron-phonon coupling resistance remains mostly unchanged. In this case, electron-
phonon coupling is insufficient for electrons to contribute to for thermal transport. Phonon
may be the dominant heat carrier not only in nonmetal material, but also in metal film,
illustrated by Li’s work in a Mo/Si superlattice [37]. Figure [[.§shows thermal resistance
network with additional phonon channel.

As the film thickness lowers and interface quality improves, coherent phonons are un-
der investigation to yield lower overall thermal resistance. Luckyanova et al has
shown coherent phonons in AlAs/GaAs superlattice in Fig. [[.9] Similar result is found
by Ravichandran et al [39] using both (STO)m/(CTO)n and (STO)m/(BTO)n superlattice.
Figure. illustrates that as period thickness, or film thickness decreases into coherent

regime, thermal conductivity increases, in other words, each individual interfacial resis-
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Figure 1.7. : A BTE simulation study regarding to electron-phonon coupling is focusing
on how an interlayer helps reduce overall thermal interfacial resistance between metal and

dielectric material. [@]

tance decreases. With non-equilibrium molecular dynamics simulation, Wang et al com-
pares superlattice with random multilayer structure [40], shown in Fig. [I.TI} The work
demonstrates that total resistance is higher for random multilayer as phonon coherency
is destroyed. Both the phonon coherency and inefficient electron-phonon coupling con-
tribute to thickness-dependent interfacial resistance. However, they are mostly studied in a
multi-layer structure, rather than few-layer or sandwich structure, which is more common

in modern integrated circuit.

1.4 Ultra-efficient Low-cost Radiation Cooling Paint

Radiative cooling is a passive cooling method where heat is lost to the deep sky through
the transparent ’sky window” from 8 um to 13 um of the atmosphere. Emissive power from

the earth can directly travel to the deep sky, functioning as an infinite heat sink with temper-
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Figure 1.8. : An update on the thermal resistance network by adding a direct phonon

channel through the metal layer.
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Figure 1.9. : Superlattice with AlAs and GaAs shows linear thermal conductivity increase
with superlattice period, indicating phonon coherency is conserved through

interfaces. ||

ature as low as 4K. Combined with high solar reflectance, it is possible to achieve passive

refrigeration even under direct sunlight, which holds significant promise for reducing the
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Figure 1.10. : With the period of (STO)m/(CTO)n and (STO)m/(BTO)n superlattices
decreases to coherent regime, a further increase in interface density increases overall
thermal conductivity, indicating that coherent phonons are beneficial for thermal

transport. [39]

cost of cooling in residential, commercial, and industrial sectors. The schematic view of
energy flow is shown in Fig. There have been decades of efforts to create paints
with radiative cooling capability under direct sunlight [41-52]], most of the studies involved
TiO5 nanoparticles. As the diameter of nanoparticle or the thickness of thin film gets close
to solar irradiation wavelength, engineering radiative properties with materials as well as
size has proven possible for daytime passive radiation cooling. Unfortunately no previous
paints have shown full daytime cooling due to insufficient solar reflectance.

Other approaches are adopted to achieve full daytime cooling. A photonic structure
is shown to have both high solar reflectance and sky window emissivity [S3]. A multi-
layer photonic structure from Stanford University remains 5 degrees cooler than ambient
temperature under direct sunlight [54]], as shown in Fig[T.13] Unfortunately both designs
suffer from complicated structures and expensive fabrication processes. One scalable solu-
tion involves silica-TPX nanocomposite with silver backing in Fig. [[.14] which manages

to provide 93W /m? continuous throughout 24 hours [55]]. Another simple design of three
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Figure 1.12. : Energy flow of a coating under direct solar irradiation

layers of PDMS, silica and silver, in Fig. [I.I5] maintains more than 8 degrees lower than

ambient temperature under direct sunlight [56]. However, none of the designs is in paint
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form which limits its applications on exterior surface. Furthermore, metal components are
present in previous studies to achieve high reflection in solar spectrum as high as 97% and
to be mass produced, which may be a problem for some applications [57,/58]]. Regarding
to most outdoor equipment in communication network, metal coating or component inter-
feres with high frequency signals, which may cause malfunctions. Even in most residential
and commercial buildings, coatings containing too much metal will require extra antennas
and signal amplifiers to ensure sufficient cell phone receptions. A recent paint-like coat-
ing (but not exactly paint) of highly porous poly(vinylidene fluoride-co-hexafluoropropene)
achieves full daytime cooling without metallic components [59]], while the layer needs to
be thicker than 300 um to be effective, and the material is five times as expensive as acrylic
used in commercial paints [60]. Nevertheless, it still remains a pertinent task to develop
radiative cooling paints that are high-performance, low-cost, and compatible with commer-

cial paint fabrication process.

Figure 1.13. : A multilayer photonic structure achieves daytime and nighttime cooling

around 5 degrees lower than ambient temperature. ||
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Figure 1.14. : A scalable solution with silica-TPX and Ag backing yields cooling power
over 93W /m? throughout a day and an average of W/m?. [55]

1.5 Fabrication Method
1.5.1 Electron-Beam Physical Vapor Deposition

Electron-beam physical vapor deposition is a micro-fabrication method to apply a thin
film of certain materials to the target substrate. Illustrated by Fig. [61], inside a high
vacuum area, electrons coming out of the hot filament travels to the material ingot with the
help of magnet field at high speed. The kinetic energy is converted once electron hit upon
the evaporant, causing it to melt or sublimate. Once reaching a certain temperature and
vacuum level, the material will evaporate and coat on the target substrate. Electron-beam

physical vapor deposition is applicable for a wide range of materials with a moderate de-
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Figure 1.15. : A 3-layer structure of PDMS, silica and silver remains 8 degrees lower than

ambient temperature under direct sunlight. [@]
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Figure 1.16. : A highly porous P(VdFHFP) shows high solar reflectance and sky window

emissivity without metallic component when thickness reaches over 300 um. [I?l]

position rate. However, the method is only suitable for a simple flat surface, and deposition

rate may see some fluctuations during the process.
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Figure 1.17. : A schematic view on how electron-beam physical vapor deposition

works

1.5.2 Atomic Layer Deposition

Atomic layer deposition is a chemical method for thin film deposition with very fine
control on the thickness and quality of the films. It works by filling the chamber with a pair
of precusors, each at a time. Chemical reactions will occur only at the surface of the sample
slowly, resulting in only one layer of atoms deposited on the substrate. Extra precusors will
be purged away after each cycle. Figure. [[.18][62] has showcased the capability of ALD for
thin film deposition of uniform thickness and high quality. With such precision, it comes
with high cost and very slow deposition rate. Only a list of materials can be deposited

successfully, and recipes can also be a challenge to design.
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Figure 1.18. : ALD has proven to be one of the best methods to provide a uniform coating

even on complex surfaces (left). It also provides thin films of a very high quality

(right) [@]

1.6 Thermal Conductivity and Interfacial Resistance Characterization
1.6.1 3w Method

The original 3w method was developed by Cahill to measure the thermal conductivity
of bulk materials and thin films [25,26]]. The setup is shown in Fig. [I.T9] It requires a thin
metal line on the surface of the sample, functioning as a heater and detector. Because of the
micro-scale metal line, radiation loss even for high temperature is insignificant. There have
been different variations on this method to measure thin films, fluid, anisotropic thermal
conductivity concerning various materials. During the measurement, an AC current of fre-
quency w is applied to the metal line, heating up the surface of the sample. The penetration
depth depends on the frequency of current and the thermal diffusivity of sample material.
With a current of frequency w, total power consumption of joule heating and temperature of
the metal line fluctuate at 2w frequency, with which, the resistance of the metal line follows
accordingly. Considering the w frequency of the driving current, the voltage between two
ends of the metal line includes a 3w-frequency component. In traditional 3w method for

bulk materials, by analyzing the 3w voltage, one can obtain temperature oscillation ampli-
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tude AT in Equation [I.2] where p is the power consumption across the metal line, k, D is

the thermal conductivity and thermal diffusivity of the sample, b is half width of metal line.

y

Figure 1.19. : 3w setup for thermal conductivity characterization and interfacial resistance

measurement

Furthermore, we will observe a linear relation between temperature increase and [nw
in Equation as long as the penetration depth (¢~* = (-£).%%) is much larger than
half width b of the metal line. C); is temperature coefficient for metal line. The bulk
thermal conductivity is then obtained from the slope. Three lock-in amplifiers are utilized

to monitor AC current, metal line vy, and vs,,. However, since the w frequency part voltage

of the metal line remains dominant compared with the 3w signal, it is necessary to adjust a
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resistance to balance out the w signal, either with two Op-Amplifiers or Whetstone Bridge.

It is clear from the equation, that with a higher thermal conductivity, AT’ will be lowered.

oo 2
P sin®(\b)
AT =— d\ 1.2
s /0 (D)2(N2 + 2iw/ D)2 (1.2)
2U3w b
AT = ~ ———(0. 1.
o C 7le(() 5lnw + Const) (1.3)

A differential 3 w method [27] is also developed to measure thin film samples by mea-
suring 2 batches of samples separately, one with thin films on substrate, the other without
thin films, leading to different temperature changes of metal line even with the same power
consumption, according to Eqn. [I.4] By subtracting temperature oscillation amplitude of
reference sample from that of thin-film structure, temperature change across thin films can
be obtained. If we define thermal impedance as temperature change over power consump-
tion, the thermal impedance difference between two samples can also be calculated with
Eqn. [1.5] which is the thermal impedance of the thin film.

ATpyp = ATq + %Rdif ; (1.4)

where p, b, [ are the power consumption, half width and length of the metal line. ATF, is for
reference sample, and ATy, r is for sample with thin films. Thermal resistance difference

AR between samples can be obtained as

AR:2bl((£) _(£)> (1.5)
D JRryF P Jr
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2. AGGREGATION AND SIZE EFFECT ON METAL-POLYMER NANOCOMPOSITE
THERMAL INTERFACE MATERIALS

A version of the chapter is published as [63].

2.1 Introduction

Including metal nanoparticles in polymers, such as epoxy, helps to enhance thermal
conductivity and to maintain electrical insulation below percolation threshold. Because of
the low cost of fabrication, metal-epoxy composite has been a great option for thermal inter-
facial material in many applications [[1]. Aggregation effect is often observed in nanocom-
posites and attributed as a dominant factor in thermal conductivity enhancement [64-72].
However, its complex morphology posts a great challenge for nanocomposite design and
theoretical modeling.

To estimate overall thermal conductivity with fillers, many effective medium approxi-
mation models are proposed and reviewed [2-4]. The Maxwell model assumes isolated and
spherical particles in matrix material, neglecting any interactions between particles [3}6].
Several modifications, such as the Hamilton model [7] and modified effective medium ap-
proximation [8], include a geometry factor of fillers, interfacial resistance and size effect
both in filler and matrix material. Utilizing Green’s function, Nan has developed a model
that treats filler aspect ratio, orientation, and interfacial resistance [9]. However, these mod-
els only consider isolated particles, while aggregation effect remains neglected. The Series
and Parallel models [[10] consider the most simplified geometry of multi-film stacked to-
gether. The Bruggeman model [11] was developed for powder compact, and it neglects
the effect of continuous phase of the matrix material. Therefore, the Bruggeman model
provides a much lower thermal conductivity when interfacial resistance is considered. The

Percolation model [12] for thermal conductivity does include interactions between particles
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and distinguish particles and matrix, with percolation threshold and percolation exponent as
two fitting parameters, though on the assumption that particles still dissipate randomly and
independently. Compared with electrical properties in metal-polymer composites, thermal
transport does not show an increase in conductivity as dramatic as electrical conductiv-
ity [12-14]. Thus, fitting parameters can be sensitive to experimental data. Some meth-
ods for nanofluid utilize hierachical EMA models to include the aggregation effect [|15]
by using fractal dimensions, which can be difficult to determine [13}16,/17] especially
for nanocomposite. The Backbone method is another three-level homogenization model
developed by Prasher, et al. [/3[74]]. It relies on two predetermined fractal dimensions.
However, it still fails to fit against our experimental data of nanocomposites. Other model-
ing methods, such as Monte Carlo, Boltzman Transport Equation, or Molecular Dynamics,
are limited to simple periodic geometries due to their high computing cost [[75].

In our work, we have fabricated nickel nanoparticle-epoxy nanocomposites and ob-
served that they show higher thermal conductivity than effective medium theory predicts
even at low concentrations below the percolation threshold. Furthermore, larger enhance-
ment in thermal conductivity is obtained with smaller nanoparticles at the same concentra-
tion, contrary to what classical EMA models predict. Thermal conductivity characteriza-
tion is done by 3w method, and microscopy analysis by TEM indicates thermal conductivity
enhancement and size-dependency are caused by the aggregation effect. A two-level effec-
tive medium approximation model is developed to consider inhomogeneous dispersion of
nanoparticles, by distinguishing aggregation and global concentrations. Overall, the new
two-level EMA model helps explain aggregation effect in nanocomposite and the size-

dependent thermal conductivity enhancement, which other EMA models fail to explain.

2.2 Sample Fabrication

Nickel particles of multiple sizes 10nm (10.24+0.2nm), 40nm (37.1£2.2nm), 80nm
(80.7£2.5nm), and 1pm (1.08+£0.09um) are used to make nanocomposites. 10nm nickel

particles are purchased through mkNano Inc, and other nickel particles are from Skyspring



22

Nanomaterials. Matrix materials consist of epon 862, epikure W, both purchased from
Miller-Stephenson, and curing accelerator epikure 3253 for preventing particle precipita-
tion provided by Matteson-Ridolfi, Inc. Nickel particles, epoxy resin, curing agent, and
accelerator are mixed together in THINKY mixer ARE-310 for 10 minutes. The mixture
is degassed for one hour, then poured into aluminum mold. Releasing agents are sprayed
ahead of time to ensure an easier removal of samples. The curing procedure occurs in an
oven, with 30min temperature ramp from room temperature to 121°C with 2h hold, fol-
lowed by a 30min ramp from 121°C to 177°C and 2h hold, and then a slow cooldown to
room temperature [[76].

The samples produced are pellets of 2.5mm thickness and 1.5cm in diameter. The
top and bottom surfaces are polished to avoid contamination from releasing agent, and to
make the surfaces smooth for 3w measurements. The density is measured before and after

polishing to ensure that the volume concentration of nickel is consistent.

2.3 Thermal Conductivity Characterization

Thermal conductivity is measured by the 3w method [25,26]. A typical fitting proce-
dure on one of our Ni-epoxy nanocomposite samples is shown in Fig. {.2] with thermal
conductivity obtained as 0.28 W /mK. The thermal penetration depth is around 25um at
SHz, S5pym at 100Hz and 1.3um at 2000Hz, while the largest size scale of the inhomo-
geneity due to aggregations is 1~3yum as seen in Fig. [2.3(b)| (Figure shows smaller
inhomogeneity scale). Besides, the inhomogeneity is also averaged across the metal line
(4mm x40pm), which is large enough to obtain an effective thermal conductivity of the
sample.

The thermal conductivities of nanocomposites with different nickel particle sizes and
volume concentrations are shown in Fig. where the Maxwell model curve is also
plotted. Without the inclusion of interfacial resistance, the thermal conductivity from the
Maxwell model is independent on particle sizes. All of the thermal conductivities are

higher than the Maxwell model predicts. Surprisingly, it is also observed that smaller
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Figure 2.1. : In-phase and out-of-phase 3w signals (hollow circles and squares) with analyt-
ical solution (red solid line and blue dash line) to obtain thermal conductivity of Ni-epoxy

nanocomposites.

fillers provide higher thermal conductivity at the same concentration, contrary to the trend
of classical EMA models, where thermal conductivity decreases with smaller particles due
to interfacial resistance. Motivated by these observations, we slice our composites samples
into 100nm thickness and characterize the microscopy structure with transmission electron
microscopy(TEM). According to Fig. [2.3] nickel particles (dark dots), are not isolated or
located evenly. Instead, they aggregate to form some clusters with high local concentration.
Interactions between particles help form a continuous path to conduct heat better within
nickel phase, thus increase the overall thermal conductivity more effectively than isolated
dispersion. On the other hand, these clusters are mostly isolated from each other. It is also

important to note that 40nm nanoparticles form a more spread-out cluster structure than
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80nm, which is likely the reason for size-dependent thermal conductivity. In this case, using
a single-level EMA model like the Maxwell model would ignore the aggregation effect. On
the other hand, although the percolation model considers the aggregation effect, it does not
treat the nonuniform particle distribution. In this work, a 2-level EMA is developed to

account for the aggregation effect.
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Figure 2.2. : Thermal conductivities of Ni-epoxy composites with different particle sizes
and concentrations are compared with the Maxwell model. All thermal conductivities are
higher than the Maxwell model and smaller particles yield higher thermal conductivities

than larger ones.

2.4 Two-Level EMA Modeling

Our 2-level EMA model adopts a different EMA model at each level, shown in Fig.
[2.5] The first level is a cluster where nanoparticles are packed closely, and the second level

is the whole composite where each cluster is treated as an isolated new particle. A local
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(a) 40nm Ni at 5.74% (b) 80nm Ni at 5.52%

Figure 2.3. : TEM figures of nanocomposites with 40nm and 80nm nickel particles are
taken at the same magnification, scale bar set as Sum for (a) and (b). A more spread-out
aggregation structure is observed in nanocomposites with smaller particle size than that in

larger one at similar concentrations.

concentration, ¢;, is defined as the volume concentration of particles inside clusters. The
aggregation concentration ¢,, is defined as volume concentration of aggregation structures
inside the matrix material. Thus the overall concentration of nanoparticles will be preserved
as ¢ = ¢ X ¢,. For the first level EMA, where particles are packed together and assumed
to form a continuous nickel path, the Hashin and Shtrikman model is used as

2¢,
keo = kp?)——gzﬁl’ (2.1)
where k,, is nickel particle thermal conductivity, ¢; is the local volume concentration, k., is
the thermal conductivity of clusters neglecting interface resistance. Several attempts in lit-
erature have shown that with sufficient particle interactions at high concentration, thermal
conductivity enhancement can be comparable to the higher bound of the Hashin and Shtrik-

man model [18|67H71]. Thermal interface resistance between epoxy and nickel particles
can also be included as [78]]
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Figure 2.4. : Sintering effect is observed in nanocomposite with 40nm Ni at 5.74%. Red
lines are labeled where a continuous path is formed among nanoparticles. The scale bar is

set as 200nm.

1 1 2R;
= - 2.2
Tt (2.2)

where k. is the thermal conductivity of clusters considering interfacial resistance, R; is
the thermal interfacial resistance, and d is the diameter of nickel particles. The interfacial
resistance is added in the same manner that it is included for isolated spheres []g[] However,
aggregation and sintering effects shown in Fig. [2.4 decrease the surface area significantly
and change the shape of clusters [18]], resulting in a diminished effect of thermal interfacial
resistance on overall thermal conductivity. Thus, simply applying R; and the diameter
of individual particles as d will overestimate the effect of interfacial resistance. Due to its
complexity, another model is needed to quantify the exact effect of interfacial resistance due
to the agglomerations. On the second level, even though the aggregation structures appear
as cylinders, rods, and some irregular shapes in TEM images, the true geometry factor

remains uncertain. The TEM figures only show a slice of around 100nm thickness, thus
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those agglomerations that seem to be connected together might be relatively distant away,
and some small agglomerations might be only part of larger ones. Because of spherical
particles and isolated clusters, we assume spherical agglomerations based on the Maxwell

model for the second level as

i _k ke + 2km + 204 (ke — ki)
‘ B mkc+2km_¢a(kc_k'm)7

(2.3)

where k. is the thermal conductivity of clusters, k. is effective thermal conductivity of
nanocomposites, k,, is matrix thermal conductivity, and ¢, is the volume concentration of
aggregation in epoxy. In this work, thermal interface resistance is set to be 5x 10~ 9m?*K /W
[79]. We applied a constant interfacial resistance between nickel and epoxy, although it is
reported that interfacial resistance may vary depending on particle sizes [[79]]. The thermal
conductivity of nickel particles is estimated based on the mean free path of phonons and
the electron cooling length [36]], shown in Table [2.1] If the aspect ratio is to be measured or

fitted in the model, Nan’s model can be an alternative model to include the geometry factor.

Level 1 Level 2

"""" 200

/.- | O o ©
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Figure 2.5. : 2-Level EMA model applied two different EMA models to calculate thermal

conductivities of the clusters (level 1) and the overall composite (level 2).

The aggregation concentration ¢, of each sample is an exact fit with experimental ther-
mal conductivity data based on the 2-level EMA model in Fig. where the curve ¢, = ¢
is also included for comparison, representing the Maxwell model. All aggregation con-

centrations are above the curve ¢, = ¢, indicating higher aggregation concentrations as
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Table 2.1. : Thermal Conductivity of Nickel Particles with Size Effect

Particle size 10nm 40nm 80nm Ium
Thermal Conductivity* 36.7 66.0 74.5 90.9
*W/mK

clusters include both particles and matrix materials. Aggregation concentration of smaller
particles, such as 40nm, rises higher than that of larger ones, such as 80nm and 1pm at
the same overall concentration. Even though it means the thermal conductivity of clus-
ters with 40nm particles is lower than that of denser ones, the overall thermal conductivity
yields higher as clusters cover more space, with thermal conductivity still much higher than
that of epoxy. A comparison is made between 40nm sample at 5.74% and 80nm sample
at 5.52% in Table 2.2 Even though 80nm nanocomposite has a higher local concentra-
tion, and a higher cluster thermal conductivity, its lower aggregation concentration limits
its overall thermal conductivity. Referring to Fig. [2.3] at similar concentrations and the
same magnification, aggregation structure of 40nm nanoparticles is more beneficial for
heat transfer, since clusters are more spread-out, which translates into larger ¢, or smaller
¢;. Thus, aggregation effect enhances thermal conductivity compared with isolated particle
dispersion, and an extensive aggregation structure or higher aggregation concentration is

preferred for higher thermal conductivity.

Table 2.2. : Comparison Between Two Nanocomposites

Particle size 0] o) Ga K k:
40nm 574% 23% 25.0% 11.1 0.37
80nm 552% 35% 15.8% 199 0.31

*W/mK
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Figure 2.6. : Aggregation concentration of Ni particles in aggregations is plotted with

different overall concentrations and nickel particle sizes.

2.5 Conclusion

In this work, we observe higher thermal conductivity of nickel-epoxy nanocomposites
compared with other EMA models predict, due to aggregation effect. At the same concen-
tration, smaller particle size shows higher thermal conductivities due to its wider-spread
aggregation structures in epoxy, according to TEM figures. A two-level EMA model with
the local concentration as a fitting parameter indicates a lower local concentration, higher
aggregation concentration for smaller particles, thus a higher effective thermal conductiv-
ity than that of nanocomposites with larger particles. Overall, the new two-level EMA
model works well with nanocomposites, and helps explain the aggregation effect and size

dependent thermal conductivity enhancement.
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3. DIFFUSION LIMITED CLUSTER AGGREGATION LATTICE SIMULATION ON
THERMAL CONDUCTIVTY

3.1 Introduction

Random aggregation of particles often leads to overall property changes of the whole
composite, both mechanical and thermal properties wise. This is often found in nanofluids,
the curing period of nanocomposites, or even happening very slowly in the aging pro-
cess [80-83]. However, the statistical and random nature of aggregation makes experi-
mental characterization of detailed aggregation process expensive and sometimes rather
impractical, thus computational models are often utilized. Early computational models of
cluster aggregation involves growing clusters by adding one particle or one cluster at a time,
such as ballistic growth [[84]] and ballistic cluster-cluster aggregation [85H87]. Two modern
models that produce simulation results closer to realistic aggregation of nanoparticles are
diffusion-limited cluster-cluster aggregation [[17] and reaction-limited cluster-cluster ag-
gregation [88]]. The former one assumes every collision leads to a permanent combination
of two clusters, while every merge of clusters takes multiple attempts according to the lat-
ter one. In the case of metal particles in polymer matrix, particles and clusters are more
inclined to merge with each other rather than bond with polymers. Thus, DLCA will be
more appropriate. A Monte Carlo simulation of diffusion-limited cluster-cluster aggrega-
tion [17,[89,90], that can converge with experimental data, can help shine lights on how
structures evolve with the aggregation process, and guide the design of most composite
materials.

In this work, we are applying diffusion limited cluster aggregation simulation of Ni
spherical particles of different sizes in epoxy, with 2% volume concentration to simulate
the curing process. We have observed that thermal conductivity increases with aggrega-

tion proceeds, and a scalable diffusing time as time over particle volume can help predict
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thermal conductivity change regarding to both particle size and aggregation time. The
simulation results agree both qualitatively and quantitatively with our previous experiment
results [[63]], that with similar curing time, small particles yield higher overall thermal con-
ductivity. Simulations of higher concentrations of 6% and 10% follow the same trend.
However, as the aggregation is enhanced with closer particle-particle distances, the overall

thermal conductivity becomes less dependent on particle sizes.

3.2 Simulation Method
3.2.1 Aggregation Simulation

In this work, we are using diffusion-limited cluster aggregation with lattice simulation
domain 500x500x500 and period boundary conditions to reduce the finite-size effect in
simulation. Each particle is randomly dispersed in the box, occupying one unit cube. The
volume concentration v is set as v = N/L?, where N is the number of particles, L is the
size of the domain. At the beginning of the aggregation process, particles or small clusters
are often well separated in the matrix materials. Any connected particles are set as a cluster.
Occasionally, random collisions bring clusters to collide. Depending on different pairs of
particle and matrix, either of two cases might be happening [17]. One is diffusion-limited
cluster aggregation (DLCA), in which case, clusters form bondings in every collision. The
other scenario is reaction-limited cluster aggregation (RLCA), when clusters bind only at
a possibility. The former one works mostly when particles tend to have strong attraction
with particles, while with the latter one, particles are more likely to bond well with matrix
materials. The simulation continues as clusters random walk, and merge as larger ones
after collisions. The speed of the random walk is inverted to the size of the cluster, thus as
aggregations grow larger, the diffusion process becomes slower. Similarly, larger particles

also diffuse slower than smaller particles.
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During the aggregation process, the average mean square displacement < r? > can be
determined by the diffusion coefficient as in Eqn. 3.1 If r is set to be the diameter of the

particle, each time step At is set as Eqn. [3.2]

<r?>=6Dt 3.1
d2

At = — 3.2

6D (3.2)

where d is the diameter of the particle, and D is the diffusion coefficient. Diffusing speed is
inverted to the diameter of the particle or cluster [74]. A bonding is formed once particles
or clusters collide, and the new cluster moves as a whole at a slower speed.

Volume concentration is 2% for curing process to match our previous nanocomposite
results. We set curing process effective as 2 hours, when nanocomposite usually begins
to harden and aggregation slows down dramatically [76]. In this period of time, diffusion
coefficient for 40nm particle is set as D = 3 x 10~ um? /s [91]]. Simulations run for three

different sizes of nanoparticles, 40nm, 60nm, and 80nm.

3.2.2 Effective Thermal Conductivity

To get the overall thermal conductivity of the composite sample from aggregation simu-
lation, a random walker method based on Monte Carlo algorithm is applied [92]. Each cell
is assigned with a thermal conductivity, either as k,, nickel particle thermal conductivity,
or as thermal conductivity of epoxy, k.. Continued with the same simulation domain as the
previous cluster generation, a random walker is located at a random location. The walker
attempts to move into one of its neighbor cells after each time step. The probabilities of
successful movement are not uniform, calculated as P = k,, /(k + k,), where k represents
the thermal conductivity of the cell that the walker locates in, and k,, refers to the targeted
neighbor cell. The non-uniform probability makes the walker prefer a path with high ther-
mal conductivity, similar to the way how heat is transfered through nanocomposites.

In our work, random walk lasts for 10® Monte Carlo steps, ensuring accurate results for

thermal conductivity. The displacement 7 of the walker follows Gaussian distribution, with
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an expectation of zero. On the other hand, mean squared displacement (MSD) < 72 > has
a linear relationship with simulation time ¢, slope of which represents thermal conductivity,

as < r(t)? >= 6kt, where k is the effective thermal conductivity of nanocomposite.

3.3 Results and Discussion

Figure [3.1] shows snapshots of aggregation structures for different particle sizes at var-
ious time. Each row represents a particle size, and each column for a time spot. Only a
portion of the simulation domain with 2um cube is shown for better illustration. Because
of higher diffusion coefficient and larger count for smaller particles, they aggregate faster,
and form clusters with more particles.

Figure plots thermal conductivity continuously increasing during the 2-hour cur-
ing process, where 40nm data is represented by blue crosses, 60nm by purple triangles, and
80nm by black squares. Overall, thermal conductivity keeps increase as aggregation pro-
ceeds, and thermal conductivity of small particles remain higher than larger ones through-
out the process. Since diffusion coefficient D is inverted to particle size, D = Dy /d, where
d is the particle diameter. Another form of Eqn. [3.3|can be written as

At 1
& 6Dy (3.3)

If a scalable diffusing time tg = t/d* is applied, thermal conductivities of different
particle sizes converge into Fig. [3.2(b)} along with experimental results of 2% nickel-epoxy
nanocomposite with 40nm, 80nm and 1pm particles [[63]]. Our simulation does not include
1pm particles because a domain size suitable for 1pm particles will be impractical to other
nanoparticles. Due to its much larger diameter, scalable diffusing time for 1pm sample
will be negligible compared to other nanoparticles. Figure [3.2(b)|shows that even diffusing
time is set the same, nanoparticles are more inclined to be influenced by aggregation while
micro-scale particles are barely affected.

Similar simulations are conducted for 6% and 10% composites for 40nm, 60nm and
80nm, shown in Fig. [3.3] It still holds true that smaller particles (40nm) yield higher ther-

mal conductivity than larger ones (80nm) at the same concentration due to its small particle
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(a) t=0s (b) t=10min (c) t=120min
(a)(b)(c) Nanocomposite with 40nm Ni Particles

(d) t=0s (e) t=10min () t=120min
(d)(e)(f) Nanocomposite with 60nm Ni Particles

(g) t=0s (h) t=10min (i) t=120min
(g)(h)(1) Nanocomposite with 80nm Ni Particles

Figure 3.1. : Snapshots of Aggregation Structures for Different Particle Sizes

size and larger scalable diffusing time. At 2% concentration where the diffusion process is
mostly dominated by individual particles or small clusters, scalable diffusing time of 40nm
composite is 8 times of 80nm composite. However, the difference decreases to 7 and 4
times for 6% and 10% concentrations. At higher concentrations, clusters are aggregated
more easily due to closer particle-particle distance, making clusters more dominant in the

diffusion process than individual particles. Thus, the original particle size has a smaller
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impact on the diffusion process, so does the aggregation effect. In an extreme case where
particles are loaded with over 60% concentration, large clusters will be formed in the early
stage of the aggregation process, leading to similar thermal conductivities regardless of

particle sizes if interfacial thermal resistance is negligible.

3.4 Conclusion

In this work, we have applied DLCA Monte Carlo simulation for Ni-epoxy nanocom-
posites at 2% volume concentration with difference nanoparticle sizes. While simulat-
ing the curing process, we have observed that thermal conductivity increases as aggrega-
tion proceeds, and a scalable diffusing time as time over particle volume can help predict
thermal conductivity change regarding to both particle size and aggregation time. Due
to smaller size and faster diffusion speed, nanoparticles are more likely to be influenced
by aggregation effect, while particles larger than 1um are barely affected, resulting in
higher thermal conductivity for nanocomposite with smaller particles. The simulation re-
sults agree both qualitatively and quantitatively with our previous experiment results, that
with similar curing time, small particles yield higher overall thermal conductivity. Com-

paring with experimental results, we also find out that the aggregation process will have a
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diminishing effect on thermal conductivity at higher volume concentration, as large clusters

are formed more quickly with decreasing particle-particle distance.
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4. THERMAL INTERFACIAL RESISTANCE REDUCTION BETWEEN METAL AND
DIELECTRIC MATERIALS BY INSERTING AN INTERMEDIATE METAL LAYER

A version of the chapter is published as [93]].

4.1 Introduction

As the thickness of thin films shrinks to micro/nano-scales, the interfacial resistance
between metal and dielectric materials [20-24] (~ 10~®m?K /W) becomes comparable
to or dominant over the thermal resistance of thin films (~10nm) in various engineering
applications [32,94,95]. In these scenarios, interfacial thermal resistance has become a
bottleneck for thermal management of nano-scale electronic devices. It is crucial to re-
duce such interfacial thermal resistances. For example, gold thin films have been widely
used in electronic devices and the next generation data storage technology called heat-
assisted magnetic recording (HAMR) [96-98]] due to its high conductance, low loss, and
chemical stability. The thin films are typically deposited on dielectric substrates which
serve as heat sinks. Low interfacial thermal resistance and high thermal conductivity of
the dielectric are desired for better thermal management. Unfortunately, the interfacial
thermal resistance between gold and dielectric materials is still high. Reported results are
around 2x107®m?K /W when gold is deposited on sapphire substrate [21,99]. However,
when it comes to semiconductor devices, most aluminum oxide thin films for electrical
insulation is amorphous [100,|101]. The interfacial thermal resistance further increases to
1.1x107"m?K /W if amorphous aluminum oxide is used [[102]. English et al [34] pre-
dicted using molecular dynamics that an intermediate layer to help bridge phonon spectra
mismatch led to lower total resistance between metal and dielectric materials. Jeong et
al [[103] inserted an interlayer of Cu and Cr between gold and sapphire substrate, reducing

interfacial thermal resistance considerably, and they attributed the reduction to the bridging
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of phonon spectra mismatch. Recognizing that gold has weak electron-phonon coupling
which introduces high electron-phonon non-equilibrium resistance, Wang et al [35] pro-
posed to insert a metal interlayer that has stronger electron-phonon coupling to reduce this
resistance. However, except for our preliminary work [93], the possible role of electron-
phonon coupling has not been evaluated in experiments. Also, such studies have not been
done on amorphous aluminum oxide.

In this work, we have fabricated three layered structures on silicon substrates, consist-
ing of gold, nickel, and aluminum oxide layers. The nickel layer was selected primarily
because of its higher electron-phonon coupling factor. The interfacial thermal resistance
characterization is done by the 3w method. A 70% reduction of total interfacial resistance
is observed after adding the nickel layer. Two temperature model is used to explain the
change of interfacial resistance and the modeling results show similar trends with experi-

mental data.

4.2 Sample Fabrication

Three structures, including the reference sample A and two sandwich structures B
and C, are fabricated to determine the interfacial thermal resistance between metal and
aluminum oxide layer, as shown in Fig. with TEM images (Transmission Electron
Microscope) and schematic views. The silicon substrate is first cleaned with the RCA
method [104]] (the Radio Corporation of America), and HF (Hydrogen Fluoride) is used to
remove any oxidation layer and contaminations. This is crucial due to low thermal conduc-
tivity of silicon dioxide. The reference sample A has 40nm aluminum oxide layer on silicon
substrate. Sample B consists of 20nm aluminum oxide layer, 50nm gold layer, and another
20nm aluminum oxide layer on top, preserving the total thickness of aluminum oxide layer.
By splitting the aluminum oxide layer into two thinner ones, two gold-aluminum oxide in-
terfaces are created for better measurement sensitivity, without introducing unwanted ones,
such as gold-silicon interface. The surface also remains electrically insulating for the 3w

measurement. Sample C inserts 20nm nickel layers in between the gold and aluminum
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oxide layers. The aluminum oxide layers are deposited with atomic layer deposition to en-
sure a consistent thickness, and metal layers are deposited by thermal evaporation. During
FIB (Focused Ion Beam) lift-off for TEM images, a Pt layer is deposited on the surface
to protect the sample during milling, which is still present in Fig/.T| as the unlabeled top

layer above aluminum oxide.

(a) Sample A (b) Sample B (c) Sample C

Figure 4.1. : Sandwich structures fabricated with multiple layers

4.3 Interfacial Thermal Resistance Characterization

The differential 3w method is used to characterize the interfacial resistance
in our work. It was developed to measure thin film thermal conductivity and interfacial
resistance. In this work, a metal line is deposited as 30pm wide and 3mm long using
photolithography. Because of the small size of the metal line, the radiation loss even at
high temperature is insignificant. With the joule heating of the metal line under AC current
with frequency w, the surface of the sample experiences a frequency-dependent temperature
oscillation amplitude of AT'(w), and voltage has a frequency of 3w. Detailed mathematic
deviations can be found in literature [25}26].

Aﬂ@:%ﬁ+@@) 4.1)
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where p, b, [ are the power consumption, half width, and length of the metal line. C, is de-
pendent on frequency but remains the same across all three samples. R represents thermal
resistance above the substrate. Thermal resistances of Ni and Au layers are neglected due
to high thermal conductance and so is the interfacial resistance between them. The amor-
phous aluminum oxide thin films within 60nm show similar thermal conductivity, reported
by DeCoster et al [105]. Thus, thermal resistance of aluminum oxide films is the same

across all samples. The thermal resistance above silicon substrate for each sample is

Ry =2Ra,,04 + Rsi—a1,04 4.2)
Rp = 2Ra1,0, + Rsi—A1,05 + 2RAu—21,04 (4.3)
Re = 2Ra1,04 + Rsi—A1,05 + 2RNi—A1,05 + Rau—ni 4.4)

Subtracting reference Sample A from Sample B and C, we can associate thermal resistance

difference AR; and AR, with AT (w) from 3w measurement, as shown below [27]]

ARy, = Rp— R4 =2Rau_AL0,

() () e

ARy = 2RNi—AL0s + 2RAu—Ni = 2RNi—A1,04

(T N

where AT (w) from 3w measurement regarding to different samples as well as various

frequencies are shown in Fig. [#.2]. Sample B has a overall higher (AT'/p), representing
higher total resistance than Sample A due to the added Au layer. Sample C sits between
Sample A and B, indicating total resistance is lowered as nickel interlayer is added. All
three (AT /p) curves are relatively parallel to each other. Thermal resistance difference is
calculated from the average of the gaps between the curves at different frequencies. We
obtained that the interfacial resistance between gold and aluminum oxide is 4.8 4+ 0.5 x
10~*m?K /W, and that between the nickel and aluminum oxide is 1.4+0.1 x 10~ 3m?K/W.
This indicates a 70% reduction of resistance after inserting the Ni layer. The uncertainties

are evaluated based on the variation of these gaps at different frequencies in Eq. 4.5 and
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Figure 4.2. : 3w measurement for three sandwich structures

In this case, Sample B yields an uncertainty around 11.5%, and Sample C with an

uncertainty of 7.9%.

4.4 Theoretical Estimation On Interfacial Resistance

Because our metal-dielectric system involves both electrons and phonons, the two-
temperature model suits as the tool for interfacial resistance estimation [33,36,/106-109],
assuming two different temperatures for phonons and electrons respectively in the metal
side. Wang et al [36] combined the two temperature model with molecular dynamics to
illustrate the impact of electron-phonon coupling effect. The overall interfacial resistance
consists of a phonon-phonon component f?,,,, an electron-phonon nonequilibrium compo-
nent R.,, as well as an electrical inelastic scattering component, R.;, as shown in Fig.
[33L37]. The third component R,; is neglected here.

The first part 2, happens across both metal-dielectric and dielectric-dielectric inter-
faces. Acoustic mismatch model (AMM) [30,31]], and diffuse mismatch model (DMM)

[31] are two models widely used on different interface conditions. The former works
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mostly for ideal interfaces at low temperatures, which rarely happens in experiments.
Hence we use DMM here, which assumes phonons lose their correlations and random-
ize directions across the interface. We chose [100] direction for Ni and Au, and [1010] for
aluminum oxide for heat flux direction across the interface. The phonon density of states is
shown for aluminum oxide, gold and nickel respectively in Fig. To calculate phonon
dispersion and density of states, we assume crystalline structures of metals and aluminum
oxide layer for simplification. Since the metal layers are polycrystalline and aluminum
oxide layer is amorphous in our structures, the theoretical results would underestimate in-
terfacial resistance. In Fig. 4.4] both nickel and gold phonons overlap with aluminum oxide
phonons at low frequencies where acoustic phonons dominate. Compared with gold, nickel
phonons show a larger overlap with aluminum oxide, functioning as a phonon bridge be-
tween aluminum oxide and gold phonon frequencies. For phonon transmission coefficient

o, aap = (g, 4 1s satisfied. With that, 17, can be calculated [110]

1 )
hass = o i ; / thA(w)aA%Ba—;dw (4.7)
N Zj MB(W)
OéA—>B(w ) - Z]‘ MB((U) + Zj MA((U) (48)
K 2
M = rA, () 2;;‘;)9 (4.9)

where M is the number of phonon modes, j stands for phonon modes, A, stands for contact
region area, v, is the group velocity, K is wavevector, and f is the Bose-Einstein distribu-
tion function. The results are shown in Table 4.11

For the resistance due to electron-phonon coupling, the two temperature model con-
siders electron-phonon coupling effect by assigning two temperatures for electrons and
phonons. Since electrons are main carriers for heat transfer in most metals, the interfacial

resistance based on two temperature model can be written as Eq. (4.10) [33}36].,

_ _ 1 ke 3/2 1 1/2
RZ - pp+Rep_ hpp+(ke+kp) (Gepkp)
1 1
N — 4 (=——)? (4.10)

h pp GEP kp
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Table 4.1. : Comparison between TTM and 3w

measurement

R,, | Rep | R; | Experiment
Au-Al,O5 | 20.6* | 4.3 | 249 48.4
Ni-AlLbO3 | 6.7 | 0.2 | 6.9 14.0

*1079m2K /W

where G, is the electron-phonon coupling factor for metals [107,111], k. and k, are the
electron and lattice thermal conductivity of the metal, R; is the overall interfacial thermal
resistance, It,,, h,, are lattice mismatch resistance and conductance respectively, and .,
is the interfacial resistance regarding to electron-phonon coupling effect. G, is set as
2.88x 10""W /m3K for nickel, and 2.6 x 10'W /m?3K for gold. k, = 18.5W /mK for 20nm
nickel film and &k, = 1.5W /mK for 50nm gold film, from first principles calculations [[1 12].

In our study, theoretical estimations using TTM are shown in Table {.1] along with
experimental data. It can be seen that the inserting a Ni layer significantly reduces both
R,, and R.,. With Ni interlayer, 2., almost diminishes, and R,, dominates the overall
interfacial resistance. Compared with gold, phonons in nickel show a larger match with
those in aluminum oxide, resulting in lower phonon-phonon resistance than gold. The dif-
ference between experiments and theoretical estimations is mainly due to the fact that we
used crystalline phonon properties for Al,O3. Adhesion between films is another signifi-
cant factor leading to poor interfacial thermal resistance [[102,/113,|114]]. Lahmar et al have
measured interfacial thermal resistance of 1.1 x 10~ "m?K /W between gold and aluminum
oxide, which decreases below 10~ *m?K /W after improving film adhesion by thermal treat-
ment [102]. Despite these simplifications, our model reveals the same trends observed in

experiments.
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Figure 4.4. : Phonon density of states for Ni, Au, and aluminum oxide
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4.5 Conclusion

In this work, we measured the interfacial thermal resistance between gold and alu-
minum oxide before and after inserting a Ni interlayer. The interfacial resistance decreases
by 70%, from 4.8 x 107 8m?*K /W to 1.4x10~*m?K/W. Theoretical calculations using the
diffuse mismatch model and two-temperature models show a similar trend with experimen-
tal data, indicating that the Ni layer significantly reduces both resistances due to phonon

mismatch and electron-phonon non-equilibrium.
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5. ABSENCE OF COUPLED THERMAL INTERFACES IN AL203/NI/AL203
SANDWICH STRUCTURE

A version of the chapter is published as [115].

5.1 Introduction

As the thickness of thin films in integrated circuits decreases, the interfacial resistance
between metals and dielectric components [22] (~ 107>mm?K /W) becomes compara-
ble to or even larger than the thermal resistance of thin films (~10nm). Due to different
main carriers of thermal energy in dielectric and metals, electron-phonon non-equailibrium
occurs near interfaces. However, it has been shown that when the metal layer thickness
decreases to be comparable to phonon mean free path, phonons can transport through the
metal layer [29] while electrons do not participate much in thermal transport. Furthermore,
in nanostructures with higher interface density and minimal lattice mismatch, coherent
phonons are also found to decrease the total thermal resistance [38,40L/116,/117]. Similarly,
cooling length is also studied as the length where electrons and phonons reach equilib-
rium for metal-dielectric interfaces [[36]. For a sandwich structure with metal layer in the
middle, the metal layer is responsible for electron-phonon coupling of two interfaces. A
shorter metal thickness than cooling length also interferes with electron-phonon coupling
effect. Both findings indicate that interfaces are no longer isolated but dependent on the
thickness of the thin film that separates them. First finding is studied in both theoretically
and experimentally. The second one, however, needs more work.

In this work, we use the differential 3w method to measure the interfacial resistance of
a thin nickel layer sandwiched between two aluminum oxide layers, with the nickel layer
thickness varying from 10nm, 15nm to 30nm. The temperature dependence of the interfa-

cial resistance is also studied. The two temperature model and diffuse mismatch model are
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used to calculate the theoretical interfacial resistance, which agrees reasonably well with
experimental values. Overall thermal resistance is dominant by phonon mismatch resis-
tance. Since phonon mismatch resistance does not vary even when metal layer thickness
decreases around cooling length, the two adjacent interfaces in our sandwich structures are

not thermally coupled even as nickel layer falls below electron cooling length.

5.2 Sample Fabrication

We have fabricated two sandwich structures in this work to measure the interfacial re-
sistance between nickel and aluminum oxide, illustrated in Fig. [5.1] Schematic views are
shown along with TEM images (Transmission Electron Microscope). Before film deposi-
tions, silicon wafers were cleaned using the RCA method (the Radio Corporation of Amer-
ica), and any residues or silicon oxide layer on the surface were removed by dipping in HF
(Hydrogen Fluoride). Both aluminum oxide and nickel layers are deposited using atomic
layer deposition (ALD) to ensure smooth interfaces and consistent thickness. On sample A,
the reference sample, a 40nm aluminum oxide layer is deposited on silicon substrate. For
sandwich structures with the Ni layer, a 20nm aluminum oxide layer is deposited followed
by a thin layer of nickel, then another 20nm aluminum oxide layer. The aluminum oxide
layer is deposited at 250C with a rate of 0.12nm/cycle, and the nickel layer at 250C with
a rate of 0.2A/cycle with thickness varying from 10nm, 15nm, to 30nm. A layer of Pt is

deposited on the structures during FIB (Focused Ion Beam) lift-off, only for TEM images.

5.3 Thermal Interfacial Resistance Characterization

For thin film and interfacial resistance measurement, time-domain thermoreflectance
(TDTR) method [28] and differential 3w method [25-27] are widely applied. Both methods
yield reliable results [118]. The formal one shines a pulsed heating laser as well as a
weaker probe laser on metal surface. By monitoring the transient thermal response of
these ultra short pulses, interfacial resistance is obtained. Differential 3w method measures

total thermal resistance difference between thin film sample and reference sample to get



50

(a) Sample A (b) Sample B (c) Sample C

Figure 5.1. : Sandwich Structures for Thermal Interfacial Resistance Measurement

interfacial resistance. However, temperature control of TDTR is more difficult compared
to 3w method, as pulsed heating laser has the tendency to excite electrons in surface metal
film rapidly.

In this work, we apply the differential 3w method. Ti/Au metal line of 3mm long
and 30um wide is later patterned with photolithography for the 3w measurement. An AC
current of frequency w is applied to the metal line, resulting in a temperature oscillation
amplitude AT, and a voltage of 3w frequency. Three lock-in amplifiers are utilized to
monitor metal line vy, vs,, and power consumption p. For a bulk sample, AT can be

expressed as

234 p [~ sin*(\b)
AT = T Tk d 1
vCo Tk Jo  (AB)2(A2 + 2iw/D)1/? A 6.1

where p is the power consumption across the metal line, k, D are the thermal conductivity
and thermal diffusivity of the sample, b is half width of metal line, and vy, and v3, are
the voltage across the metal line with frequency w and 3w respectively. In this work, the
samples A and B are measured separately, leading to different temperature oscillations and

total thermal resistance difference AR as

AR = 2bl(<£) - (£> )
P /B P /a
— Ry: + 2R ~ 2R; (52)
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where R; stands for interfacial resistance between nickel and alumina, which is about half
of the total thermal resistance difference measured by 3w method. Uncertainties are eval-
uated as (AT'/p) ., — (AT /p)y at different frequencies are collected regarding to Eqn.
[5.2] which produce most uncertainties. Uncertainties are valued in a similar fashion for
thickness-dependent and temperature dependent thermal conductivity.

To study the potential interface coupling effect when the thickness of the middle metal
thin film is comparable to twice the electron-phonon cooling length, the interfacial resis-
tance is measured as a function of different nickel layer thickness. When the metal layer is
thinner than or comparable to phonon mean free path, long-wavelength coherent phonons
will travel ballistically through two interfaces as one coupled interface, rather than expe-
rience two interfaces separately, resulting in lower overall thermal resistance [38[]. This
is how interfaces become coupled due to ballistic transfer of phonons. If the nickel film is
much thicker than most of the phonons’ mean free path, most phonons will travel across two
interfaces separately. Cooling length stands for electron-phonon non-equilibrium distance
[36] . As the metal layer connects two metal-dielectric interfaces, electron-phonon coupling
is affected once metal layer is thinner than twice the cooling length, resulting in thickness-
dependent interfacial resistance. Considering the mean free path for nickel is around Snm
and cooling length around 15nm, the nickel layer thickness is chosen as 10nm, 15nm, and
30nm, and interfacial resistance is 6.7 + 0.6x 10 *mm?*K/W, 6.7 + 0.8x 10 *mm?*K /W,
7.0 £ 0.7x1073mm?K /W respectively. Results from the 3w measurement shown in Fig.
[5.2]and Tab. [5.1]indicate the thickness dependence of the interfacial resistance is negligible,

thus the two interfaces in our system are not coupled.

Table 5.1. : Interfaical Resistance with Different Ni Thickness

Ni Thickness (nm) Interfacial Resistance (x 107 3mm?K /W)

10nm 6.7£0.6

15nm 6.7£0.8

30nm 7.0£0.7
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Figure 5.2. : Differential 3w Method on Thickness Dependence Characterizations of

Thermal Interfacial Resistance

Temperature dependence of the interfacial resistance is taken using liquid nitrogen to
provide temperature as low as 130K. The result is shown in Fig. [5.3] indicating that the

interfacial resistance does not depend much on temperature changes either.

5.4 Theoretical Estimation on Interfacial Resistance

Two temperature model is applied here for Ni-alumina interfaces. The overall interfa-
cial resistance consists of a phonon-phonon scattering resistance R, an electron-phonon
coupling component R, electrical inelastic scattering resistance R, phonon transport
channel inside the metal layer R, as shown in Figl5.4] [37]. The last one is added to in-
clude the ballistic transfer of phonons through nickel layer. R, is the thermal interface
resistance when phonons travel across the interface. Compared to phonons in nickel film,

electrons are more efficient in heat transfer, thus most energy is transferred to nickel elec-
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Figure 5.3. : Temperature Dependence of the Thermal Interfacial Resistance, Compared

with TTM Results

trons through electron-phonon coupling component R.,. R, is the thermal resistance for
nickel electrons. For thermal energy remained in nickel phonons, R, is the thermal resis-
tance for phonons across the nickel film. On the other hand, R; stands for the process
where electrons in alumina transfer energy directly to nickel electrons without participa-
tions of any phonons. Because of the low density of electrons in aluminum oxide, R; is
neglected in this work.

Similar to the analysis in previous work in nickel-alumina interface, 12, and R, can
be calculated as in Eqn. [5.5|and [5.4] respectively. From these two equations we are able to
calculate thermal interface resistance based on DMM with phonon dispersions, known by

lattice dynamics, shown in Fig. [5.5]
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Figure 5.4. : Thermal Resistance Network Between Nickel and Aluminum Oxide
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Direct phonon transfer within nickel layer R,, can be approximated as d/k,, where d is
the thickness of nickel layer. For nickel [119], &, is 5.5W/mK for 10nm film, 6.4W/mK
for 15nm film, 8.9W/mK for 30nm film, 18W/mK for bulk nickel. On the other hand, k.
remains around 40 to 60W/mK for 10nm to 30nm nickel films [120]. The total thermal

interfacial resistance R; is calculated as

R R,R.
Ri= Ry + Rop/ |5 = R pep (5.6)

+
" R,+2R,,
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Figure 5.5. : Detailed Phonon Dispersion of Aluminum Oxide and Nickel

The theoretical values together with the experimental values are listed in Tab. [5.2] First,
phonon transmission resistance component dominates the overall thermal interfacial resis-
tance due to highly lattice mismatch between nickel and aluminum oxide. On the other
hand, R, decreases with decreasing metal layer thickness, while R, increases. The com-
bination of R;, and R, indicates a possible highest resistance between 10nm and 30nm
nickel layer. However, it is still much smaller and less important than phonon mismatch
resistance to have a high impact. Compared to nickel-alumina interfacial resistance fabri-
cated with metal evaporation, 14.0mm?*K /W, atomic layer deposition provides nickel layer
and interfaces of better quality as well as low thermal interfacial resistance.

With temperature changing from 300K to 130K, the electron-phonon coupling coeffi-
cient G, decreases from 2.88 x 10'"Wm 3K ~! at 300K to 5.62 x 10" Wm>K~! at 130K.
However, interfacial resistance barely changes, both theoretically and in experiments. Since
the Debye temperature of nickel is relatively low at 450K, and aluminum oxide at 873K,

the temperature range of 130K to 300K is not sufficient to observe temperature dependent
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Table 5.2. : Interfaical Resistance with Different Ni Thickness, Compared with

Theoretical Estimation

NiLayer Ry/2 Rep Rep//2 Rpp Ritheo Riewp
10nm  0.91* 079 042 3.04 346 67
150m  1.67 074 051 304 355 67
30nm 169 0.63 046 304 350 7.0

* Interfacial resistance unit as 10~*mm?*W /K

phonon transmission resistance. Thus, as the dominant phonon mismatch resistance is not
sensitive to temperature, the overall estimated interface resistance remains almost constant

even G, changes significantly.

5.5 Conclusion

In conclusion, we fabricated sandwich structures of nickel and Al,O3, and used the
differential 3w method to measure interfacial thermal resistance. Theoretical estimation is
also made with two temperature model along with detailed DMM. The overall interfacial
resistance from experiments agrees reasonably well with theoretical prediction. Phonon
mismatch is still the dominating mechanism for the interfaces between nickel and alu-
minum oxide. And interfaces remain independent even when the thickness of metal layer

decreases to electron-phonon cooling length.
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6. ULTRA-EFFICIENT LOW-COST RADIATIVE COOLING PAINTS

6.1 Introduction

Cooling consumes a great portion of energy in both residential and commercial ap-
plications [[121]. The performance and reliability of outdoor equipment exposed to direct
sunlight also deteriorates due to overheating. Passive radiative cooling can help reduce
cooling cost as well as maintain a low temperature for outdoor equipment during daytime
without any energy consumption. Exposed surfaces can emit power through a transpar-
ent spectral window of the atmosphere, from 8 pm to 13 um (the sky window) directly to
the deep sky, which functions as an infinite heat sink with a temperature of 3K. The net
cooling power of the surface is the thermal emission from the surface in the sky window,
subtracting the absorbed solar irradiation, energy exchange with the atmosphere as well as
the conduction and convection thermal loads. If the surface reflects most of the solar irra-
diation while maintaining a high emissivity in the sky window, the surface can be cooled
below the ambient temperature under direct sunlight.

There have been decades of efforts to create paints with radiative cooling capability
under direct sunlight [41-52]]. TiO, particles are the most common pigments used in these
studies as well as commercial paints. The particle size is usually in hundreds of nanome-
ters to several microns, based on the fact that as the diameter of particles gets comparable
to solar irradiation wavelength, light can be strongly scattered and reflected [122,/123]].
A dual-layer structure was proposed for daytime passive radiative cooling, with titanium
dioxide-polymer nanocomposite on top of a carbon black layer [50]. A single-layer paint
using SiO, particle film was also developed and tested [52]. However, to date no paints
have demonstrated cooling below the ambient under direct sunlight. One study put a thin
layer of white paint on aluminum and showed cooling below the ambient during a winter

day, but the high solar reflectance was from the aluminum film rather than the paints [42].



58

On the other hand, 24-hour passive refrigeration has been demonstrated in non-paint ma-
terials recently. A multi-layer photonic structure was fabricated to achieve 5°C cooler than
ambient temperature under direct sunlight [54]. Gentle demonstrated full daytime cooling
with a design with polyesters with a silver layer [[124]]. Another scalable approach involved
silica-TPX nanocomposite with silver backing, which managed to provide 93W /m? cool-
ing power continuously throughout 24 hours [55]]. Another design of three layers of PDMS,
silica and silver maintained more than 8°C lower than ambient temperature under direct
solar irradiation [56]]. These non-paint radiative cooling materials are either expensive or
relying on a metal layer for solar reflection which could undesirably interfere with electro-
magnetic waves in many applications [57,/58]]. Most recently, below-ambient cooling was
demonstrated in porous poly(vinylidene fluoride-co-hexafluoropropene) which is close to
(but still not exactly) the paint form [59], while the layer needs to be thicker than 400 ym
to be effective, and the material is five times as expensive as acrylic used in commercial
paints [60]. Nevertheless, it is still a pertinent task to develop radiative cooling paints that

are high-performance, low-cost, and compatible with commercial paint fabrication process.

6.2 Sample Fabrication

In this work, three samples along with carbon black and commercial paint control sam-
ples were fabricated. For the carbon black control sample, carbon black paint was spray
coated on a glass substrate and dried in well-vented area overnight. The TiO,-acrylic paint
consists of 500nm TiO, nanoparticles from US Research Nanomaterials in acrylic matrix
with 8% concentration. The nanoparticles were mixed with butanone first, followed by
10-minute sonication to reduce particle agglomeration. We used Elvacite 2028 from Lucite
International as the acrylic matrix due to its low viscosity. The acrylic was then slowly
added to the mixture to dissolve. The mixture was later degassed in vacuum chamber to
remove air bubbles introduced during the mixing and ultrasonication. After pouring into a
mold, the mixture was dried overnight till all solvent was gone. The free-standing finishing

coating was released from the mold with a thickness around 400 pm. The 60% volume
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concentration CaCQOs-acrylic paint contains 1.9 um CaCOs fillers, fabricated in a similar
fashion with the TiOs-acrylic paint. The thickness of the free-standing sample is around
400 um. 150 um thin layer of BaSO, particle film was fabricated on silicon substrate. A
mixture of 500nm BaSO, particles, DI water and ethanol was mixed and coated on the

substrate until fully dried.

6.3 Experiment Setup

Two onsite cooling setups were made to characterize the cooling performance of the
paints on the roof of a high-rise building, as shown in Fig. [6.1] For the first setup in
Fig. a cavity was made from a block of white styrofoam, providing excellent
insulation from conduction. A thin layer of low-density polyethylene film was used as a
shield from forced convection. T-type thermal couples were attached to the base of the
sample for temperature measurement and outside the foam for the ambient temperature.
A pyranometer was secured for solar irradiation measurement. The temperature data and
solar irradiance were collected by a datalogger. The second setup in Fig. §6.1(b)| includes
a feedback heater to synchronize the sample temperature with the ambient temperature. As
the sample was heated to the ambient temperature, the power consumption of the heater
was recorded as the cooling power. Both of the setups were covered by silver mylar to

reflect solar irradiation. These two actual onsite cooling setups are shown in Fig. [6.2]

6.4 Results and Discussion

Here, we show that with the right fillers, we can achieve below-ambient cooling in
paints under direct sunlight, and with ultra-high efficiency and low cost. The samples
were fabricated as shown in Fig. and Table First we attempted to see whether
below-ambient cooling can be achieved in the conventional titanium dioxide-acrylic paint
by optimizing the particle size to enhance the solar reflection. We selected an average par-
ticle size of 500nm to ensure high reflectance in both the visible and near infrared range of

the solar irradiation [50]. The acrylic matrix is transparent in the visible range, also pro-
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Figure 6.1. : Onsite cooling setups for cooling performance characterizations: (a) The

temperatures of the sample and the ambient are recorded. A lower sample temperature

than the ambient indicates below-ambient cooling. (b) The sample is maintained at the

same temperature as the ambient using a feedback heater. The power consumption of the

heater represents the cooling power.
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Figure 6.2. : Actual onsite cooling characterization setups are shown here. Left is the setup

without a feedback heater, and right is the one for direct cooling power measurement.
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Table 6.1. : Sample list for passive radiation cooling paints

Sample Component

A TiOq-acrylic paint

B CaCOg-acrylic paint
C BaSO, film

vides high emissivity in the sky window as TiO5 lacks optical phonon resonance peaks in
the mid-infrared range. A mixture of butanone, acrylic and particle fillers is left fully dried
before released from a mold, resulting in a free-standing paint layer. UV-VIS-NIR and
FTIR spectrometers with integrating spheres are used for reflectance and emissivity mea-
surement from 250nm to 20 um. The solar reflectance is mainly contributed by fillers, and
the sky-window emission can come from both matrix and fillers, as shown in Fig.
The emissivity of a 8% volume concentration TiOq-acrylic paint is shown in Fig.
The TiO, paint shows high emissivity of 0.93 in the sky window. The solar reflectance is
89.5+0.5%, which is only moderately higher than commercial paints. The electron band
gap of TiO, sits around 3.2eV, resulting in strong absorptivity of 88% in the ultra-violet
(UV) range. The reflectance is 94.7% in the visible (VIS) band and 91.6% in near infrared
(NIR) range though. The uncertainty is valued based on results of five different samples
made in separated batches.

An outdoor temperature measurement was conducted with Sample A (TiO, paint) and
carbon black sample over a three-day period in West Lafayette, IN on October 16, 2017,
as shown in Fig. The peak solar irradiation was around 800W /m? at about 2PM of
the days. During the night, both samples showed nighttime cooling approximately 7°C be-
low ambient temperature due to their high emissivity in the sky window. The TiOs-acrylic
paints showed partial daytime cooling below ambient temperature except from 11:20am to
4pm when the solar irradiation became higher than 600W /m?. In another onsite experi-
ment in West Lafayette, IN on April 25, 2018, a feedback heater was used, to match the

temperature of Sample A to the ambient; therefore directly measuring the cooling power in
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Figure 6.3. : (a) Our radiative cooling paints samples along with carbon black and
commercial paint as control samples, (b) an SEM image of the CaCO3-acrylic paint, (c)

an SEM image of the BaSO, film. Both scale bars in (b) and (c) are 10 um.
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Figure 6.4. : (a) For cooling paint exposed to direct solar irradiation, the fillers are
engineered to maximize solar reflection below 3 um, and the particles or polymer matrix
contributes to high emissivity in the sky window between 8 ym and 13 pm. (b) The

emissivity of different radiative cooling paints is characterized from 0.25 to 20 um.
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Figure 6.5. : (a)(c)(e) are outdoor temperature measurements for the TiOs-acrylic paint,
CaCOg-acrylic paint and BaSO, film respectively over periods of more than one day.
(b)(d)(f) are direct measurements of the cooling power for the TiOs-acrylic paint,
CaCQOg-acrylic paint and BaSO, film using a feedback heater. The orange regions stand

for solar irradiation intensity.
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Fig. The shade represents the solar irradiation, and the black curve representing the
cooling power of Sample A shows net radiative cooling power around 63W /m? during the
nights.

We attribute the inability to achieve below-ambient cooling under direct sunlight in
the TiO,-acrylic paint to the 3.2eV electron bandgap of TiO, which causes high solar
absorption in the UV range. Hence we have searched many alternative materials with
higher electron bandgaps, and achieved excellent results in CaCO3, and BaSO,, both with
>5eV bandgaps. Similar to TiO,, CaCOs3 does not have phonon-polariton resonances in
the sky window, therefore a matrix that emits in the sky window, such as acrylic, is essential
to provide the cooling power. BaSO,, on the other hand, has intrinsic emission peaks in the
sky window, thus engineering the particle size can allow a single layer of BaSO, particle
film to function both as a sky window emitter and a solar reflector. These samples are
fabricated as Sample B and C using CaCOj3 and BaSO, respectively, listed in Table [6.1]

Sample B is CaCOs-acrylic paint layer with 60% volume concentration of 1.9 um
CaCQOg fillers, made with a same process with Sample A. The thickness of the sample
is around 400 um. The SEM images of the sample surface are shown in Fig. [6.3(b)] Its
emissivity is shown in Fig. [6.4(b)l While maintaining a similarly high emissivity in the sky
window with the TiOs-acrylic paint, its absorptivity in the UV and NIR regions are much
lower. The solar reflectance reaches 95.5%, thanks to the high particle concentration. Thin-
ner films with thicknesses of 98, 131, and 177 um still provide high solar reflectances of
88.9%, 93.4%, 95.1% respectively. Outdoor temperature measurement of Sample B in
West Lafayette, IN on March 21, 2018, shows full daytime cooling in Fig. where
the sample stays 10°C below the ambient temperature at night, and at least 1.7°C below
the ambient temperature at a peak solar irradiation around 950W /m?. Feedback heater
experiments in Fig. show an average cooling power of 56W /m? during nights and
37W /m? around noon (between 10am and 2pm) in Reno, NV on August 1, 2018.

Sample C is a BaSO, particle film of 150 um thickness on a silicon wafer. The SEM
image is shown in Fig. BaSO, has phonon polariton resonance at 9 um which

provides absorption peaks in the sky window. Hence, it does not need the acrylic matrix to
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emit in the sky window. The average particle size is chosen as 500nm to reflect both visible
and near infrared range of the solar irradiation. It reaches a solar reflectance of 97.6% and
an emissivity of 0.93 in the sky window, as shown in Fig. [6.4(b)] The paint achieves full
daytime cooling below the ambient temperature with a peak solar irradiation of 900W /m?
in West Lafayette, IN on March 14, 2018, as shown in Fig. along with a control
commercial white paint (Sherwin-Williams SW 7757). The temperature of the sample
drops 10.5°C below the ambient temperature during the nights, and stays 4.5°C below
ambient even at the peak solar irradiation, whereas the commercial paint rises 6.8°C above
the ambient temperature. The silicon substrate is intended only as a supporting substrate
for Sample C, not to enhance solar reflectance, nor does it emit in the sky window. We
tested the BaSO, film also on glass and aluminum substrates, and the cooling performance
remains similar. More information is available in the Supplementary Material. In Fig.
[6.5(f)} a direct measurement of the cooling power of Sample C in Reno, NV on July 28,
2018 shows that the cooling power reaches an average of 117W /m? over a 24-hour period.
Counterintuitively, the cooling power between 10am to 2pm, despite the solar absorption,
is similar to that from 8pm to 6am, both above 110W/m?. This is due to the fact the
radiative cooling power is proportional to the fourth power of the surface temperature. As
the ambient temperature rises to 35°C at noon, the radiative thermal emission increases by
30% compared with that at 15°C at midnight. Combining a high reflection in the solar
spectrum, our BaSO, paint can maintain a constant high cooling power regardless of the
solar irradiation. The cooling performance is close or even higher than the designs with
metallic layers [S5].

Above ambient cooling tests are also conducted at West Lafayette, IN to compare the
cooling performance difference between our BaSO, paint and commercial white paint. In
the first testing when both samples are heated up by 120 W/m? under direct sunlight, in
Fig. Though they reach similar temperature during the nights, BaSO, paint shows
7°C lower temperature than the commercial white paint around noon when solar irradiation
is around 1000 W /m? since it offers 11% more solar reflectance than the commercial white

paint. The temperature difference occurs around noon when air conditioning or cooling is
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needed the most, and 7°C is a significant portion of the cooling requirement for residential
and commercial buildings or warehouses. There are other scenarios when the maximum
heating load is of the most interest before the surface reaches a targeted temperature. Other
two onside testings are to demonstrate how much more heat load BaSO, paint can offer
under the same temperature. The white paint is exposed to the ambient air without any
additional heat load from the heater, while BaSO, paint is heated to the same temperature
as the commercial white paint. The heater power added to the BaSO, paint is the amount
of additional heat load under interest, maximized at 83 W/ m? at noon, shown in Fig.
[6.6(b)|along with solar irradiation intensity represented as orange regions. Solar absorption
difference between two paints fits well with the additional heater power for the BaSO,
paint, indicating the heat load difference that the BaSO, paint offers comes from the higher
solar reflectance alone. A similar test is done with the commercial white paint heated by 50
W /m? from the heater, shown in Fig. The BaSO, paint offers additional 85 W /m?
compared to the commercial paint at noon, which is contributed from the solar reflectance
difference. Overall, our cooling paints are able to offer a substantial cooling savings when

replacing the commercial white paint.

Thickness-Dependence of the Cooling Paints

The TiOs-acrylic and CaCOs-acrylic paint samples with 400 um thickness were re-
ported in the main report, where the thickness is sufficient to make the cooling performance
independent on substrates. However, the thickness of commercial exterior paints is usually
below 150 um when applied. Here we study the impact of thinner samples. Figure [6.7]
compiles the solar reflectance results for 8% TiO,-acrylic paints with the thickness rang-
ing from 30 um to 107 um. The thin films were deposited on polyethylene terephthalate
(PET) film using a film applicator to control the wet film thickness. The dry film thickness
was measured with a coordinate measuring machine (Brown&Sharp MicroXcel PFX). The
uncertainties of the thickness are calculated based on the thicknesses measured at various

spots of the samples. In the UV spectrum, the thin films of TiOs-acrylic paints share simi-
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Figure 6.6. : (a) Above ambient cooling test is conducted with a constant heating power

from the heaters. (b)(c) Additional cooling power that the BaSO, paint offers is measured

by synchronizing the temperatures of the BaSO, paint and the commercial white paint.
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Figure 6.8. : The total solar reflectance of the TiO,-acrylic paint layer as a function of the

thickness and volume concentration

lar absorptance due to the bandgap of TiO, at 3.2eV. The optical thickness increases with
the paint layer thickness, leading to higher reflectance and lower transmittance. Measure-
ments were repeated for the thin coatings of 4%, 15% and 25% concentrations, shown in
Fig. [6.8] With a target reflectance, increasing the filler concentration decreases the layer

thickness.
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Figure 6.9. : Solar reflectance measurement of 60% CaCQOgs-acrylic paints with different

thin film thicknesses

The CaCOgs-acrylic paint with 60% concentration and different thicknesses were fabri-
cated similarly with thin TiO, paint layers. The spectral solar reflectance and transmittance
are shown in Fig. [6.9] Compared to the solar reflectance of 95.5% with 400 um thickness,
thinner layers of 98 um, 131 um, 177 pym show solar reflectance around 88.9%, 93.4% and
95.1% respectively.

Thin films of BaSO, were fabricated on different substrates along with standalone
films. The solar reflectance is independent of the substrate materials, indicating a high
opacity of the BaSO, film in the solar spectrum. We also prepared BaSO, particle films on
non-emitting Al foil and glass substrates. Both samples show similar cooling performance
during the night similar to the carbon black sample, among which the differences are within
the limits of error for type T thermocouples, as shown in Fig. [6.11] Thus, both the cooling

power and the solar reflectance are contributed by the BaSO, film alone.

Cost Analysis For Cooling Paints

Due to the wide availability of CaCOg3 and BaSO, in natural minerals, the cost of our

radiative cooling paints can be comparable to or even less than commercial white paints.
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Calcite powders cost only 1 cent to 4 cents per kilograms, which is even cheaper than
TiO,. Industrial grade lithopone powders cost less than $1/kg, consisting most of BaSO,
and ZnS particles. The cost of the particle fillers for covering 100m? area is less than $1.5
for CaCO3 and around $25 for BaSO, film, while it is around $1.7 for TiO, fillers. With
a similar manufacture process with commercial paint, there is no additional cost to adopt
new fabrication techniques.

The Heat Island group at the Lawrence Berkeley National Lab has performed com-
prehensive testing with 85% solar reflectance roofing materials and concluded that their
energy savings to be 40 to 75Wh/m?/day depending on different buildings [[125]]. Our
two cooling paints show higher performance with over 95% and 97% solar reflectance, re-
spectively. With total solar energy around 5000Wh/m? /day, the higher solar reflectances

of our paints account for additional energy savings around 33 to 46Wh/m?/day.

Reliability Testing and Other Designs

A brief reliability test is conducted by exposing CaCOj3 paint outdoor continuous for
20 days under various weather conditions. The sky window emissivity is measured at the
beginning and the end of the test, both shows 0.92. The solar reflectance is measured every
several day, shown in Fig. Though a particle film of BaSO, is not as durable as
CaCOg paint, it is still an excellent filler option once embedded in a matrix to enhance
reliability. In this study, two other designs with 30% BaSO, in PVA and 60% BaSO, in
acrylic produce 98% solar reflectance and 0.94 sky window emissivity, shown in Fig.

Invisible Infrared Ink

Due to the difference in the solar reflectance, our cooling paints will maintain a lower
temperature than commercial white paints under direct sunlight during the day, though both
looking white. A pattern formed with both paints may be obscured visually, but it will be
more distinguished under an infrared camera which picks up the temperature difference.

The "invisible” patterns could be further utilized for concealing information from naked
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Figure 6.14. : (a)(b) are the first trials under visible light and infrared camera respectively.
(c)(d) are the second trials with the same setup. In both trials, the letter P is painted with

BaSO, paint and other areas are coated with commercial white paint.

eyes, but revealing under infrared light range. Several trials have been made to illustrate
the applications on a wood board, shown in Fig. [6.14] where the letter P is painted with
BaSO, paint and other areas are coated with commercial white paint. Though the pattern P
is still visible but subtle under naked eye due to paint finishes and brush strokes, it is much
more pronounced under an infrared camera. We believe that by optimizing and matching
both paints closer, it is possible to effectively hide the pattern under visible light while

remaining a clear picture under infrared light.
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6.5 Conclusion

In conclusion, we have demonstrated that with the CaCO; and BaSO, nanoparticle
fillers, we can achieve ultra-efficient below-ambient cooling with paints under direct sun-
light. They were selected for their large intrinsic band gaps which help minimize the ab-
sorption in UV range. The appropriate particle sizes and high particle concentrations help
strongly reflect the sunlight. The vibrational resonances of the particles or acrylic matrix
provide strong emission in the sky window. These factors work coordinately to maximize
the cooling performance. Our BaSO, film shows an ultra-high solar reflectance of 97.6%
which is unseen in other paints, and a high sky-window emissivity over 0.93, resulting in
>110 W/m? cooling power over the 10am to 2pm period when the average solar irradiation
is 930 W/m?. Our radiative cooling paints show comparable or better cooling performance
than the other state-of-the-art approaches, while offering unprecedented benefits including
the convenient paint form, a fraction of the cost of the other approaches, and the compati-

bility with commercial paint fabrication process.
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