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ABSTRACT OF DISSERTATION

Noncuring Graphene Thermal Interface Materials for Advanced Electronics

by
Sahar Naghibi

Doctor of Philosophy, Graduate Program in Materials Science and Engineering
University of California, Riverside, March 2020
Dr. Alexander A. Balandin
As transistors continue to decrease in size and packing densities increase, thermal
management becomes a critical bottleneck for development of the next generation of
compact and flexible electronics. The increase in computer usage and ever-growing
dependence on cloud systems require better methods for dissipating heat away from
electronic components. The important ingredients of thermal management are the thermal
interface materials. The discovery of excellent heat conduction properties of graphene and
few-layer graphene stimulated research on practical applications of graphene fillers in
thermal interface materials. The initial studies of graphene fillers in thermal interface
materials were focused almost exclusively on curing epoxy-based composites. However,
many thermal management applications require specifically noncuring thermal paste type
materials. This dissertation reports on the synthesis and thermal conductivity
measurements of noncuring thermal paste based on mineral oil with the mixture of
graphene and few-layer graphene flakes as the fillers. The relatively simple composition
has been selected in order to systematically compare the performance and understand the

mechanisms governing heat conduction. It was found that graphene thermal paste exhibits

vii



a distinctive thermal percolation threshold with the thermal conductivity revealing a
sublinear dependence on the filler loading. This behavior contrasts with the thermal
conductivity of curing graphene thermal interface materials, based on epoxy, where super-
linear dependence on the filler loading is observed. The performance of graphene thermal
paste was benchmarked against top-of-the-line commercial thermal pastes. The obtained
results show that noncuring graphene thermal interface materials outperforms the best
commercial pastes in terms of thermal conductivity, at substantially lower filler
concentration. The results of this dissertation research shed light on the thermal percolation
mechanism in noncuring polymeric matrices laden with quasi-two-dimensional fillers.
Considering recent progress in graphene production via liquid phase exfoliation and oxide
reduction, it is possible that the undertaken approach will open a pathway for large-scale

industrial application of graphene in thermal management of electronics.
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Chapter 1: Introduction

The increase in chip density and processing power has allowed for peak optimization which
have led towards 10T, 5G and autonomous vehicles (AV). The Internet of Things (IoT)
promises to connect all electronic and non-electronic components (including people and
animals) to a wireless network where data can be transferred between systems,
seamlessly.’ The many benefits do not offset all of the limits in regards to the processing
power needed, and the rigorous thermal conditions which these devices experience. The
increase in chip density and complexity have created various road blocks in both processing
and functionality. One of these very real problems is removal of excess heat created within
these intricate stackings.*® Thermal Interface Materials (TIM) interface two uneven solid
surfaces where air would be a poor conductor of heat, they aid in the transfer of heat from
one medium into another. Although the approach of on-chip design for better thermal
dissipation is an option, it is still limited by material function and the ever-increasing
transistor density per chip.*’® Previously noted that even with a change in design, thermal
limits are quickly caught up to and largely exceeded.®! High performance chipsets
together with a high-speed network make 5G and IoT thermal obstacles. It is estimated that
by 2025 devices related to IoT functions, from data center usage to an idle handheld, will
consume about 25% of the power produced worldwide.'? Currently, 4% of the total energy
consumed by the United States is used to power large data centers, of that amount about
half is used to cool them. One can easily imagine the amount which would be needed to

cool the various electronics used 10T from phones, tablets and computer to automobile



systems. The demands which these new technologies have made in chip design as well
connectivity to a larger network is the fuel for this work.

The emergence of graphene set in motion a surge of research with promise in
various fields and markets. Its high electrical conductivity and two-dimensional nature'*-
16 made it a promising for use as interconnect material.’ Its low dimensionality, flexibility
and re-workability made it an interesting material to research in what some described as a
“gold rush” of research. A decade and a half later the discovery of its exceptional thermal
properties'®22 and with development of new techniques for cost effective mass production
of few layer graphene (FLG) flakes, thermal management of electronics became the most
feasible of graphene’s industrial application. Large sums of research has been conducted
showing its use in composites, thermal interface materials, and other thermal packaging
related material systemsa.?>=3! All of these efforts have predominantly focused on epoxy

based thermal composites, which also have many applications in electronics as well.?5:2%-32

1.2  Historical Perspective

Electronic packaging can be summed into the five distinct eras of processing
technology,*34 each ending with the introduction of new technological advancements.
Figure 1.1 shows a timeline of electronic and packaging history through the past half-
century. From the early vacuum tube computers to more recent micro-processors thermal
energy has always been a bi-product of electronic increasing processing speed. The earliest
vacuum tube computer systems such as the ENIAC® (electronic numerical integrator and
computer) had strict room temperatures as well as moisture limits which were kept at

around 20°C to 25°C,** these parameters were simple and sufficient in keeping systems



running by removing the warm air from the room and replacing it with cool air. Seeing as
this was sufficient for these large mainframes few questions were asked as about the source
of the thermal energy. As chip technology changed and the introduction of transistors,®
followed by the integrated circuit,®" then microprocessors® were made, changes to the
cooling systems had to be made, now these large mainframes incorporated a semi-

directional use of air or liquid to keep the computers cool.

Timeline of Thermal History
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HVAC system. through PCB boards liquid cooling and transistors are

air cooling evaluated

Figure 1.1: A historical timeline of the five eras of processing power. As technological
advancements were made and the chip density increased, the ways of removing thermal energy
became more and more complex, with the dimensions to which monitoring of thermal dissipation
decreases in size.

In the early 1980’s, despite the opposition of many directives, and liquid and
refrigerated cooling systems were used for a long period of time. In the late 1980°s with
advancements in microprocessors and the further increase in chip density, more attention
had to be paid to the individual components which were generating heat.3**° The interfaces
which were once overlooked had to be carefully examined and new ‘“cooling plate”
methods (heat sinks) were used, with this came the use of thermal interface materials
(TIMs), which were very monumental in keeping a continuous flow of heat out of the
system. When the use of the cooling plate began, a thin layer of oil was placed in the

interface of the two surfaces to reduce the contact resistance, followed by the addition of



thermally conductive fillers later on. The focus on interfacial dynamics and the use of TIMs
has continued the technological momentum which we see today. This technology of using
TIMs to continuously move heat from one interface to another has aided in the
development of new technologies. Now approaching the beginning of what is described as
the 5™ generation of computing power, the need for better removal of heat will be the
bottleneck.**%? This work addresses the overall need for better performing noncuring
TIMs. Historical overview and overall perspective show that in the coming years current
methods to cool electronics will no longer be viable. An approach to aid is through the
improvement of thermal transport and mechanical properties of TIMs via the addition of
novel two-dimensional highly conductive filler as graphene and investigation of techniques

which create robust TIMs using this exotic material.
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Chapter 2: Phonons, Thermal Conductivity and Thermal
Management

2.1 Introduction

As we approach fundamental limits, individual devices contain only thousands of surface
atoms—a scale at which bulk materials lose their properties.! The latter is associated with
a large range of challenges ranging from thermal management to novel fabrication
paradigms. How to provide high-quality electronics that meet thermal budgets, as well as
low power consumption are the fuel for this work. The drive for smaller and faster devices
has led many to describe thermal limits as am inevitable problem needing to be addressed.
The International Technology Roadmap for Semiconductors (ITRS)? has stressed the need
for new technology to manage heat including dynamic materials that are capable of
sustaining non-uniform heat transfer throughout the device, water cooled systems as well
as algorithmic solutions which would use the components more efficiently.? All electronic
components today are thermally limited whether in processing or functionality. The lack
of models to base heat transfer from one interface to another has made accurate predictions

of thermal dissipation difficult.

This work focuses on the study and development of thermal interface materials as
well as the limitations associated with development and an overview of the current state of
the art. TIMs are a unique group of composites used to fill void gaps created at the interface

of two uneven surfaces. Their function is to fill in the voids and reduce thermal resistance



cause by air. Typically, they are made of a polymer base with fillers dispersed throughout,

the fillers are the main carrier of thermal energy in this system.

2.2 Graphene

The successful separation of a single sheet of graphene from bulk graphite set the pace for
a new field of research. The strong in-plane bonding and weak out-of-plane Van der Waals
forces, make it possible to separate this material sheet by sheet.®# At only an atom thick it
has many exotic properties including large carrier mobility, high thermal conductivity, it is
nearly transparent and one of the strongest materials ever measured.*® Graphene is a single
layer van der Waals material bonded by sp? hybridized carbons arranged in a honeycomb
lattice. Theorized for half a century to be unstable in a few-layer state. Thermodynamic
constraints and difficulty separating each layer many thought it was unstable below a given

thickness.

The discovery of graphene’s unique heat conduction properties®° motivated
numerous practically oriented studies on the use of graphene and few-layer graphene
(FLG) in various composites, thermal interface materials and coatings.®'*" Thermal
enhancement is strong with composites where graphene is used as the filler base. The
thermal conductivity of a sample with 45% filler content reaches as high a 12 Wm™1K™,18
Although epoxy based TIMs show excellent potential for various applications, the
hardening process of epoxy makes them unsuitable for use in commercial electronics,
where a soft noncuring TIM is preferred. There are a few papers where graphene is
incorporated into commercial TIMs, enhancing the thermal conductivity of the

commercially available products.® Although it showed improvement it does not give a clear
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understanding of the interaction between graphene and the base TIM used. Our approach
uses a simple model with few steps and known materials. The obtained results exceed
industry metrics giving a simple effective model on the interaction of graphene and its base

material.

2.3  Thermal Management

The continuous miniaturization of electronic components shows promise in increased
processing power and speed. A biproduct of the increase in processing power and speed is
an increase in the heat dissipated from the created devices. Household and everyday
common items are continuously connected to Wi-Fi networks and automated, the market
with the quickest growth outside of electronic components outside of mobile phones and
computers, is the automotive electronic industry.’®? The ever increasing complexity in
devices applications has lead development of electronics with new condition ranges,
including temperatures and functionals. This further complicates many components inside
of the vehicle ranging from new rechargeable batteries to electronic lifetimes. The advent
of autonomous vehicles (AV) and electronic vehicles (EV) has made the electronics within
cars more complex as well, including various sensors in the exterior portions of the
automobile, interior computer and touch display for facile changes and continuous
monitoring of vehicle status, and the large Li-ion batteries which tend to be temperature
dependent.'®?° Figure 2.1 displays the various markets and industries affected by thermal
limitations, including electric vehicles, medical devices, computers and handhelds,
telecommunication and solar energy. The need for higher performing thermal interface

materials are and will continue to be a necessity for continuous innovation in these fields.
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Figure 2.1: The various industries which are dependent on advancements in TIMs. (Clockwise
from top) Medical devices and wearables, computers and handhelds, telecommunication, solar
panel advancement and electric vehicles.

For the last quarter century heat sinks and fans have been one of the primary ways
to cool electronic components. Heat sinks are large pieces of metal with riveted fins for
optimal surface area for cooling, they tend to be made from materials with high thermal
conductivity such as copper alloys and aluminum.?! These heats sinks are bound to the chip
using a TIM, which fills in the air gaps and improves the flow of heat from one interface
into the other, shown in Figure 2.2. The thermal resistance retained at interface junctions
such as the one just described is the make or break for the electronics function as a whole,

overheating being the other option.
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2.4 Phonons and Thermal Conductivity
Thermal Conductivity (k) is an inherent material property, describing the rate at which heat
moves through a material or material system. Fourier’s Law describes heat flux (q) as the
product of the thermal conductivity (k) and the gradient temperature (VT) in one direction,
thermal conductivity is the constant material property. The units for thermal conductivity
are [Wm™1K™1]. %

¢ =k = @1
There are two methods which thermal energy can move through a material either with
electrons, phonons, or both. Metals tend to propagate thermal energy predominantly with
free electrons. The thermal conductivity of non-metal materials such as semiconductors is

a sum of both the thermal conductivity contribution from electrons (Ke) and phonons (Kp).

k= ke +k, @2.2)

The Drude model was used to explain the empirical law Weidemann-Franz law, which
describes a relationship between electrical conductivity (o) and thermal conductivity (K)
and their direct dependence to temperature (T) in metals. Drude’s model assumes that most
of the thermal energy is carried by the electrons which fits fairly precisely as an
approximation for the thermal conductivity of metals, as shown below.

ke _ mPkj

oT  3e2 2-3)
Other non-metal materials conduct heat primarily via acoustic phonons. Phonons are quasi
particles which describe the vibrational modes of a material. Their energy and momentum

are described below as:
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E=hw (2. 4)
P = hk (2.5)

Acoustic phonons are the predominant carrier of heat in many non-metallic solid systems.
The formula below presents an estimate of phonon contribution to the thermal conductivity
of a system.

%=§®%% (2.6)
In this equation, C, is the volumetric heat capacity, v, is the phonon group velocity, and

A, is the phonon mean free path (MFP), respectively.

2.5 Thermal Interface Materials

Thermal interface materials are a group of materials commonly overlooked in the everyday
setting. They are materials which bind two uneven surfaces and aid in the removal of heat,
by reducing the thermal resistance, described in Figure 2.2. They are generally comprised
of a base material, usually a polymer, conveniently filled with micron-scale fillers. These
fillers define the TIM and its desired function, whether being electrically insulating,
conducting or thermally insulating or conducting. TIMs have three predominant categories:
curing, noncuring and phase change materials (PCM). Curing TIMs are those which are
solid or dry to a solid and are used as adhesives. They include pads, tapes and other pastes
which dry to a solid, many tend to be epoxy based. Noncuring TIMs are soft materials
which are easy to apply and paste-like. The most common are thermal greases they are
used to bind the interface of many electronic components and are commonly used for the
interface of a CPU to heat sink. PCMs are wax like materials which change phase as they

absorb or release heat and have many applications in electric vehicles and battery cooling.
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Figure 2.3 is a schematic differentiating between the three types as well as their

applications.

CPU

Heatsink Surface 2

Figure 2.2: Thermal interface materials are at the center of thermal management of most
electronics, they bind two uneven surfaces, such as a die and heat sink (shown above). They
reduce thermal resistance between the two uneven surfaces which they bind.

This work focuses primarily on noncuring TIMs, commonly known as thermal
compounds or thermal greases. Noncuring TIMs comprise of particle-laden grease, either
silicone or carbon based and are historically difficult to synthesize. They were first used in
the late 1970’s when only attaching a cooling plate to die component was not enough to
maintain optimum computer working temperatures.?* The uneven surface contact between
the components was identified as the limitation, where the grease was used to fill the voids.
Unlike curing TIMs which dry to a solid, noncuring TIMs are easier to use. In electronic
applications where heat fluctuations are constant, curing TIMs are limited by contrasting
thermal expansion coefficient between them and the component causing mechanical

instability cracking in the TIM layer making them unideal.
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Figure 2.3: Subgroups of thermal interface materials which include noncuring, phase change
materials, and curing (clockwise). Applications for TIMs continues to grow and includes
automobiles, consumer electronics and wearables.

Electronics today have various TIM layers within them. TIMs are one of the
primary modes of heat removal in electronic device. They are most commonly used to bind
the interface of heat sinks to chips, as well as the cooling for electric batteries and solar
cell cooling. Critical to a TIMs success is the filler chosen. Fillers have many properties
which must be accounted for before chosen, the first being their inherent thermal

conductivity. Most of the thermal properties of a TIM arises from the fillers incorporated
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into the matrix. Generally, the higher the thermal conductivity the higher the likelihood a
TIM will perform well. Although straight forward in concept this becomes increasingly
difficult when factoring in the effects which processing has on the filler will have on the
effect of the filler and the overall TIM. properties. Of the various materials that have been
heavily researched and used the most promising for thermal applications is graphene, a
two-dimensional material with exceptionally high thermal conductivity and electrical

conductivity.3413.23.24

2.6 Summary

The increase in chips density and demand for high power electronics has exceeded the
current thermal budget on various electronic platforms, both in-chip and on-chip. Various
scientific outlets have stressed the need for better management systems for excess heat
produced. Heat dissipation through a material is defined by its thermal conductivity,
produced by either phonons or electrons. The thermal energy (heat) is generated through
the vibration and excitation of electrons and phonons, which each individually donates to
the overall thermal conductivity, as previously described. To help with heat removal
various electronics contains thin materials called TIMs, they fill the air gaps in between
two uneven interfaces, improving heat transfer and overall device performance. TIMs are
generally comprised of polymer bases with very low thermal conductivity laden with
highly conductive fillers dispersed throughout. The most promising filler which is readily

available and has exceptional thermal properties is graphene, a two-dimensional material.
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Chapter 3: Sample Preparation and Thermal Conductivity
Measurement Tools

3.1 Introduction

There are various techniques used to characterize the many properties of TIMs. The
techniques used in this investigation were to determine mechanical and thermal properties
as well as characterize the effects which sample preparation has on the noncuring TIM. In
this work a steady state thermal impedance measurement method was used to extract the
thermal conductivity. The instrumentation included a steady state TIM tester to measure
thermal impedance, scanning electron microscope (SEM), Raman spectrometer, as well as

a rheometer.

3.2  Steady State Thermal Conductivity Measurement Method

The steady state method also known as a TIM tester is an established method used to
characterize the thermal properties of materials. It follows the guidelines set forth by the
ASTM D5470. In this method, a sample is placed between two interfaces, one interface
being the heating source, the other interface observes the temperature drop, from which
thermal resistance is extracted. The through-plane thermal impedance measurements of our
graphene based TIMs were measured at 303 K (30°C) with a LW-9389 TIM Tester
(LonGwin, Taiwan) (Figure 3.1) utilizing the steady-state heat flow technique prescribed
in the ASTM D5470.! The experimental setup is quite simple it consists of two parallel
thermally isolated steel plates, one plate with an elevated temperature and the other cooled.
The sample is then placed in between these two plates and measurements can take place.
The extracted data is based on the surface temperature difference at the two interfaces.
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Thermal conductivity (k) was extracted from thermal resistance measurements at constant
applied pressure with varying thicknesses. The LonGwin TIM tester used for these
experiments is equipped with six precision thermocouples positioned in both the heating
and cooling blocks along the direction of the thermal gradient. These measurements are

conducted using 4 to 6 uniform thicknesses of the thermal pastes (0.1 to 1 mm).

3.2.1 Theory of the Steady State Method

The TIM tester measures thermal resistance across a sample which is placed between the
two parallel plates. Thermal resistance is the temperature gradient per unit of thermal flux,
passing through the sample and being measured. While measuring, the sample is placed
between the two plates with careful attention paid to soft samples while measuring, making
sure that they sample does not expand or spread outside of the boundaries within the two
plates. Once the sample is spread onto the lower bar (heating block) the upper bar (cooling
block) is slowly down onto the sample with zero applied pressure. Equation 3.1 shows the

calculations for heat flux using this set up.

When measuring thermal impedance of the sample simple principles are used in the
calculation. The heat flux calculation below relates to Figure 3.2 in showing which
thermometers are used to measure the flux. AX is the distance between T, and T,, A is the
surface area of the sample plates, and k,,, is the meter bars thermal conductivity. Total heat

flux, q”, is the average of the heat flux from both the cooling plate, q”’cand q”h.

q"n = knA- VT (3.1)

" T—Ty
q'n = knd- lA

; (32)
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Ti1—Ti3
AX

q'n = kA (33)

" QntQc
g = A (3.3)

The thermal resistance within the instruments’ software uses the value obtained from heat
flux above and is the difference in temperature of the cold plate surface to the hot plate
surface divided by the heat flux, shown below (3.5). Similarly, impedance is the resistance

multiplied by the area and has the units of Kcm?W 1.

no__ Tc—Tq
R' = Ll (3.5)

Data points are then plotted to extract the thermal conductivity. From these plots
we were also able to extract contact resistance, the y — intercept of our data. The instrument
water cooling system was kept at a constant temperature of 298 K (25°C) throughout all

experiments and no pressure was applied unless specifically stated.
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Figure 3.1: TIM tester (LonGwin) used to conduct all thermal measurements for noncuring
thermal interface materials used. This instrument allows for various aspects to be controlled
while measuring including pressure, temperature control of measurements. Nanofabrication

Facility, UC Riverside, 2019.
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Figure 3.2: Schematic of TIM tester (LonGwin). A sample is placed in between two plates
labeled Tq4 and T, and measured at varying thicknesses. Standard steady state ASTM testing
setup.

Once the noncuring TIM is prepared the sample is evenly spread onto the lower bar of our
TIM tester. The upper bar is then lowered slowly down onto the sample, at zero pressure.
The instrument is ready to measure the sample. The instrument software allows for
temperature and pressure dependent measurements respectively and concurrently. For the
purposes of this work, we measured both parameters separately. Before each measurement
there is a delay of 1800 seconds allowing for the system to reach a steady state condition

where the impedance and temperature are both stable.
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3.3 Sample Preparation

Homogenous dispersion of fillers within the TIM is important to the integrity of the
measurements taken as well as the TIMs functionality. In this work, the samples were
prepared using commercially produced graphene flakes (XG Sciences) with lateral
dimension around ~25 um. The thickness varied from single atomic planes of 0.35 nm to
~12 nm. The graphene mixtures were not optimized for achieving the largest thermal
conductivity enhancement. % The materials were used as is and created high performing
TIMs. In a typical experiment, around 3 grams of mineral oil is added to container, next a
predetermined amount of graphene is weighed out based on the total weight fraction of the
TIM. We ensure proper dispersion of the graphene by then adding in about twice the weight
of graphene and mineral oil mix, in acetone. Next the samples are mixed using a high-
speed shear mixer (Flacktek Inc.) at the lowest possible mixing rates of 310 rpm for 20
minutes. This step binds the graphene and mineral oil while separating them from the
acetone. Finally, the mixture is placed in an oven for ~2 hours at 343 K (70° C) to remove
any remaining acetone. This process yields a smooth paste that is easily spreadable and

homogenous.
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Figure 3.3: Process flow of sample preparation for noncuring graphene TIMs.

When developing the procedure for producing the noncuring TIM, various
techniques were evaluated for sample preparation ranging from varying rate of sheer
mixing, sonication as well as different graphene flake sizes. Three parameters were
identified as determining factors affecting the TIMs thermal conductivity. First, the rate of
mixing was evaluated looking at samples with constant a loading fraction and solely change
the rate of mixing. Second, we evaluated the effects which the graphene flakes dimension
had on the TIM. Table 3.1 shows the varying parameters and optimization with each

changing parameter.

Spin speed was the first optimized parameter. The recent development of graphene
liquid exfoliation has expanded the availability and versatility through various chemical
and mechanical treatments, tuning of the graphene flake is possible, there-by tuning
thermal conductivity of the samples by varying the mixing speed which controls the overall
lateral dimensions.? We wanted to tune our parameters so that the properties of the
graphene flakes would be kept intact, keeping our flake size and not further breaking them

down. Our first samples were mixed using the above-mentioned steps, but initially with a
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higher mixing speed of 2500 rpm. This sample yielded a thermal conductivity of 1
Wm~1K 1. We determined the higher the spin speed, the lower the thermal conductivity
we obtained for the TIM at constant filler loading compared to samples similarly prepared
with a lower spin speed. Mehrali et al® summarizes the effects that higher mixing speeds
have on the lateral dimensions of graphene. Following literature, the same sample
preparation was used with adjustments done to the spin speed and reduced to the lowest
rate which our instrument would allow, 300 rpm. This had a positive effect on our thermal
conductivity giving a substantial increase from 1 Wm=K™ to 2.24 Wm™K™. Generally, it
is speculated that as the mixing rate increases, lateral dimensions of the graphene flakes

become smaller which directly affect the overall thermal conductivity of the system.*

Having established the effects which a lower mixing speed has on our TIM, we then
tried a hybrid style of mixing. The hope in these experiments was to find different forms
of agitations to vary the dimension of the graphene flakes and see if by varying the
processing this would have a positive effect on our TIMs thermal conductivity. All samples
were prepared using mineral oil with 20 wt% of graphene filler. Within these samples 75%
of the graphene used was mixed in a slow method, the remaining 25% was mixed at a high
speed sheer mixed. The goal of varying the parameters was to vary the graphene flake size
so that the smaller flakes would fill voids increasing the network of larger flakes and ideally
improve the thermal properties.® This method showed enhancement of 100% compared to
the samples prepared with all of the filler being mixed at a high speed sheer rate of 2500

rpm. The next sample followed similar parameters where 75% of the graphene filler was
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mixed at 300 rpm and 25% now was sonicated for 30 minutes, showing again improvement

compared to mixing at 2500 rpm but not enough to become an ideal.

The last comparison method was flake size and flake source. All of the samples
were prepared using high quality commercially available graphene. For the first
experiments the graphene was purchased from graphene supermarket (GS) which the
lateral dimensions ranged in size from ~2 um to ~8 um while the thickness varied from
single atomic planes of 0.35 nm to ~12 nm. The next samples were then purchased from
XG Sciences, ~15 pm and ~25 pm in lateral dimensions respectively.*® Use of the larger
dimensioned graphene flakes saw an improvement of nearly 500% in the thermal

conductivity, using a slow mixing method.

Table 3.1: Effect of various preparation parameters on the thermal conductivity of the TIMs
with 20 wt% of graphene filler loading kept constant.

Mixing Speed Graphene Dimensions  Thermal Conductivity
Source (um) (Wm1K1)

2500 rpm Graphene 2-8 1
Supermarket

300 rpm Graphene 2-8 2.24
Supermarket

75% at 300 rpm + 25% = Graphene 2-8 2

at 2500 rpm Supermarket

75% at 300 rpm + 25% = Graphene 2-8 2.18

sonicated Supermarket

300 rpm XG Sciences 15 4.92

300 rpm XG Sciences 25 3.88

3.4  Scanning Electron Microscopy Characterization

SEM is commonly used throughout the scientific community for various imaging needs,
where optical microscopy is limited. This technique has a wide array of applications and

benefits. The information obtained gives detailed three-dimensional images and
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topological details unobtainable using a tradition optical microscope. In this work SEM
was used to observe the flake orientation and general flake size post sample preparation.
The sample in Figure 3.4 (a-b) is of a high loading fraction sample with 40 wt% graphene
filler. The purchased graphene flakes (XG Science) show various orientations within the
matriX. The brighter regions are edges of the flakes facing perpendicularly to the plane of
the wafer, carrying them. Non-planar orientations are ideal for TIMs because they provide

a direct route for thermal transfer to happen within the samples.

Figure 3.4: SEM images show graphene flakes in noncuring TIM paste.

30



3.5 Raman Spectroscopy

Raman spectroscopy is a non-destructive measurement technique which measures the
inelastic scattering of light within the material. It is widely a used technique in the structural
characterization of graphitic materials. Its effect is based on the inelastic scattering of light
with atomic lattice of a material resulting in the annihilation or creation of a phonon.” It is
an effective technique which helps identify crystallinity, stoichiometry, thickness and
defects within a material . It has been demonstrated as one of the most convenient tools for
identifying and counting graphene layers.® Figure 3.5 shows the Raman spectrum of
pristine mineral oil (blue curve) and mineral oil with 40 wt% graphene fillers (red curve).
The most notable features of the spectrum for graphene are G peak at ~1580 cm™ and 2D
peak at ~2700 cm™ G peak originates from the in-plane vibration of the sp? carbon atoms
and is a double degenerate phonon mode at the center of the Brillouin zone.®® The intensity
of the G peak increases as the number of graphene layer increases. The 2D peak originates
from a two phonon double resonance.® The blue curve in Figure 3.5 is the Raman spectra
of a 40 wt% fraction of graphene in mineral oil sample verifying the presence of the G,
2D, and D peak, indicating towards few layer graphene.'® Raman spectroscopy validated
the quality of the material post treatment with acetone and high sheer spinning, as well as
give an idea as to whether the graphene was chemically changing due to interactions with

the mineral oil.
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Figure 3.5: Raman spectra of noncuring graphene thermal interface material, with a weight
fraction of 40 wt% graphene fillers. Raman was used to verify the homogeneity of the graphene
within the TIM post material development.

3.6  Rheological Properties of Non-Graphene TIMs

Rheology is the study of the flow of materials. The instruments used for these experiments
is a rheometer and it establishes the viscosity of a material. Viscosity of noncuring thermal
interface materials is an important parameter to establish.>'* Easy application is important
for industrial needs and mass use of them. Liquids are defined as materials which deform
under continuous stress; elastic solids can resist this stress by deformation, where a fluid
cannot.'? Viscoelastic fluids have a mix of properties where they have characteristics of

both solids and liquids. Two terms are used frequently with rheometric studies, stress and
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strain. Stress is the force per unit are, strain is the amount of deformation over a given
distance or length. If the force applied is parallel to the surface, it is called shear stress. A
materials resistance to sheer stress is its viscosity. Viscosity is measured in centipoise [1

cP =1 gcmis?.

The relationship between sheer stress and sheer strain defines properties which give
a better understanding to the concept of viscosity, such as Newtonian, pseudoplastic,
dilatant and Bingham plastic, shown in Figure 3.6. In Newtonian fluids, the relationship
between shear stress and shear rate is linear. These fluids continue to exhibit fluid like
behavior even with the increasing amounts of applied shear force and the viscosity is
dependent solely on temperature, pressure, and chemical composition. Non-Newtonian
fluids have non-linear dependence of shear stress and shear rate and include pseudoplastics

and dilatants.
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Figure 3.6: Relationship between shear stress and shear rate for various Newtonian and non-
Newtonian fluids. The relationship between these two observations is used to define the
robustness and longevity of a TIM.

For the study of TIMs, these parameters are important because when developing these
composites, pump-out of material is an issue.**>*> Pump-out or bleeding out is when the
viscosity of the grease changes over various cycles of increased temperature causing the
TIM to flow out of the confined interfaces which it is binding. This is a common problem,
that is largely due to temperature cycling and the coupling of the filler to the base. We
measured these rheological effects of our noncuring graphene based TIM at the weight

fraction of 0 wt%, 5 wt% and 10 wt%.
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Figure 3.7: Rheological properties of the mineral oil confirming its Newtonian fluid behavior.

The data shown in Figure 3.7 through 3.9 identify the rheometric effects which the
graphene fillers have on the mineral oil base. Figure 3.7 is the mineral oil alone and shows
Newtonian behavior. Figure 3.7 show the rheological properties of the mineral oil with the
addition of graphene fillers at 5 wt% and 10 wt% fractions. Shown in Figure 3.8, TIMs
with 5 wt% graphene demonstrates a pseudo plastic behavior. Pseudoplasticity is when a
material exhibits both Newtonian flow and plastic flow. The liquid will flow as plastic at
high shear rates and the more stress that is applied the more freely it flows.6-28 The further
addition of graphene filler at 10 wt% loading fractions sees a shift into Bingham plastic

(Figure 3.9) where the body of the substance is rigid at low stress and flows once an initial
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amount of stress is applied, which is the y-intercept here.
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Figure 3.8: Rheological properties of mineral oil with 5 wt% of graphene. The results show a
sup-linear behavior of shear stress as a function of shear rate confirming the pseudo plastic
properties of the compound.
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Figure 3.9: Rheological properties of the mineral oil with 10 wt% of graphene loading. The
results show a linear behavior of shear stress as a function of shear rate with a positive y-intercept
confirming the Bingham plastic behavior of the compound, where an initial stress must be
applied for the substance to become liquid.

3.7  Summary and Conclusions

The chapter is an overview of the various techniques used to thoroughly characterize
mechanical and thermal properties of TIMs. The determining factor in producing high
performing TIMs lies in sample preparation as well as the filler and matrix chosen. Various
experiments were performed to find the ideal parameters for sample preparation and a
method of slowly mixing our graphene flakes with mineral oil and acetone gave the highest

thermal conductivity. The high thermal conductivity value achieved is attributed to reduced
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agitation of our flakes while mixing, which allows them to retain their dimensions in our
final TIM. Raman spectroscopy was used to determine the composition of the TIM and
evaluate whether any degradation or reduction of graphene occurred. A steady state method
(TIM tester) was used in the evaluation of the thermal properties of our TIM and help
determine our process parameters as well as gave the flexibility in allowing for other
experimental setups discussed in later chapters, such as pressure dependence as well as
temperature dependence measurements. SEM is a widely used technique which was used
to characterize the flake dimensions in the 40 wt% graphene filler in mineral oil TIM.
Lastly, a rheometer was used to determine the fluidity and viscosity of our TIM, this
technique showed transition with the addition of small wt% of graphene, transition from
Newtonian with pure mineral oil to a Bingham plastic with 10 wt% of graphene in mineral
oil. Proper evaluation and preparation of TIM is important to the integrity of the material
created and can be a way to properly take advantage of a materials inherent thermal

conductivity in a composite.
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Chapter 4: Noncuring Graphene Thermal Interface Materials
for Advanced Electronics

4.1 Introduction

As transistors continue to decrease in size and packing densities increase, thermal
management becomes the critical bottleneck for development of next generation of
compact and flexible electronics.! The increase in computer usage and ever-growing
dependence on cloud systems require better methods for dissipating heat away from
electronic components. The important ingredients of thermal management are TIMs.
Various TIMs interface two uneven solid surfaces where air would be a poor conductor of
heat, and aid in heat transfer from one medium into another. Two important classes of TIMs
include curing and noncuring composites. Both of them consist of a base, i.e. matrix
materials, and thermally conducting fillers. Commonly, the studies of new fillers for the
use in TIMs start with the curing epoxy-based composites owing to the relative ease of
preparation and possibility of comparison with a wide range of other epoxy composites.
Recent work on TIMs with carbon fillers have focused on curing composites, which dry to
solid.>”" Curing TIMs are required for many applications, e.g. attachment of microwave
devices, but do not cover all thermal management needs. Thermal management of
computers requires specifically noncuring TIMs, which are commonly referred to as
thermal pastes or thermal greases. They are soft pliable materials, which unlike cured
epoxy-based composites, or phase change materials, remain soft once applied. This aids in
avoiding crack formations in the bond line due to repeated thermal cycling of two
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connected materials with different temperature expansion coefficients. Noncuring TIMs
also allow for easy reapplication, known as a TIM’s re-workability property. Noncuring
TIMs are typically cost efficient — an essential requirement for commercial applications.
Various applications in electronics, noncuring grease-like (soft) TIMs are preferred.
Examples of the applications include but are not limited to cooling of large data centers®
and personal devices which are the primary targets for these applications. Current
commercially available TIMs perform in thermal conductivity range of 0.5 Wm?K™ to 5
Wm K with combination of several fillers at high loading fractions®. State—of—the—art
and next generation electronic devices require thermal pastes with bulk thermal
conductivity in the range of 20 to 25 Wm?K™, 1011 This study focuses specifically on

noncuring TIMs with graphene and few-layer graphene fillers.

Curing and noncuring TIMs consists of two main components — a polymer or oil
material as its base and fillers, which are thermally conductive inclusions added to the base
increasing the overall heat conduction properties of the resulting composite. Polymer base
materials have a rather low thermal conductivity within the range of 0.2 Wm™K™ to 0.5
WmK1, mainly owing to their amorphous structure.'? The strategy for creating advanced
TIM is to find a filler with high intrinsic thermal conductivity and incorporate it into a base
creating a soft material, which is easy to apply and bind the interfaces. Numerous other
parameters such as filler — matrix coupling, uniformity of the dispersion of the fillers,
viscosity, and surface adhesion affect the resulting performance of the TIM. Conventional
fillers, which are added to enhance the thermal properties of the base polymeric or oil

matrices, span a wide range of materials, including metals,*'* ceramics, metal oxides,*>
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20 and semiconductors*®2! with micro and nanometer scale dimensions. Apart from thermal
conductivity, the selection criteria for fillers include many parameters such as compatibility
with the matrix, weight, thermal expansion characteristics and rheological behavior.
Recent concerns over environmentally friendly materials further limit the list of available
additives, which can be used as fillers. Considering all these parameters and limitations,

the most promising recently emerged filler material is graphene.?223

The first exfoliation of graphene?*? and measurement of its electrical properties
sparked intensive efforts to find graphene’s applications in electronics,? e.g. as on-chip or
inter-chip?” interconnects,?®?° or a complementary material to silicon in analog or non-
Boolean electronics.® The idea of using graphene as fillers in thermal applications emerged
from the discovery of the exceptional heat conduction properties of suspended “large”
flakes of single layer graphene (SLG), with the thermal conductivity ranging from 2000
Wm~1K~1 to 5300 Wm~1K~1.31:3 |t js established that acoustic phonons are the main heat
carriers with the “gray” mean-free-path (MFP) of ~750 nm. Theory suggests that long-
wavelength phonons with much larger MFP make substantial contribution to thermal
conductivity. The thermal conductivity of SLG with lateral dimensions smaller than MFP
degrades due to the “classical size” effects, i.e. phonon — flake edges scattering. The
thermal conductivity of SLG is vulnerable to defects, wrinkles, bending, and rolling.® The
cross-section of SLG is also small making it not an ideas filler. From another perspective,
FLG is more resistant to degradation of its intrinsic thermal properties due to rolling,
bending or exposure to matrix defects. For these reasons, FLG with some addition of SLG,

create better filler-matrix and filler-filler coupling, and are considered to be optimum filler
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mixture. The in-plane thermal conductivity of FLG converges to that of the high quality
bulk graphite, which by itself is as high as ~2000 Wm~'K~1, as the number of layers
exceeds about eight mono-layers.3*3% The ability of FLG — a van der Waals material — to
present thermal conductivity of bulk graphite is an important factor for thermal
applications. The thermal conductivity of FLG is one and two orders of magnitudes higher

than that of the conventional metallic and ceramics fillers, respectively.

Technological challenges using graphene and FLG as fillers in thermal
management applications, which by their nature requires large amount of source material,
were linked to the low yield production laboratory methods. The last decade of graphene
research has led to development of several scalable techniques, such as liquid phase
exfoliation (LPE)3"* and graphene oxide reduction,*4° which provide large quantities of
graphene and FLG of quality acceptable for thermal applications, making the mass
production cost effective.*®4 These recent developments remove the barriers for graphene
utilization in the next generation of curing and noncuring TIMs. In the following
discussion, in thermal context, we will use the term “graphene” for the mixture of mostly
FLG with some fraction of SLG. When required the term FLG will be used to emphasize
it specific thickness. One should note that, in the considered thickness range, FLG retains

its flexibility and remains different from brittle thin films of graphite.

To date, the studies of graphene fillers in TIMs were focused almost exclusively on
curing epoxy-based composites. The pioneering studies reported the thermal conductivity
enhancement of epoxy by a factor of 25x even at small graphene loading fractions of f; =
10 vol%.*>* The only available reports of graphene enhanced noncuring TIMs utilized

44



commercial TIMs with addition of some fraction of graphene fillers. It has been shown that
incorporation of small loading fraction graphene fillers into commercial noncuring TIMs
enhances their thermal conductivity significantly.*>*-4" However, in view of undisclosed
composition of commercial TIMs it is hard to assess the strength of the effect of graphene
fillers. In addition, commercial TIMs already have a high concentrations of fillers, and the
addition of even a small amount of graphene results in agglomeration and creation of
separated clusters of fillers. These facts motivated the present research, which uses the
simple base such as mineral oil and in-house process of preparation and incorporation of

graphene fillers.

Combining different types of fillers with various sizes and aspect ratios into a single
matrix for achieving the “synergistic effects” is a known strategy for attaining a further
enhancement in thermal properties of composites.!'’ It has been demonstrated that the
“synergistic effects” are effective even when one uses fillers of the same material but with
two or more size scales.®'” A simple explanation for this effect is that smaller size fillers
reside between large fillers and connected them more efficiently, leading to improved
thermal conduction. By their nature, FLG fillers consist of several graphene monolayers
which are held up through weak Van der Waals forces*® in the cross-plane direction. During
the mixing processes of FLG with the matrix materials, due to the high shear stresses
involved, the atomic layers of FLG separate out, resulting in a mixture of FLG and SLG
fillers, which potentially develop reveal the “synergistic effect”. The FLG fillers are better

for heat conduction while SLG fillers are more flexible and better for establishing the links
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among the FLG fillers. These properties can be considered extra advantages of FLG over

metallic and ceramic fillers.

4.2  Material Synthesis and Characterization

Figure 4.1 illustrates the step-by-step preparation procedure and typical applications of
noncuring TIMs in electronics. Commercially available graphene fillers (grade H-15, XG-
Sciences) with the vendor-specified large lateral dimensions of ~15 um were weighed and
added in pre-calculated proportions to the mineral oil base (Walgreen Health). The large
lateral dimensions of the fillers are essential for achieving high thermal conductivity.
However, it should be noted that large fillers are more susceptible to rolling and bending
during the mixing procedure® so special care should be taken in order to avoid filler
agglomeration and crumbling, especially at high filler loading fractions. In order to avoid
agglomeration, the mixtures of mineral oil and graphene were prepared with addition of
acetone in order to keep the filler quality and size intact during the mixing process.*%->!
Adding a solvent such as acetone to the fillers lowers the impact, which mixing has on the
fillers as well as on the dispersion of the TIM.3752% Graphene is measured and placed into
a container followed by the addition of acetone, creating a graphene-acetone suspension,
then the mineral oil is added. The compounds are mixed using a high shear speed mixer
(Flacktek Inc.) at 310 rpm, the lowest mixing speed, for about 20 minutes. The effects of
mixing speed and other parameters have been researched in details and utilized in the
preparation.®>** The hydrophobicity of graphene explains the mechanism of creation of the
emulsion, and the graphene’s preference in binding to the oil over acetone.®® The low

mixing speed results in the binding of graphene and mineral oil, and separates them from
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the acetone which has been added later. The acetone is removed from graphene and mineral
oil mixture following phase separation. Finally, the mixture is placed in an oven to
evaporate the solvent for ~2 hours at 70° C. This process yields a smooth paste with proper
viscosity that is easily spreadable, homogenous, and can be contained within a syringe for
later applications. The prepared samples have been characterized using Raman
spectroscopy and SEM (Figure 3.5 & Figure 3.6). The homogenous dispersion of graphene
inside the paste is important to the integrity of the composite.*® In additional to good filler
dispersion, a preservation of the fillers throughout the process is another important factor

in the performance of the obtained noncuring TIMs.
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Figure 4.1: Schematic showing typical practical applications of noncuring thermal interface
materials in electronics, and the process flow for synthesizing graphene noncuring thermal paste.
Graphene is added to the base material with acetone followed by the slow speed sheer mixing.
The optimized mixing process seperates the graphene and mineral oil mix from the acetone. This
leaves a smooth graphene paste with proper viscosity which is easy to store and apply at the
interfaces. Reprinted with permission from Advanced Electronic Materials. The data is from
Naghibi, S., Kargar, F., Wright, D., Huang, C. Y. T., Mohammadzadeh, A., Barani, Z., Salgado,
R. & Balandin, A. A. Noncuring Graphene Thermal Interface Materials for Advanced
Electronics. Advanced Electronic Materials 1901303 (2020). doi:10.1002/aelm.201901303.

The thermal conductivity and contact resistance of the samples were measured
using an industrial grade TIM tester (LonGwin Science and Technology Corp.) designed
for measurements according to the standard ASTM D 5470-06 — a steady-state method for
measuring the thermal properties of TIMs.>2 This method is based on the one-dimensional
heat conduction Fourier’s law, q" = —kg,,AT/Ax, which allows for determining the

sample’s apparent thermal conductivity, k., [Wm~'K™'], via accurately monitored heat
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conduction flux, g [Wm™=2], and the temperature difference, AT [K], across the sample’s
thickness, Ax [m~1]. The sample’s total thermal resistance per area, Rf,, = AT/q" =
Ax

p [Km?W~1], at various thicknesses were measured at a constant temperature of 35 °C,
app

atmospheric pressure, and plotted as a function of its thickness. The data has been fitted
using a linear regression method. The inverse slope and the y-intercept of the fitted line
shows the TIM’s thermal conductivity and twice of its thermal contact resistance, 2R/’ 57
as explained below in more details. The temperature dependent thermal conductivity

measurements are conducted in the same way, only changing the temperature in the range

of 30 °C to 115 °C, with no applied pressure.

4.3  Results of Thermal Testing

When a thin layer of TIM is applied between two solid surfaces, assuming a one-
dimensional heat flow from the hot to the cold side, the total thermal resistance can be
defined as R{,; = Ry + RZy + R., where R7,,, is the thermal resistance associated with the
TIM layer and R/; and R/, are the thermal contact resistances between the TIM and solid
surfaces due to the inherent microscopic asperities within solid surfaces. This equation can
be restated as Ry,; = BLT /kgy, = BLT [kr;y + 2R¢ considering that the thermal contact
resistance between the TIM layer and upper and lower solid surfaces are equal (R, = R}, =
RZ). In this equation, k,,, and kr;, are the apparent and the “bulk” thermal conductivity
of the TIM layer. The difference between these two quantities is that the former depends
on bond line thickness (BLT) and the thermal contact resistances and thus, is not a material
property, which is why it is referred as “apparent” thermal conductivity. However, the latter
is related to the “true” or “bulk” thermal conductivity of the TIM layer which is a material
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characteristic and depends on the thermal transport properties of the base polymeric matrix,

fillers, and their interaction with each other.

In Figure 4.3, we show the results of R;,, measurements of TIMs with different
filler loadings as a function of the BLT at a constant temperature of 35 °C without any
applied pressure (atmospheric pressure). Since R/, depends linearly on BLT, one can
extract kp;,, and R. with linear fittings (dashed lines in Figure 4.2) on the experimental
data. In this case, the inverse slope and the y-intercept of the fitted line shows k4, and
2R/, respectively, with an assumption that both parameters remain constant as BLT
changes. As one can see, with adding graphene fillers, the slope of the fitted lines decreases
significantly, indicating a strong enhancement in the “bulk” thermal conductivity of the
compound. However, addition of fillers also increases the thermal contact resistance, which

will be discussed later.

Riot = Req + Rep + Ry

cPU

Heatsink . Surface 2

Figure 4.2: The above schematic highlights the resistance which two uneven surfaces creates with
respect to the TIM and the direction of the heat flux. Reprinted with permission from Advanced
Electronic Materials. The data is from Naghibi, S., Kargar, F., Wright, D., Huang, C. Y. T.,
Mohammadzadeh, A., Barani, Z., Salgado, R. & Balandin, A. A. Noncuring Graphene Thermal
Interface Materials for Advanced Electronics. Advanced Electronic Materials 1901303 (2020).
d0i:10.1002/aelm.201901303.
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Figure 4.3: Thermal resistance per unit area, R"”, as a function of the bond line thickness. The
dashed lines show the linear regression fittings to the experimental data. Adding graphene fillers
to mineral oil results in the slope of the lines decreasing significantly, indicating string
enhancement in the “bulk” thermal conductivity of the graphene thermal paste. Reprinted with
permission from Advanced Electronic Materials. The data is from Naghibi, S., Kargar, F.,
Wright, D., Huang, C. Y. T., Mohammadzadeh, A., Barani, Z., Salgado, R. & Balandin, A. A.
Noncuring Graphene Thermal Interface Materials for Advanced Electronics. Advanced
Electronic Materials 1901303 (2020). doi:10.1002/aelm.201901303.

Figure 4.4 presents the thermal conductivity of the graphene noncuring TIMs as a
function of the filler loading. The error bars are associated with the standard error in the
thermal conductivity measurements as a result of the linear fitting through the experimental
data shown in Figure 4.3. The data indicates that at small, ¢ = 1.9 vol%, graphene filler
loading, a significant enhancement in compound’s thermal conductivity is observed
followed by a saturation effect at the higher loading fractions. This enhancement is
attributed to the thermal percolation, i.e. the onset of formation of the continuous network

of thermally conductive fillers inside the matrix. The thermal percolation strongly enhances
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the overall thermal conductivity of the composites. Note that the thermal conductivity
increases from 0.3 Wm™K! of pure mineral oil to 1.2 Wm™K™* with addition of only 1.9
vol% of graphene. The observed change in the thermal conductivity is similar to the
electrical conductivity behavior of polymers as they are loaded with electrically conductive

fillers.58

In the electrical percolation regime, the electrical conductivity of polymers
increases by several orders of magnitude as electrically conductive fillers form a
continuous network inside the electrically insulating matrix. The electrical percolation is
theoretically described by the power scaling law as o~(¢ — ¢¢)¢, where ¢ is the electrical
conductivity of the composite, ¢ is the filler loading fraction, ¢ is the filler loading at the
electrical percolation threshold, and ¢ is the “universal” critical exponent. Following the
same theoretical concept, the experimental data in Figure 4.4 has been fitted by a power
scaling law as kr, = A(¢ — ¢:)P, Where ks is the thermal conductivity of the filler, and
A, ¢, and p are fitting parameters being the filler loading at thermal percolation threshold
and the exponent, respectively. The inset in Figure 4.3 shows the experimental data and
theoretical fitting in a log-log scale. Generally, as the loading fraction of filler increases,
one would expect to see substantial continuous increases in enhancement of TIM’s thermal
conductivity. Most cured, i.e. solid, TIMs exhibit linear to super-linear thermal
conductivity dependence on the filler loading fraction?. However, the prepared noncuring
TIMs exhibit a saturation effect for the thermal conductivity as a function of the filler
loading fraction. This is similar to the effect reported previously for nano-fluids and some

soft T1Ms.>%-%2 The saturation effect is attributed to a tradeoff between the enhancement in
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the “bulk” thermal conductivity as more fillers are added to the matrix and the decrease in
the thermal conductance as the thermal interface resistance between the filler — filler and
filler — matrix interfaces increases due to incorporation of more fillers into the matrix. Note
that heat transport in graphene based compounds are dominated by phonons although they

reveal electrical percolation at rather low graphene loadingsmmor.33>63
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Figure 4.4: Thermal conductivity of the noncuring graphene TIMs as a function of graphene
volume fraction. Adding fillers to the mineral oil base leads to more than 4x enhancement of the
thermal conductivity at ¢ = 1.9 vol%. The strong enhancement is attributed to the onset of the
thermal percolation. The increase in thermal conductivity slows down as more fillers are
incorporated into the matrix, and it saturates at the high loading fractions. The dashed lines are
the theoretical fitting of the experimental data according to the effective thermal conductivity
equation k~(¢ — )P with ¢, = 1.9 vol% and p = 0.32. The inset shows the data in a log-
log scale. Reprinted with permission from Advanced Electronic Materials. The data is from
Naghibi, S., Kargar, F., Wright, D., Huang, C. Y. T., Mohammadzadeh, A., Barani, Z., Salgado,
R. & Balandin, A. A. Noncuring Graphene Thermal Interface Materials for Advanced
Electronics. Advanced Electronic Materials 1901303 (2020). doi:10.1002/aelm.201901303.
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Figure 4.5 shows the contact resistance, R./, of the noncuring graphene TIMs as a
function of the filler loading fraction measured at the atmospheric pressure. As expected,
with incorporation of more fillers into the matrix, the contact resistance increases as well.
For semi-solid or semi-liquid TIMs, assuming that the “bulk” thermal conductivity of the

TIM layer is much smaller than that of the binding surfaces, the contact resistance can be

H i i iri " _ "no__ ¢ G L) _
described using the semi-empirical model as R¢. .., = 2R/ = ¢ >~ where G =

krim P
VG2 + G'2. In this equation, G" and G are the storage and loss shear modulus of the TIM,
P is the applied pressure, ¢ is the average roughness of the two binding surfaces, assuming
that both have the same roughness at interfaces, and ¢ and n are empirical coefficients,
respectively. One can see that at a constant applied pressure the prediction of thermal
contact resistance becomes cumbersome owing to the fact that the two parameters have
opposing effects on the contact resistance. The latter is due to the fact that adding graphene
fillers results in increasing both kg, and G. However, this equation intuitively suggests
that for TIMs with a specific filler, there exists an optimum filler loading at which the
“bulk” thermal conductivity, k-, significantly increases while the thermal contact

resistance, R, is affected only slightly. This fact becomes more evident if we restate the
. 1 G\ . .
total thermal resistance as R/,; = (—) {BLT +c¢ (—) } showing the importance of
krim P

increasing the TIM bulk thermal conductivity to reduce the total thermal resistance.
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Figure 4.5: Thermal contact resistance as a function of the filler loading. The error bars show
the standard error. The thermal contact resistance increases with the loading fraction. Reprinted
with permission from Advanced Electronic Materials. The data is from Naghibi, S., Kargar, F.,
Wright, D., Huang, C. Y. T., Mohammadzadeh, A., Barani, Z., Salgado, R. & Balandin, A. A.
Noncuring Graphene Thermal Interface Materials for Advanced Electronics. Advanced
Electronic Materials 1901303 (2020). doi:10.1002/aelm.201901303.

The temperature of electronic devices during operation, no matter how the
generated heat is dissipated, increases due to Joule heating, which is unavoidable. The
temperature rise depends on the total thermal resistance of the system from the heat source
to the environment. In most cases, the TIM layer is one of the bottlenecks for efficient
thermal management of the system. In this process, the temperature across the TIM layer
increases which in turn, affects its “bulk” thermal conductivity and thermal contact
resistance. In order to evaluate the overall thermal performance of the TIM layer in an
extended temperature range, the “apparent” thermal conductivity is a more informative

parameter. It includes the temperature effects on both the “bulk” thermal conductivity and
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thermal contact resistance. It is important to evaluate the temperature dependent
characteristics of noncuring graphene TIMs in order to verify their overall robustness and
stability at elevated temperatures. Practically useful TIMs should perform at high
temperatures and retain their thermal properties, as well as sustain an uneven heating

throughout the component.

In Figure 4.6 we present the “apparent” thermal conductivity of the noncuring
graphene TIMs as a function of temperature in the range of 40 °C — 115 °C, with no applied
pressure. The data are shown for TIMs with various graphene loading fractions. The
noncuring graphene TIMs with ¢ = 1.9 vol% exhibit a slight variation in the “apparent”
thermal conductivity as the temperature increases. The “apparent” thermal conductivity
change is more pronounced in TIMs with the higher loading compared to that of TIMs with
the low graphene loading, although the change is not significant. Generally, the shear
modulus of TIMs decreases with increasing the joint temperature, which, in turn, reduces
the thermal contact resistance. However, the “bulk” thermal conductivity of TIMs is also
decreasing with temperature,® which causes the overall “apparent” thermal conductivity
to drop. At the same time, the decrease in the “apparent” thermal conductivity is not

significant, attesting to the practicality of noncuring graphene thermal paste.®>5¢
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Figure 4.6: “Apparent” thermal conductivity of the non-cured graphene TIMs as a function of
temperature in the range from 40 °C to 115 °C. Reprinted with permission from Advanced
Electronic Materials. The data is from Naghibi, S., Kargar, F., Wright, D., Huang, C. Y. T,
Mohammadzadeh, A., Barani, Z., Salgado, R. & Balandin, A. A. Noncuring Graphene Thermal
Interface Materials for Advanced Electronics. Advanced Electronic Materials 1901303 (2020).
d0i:10.1002/aelm.201901303.

Another important issue that arises at increased temperature for non-cured TIMS is
“pumping out”, also referred to as “bleeding out” problem.*5"% This term indicates the
process of thermal grease pumping out from the binding surfaces due to the decrease of the
viscosity at elevated temperature and continuous temperature cycling of the electronic
devices at on-off operational states.®® The latter results in reduction of the actual contact of
the TIM layer with adjoining solid surfaces, which increases the thermal contact resistance.
In order to evaluate the “bleeding out” problem associated with the non-cured graphene
TIMs, the BLT variation has been measured as a function of temperature (see Figure 4.7).

The variation in BLT as a function of temperature in pure mineral oil and TIM with ¢ =

57



1.9 vol% is ~2 um/°C whereas for the TIM with ¢ = 8.5 vol% it drops to ~0.5 um/°C. As
one can see, the variation is more pronounced at low graphene loadings as compared to
that with the high loading. This observation indirectly indicates that noncuring graphene
TIMs with graphene loading of more than ~8.5 vol% are less prone to the “bleeding out”
problem. More extensive power cycling experiments are needed to determine the
application efficiency, stability, and reliability of the produced graphene based noncuring
TIMs. These measurements are beyond the scope of the present investigation and reserved

for future studies.”® "2
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Figure 4.7: Bond line thickness as a function of temperature at atmospheric pressure. The
variation in BLT for mineral oil and noncuring graphene TIM with ¢ = 1.9 vol% is
~2.3 um/°C. The variation in the TIM thickness with temperature drops to ~0.5 um/°C at the
higher graphene filler loading. The latter indicates the noncuring graphene TIMs with higher
graphene loading are less prone to the “bleeding-out” problem. Reprinted with permission from
Advanced Electronic Materials. The data is from Naghibi, S., Kargar, F., Wright, D., Huang, C.
Y. T., Mohammadzadeh, A., Barani, Z., Salgado, R. & Balandin, A. A. Noncuring Graphene
Thermal Interface Materials for Advanced Electronics. Advanced Electronic Materials 1901303
(2020). doi:10.1002/aelm.201901303.
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4.4  Benchmarking Against Commercial Noncuring TIMs

In order to benchmark the performance of the noncuring graphene thermal paste against
the cutting edge TIM technology, we measured the “bulk” thermal conductivity of five top
commercial TIMs widely used in industry. It should be noted that many commercial TIMs
claim the thermal conductivity values exceeding 10 Wm~tK™?, although the vendor
supplied descriptions do not specify how the thermal measurements have been performed.
In Figure 4.8, we present the measured and claimed values of the “bulk” thermal
conductivity of commercial TIMs. All measurements used the same experimental setup (s)
under the same steady-state conditions at 35 °C and atmospheric pressure. The obtained
data indicate that the true “bulk” thermal conductivity for all commercial noncuring TIMs
is substantially lower than that specified in the vendor datasheets. The thermal conductivity
of the noncuring graphene TIM with ¢ = 19.8 vol% surpasses that of the all commercial
TIMs. The highest “bulk™ thermal conductivity for the commercial noncuring TIM was
obtained for TIM PK-Pro 3 (Prolimatech Inc.). It was determined to be 6.19 Wm™1K™1,
which is close to the thermal conductivity of the noncuring graphene TIM. However, one
should note that PK-Pro 3 incorporates ~90 wt% of Al and ZnO as fillers” while graphene

TIMs includes only 40 wt% of graphene (see Figure 4.8).
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Figure 4.8: Benchmarking of noncuring graphene TIMs against commercial noncuring TIMs.
The noncuring graphene TIM has ¢ = 19.8 vol% (40 wt%) filler loading. The grey bars show
the thermal conductivity values claimed by the vendors. The light coral bars present the data
measured by the same instrument used for this study. There is a substantial discrepancy between
the claimed and measured data for the commercial TIMs. The noncuring graphene thermal paste
outperforms all commercial noncuring TIMs. A commercial noncuring TIM with the highest
thermal conductivity (PK Pro-3) uses ~90 wt% of Al and ZnO filler loading, which is more than
two times of the graphene filler concentration used in this study. Reprinted with permission from
Advanced Electronic Materials. The data is from Naghibi, S., Kargar, F., Wright, D., Huang, C.
Y. T., Mohammadzadeh, A., Barani, Z., Salgado, R. & Balandin, A. A. Noncuring Graphene
Thermal Interface Materials for Advanced Electronics. Advanced Electronic Materials 1901303
(2020). doi:10.1002/aelm.201901303.

Table 4.1 summarizes recent research data for noncuring TIMs and nano-fluids
with different fillers and host matrices. The difficulty in uniform dispersion of fillers
through the matrix could be one of the reasons for the scarcity of literature in the field of

noncuring thermal interface materials. The data presented in Figure 4.8 and Table 4.1 attest
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for the great potential of noncuring graphene thermal paste for thermal management of

advanced electronics.

Table 4.1: Thermal conductivity of noncuring thermal interface materials with different fillers.

Filler K
Filler Base Matrix Loading Method (WK Refs.
vol.% wt %

Graphene Mineral Oil 27 50 TIM tester 7.1 This
work

Al20s / Silicone grease ~ 6/1 - TPS 3.0 w

Graphene

Graphene rEeIZ?r)l(y without 11 - TIM tester ~ 0.90 [

rGO Silicone Qil 4.3 - THWM 1 &

Graphene NF Silicone Oil 4.3 - THWM 0.25 S

Graphene Silicone Oil 0.07 - THWM 0.215 7

Graphene / CuO  Water 0.07 - Kd2 0.28 m

thermometer

Graphene / Commercial TIM - 6 Laser flash  ~1.46 46

Fes;04

Functionalized -\ or - 5 THWM 1.15 18

Graphene

GNP Silicone Grease 075 - THB 3.2 7

GNP Water - 0.10 THWM 0.75 80

CNT Silicone -4 TIMTester 18 18

Elastomer

Silica water 3 - THWM 0.66 81

CuO microdisks  Silicone Base 0.09 - Hot disk 0.28 20

CuO nanoblock  Silicone Base 0.09 - Hot disk 0.25 20

cuo Silicone Base 009 - Hot disk 0.23 8

microspheres

TiO; Water 5 - THWM 0.871 8

AIN EG, PG 10 - THWM 0.35 13

T-ZnO Silicone Oil 18 - TPS 0.88 19

NF = nano-flakes, GNP = graphene nano-platelets, EG = Ethylene Glycol, PG = Propylene

Glycol

THWM = transient hot wire method, TPS = Transient plane source THB = transient hot

bridge
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45 Conclusion

We reported on the synthesis and thermal conductivity measurements of noncuring thermal
paste, i.e. grease, based on mineral oil with the mixture of graphene and few-layer graphene
flakes as the fillers. It was found that graphene thermal paste exhibits a distinctive thermal
percolation threshold with the thermal conductivity revealing a sublinear dependence on
the filler loading. This behavior contrasts with the thermal conductivity of curing graphene
thermal interface materials, based on epoxy, where super-linear dependence on the filler
loading is observed. The performance of graphene thermal paste was benchmarked against
top-of-the-line commercial thermal pastes. The obtained results show that noncuring
graphene thermal interface materials outperforms the best commercial pastes in terms of
thermal conductivity, at substantially lower filler concentration. The obtained results shed
light on thermal percolation mechanism in noncuring polymeric matrices laden with quasi-
two-dimensional fillers. Considering recent progress in graphene production via liquid
phase exfoliation and oxide reduction, we argue that our results open a pathway for large-

scale industrial application of graphene in thermal management of electronics.
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