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Abstract
Effective application of thermal interface materials (TIM) sandwiched between
silicon and a heat spreader in a microelectronic package for improved heat dissipation is
studied through thermal and mechanical characterization of high thermally conductive
carbon nanotubes (CNTs) integrated into eutectic gallium indium liquid metal (LM)
wetting matrix. Thermal conductivity data from Infrared microscopy tool reveals the
dependence of experimental factors such as matrix types, TIM contacting interfaces,
orientation of CNTs and wetting of CNTs in the matrix on the thermal behavior of TIM
composite.
Observed generalized trend on LM-CNT TIM shows progressive decrease in
effective thermal conductivity with increasing CNT volume fractions. Further thermal
characterizations LM-CNT TIM however show over 2x increase in effective thermal
conductivity over conventional polymer TIMs (i.e. TIM from silicone oil matrix) but fails
to meet 10x improvement expected.
Poor wetting of CNT with LM matrix is hypothesized to hinder thermal
improvement of LM-CNT TIM composite. Thus, wetting enhancement technique through
electro-wetting and liquid crystal (LC) based matrix proposed to enhance CNT-CNT
contact in LM-CNT TIM results in thermal conductivity improvement of 40 to 50% with
introduction of voltage gradient of 2 to 24 volts on LM-CNT TIM sample with 0.1 to 1
percent CNT volume fractions over non voltage LM-CNT TIM test samples.
Key findings through this study show that voltage tests on LC- CNT TIM can cause
increased CNT-CNT networks resulting in 5x increase in thermal conductivity over non
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voltage LC-CNT TIM and over 2x improvement over silicone-CNT TIMs. Validation of
LM wetting of CNT hypothesis further shows that wetting and interface adhesion
mechanisms are not the only factors required to improve thermal performance of LM-CNT
TIM. Anisotropic characteristic of thermal conductivity of randomly dispersed CNTs is a
major factor causing lower thermal performance of LM-CNTs TIM composite. Other
factors resulting in LM-CNT TIM decreasing thermal conductivity with increasing CNT
loading are (i) Lack of CNT-CNT network due to large difference in surface tension and
mass density between CNTs and LM in TIM composite (ii) Structural stability of MWCNT
and small MFP of phonons in ~5um MWCNTs compared to the system resulted in phonon
scattering with reduced heat flow (iii) CNT percolation threshold limit not reached owing
to thermal shielding due to CNT tube interfacial thermal resistance.
While mixture analytical models employed are able to predict thermal behaviors
consistent with CNT-CNT network and CNT- polymer matrix contact phenomenon, these
models are not equipped to predict thermo-chemical attributes of CNTs in LM-CNT TIM.
Extent of LM-CNT wetting and LM-solid surface interfacial contact impacts on interfacial
thermal resistance are investigated through LM contact angle, XPS/AES and SEM-EDX
analyses on Au/Ni and Ni coated copper surfaces. Contact angle measurements in the range
of 120o at both 55oC and 125oC show non wetting of LM on CNT, Au and Ni surfaces.
Interface reactive wetting elemental composition of 21 days aged LM on Au/Ni and Ni
surfaces reveals Ga dissolution in Au and Ni diffusion of ~0.32um in Au which are not
present for similar analysis of 1 day LM on Au/Ni surface. Formation of Au-Ni-Ga IMC
and IMC-oxide iono-covalency occurrence at the interface causes reduction in surface
tension and reduction in interfacial contact resistance.
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Chapter 1:

Introduction

General Introduction to IC Packaging Power
Management
1.1.1

Fundamentals of IC Power Consumption and
Thermal Management

As integrated circuits (ICs) keep evolving in conformance to Moore’s law (Figure
1.1), which describes an expectation that the total number of transistors will double every
18 to 30 months with each technology generation, both the supply of power and the heat
dissipation increasingly limit the performance1, 2,

3, 4, 5

. The increasing demand for faster

microelectronics chips generally results in an increase in their power density and
consequently drives the need for decreased thermal resistance in the packaging to achieve
performance and reliability goals. This is because as the integrated circuits become smaller,
the circuitry becomes denser, and as the silicon becomes thinner to reduce IC package
overall height, there is an increased resistance to lateral heat dissipation within the package,
thus making thermal management increasingly challenging.
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Figure 1.1: Intel CPU trends (transistor count, clock speed, power, and
performance/clock vs. technology year) in conformance to Moore’s Law

Data in computing systems is carried by electrical signals for which transistors act
as switches and valves2. The current flowing through the source and drain terminals of
transistors is controlled by the voltage at the gate terminals. In complementary metal oxide
semiconductor (CMOS) devices, currents flow during changes in logic states to charge
devices and wires, and currents cease to flow when a component voltage reaches the value
of the voltage source. The energy dissipated in charging and discharging the circuit and in
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the flow of carriers between power supply and ground generates heat2. A CPU’s power
consumption can be described according to Equations [1 and 2] below.

Pchip  Pdynamic  Pshort  circuit  Pleakage , where

[1]

Pdynamic   sf (CloadV 2 dd ) f clock

Pshort circuit  I s  c .V dd
Pleakage  Ileak .V dd

I leak  I 0e Vth / S (1  e Vds / S )Weff

[2]

In these equations, Pchip is the total power consumption of the CPU, Pdynamic is the dynamic
power consumption, i.e. the active power consumed by the logic gate of the chip due to
toggling or switching of logic. Pshort-circuit is the short circuit power consumption—a
dynamic power dissipation that is caused by momentary simultaneous conduction of
PMOS and NMOS when a state change occurs. Thus, a smaller component of dynamic
power dissipation occurs due to the short-circuit current. Pleakage is the leakage power—
which occurs when the gate voltage is below the threshold voltage and mainly consists of
diffusion current. Vdd is the voltage drain-drain (supply voltage), fclock is the frequency of
the logic transistors in cycles per second, and  sf is the switching activity factor of dynamic
power defined as the effective number of power consuming voltage transitions (such as 0
to 1 power-consuming transition) per cycle. Cload is the load capacitance that includes gate,
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junction and interconnect capacitances. Is-c is the short circuit current, Ileak is the leakage
current, I0 is the nominal leakage current, γ is a device parameter, S is the slope of drain
current (Ids v. gate to source voltage Vgs), and Weff is the effective transistor width (the
transistor width that contributes to leakage current).
Generally, in CMOS circuits, power is dissipated when the device is in standby and
active modes. Total CPU power dissipation (i.e., removal of heat) during active mode is a
combination of static and dynamic components. As shown in Equation [1], Pdynamic is
proportional to the CPU frequency and the square of the supply voltage. Thus, supply
voltage scaling is the most effective method to reduce total power consumption since the
active energy reduces quadratically with the supply voltage. Pdynamic and Pshort- circuit are both
dependent on clock frequency. Keeping die size constant from generation to generation
while increasing the number of transistors generally causes an increase in leakage power
due to increase in off-state current Ileak 2. The static component of power dissipation is
caused by leakages in currents as a result of transistor device constraints. Major
mechanisms of chip device power leakage are subthreshold leakage current, gate-oxide
tunneling PN junction leakage current, gate induced drain leakage current.
Both the power supply and the power dissipation are limiting factors for CMOS
technologies due to scaling employed in achieving Moore’s Law2. The two scaling
approaches are constant voltage scaling and constant electric field scaling. In constant
voltage scaling, the voltage remains constant and device dimensions are shrunk as
capacitance and current are scaled by a factor, β. This results in device frequency increase
f~I/CV(1/β) and constant power. In constant electric field scaling, both voltage and device
dimensions are scaled, causing reduction in switching power dissipation. The supply
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voltage scaling quadratic influence on power (see Equation [1]) results in frequency
reduction with severe penalty in circuits’ speed of operation due to increase in propagation
delay (i.e. time τ, required for signal to travel from input to output, (τ) α CV/(V-Vth)n with
n ranging between 1 and 2). Thus, threshold voltage Vth scaling used to mitigate the effect
of performance loss results in increase in static or leakage power dissipation (i.e. increase
in off state Ileak). The study by Krishnan S. et al2 , Borkar S6 and Huang W.et al7 showed
detailed description of scaling approaches and their effect on device parameters such as
capacitance, resistance, voltage and gate delay.
For sub-100nm technologies, leakage power is an important component of total
chip power consumption due to threshold voltage, dimensions and other properties of the
transistors. Subthreshold leakage current is exponentially dependent on temperature such
that a reduction of the device maximum allowable temperature from 100oC to 70oC causes
a subthreshold leakage power reduction of 5 0%; this dependence becomes stronger with
scaling2.
The primary focus of thermal management in microelectronic applications is to
keep the temperature in the regions of highest temperature density i.e. the hot spot
temperature at or below a certain temperature specification called die junction temperature
(Tj) as expressed in Equation [3] below, where Tamb is the ambient

j 

T j  Tamb
Pchip

T j  Tamb  Pchip j

[3]
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temperature. Figure 1.2 shows a scenario in which switching frequency is dominant over
leakage power and the junction temperature versus junction to ambient thermal resistance
(θj) plot shows a linear relationship2. When leakage power is dominant, the junction
temperature versus thermal resistance plot is non-linear due to sub-threshold leakage
current coupling with Tj. Thus, increase in Tj will exacerbate power dissipation
requirements with huge cost due to cooling. In this case, to achieve consistent power saving
with a lower value of θj, a desired Tj value must be maintained for a known ambient
temperature Tamb, as shown in Equation [3] for any architecture design2 ,7, 8 .

Figure1.2: Schematic diagram illustrating junction temperature dependence on chip
power dissipation
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1.1.2

IC Power Consumption Landscape from
1990’s to 2004

Up to the year 2004, CMOS single core central processing unit (CPU) devices were
designed with increasing transistor density and increasing clock speeds (i.e. performance),
driving increasing IC power consumption and power density from generation to generation.
As shown in Figure 1.1, increase in demand for microprocessor performance drove
increased attention to thermal management in mid-2000’s with focus on managing growing
Thermal Design Power (TDP) 8, 9, 10. TDP is the maximum sustained power dissipated by
the microprocessor and designing for TDP was critical for long term and overall reliability
of CPU performance.
In addition to TDP increase as a consequence of increase in performance, increase
in both power and local on-chip power density (i.e. hot spots) shown in Figure 1.3 resulted
in chip design constraints in mid-2000’s. This was due to thermal non-uniformity with
power density as high as 300+ W/cm2 caused by non-uniformity of power distribution on
die6,7. Thus, the single core IC cooling solution (i.e. through package and heat sink
combination) strategy was to even out the temperature profiles of non-uniform power
distributions as close to the source as possible. Thermal management key focus was on
reducing impact of hot spots by improving heat spreading and improving the power
dissipation capability of the thermal solutions.
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Figure 1.3: Hot spot power map illustration on die8

In summary, past decades classical transistor scaling technologies have shown
significant improvements in performance (with reduced gate delay) and switching power,
however at the expense of increased leakage power. In addition to increasing leakage
power, on-chip power density growth as a result of increasing transistor count and design
caused significant thermal management challenges for a single-core microprocessor.

1.1.3

New IC Architectures Impact on Thermal
Management (2004 to Present)

Improvement in on-chip power management and performance was achieved
through IC architectural designs and innovations such as multi-core, integration of new
transistor structures and materials in the mid-2000s. Increase in performance through only
microarchitecture is governed by Pollack’s rule which states that performance increase is
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roughly proportional to square root of increase in complexity in term of transistor count
and power11. This rule suggests that doubling the logic in a processor core, gives only 40%
more performance,11,12, However, a multi core microarchitecture design delivers a near
linear performance improvement with complexity and power such that two smaller
processor cores can potentially deliver 70 to 80% more performance as compared to 40%
from a large monolithic core11. This is as a result of advancement in design capability and
software technology of multi-core microarchitecture where energy consumption per logic
is reduced to keep power dissipation within limit. Other attractive features of multicore
microarchitecture can be categorized based on ability of each processor core to: (i) be
turned on and off to save power; (ii) run with its own optimized supply voltage and
frequency; (iii) evenly load balance among processor cores to distribute heat cross the die
and (iv) produce lower die temperatures to improve reliability and power leakage11. Also,
in multi core designs, different cores running at different voltages and frequency create
asynchronous interfaces, addition of latency and meta-stability issues that result in complex
power delivery system.
Apart from the transition from single-core to multi-core microprocessors,
integration of improved material such as strained Si, thin-body Si-on-insulator, high k
metal gate and Trigate 3D FinFETs were major innovations in transistors structure and
materials for microprocessors from 2004 onwards13,

14

. The idea was conceptually

illustrated in Figure 1.4 where reduced leakage power showed increase in performance
from generation to generation on wide range of products, especially in mobile segments.
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Figure 1.4: Plot showing leakage power reduction for Intel product segments10

Apart from multicore architecture, other design techniques employed for low power
include on-die L2 cache and multithreaded CPU’s12. These architectural design shifts
resulted in significant departure from using frequency alone to deliver performance in
addition to power reduction. Figure 1.5 shows multi-core silicon with integrated L2 cache
that provides higher bandwidth with lower latency with better power efficiency because
memory has 10x lower active power density with lower leakage and better leakage control
in memory than logic2,12,13. Figure 1.6 highlights Intel transistor architecture designs with
cores and shared cache including die size scaling.
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Figure 1.5: Performance and power consumption of single core vs multi core with L2
cache design12

Figure 1.6: Architectural floor plan of Intel newer generation quadcore products Top- 32
nm vs Bottom- 22nm (resized to scale)13
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While details of power management from multicore architectures and innovations
in the development of devices targeted at reducing TDP is beyond the scope of this study,
it is worth noting that the strategy used at the device and micro- architectural level has a
significant impact on thermal demand. This further modulates extent of the power problem
going forward. Since 2004, increased interactions between chip designer and thermal
solution designers yielded more accurate definition and validation of TDP on the chip
based on known power envelope and maps. Thus, hot spot temperatures can be computed
by thermal designers for chip designers to optimize power maps for better thermal
management at the chip level8. Figures 1.7 and 1.8 show improvement in performance and
transistor packing density trends of Intel core architectures. Figure 1.9 shows similar trend
for die size scaling however with ~10% die size increase for 22nm tock over 22nm tick
architecture. These highlight post-2004 innovations contribution to advancement of
Moore’s Law.

Figure 1.7: Intel Quad core product performance-adapted from14
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Figure 1.8: Intel quad core transistor count increase from generation to generationadapted from14

Figure 1.9: Die size trends of Intel Quad core products-adapted from14
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Multicore architecture and other innovations continue to drive transistor scaling,
higher transistor packing density with reduced growth in TDP and better thermal
management. They however fail to provide complete power cap expected for each product
segment due to non-uniform distribution of power on die8. This keeps power leakage high
for Desktop and Server computing, as conceptually shown in Figure 1.4, despite
performance per watt improvement. The power leakage issues continue to be a challenge
as technology scales further at the nanoscale level.
Figure 1.10 shows large power leakage on Desktop computing platform over
mobile computing platform technology with comparable power requirements in graphics
Gfx, input controller hub ICH, memory controller hub MCH, clock generator CLK Gen
and other compute features. Thus, availability of robust package-level power dissipation
mechanisms with high performance thermal interface material (TIM) is required to meet
future growth in transistor packing density for additional performance margin.

Figure 1.10: Mobile and Desktop platform power distribution12
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1.1.4

Package Level Thermal Solutions for Desktop
and Server Microprocessors

A typical IC package consists of a substrate, a die (containing transistors on a
silicon substrate), solder for electrical interconnections and other assembly components, as
shown in Figure 1.11a. Figure 1.11b highlights importance of TIM contacting surfaces
that may be coated or sputtered with Au/Ni for better adhesion of solder TIM, thus, silicon
die backside is very important in ICs packaging thermal management since over 90% of
heat flow pass though this path to ambient

Figure 1.11: (a) Package key components (b) TIM contacting surfaces with plated or
sputtered Au/Ni
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The CPU thermal management can be classified into two major building blocks:
spreading and the air-side forced convection15. The spreading building block refers to the
materials and devices present between the heat source and the ambient air while the airside forced convection refers to the interaction between the ambient air and the cooling
device such as heat sink. Cooling technology can be further classified as package-based
for spreading and heat sink based for the air-side forced convection that is usually added
on top of the package at the original equipment manufacturers (OEMs)15. Figure 1.12
shows CPU cooling technology based on both package and heat sink components. At the
package level, the key thermal management problem is transporting the TDP from die
surface where hot spot temperature is maintained at or below chip junction temperature Tj
to the ambient air at temperature Ta for reliable performance. This becomes an issue due to
transfer of TDP by conduction through several solid layers and interfaces of the package
into the heat sink8, 15

Figure 1.12: Schematic of system level power dissipation components
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Equations [3 and 4] highlight key design constraints for package and system level
respectively. While package level design issues in terms of (Tj -Ta) are due to several
interface contact resistances between die and heat sink, the system level issue is due to
power dissipation with special consideration for cooling efficiency. Power dissipation
from the chip and power consumption from active cooling (i.e. Psys) is characterized by
efficiency η required to effectively estimate the cooling cost9.

Ts  Ta  Psys sys

[4]

Psys  Pchip  Pcool  Pchip  (1   ) Pchip

Equation [4] further relates system power Psys to thermal resistance  j and chip
junction temperature T j as well as total power dissipation Pchip. This can also be expressed
in terms of TDP and maximum temperature for die junction (Tj

max,

usually in the range

~110oC for high performance Desktop and Server computing products15), case, sink, and
ambient with subscripts j,c,s,a respectively according to Equations [5, 6 and 7]2. Thus, for
a non-uniform on-die power density distribution TDP is expressed as

TDP 

(T j  Ta )
( DF jc .R jc   cs   sa )

[5]

where R is the thermal impedance defined as the thermal resistance normalized by diearea A for a uniformly powered die expressed as:
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 Tx
T
R jx   j ,max
 TDP


 Adie


[6]

Density factor (DF) is the ratio of thermal resistance to power impedance that quantifies
non uniformity in power distribution and the impact of die size and die- power maps on the
thermal resistance from junction to case, sink or any location along the package heat flow
path2. In other words, the DF (with units of inverse area A-1) is the ratio of the actual
package thermal resistance at the hottest spot to the die-area normalized uniform power
resistance or thermal impedance8. Thus, the package level cooling capability can be
increased by reducing the DF.

DFjx 

 jx
R jx

[7]

For example, a 1.0-cm2 die will result in a 1.0-cm2 DF under uniform die power
distribution. However, for a non-uniform die power distribution (i.e. hot spot, with power
concentrated into a smaller area on the die), DF will be greater than 1.0-cm2 and the total
power that could be cooled by combined package and heat sink cooling solution will be
reduced. In addition, DF is dependent on the location of the hot spot on the die, the power
that could be cooled drops from 110W (for hot spot at the center of the die) to 39W (for
hot spot at the corner of the die) for desktop or server CPUs8.
These limitations coupled with unceasing quest for increasing performance,
shrinking thermal budgets and continuous reduction in die size for future IC generations
highlight the need to have improved and low cost package-level thermal solutions. Desktop
and Server package-level thermal solutions with high performance TIMs for heat
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dissipation from die junction are considered as having highest opportunity for future
improvements of the overall thermal cooling solutions15.
Based on stringent package-level thermal solution requirements for varying TDP
between 35 to 110W for lidded Desktop and Server products, this research will focus on
package TIM characterization aimed at improving power dissipation from die junction to
integrated heat spreader or heat sink for overall performance margin improvement.
Example of TIM applied on lidded products is shown in Figure 1.1316,

Figure 1.13: Image of TIM location in a package between silicon die and integrated heatspreader (IHS) lid

Desktop and Server CPU package-level local power densities can become
significant due to joule heating caused by parasitic loss energy from the package, socket,
board and die17. This introduces parasitic loss energy removal difficulties as well as heat
dissipation to the ambient. This difficulty can be a result of less contribution of the cooling
device due to its location farther away from the hot spot15. Thus, package level heat
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spreading using a high performance TIM that is closer to heat generating device can
achieve smoothing out of hot spots through heat dissipation to the ambient.
Moreover, organic laminate package vulnerability to package failures as a result
of package level coefficient of thermal expansion (CTE) mismatch between several layers
of different materials is a concern. The layers shown in Figure 1.11 and Figure 1.14 below,
can cause additional stresses and strains18.

Figure 1.14: BGA substrate components

Use of compliant TIM can mitigate interfacial stress issues and reduce interface
thermal resistance between the die and heat spreading layer. Thus, TIM choice is very
critical in addressing not only thermal challenges but also mechanical weaknesses of an
organic package18.
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As shown in Table 1.1 below, CTE mismatch between die and copper IHS must be
absorbed by the TIM to avoid interfacial shear stress. For cases where CTE for the TIM is
higher or lower than the CTE of the two adjoining surfaces, other material properties such
as yield strength, modulus or tensile strength of the TIM that result in minimum interfacial
stress must be considered.

Table 1.1: Package components CTE data19, 20

TIM is a thermally conductive material between the die (microprocessor) and metal
heat spreader in a lidded package. For a non-lidded (no IHS) package, TIM is placed
between the die and cooling device such as a heat sink and referred to as TIM 1.5. This
TIM 1.5 is usually applied on top of the die below the heat sink. Figures 1.15 and 1.16
show the conceptual schematic of TIM used in a flip chip package.

40

Figure 1.15: Lidded Package thermal solution

Figure 1.16: Non Lidded Package thermal solution

Most common package types such as ball grid arrays (BGA), land grid arrays
(LGA), pin grid arrays (PGA), and chip scale package (CSP) are assembled through wire
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bond and flip chip package technology. Wire bond is a traditional process whereby die
backside is mounted onto the substrate leaving active side on top where bond pads are
attached to the substrate via wires. Most of the packages for high performance applications
are currently assembled through a flip chip process. Assembly of a microprocessor in a flip
chip package (with die flipped to allow active or functional side of the die with transistors
and controlled collapse chip connection (C4) bumps face the substrate solder to make
connection) is achieved by soldering chip directly onto substrate in contrast to wire bond
package assembly process. Flip chip package process makes die backside available for
TIM application.
For a Desktop or Server flip chip package, TIM1 made from either solders or
conductive polymer-based material is used to transfer heat generated from the backside of
the die to the heat spreader. Also, at the system module level, TIM2 is applied at the
adjoining surfaces between the semiconductor chip package and heat sink or other heat
dissipation component as shown in Figure 1.15. TIM 1.5 is often applied on die top surface
in direct contact with the heat sink for a flip chip device without any intermediary heat
spreader. This application is common for a mobile device system as shown in Figure 1.16.
The need for cost effective thermal control to keep the chips within acceptable
temperatures (below upper critical temperature Tj max) is a major challenge since device
reliability failure rates have near exponential dependence on device temperature. Device
reliability problems can occur from small differences in operating temperature of 10 to
15oC which can increase the failure rate of a device by 2X21, 22 or temperature cycling of
more than 20°C which can increase the failure rate of a device by 8X23. Additionally, at
lower operating temperatures, microprocessors can operate at higher speeds due to reduced
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gate delays in the transistors, thus lower operating temperatures cause improvement in
performance and reduction in leakage power21.
Package-level TIM functionality is not limited to heat dissipation from the
microprocessor only but also to displace air at the interface and thus reduce thermal
interfacial resistance by filling the voids at the interface. TIM selection criteria for specific
application include thermal conductivity, cost, reliability, process or manufacturability,
rework-ability, bond line thickness, safety and environmental health related
considerations24. Apart from these criteria, depending on the application, TIM mechanical
properties such as modulus are considered, for instance increasing modulus tends to reduce
elongation and higher filler loading tends to increase hardness. TIM must meet all
application requirements to maintain the proper level of properties.
A package resistance network method shown in Figure 1.17 is used to estimate
individual contributions of package components such as die, IHS, TIM and heat sink for
integrated thermal solution22. With individual temperature and resistance known, it is

Figure 1.17: Schematic of lidded package thermal resistance network
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possible to provide thermal solution that will ensure maximum temperature is below Tj,max
for the package to avoid performance and reliability failures through use of TIM. Thus,
with continuous demand for thermal improvement with lower thermal resistance of 0.1oC
cm2/W or less, novel TIM is expected to reduce TIM bulk resistances by over 100% from
previous technology and it is expected to contribute less than 20% of total package
resistance22,24 as shown in Table 1.2 below

Table 1.2: Lidded package components contributions to thermal resistance24

Package Resistance (0C cm2/W)
Component

0.2 (oCcm2/W)

0.15 (oCcm2/W)

0.1 (oCcm2/W)

Silicon

28%

37%

56%

TIM

60%

46%

19%

IHS Lid

12%

17%

25%
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Current State of the Art for Thermal Interface
Material
TIMs are generally classified as paste, gels and metals18. Thermal grease, Phase
change, Gels, Adhesives, thermal pads and solder TIMs are common names used to further
distinguish each type22,25.
Thermal grease conforms to the interface between heat source and heat spreader or
sink. It is usually in liquid or semi liquid form depending on the type of particles and
particle size used. A silicone matrix is commonly used due to its physical properties such
as good wetting, low modulus and ability to heavily load with thermally conductive fillers.
Phase change materials (PCMs) are semi cured materials that are solid at room temperature
but change to liquid when heated to temperatures above ~ 60oC. When in liquid form, PCM
fills out small crevices and gaps between die and heat sink and becomes solid again when
cooled to room temperature.
Gels are usually pre-cured TIM based on silicone matrix with cross-linked
conductive particles to form a low modulus paste that can be further cured during the
assembly process. This type of TIM conforms well to the surface and can fill all surface
voids similar to grease. In addition, Gels are designed to withstand pump out (TIM material
leakage away from the surface low viscosity) and dry out (loss of liquid matrix) better than
grease and usually applied uniformly with a very thin bond line thickness (BLT) or TIM
thickness on the surface. Thermal pads are filled with conductive fillers that are cured with
polymer based matrix materials. These are conformable, low hardness TIMs used for cases
where minimum amount of pressure is desired for components to avoid stress. Adhesive
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TIM is a thermally conductive, heat cured or pressure sensitive adhesive tape that can bond
easily to the target surface. Solder TIM can be single metal or eutectic metal alloys
depending on application criteria that must be met. Solder TIMs usually have thicker BLT
and can have up to 2x orders of magnitude higher in thermal conductivity than other types
of TIM, this makes them suitable for use in higher TDP products.
Each of these TIMs in Table 1.3 below are used for a specific application in the
industry depending on device thermal requirements as quantified by TIMs’ bulk thermal
conductivity (k) as well as other mechanical properties.

Table 1.3: Classes of TIM and their characteristics22, 25
TIM

Typical

Features

Composition

BLT /

Thermal

Thickness

Conducti

(mm)

vity
(W/m-K)

Grease

Matrix: Silicone

Pros:
 Relatively high bulk

Fillers: AlN, Ag,
ZnO

thermal conductivity;
 Fill surface crevices and
gaps well, reusable, thin
BLT
Cons:
 Pump out and dry out,
phase separation;

0.05

3-5
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Phase

Matrix: Polyolefin,

Pros:

Change

epoxy, poly-esters,

 Change to liquid at

Material

acrylics, wax

(PCM)

0.038-0.05

0.5-5

Pros

0.025-

3-4

 No pump-out , conform to

0.038

temperature of ~60oC and
change back to solid at

Fillers: BN, Al2O3

room temperature
 Less pump out, easy
handling, conform to
surface, no cure process
required

Cons:
 Lower thermal
conductivity
 No uniform BLT
 Require attach pressure
that can increase stress

surface before cure
Gel

Matrix: Silicone,

Cons

olefins

 Requires cure

Fillers: Al, Al2O3,
Ag
Solder

Pure In: (Melting

Pros:

0.05-

T=157oC)

 High thermal

0.250

conductivity,
Eutectic In97/Ag3:

 No pump out;

Melting T=143oC

Cons:
 Requires reflow

30-100
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Eutectic Sn95.5/Ag3.9

 Requires die backside

/ Cu0.6: Melting
T=217oC

metallization
 Occurrence of solder
voids, non-wets to the

Eutectic In51//Bi32.5/
Sn16.5:

surface
 High cost

Melting T=60.5oC
Thermal

Matrix: Polymeric

Pad

pad

 Pre-cured

Matrix: ZnO,

 Cut to required sizes

Al2O3

Pros:

varies

0.1 -3

Cons:


Low thermal
conductivity

Adhesive

Matrix: Cured

Pros:

Epoxy

 Conform to surface

Fillers: Ag

0.025- 0.5

1-4

irregularities before cure
 No pump out,
Cons
 CTE mismatch concerns
due to high modulus of
epoxy
 Needs cure and can
delaminate after reliability
testing

To achieve optimal performance margin on future generation Desktop and Server
products, high performance TIM using carbon nanotube CNT is an excellent opportunity
for package level thermal solution. Several studies have focused on the unique properties
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of carbon nanotubes since they were discovered by Iijima26 in 1991. Novel TIM such as
those containing carbon nanotubes offer an opportunity to meet the package thermal
requirements due to its high thermal conductivity of 600-3000 W/m.K for an individual
multi-walled carbon nanotube27.

1.2.1

TIM based on Metals and Alloys

Historically, numerous solder materials have been used in microelectronics
packaging for different purposes. The most widely used is PbSn solder based on its good
soldering properties, low cost, melting temperature range (below 260oC to avoid damaging
substrate and other package components), fatigue resistance as well as their thermophysical and mechanical properties24,28. However, due to toxicity of lead materials and
environmental concerns, lead free solders were considered as preferred alternatives to lead
containing solders used in joining materials for electronic assembly.
Brandenburger, Peter et al24 evaluated several solder alloys such as InSn, Bi, InBi,
SnBi, BiPb, SnPb, InAg, InPb, pure In, SnInAg, SnAg, InBiSn, SnAgCu, and other alloys
for TIM application in IC packaging. Solder TIM primary selection criteria include
physical-mechanical properties such as coefficient of thermal expansion (CTE), modulus,
yield strength and tensile strength; melting temperature, safety and environmental
considerations and thermal conductivity. The secondary criteria considered are cost,
adhesion and wettability. Materials CTE mismatch between various components of the
package and solder alloy TIM were concluded to be critical in this study to insure package
reliability. It was concluded that die with CTE of 2.7 ppm/oC and copper IHS with CTE of
17 ppm/oC should have TIM (placed between these two surfaces) with CTE between 2.7
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and 17 ppm/oC to eliminate package level cracks or delamination. Bulk thermal
conductivity with minimum target of 10x over commercially available non-solder TIMs
conductivity was desired based on product thermal requirements. Test results eliminated
BiPb based on low bulk thermal conductivity of <4W/m-K. Pure Bi was also eliminated
because melting temperature was high at 272oC and because Bi is very brittle with low
bulk thermal conductivity of 8W/m-K24. InBi was eliminated due to volume expansion
during test. The criteria resulted in selection candidates including InSn, InBiSn, InAg, pure
In, SnBi, SnAg, SnAgCu for further use condition reliability testing. While this study
showed general selection criteria for solder TIMs, it failed to show the effects of the two
contacting surfaces on TIM effectiveness (measured by effective thermal conductivity).
Effective thermal conductivity is a combination of TIM bulk thermal conductivity and the
thermal conductivity of the two contacting interfaces
Study by Robert Jarrett et al
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showed effective thermal conductivity of solid

metal based TIM (eutectic, non-eutectic, compressible) alloys in the range of 19 to 86W/mK. This was compared to effective thermal conductivities of polymeric PCM, Gels or
grease TIM of less than 10W/m-K. The increase in thermal conductivity was attributed to
isotropic nature of thermal conductivity in metals that provide spreading vs throughconduction paths to heat dissipation. In addition, metals transfer thermal energy by
electronic vibration or electron-phonon interactions while polymers, plastic or ceramics
have conduction capability limited to matrix vibrations only (i.e. phonon transport).
Phonon transport also occurs between matrix and filler particles whereby heat transfer from
wetting agent (e.g. polymer matrix) to the conducting solid is limited. This study failed to
show thermal conductivity measurement data or package level thermal resistance data for
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liquid metal such as eutectic GaIn or eutectic GaInSn with low melting temperature of
29.9oC and liquidus at operating temperature resulting in zero stress state at the interface.

1.2.2

TIM based on Polymer Matrix

Mahajan Ravi et al25,30 summarized applications of polymer matrix based TIMs on two IC
package architectures for mobile and Desktop applications. The paper described thermomechanical properties of TIM types such as greases, phase change materials (PCMs),
epoxies and gels and impacts of filler particle volume fraction on TIM composites. This
study showed that the Maxwell model matched experimental thermal conductivity data for
spherical particles with volume fractions up to 30% after which percolation phenomenon
takes over. Further, this study showed the modified Bruggeman model’s ability to predict
thermal conductivity from low to high (i.e. 0 to 60%) volume fraction. TIM bond line
thickness characterization on polymer matrix TIMs showed correlation between BLT,
pressure and yield stress in which yield stress of TIM increases with increasing filler
loading. Thus, for pressure range of 25 to 200psi, TIM thermal conductivity increases and
BLT also increases with increasing filler volume fraction at the same pressure. This
resulted in optimal filler load for the minimization several interfacial contact thermal
resistances for reduction of overall TIM thermal resistance RTIM31.
Viswanath R. et al21, Gwinn J P et al32 and Sim LC et al33 investigated choice of
fillers for heat conduction and the ability of the polymer matrix to wet contacting surfaces.
The study showed polymer matrix TIM thermal resistance increases with increasing BLT
(TIM thickness) and the choice of TIM was based on characteristics of both the contact
resistance and the TIM bulk thermal conductivity. At small BLTs (<0.1mm), the contact
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resistance at the mating surfaces was considered dominant and at large BLTs (>0.1mm)
the thermal resistance approaches the value of the bulk thermal resistance of the TIM. The
study highlighted TIM performance of several polymer matrices based on measurement of
thermal resistance in an actual CPU/heat sink application and showed that the interfacial
thermal resistance (Rint) measurement was inaccurate due to experimental limitations in
estimating contact resistance. The study revealed that Rint analysis should be performed at
steady state because transient analysis such as the flash method was not suitable for
analyzing materials with temperature-sensitive thermal and mechanical properties such as
PCM TIMs. Also, additional sources of error for transient analysis were due to
requirements for material properties such as density and heat capacity.
Thermal resistance as a function of contact pressure was investigated by Seri L.et
al34. Their work showed that the TIM performance discrepancy that occurred between
application contact pressure and the pressure used in obtaining manufacturer’s published
data led to erroneous selection of interface materials. The experimental thermal resistance
measurements on five different materials indicated that the thermal resistance data at low
application pressure (~8psi) was 3X the manufacturer’s published data due to thickness
variation (tested material thicker by 50% than specified) between manufacturer’s and
measured data. Thus, manufacturers showed tendency to provide thermal resistance data
corresponding to a very high application pressure (200 to 350 psi)—significantly larger
than pressure in microelectronic packaging applications where typical pressure ranges
between 10 psi and 50 psi. The study also showed that the magnitude of resistance varied
as a function of surface finish and interface material. Larger area of interface material
resulted in greater chance of air entrapment when applying the material to the surface
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leading to increased interface resistance. In summary, polymer matrix based TIMs suffer
from low intrinsic bulk thermal conductivity and can exhibit performance degradation
through a device lifetime.

Alternate Material for TIM Applications
1.3.1

Carbon Nanotubes for Thermal Interface
Materials
Carbon nanotube (CNT) is a synthetic nano-sized tube made up of graphene

sheets of carbon allotropes. CNTs are synthesized through many techniques such as
chemical vapor deposition (CVD), catalytic decomposition of hydrocarbons (HCs) such as
methane or benzene at 773 to 973K, laser vaporization of graphite, arc discharge, or ionic
salts electrolysis using graphite electrodes35,

36, 37, 38

. From these methods, catalytic

decomposition has been established to be the most economical and robust method for mass
production. CNTs are usually divided into two groups based on their structures: multi-wall
carbon nanotube (MWCNT) and single-wall carbon nanotube (SWCNT). MWCNT is an
array of cylindrical graphene sheets wrapped one over the other whereas SWCNT consists
of a single graphene sheet tube with a single atomic layer wall
CNTs are generally contaminated with impurities from synthesis materials such as
catalyst residues, graphite and amorphous carbon. To reduce impacts of impurities on
CNTs, techniques such as thermal and chemical oxidation are used39,

40, 41. 42, 43

This

technique is also used to shorten the CNT length and may induce physical damage on CNT
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tip during process. Other non-destructive purification techniques include filtration (for
physical removal of impurities), chromatography, microwave, irradiation and combination
of ultra-sonication and ultracentrifugation used to obtain dispersed products and to
solubilize the metallic residues after thermal oxidation.
Chen Y. et al44 summarized the effects of different carbon sources on the growth of
SWCNT under a chemical vapor deposition (CVD) method using carbon sources such as
ethanol, CO and methane with a Ni based catalyst. The result indicated that SWCNTs from
CO is relatively smaller in diameter (~0.9nm) and those from ethanol had a larger diameter
(~1nm) while methane source could not produce SWCNT on the same Ni-based catalyst
under the same conditions. Hone J et al45 reported measurement of thermal conductivity
of SWCNT as a function of temperature. The data showed that, from 350K to 40K, thermal
conductivity decreases smoothly (between 1750-5800W/mK) and showed linear
temperature dependence at low temperature below 30K where thermal conductivity
indicates energy-independent phonon mean free path (l) ~0.5 to 1.5um at ~60 to 180
W/mK. The study further investigated electrons and phonon contributions by comparing
electrical and thermal conductivities of a known sample.
Several conductive fillers such as carbon black, carbon fiber, metal fibers and metal
particles have been reportedly used in polymer matrix based TIM to improve thermal
conductivity27

,31, 46, 47, 48

. While measured carbon fiber thermal conductivity shows 1 to

1100-W/mK, isolated SWCNT shows 6000W/mK47 and MWCNT conductivity
measurement shows 3000W/mK48. Polymer matrix used in TIM for thermal management
usually has measured thermal conductivity in the range of 0.2 to 0.4 W/mK49, thus, it is
intuitive to use CNT with high thermal conductivity as conducting fillers in CNT based
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TIM composite to improve its thermal performance; however CNT based TIM composite
still shows low thermal conductivity (<10W/mK) due to significantly lower thermal
conductivity of the polymer based matrix and random orientation of CNTs in polymer
based TIM composite49. Aspect ratio (AR) of CNT is considered an important parameter
that dictates thermal conductivity improvement in the composite. This is due to larger AR
(100 to 1000) capability to form bridges of conductive network at relatively low CNT
loading. The formation of conductive path is essential for creating phonon transfer and is
more important than intrinsic thermal conductivity of the particle48, 49, 50, 51.
Zhang et al22 work showed that aligned CNT (synthesized by CVD method on 1inch
x1inch Si substrates with sputtered Ti and Si layers) application in TIM was possible based
on reduced (by ~80%) thermal resistance measured in comparison to other commercial
TIMs such as silver epoxy TIM. However, this work failed to show practical or commercial
application of CNTs grown on silicon substrates at ~750oC as TIM within the package,
since silicon active device and packaging materials cannot withstand such high temperature
(~750oC) without damaging the device. Other related studies using randomly distributed
CNT in polymer matrices31,

49, 50, 51

did not yield high thermal conductivity for the

composite due to the anisotropic (properties which vary depending on the direction of
measurement) nature of thermal conductivity of CNT and different conduction modes of
CNT in polymer matrix. Another issue related to CNT entanglement in polymer matrix has
been reported to contribute to adverse thermal performance of CNT-polymer TIM
composite52, 53, 54
While literature search has revealed numerous references on several methods of
enhancement of metal and polymer matrix based TIMs with conductive particles, it is
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noteworthy that few sources have been found which deal with characterization and
mechanisms of eutectic gallium indium liquid metal-CNT based TIM at the interface and
how it contributes to package level thermal performance.

1.3.2

Characteristics of Liquid Metal TIM

Examples of liquid metal for microelectronic TIM applications are Gallium and
Gallium metal alloys such as eutectic Gallium Indium and eutectic Gallium Indium Tin
(GaInSn) called Gallistan55, 56. Gallium is a metal with atomic weight of 69.72, low melting
temperature of 29.9oC (Ga alloys have melting temperature between 6 to 35 oC) and density
of 6g/cm3 at 33oC while GaInSn is liquid at room temperature and freezes at ~-20oC. Thus,
gallium metal alloys have a wide temperature range where the liquid can be used. Gallium
reacts in air to form low levels of oxide (Ga2O3) and trace amounts of GaN at room
temperature, it exhibits very slow corrosion rate at room temperature, and will not pose
any corrosion concerns for many years of use at room or low temperatures. Ga is not readily
absorbed through the skin, so its temporary exposure limit (TEEL) is small (~10mg/m3)
and does not pose any toxicological hazard during use55, 56, 57, 58.
Liquid metal (LM) such as eutectic Gallium Indium or eutectic Gallium Indium
Tin (EGaInSn 68.5%Ga, 21.5% In and 10%Sn) is a liquid at room temperature and less
susceptible to cracking and mechanical fatigue. Rheological behavior of Ga alloy was
studied by Michael D. Dickey et al57. In this study, eutectic gallium indium (EGaIn) was
shown to behave like an elastic material until it experiences a critical surface stress at which
point it yields and flows readily. This study further shows that the behavior is dictated by
the properties of the thin skin gallium oxide at the surface and Auger spectroscopy
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measurement showed about 0.5N/m as the critical surface stress that is required to induce
flow. EGaIn is electrically conductive with resistivity of 29.4x10-6Ω-cm. Without oxide
skin, EGaIn is a low viscosity fluid with bulk viscosity of 1.99x10-3Pa.s (about a factor of
2 greater than water) and this explains why it is electrically conductive and thermally stable
material that can flow readily within the confine of its skin. Regan M.J. et al55 work showed
measured surface tension of γ = 0.718N/m for Ga at melting point with atomic diameter of
~ 2.5Å
Ga liquid metal TIM performance was studied by Yves Martin58 this study showed
that TIM 2 application is achievable under low load around 1 psi and liquid metal TIM
acted like a lubricant that reduced shear forces to practically zero. Liquid metal did not
show any evidence of pump out when properly assembled with adequate wetting layers
that produced metal to metal contact. The growth of Ga2O3, a primary corrosion product
caused liquid metal dewetting, was shown to be accelerated at 60% relative humidity and
60oC. Investigation of corrosion remedies such as cathodic protection, additives, vapor
corrosion inhibitors showed that a hermetic containment to maintain a moisture free
environment can be achieved for a liquid metal interfaces between bare chip and vapor
chamber heat sink to avoid reflow of solder TIM

1.3.3

Characteristics of Liquid Crystals as TIM Matrix

Liquid crystals (LCs) are molecules that have a phase of matter intermediate
between the isotropic liquid and crystalline solid state called mesophase state59. LCs
include a broad set of materials that exhibit anisotropic but liquid properties and can be
classified as thermotropic or lyotropic depending on whether they are in an LC state in the
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melt or in solution59. For lyotropic, LC in the solution is controlled by the characteristics
and temperature of solvents and the concentration of polymer, and they cannot exhibit
liquid crystallinity in the melt because they degrade before melting and show a phase
transition through the addition or removal of solvents. For thermotropic LCs the phase
transition to LC state is induced by a thermal process controlled by the melt temperature,
Thermotropic LCs are a class of materials used to produce isotropic melts of relatively
low viscosity. They have been investigated because of their excellent mechanical
properties and excellent dimensional stability under temperature. Rigid rod-like
thermotropic LC molecules can be preferentially oriented to form fibrils under elongation
or shear flow during melt processing, and oriented fibrous structures are formed through
self-alignment. Thus, LCs with high order microstructure sequence can be used in a
reproducible way to control order and alignment of CNT where CNT in nematic media can
orient parallel to the director (i.e. axis of average LC molecule orientation)59, 60. Two
thermotropic LCs commonly used are 4’ pentyl-4-cyanobiphenyl (5CB, nematic range 2435oC) and E7, a mixture of alkyl and alkoxylcyano biphenyls (nematic range -10 to 60oC).

Global Objective
The main objective of this study is to design novel CNT- based TIM for package
level thermal management applications. This is required for overall interfacial thermal
resistance reduction and to gain performance margin over existing TIMs.
Motivation for this work is derived from several past studies that established the
measurement of thermal conductivity of CNTs either in isolation or in polymer based
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matrices as a potential filler in TIM; however, none of these studies was able to show
effective thermal conductivity greater than 8W/mK, as required for next generation TIM,
due to limited understanding of thermal contact resistance and its contribution to overall
thermal performance of TIM. Other studies limited their work to simulation data only
without any experimental data on TIM developed for validation and in many cases, those
TIMs can only be applied to laboratory studies which cannot be used for practical
application at package level. In addition, several studies58,60 on eutectic gallium Indium
liquid metal (LM) and LCs in several other applications have not been able to establish
their practical use as TIM matrixes so far and no study has shown LM with CNT composite
application as TIM.
In this study, novel TIM prepared from chemically functionalized CNT (treatment
in HNO3/H2SO4 to aid dispersion in matrix), LC and eutectic GaIn liquid metal (LM)
matrices is proposed. LM is chosen due to its ability to remain liquid at room temperature
and ability to reduce stress at the interface, LM can also fill up CNT hollow layers thereby
enhancing the CNT network for better thermal conductivity. Nematic LC can create a well
ordered CNT-CNT network sequence to improve thermal conductivity of CNT TIM. Also,
thermal performance of TIM developed will be compared to conventional polymer based
TIM to understand dominant factors contributing to the TIM’s thermal performance.
This study investigates the effect of low melting eutectic gallium indium liquid
metal with high thermal conductivity (~30W/mK as compared to a polymer matrix ~0.4
W/mK) as TIM matrix. Liquid metal is used for the purpose of reducing stress-related
issues at the solid interface and remain liquid at room temperature in contrast to
conventional polymer based matrix that dries out with time.
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In addition, the choice of expected to produce TIM composites with significantly
higher thermal conductivity and reduced package MWCNT with higher thermal
conductivity (>3000W/mK) than conventional TIM alumina fillers with lower thermal
conductivity (~22-35W/mK ) is interface thermal resistance as compared to commercially
available TIMs made from solder or epoxy based matrix. This expectation is based on rule
of mixtures of liquid metal and the CNT-CNT percolation network argument.
The other major aspect of this study is the application of voltage and liquid crystals to
enhance CNT-CNT alignment in the direction of heat flow to effect higher thermal
conductivity than conventional TIM. The hypotheses of this study are broken into three
areas, namely:
a) Novel CNT-Liquid Metal & CNT- Liquid Crystal TIMs have Enhanced thermal
performance relative to conventional polymer matrix based TIMs:

This study measures the thermal conductivity of newly prepared TIM and
compares them to conventional silicone-matrix-based TIM using IR microscope and
D5470 TIM tester using copper, steel and other reference materials. In addition, this study
validates the effect CNT-CNT networks on thermal improvement in which dispersed CNT
in nematic liquid crystal (LC) matrix is used to enhance CNT-CNT ordering and alignment.
It is proposed that CNT alignment results from orientational coupling to the nematic matrix
will improve LC-CNT thermal conductivity over conventional polymer matrix based TIM.

b) CNT-LM TIM thermal conductivity can be improved in the presence of electric field
The main challenge with CNT-LM TIM is poor wetting of the CNT surface with
LM which results in high interface resistance between CNT-LM matrix due to random
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dispersion of CNTs in the matrix. It is proposed that CNT-LM wetting can be improved
significantly by application of electro wetting or electro filling of CNT. Through these
methods, CNT wetting is expected to improve CNT-CNT connections required for heat
transport improvement. Similar experiments were designed for CNT-silicone and CNTLC based TIMs.

c) IMC formation between aged LM and Au-Ni and Ni surfaces improves LM wetting and
reduces interface thermal contact resistance:
LM non wetting characteristics have been established based on its high surface
tension (~624mN/m) causing non wetting of LM applied on Au/Ni and Ni plated surface.
It is proposed that, lower surface tension of LM at room temperature can be achieved
through aging of LM and formation of IMCs at the LM- Au/Ni interface. This study
characterizes reactivity of aged LM on Au/Ni and Ni surface and proposes the mechanisms
that cause reduction of solid-liquid surface energy and formation of IMCs with improved
wetting between LM and Au/Ni surfaces. Additionally, it is proposed that LM wetting
improvement yields better CNT-CNT networks needed to improve interface contact
resistance. This study employs Auger electron spectroscopy (AES), X-Ray photoelectron
spectroscopy

(XPS),

Scanning

electron

microscopy-

Energy

dispersive-X-ray

spectroscopy (SEM-EDX) for surface characterization and contact angle measurement of
LM on solid surfaces and on CNTs at room temperature and elevated temperatures to
establish correlation of reactive wetting and adhesion mechanisms to reduction in
interfacial contact resistance.
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Chapter 2:

Experimental Set up and

Procedure
In this study, four major characterization methods were employed to determine the
magnitude of thermal contributions of LM-CNT TIM at the interface. While thermal effects
were extensively studied through measurement of effective thermal conductivity data,
interface mechanisms were characterized using surface contact angle measurements in
addition to XPS and SEM/EDX, which highlight the surface depth profile and material
composition at the interface. Figure 2.1 below shows schematic flow of these four major
characterization techniques used in this work.

Figure 2.1: Thermal and LM-interface characterization techniques

Although the TIM is typically sandwiched between copper and silicon or other
solid surfaces when used on IC products, in most cases, these solid surfaces are plated with
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Ni/Au or Ni to enhance passivation and prevent corrosion of metal surfaces and for wetting
and adhesion of solder TIMs. Thus, interface characterization using Ni/Au or Ni plated
surface directly in contact with LM TIM that results in TIM-Au/Ni or TIM-Silicon
interfaces as shown in Figure 2.2 below, is necessary to determine the contact mechanism
at the interface.

Figure 2.2: Schematic diagram of bulk TIM sandwiched between two interfaces for
thermal conductivity testing

The materials used in this research are chemically functionalized CNT (i.e. CNT
treated in HNO3/H2SO4 to aid dispersion of CNT), eutectic gallium indium liquid metal,
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liquid crystals and silicone oil. Although, the main focus of this study is thermal
characterization of CNT integrated into eutectic gallium indium liquid metal, other
materials such as silicone oil is used for matrix effectiveness comparison required to
establish impact of matrix types on CNT wetting and its effect on thermal results. Also, LC
is used for the purpose of validating major hypotheses of LCs ability to order CNTs and
create CNT-CNT network. Table 2.1 shows the details of materials and thermal
experimental procedure employed in this work.

Table 2.1: Experimental list of options

Liquid Crystal

CNT

Base Material

CNT configuration

(LC)/ voltage

(Vol. Fraction %)

(Matrix)
Eutectic Ga-In
Liquid Metal
Chemically
(using Steel

YES/NO

MWCNT

Functionalized
and Glass
Reference)

(0, 0.1, 0.5,1,2.5, 5 )

Silicone (using
Chemically
Steel and Glass

YES/NO
Functionalized

MWCNT

Reference)
(0, 0.1, 0.5,1,2.5, 5 )
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Thermal characterization in this study is based on measurements of effective
thermal conductivity (keff), which is a combination of bulk thermal conductivity of TIM
(kbulk) and the thermal conductivity of the two interfaces (2x kinterfaces) as shown in Figure
2.2 above. Thus, bulk thermal conductivity of the materials binding to LM TIM (i.e.
reference material such as copper, steel or glass) is very important for kinterface. Choice of
reference material is very crucial to characterization of effective thermal conductivity
obtained from this study.
Bulk TIM comprising of matrix and CNT fillers are tested to determine effective
TIM thermal conductivity at different CNT volume fractions using different reference
materials as interfaces. Certain material properties are highlighted to distinguish materials
used in this study from others, sections 2.11 to 2.15 show details of material
characterization results (obtained from suppliers for validation purpose) and why these
materials are chosen for this study.

2.1 Materials and Experimental Plan
The experimental plan of this thesis includes the following:
a) Two methods of thermal conductivity testing
b) Use of different reference materials such as copper, steel, acrylic and glass
plates
c) Use of different TIM combinations with different base matrix and different
amount of CNT
d) Testing with and without voltage
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e) Interface characterizations of LM wetting on CNT and solid surfaces

The thermal experimental plan is highlighted in Table 2.1 with TIM design based
on different materials used. A prepared test sample is composed of bulk TIM prepared from
base matrix and a known volume fraction of functionalized MWCNT placed within steel
plates, quartz glass plates or other reference materials such as acrylic and copper plates.
This test sample is then placed under thermal testing equipment at known experimental
conditions, with or without applied voltage.
Sample preparation techniques are discussed in detail in section 2.2. In addition,
other attributes of this study such as, thermo-mechanical and interfacial characterization of
TlMs, analytical modeling and mechanistic approaches are discussed in detail in chapter 3.

2.1.1

MWCNT and Property Details

Multi-walled CNT is used in this experiment as conducting filler particle due to its
high thermal conductivity (k) of 3000W/mK and large aspect ratio due to multiple arrays
of cylindrical graphene sheets, as discussed in section 1.3.1. Thus, MWCNT thermal
conductivity is higher than any commercially available TIM particles such as Aluminum
oxide (35W/mK), Boron nitride (71W/mK).
MWCNT is made up of nested graphene in cylindrical shape; it is coaxially
arranged around a central hollow core with interlayer separations of about 0.34nm 61,62, 63
as shown in Figures 2.3a and 2.3b below. In this research, chemically functionalized
MWCNT procured from Nanolab Inc. (Massachusetts, USA) was used. The MWCNT was
produced by chemical vapor deposition. Due to several impurities such as residual metals
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from metal catalysts and graphitic particles associated with the CNT production process,
purification of MWCNT was achieved at Nanolab through liquid phase oxidation using
sulfuric/Nitric acid mixtures during the production process64. For this study, MWCNT was
chemically functionalized through a reflux process in concentrated sulfuric and nitric acid
to generate covalent bond between CNT and COOH groups65. Figure 2.3c shows image of
acid functionalized MWCNT

(a)
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(b)

(c )
Figure 2.3: (a) Image showing general concept of MWCNT interlayer separation (b)
MWCNT tubules consisting of two or more graphene cylinders (c ): General concept of
acid functionalized CNT65,66
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To meet length and diameter specifications required for CNT-CNT alignment in
this study, MWCNT with outer diameter of 15 nm and length 5-20um (PD15-L5-20) was
used. Furthermore, energy dispersive analysis of x- rays (EDAX)-SEM was employed at
Nanolab to determine chemical components of hollow MWCNT as shown in Table 2.2a
below.

Table 2.2a: Chemical components of CVD produced CNT64
EDAX data, PD15L5-20

Atomic
Element

Weight %
%

Carbon

98.92

99.75

Sulfur

0.14

0.05

Iron

0.94

0.2

Total

100

100

The resulting large concentration of carboxylic acid COOH groups on the nanotube surface
helps to reduce CNT entangling and enhance homogenous dispersion. Resulting CNT
material was dried and applied for TIM use in this study.
To distinguish acid functionalized MWCNT (used in this study) from nonfunctionalized pristine MWCNT or SWCNT as well as acid functionalization from other
functionalization techniques, Raman and FTIR spectra data were measured at Nanolab, as
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shown in Figure 2.4 below. The first order Raman spectra data of MWCNT at laser
excitation wavelength of 785nm showed a strong peak at 1580cm-1 (G), with first high
frequency peak (E2g) and first order mode. An additional band was shown around 1350cm1

(D) with a very weak band at 1620cm-1 (D’) as shown in Figures 2.4a, and 2.4bb for

MWCNT and Figure 2.4c for SWCNT64. The spectra data showed characteristic
identification of inter layer separation and functionalization of Nanolab MWCNTs used in
this study.

(a)
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(b)

In general, first order band positions of G, D and D’ at 1100 to 1700cm-1 show a
very similar behavior. These are distinguished by intensity ratio (I) of ID/IG which indicates
behavior of each material, where correlations can be made of difference in structural
ordering. Thus, clear distinction of COOH-functionalized MWCNT over non
functionalized MWCNT is higher D/G ratio, and this is thought to be responsible for
enhanced dispersion of COOH-functionalized MWCNT used in this study.
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(c )
Figure 2.4: Raman spectra data of (a) COOH-functionalized MWCNT vs (b) non –
functionalized MWCNT (c ) Raman data of non-functionalized SWCNT

In addition, Raman spectra data in this study predicts morphological
characteristics of CNTs, these include CNT tube diameter, degree of structural ordering
and extent of contaminants present. For Nanolab CNTs, presence of strong and weak bands
distinguishes the type of CNT present. FTIR analysis data shown in Figure 2.5a below with
C=O stretch at 1720cm-1 indicates presence of COOH functionalized CNT when compared
with Figure 2.5b without distinct C=O stretch.
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(a)

(b)
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Figure 2.5: (a) FTIR data of functionalized vs (b) Non functionalized MWCNT

In the same manner, presence of hydroxyl group (-OH) peak at 3375cm-1 is
attributed to COOH functionalized CNT when compared with –OH group at 3450cm-1 for
non-functionalized CNT. Thus, large –OH stretch band of COOH- functionalized
MWCNT contributes to homogenous dispersion of CNT, as required for this study59,66.
Figures 2.6 a-c show TEM images with distinct walls that highlight difference in MWCNT,
double walled CNT (DWCNT) and SWCNT. For Nanolab MWCNTs, these walls (with
interlayer separation) aid CNT-CNT connections when filled with LM.
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Figure 2.6: Nanolab TEM image of (a) MWCNT (b) Double walled CNT (c) SWCNT

2.1.2

Liquid Crystal Material Properties

The 5CB (4’pentyl-4-cyanobinephyl) liquid crystals used in this study, manufactured by
Sigma Aldrich, USA, were used to control short and long range order of MWCNT. Its
structure is shown in Figures 2.7 a and b below

(a)
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(b)
Figure 2.7: (a) Chemical structure of 5CB Liquid crystal (b) CNT-LC inter-particleinteraction through hydrogen bonding59

LC is colorless in isotropic form and cloudy white when nematic (i.e. thread like). A key
property of 5CB LCs is its ability to undergo a phase transition from a crystalline state to
a nematic state at 18 °C and it goes from a nematic to an isotropic state at 35 °C. In nematic
state, rod-like LCs have no positional order but they are self-aligned to have long range
directional order. Thus, in this study thermotropic properties of LCs are used to induce
phase transition through thermal process. They exhibit low coefficient of thermal
expansion, low gas and liquid permeability, excellent dimensional stability under
temperature, high strength and stiffness as a result of their rigid-rod like molecules that can
be preferentially oriented to form fibrils under shear flow during melt processing. These
properties of thermotropic LCs are employed to align CNTs and establish CNT-CNT
interconnections in the presence of electric field60 as shown in Figure 2.8 below
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Figure 2.8: Alignment of CNTs in LCs60

2.1.3

Liquid Metal and Its Properties

Eutectic Gallium Indium liquid metal alloy consisting of 75% Ga and 25% In
procured from Sigma Aldrich USA was used as a matrix in this study. Another gallium
based liquid metal, gallistan (EGaInSn -68.5%Ga, 21.5%In and 10%Sn) from Indium
Corporation USA was used for LM-solid surface wetting characterization (using XPS,
SEM/EDX) analyses to understand LM reaction mechanisms at Ni-Au-LM interface.
Gallistan was relatively cheaper and initial wetting data collected did not show any
difference from wetting data collected from eutectic gallium indium liquid metal.
Eutectic Gallium Indium LM key properties that make them useful as TIM base
matrix are: (i) ability to remain liquid at room temperatures and (ii) its superior thermal
conductivity (~40W/mK) compared to non metallic liquid matrices such as silicone oil with
thermal conductivity of ~0.2W/m-K55, 57 .Thus, in this study, apart from these key factors,
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eutectic Gallium indium LM was chosen to achieve metal to metal contact at the interface
with minimum applied load by acting as a lubricant that reduces shear forces to almost
zero.

2.1.4

Silicone Polymer Properties

Silicone matrix used in this study was procured from Sigma Aldrich USA (under
silicone oil and chemical name poly phenyl-methysiloxane) with general chemical
formular R2SiO where R is an alkyl group, Si is silicon and O is oxygen. Silicone oil was
chosen in this study as TIM base matrix for comparison with eutectic gallium indium LM
matrix. This is due to its exceptional adhesion to mating surfaces, high thermal stability,
superior water repellancy and low surface tension, thus serving as a good medium for better
CNT dispersion without any form of agglomeration. Figure 2.9 shows Si-O backbone of
silicone chain with methyl (CH3) group attched to silicon atoms.

Figure 2.9: Silicones with Alky groups attached to Si-O backbone
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Silicones show a wide range of viscosities from pourable liquids when n is small to rubberlike semi solids when n is large52. It is used for wide range of applications due to its unique
properties such as melting point in the range of -55oC and relative density of 967g/mL at
room temperature. Its shear modulus is in the range of ~10kPa.

2.1.5

Reference Materials and Properties

TIM reference materials are required for thermal conductivity measurements to
ensure accurate temperature gradient (delta T) used in computing effective thermal
conductivity is recorded for a particular TIM sample under investigation. The criteria used
in selection of reference materials are: (i) thermal conductivity and how closely it matches
TIM sample under investigation, (ii) machinability and other physical properties required
for test conditions to ensure consistent and reproducible test data are achieved. In this
study, several reference materials and properties considered for initial screening are shown
in Table 2.2b below. Silicon, Al, AlSic, Alumina reference materials did not meet
compatibility (with other components of the experimental set up) criteria and were
screened out for thermal conductivity measurement
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Table 2.2b: Material and properties considered for reference materials
Reference

Density

CTE

Bulk Thermal

Young

Materials

(g/cm3)

10^-6

Conductivity

(Tensile)

m/m K

(W/mK)

Modulus
(10^9 N/m2
Gpa)

Stainless Steel
(304)

8

17.8

16.2

193-200

Silicon

2.3

3

151

112

AlN

3.3

4

170-200

310

Copper

8.96

17.8

398

131

Al

2.7

23.6

238

68

Quartz Glass

2.2

0.77 - 1.4

1.4

71.7

Alumina

3.98

5.4

20-30

350

3

8.26

180

175

0.71

81

0.19

3.2

AlSiC
Acrylic (PMMA)

In this study five reference materials used for thermal conductivity measurements
are stainless steel, quartz glass, copper, acrylic and aluminum nitride (AlN). However,
only steel and quartz glass reference materials are used extensively due to their
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compatibility with TIM samples and reproducibility of the thermal conductivity data
obtained. In addition, silicon and other surfaces were used in contact angle measurement
with eutectic gallium indium liquid metal to understand surface wetting behavior when it
is in contact with liquid metal TIM.
Reference materials are designed as shown in Figures 2.10 a and b below to meet following
conditions:
a) Contain TIM sample materials under test and to TIM prevent leakage
b) Align with adjoining metal blocks shape to prevent slip during test
c) Keep sample surface exposed under IR camera lens
d) Metal reference usually contain spacer or groove (female) and extended part (male)
parts designed to hold hot and cold plates in place during test. Glass reference is
separated by adhesive spacer of known thickness
e) Thick enough to contain holes for TC wire insertion
f) Same material which may contain non conducting spacer material between the two
plates
g) Contain known bond line thickness (BLT) through groove design or spacer
thickness between the two plates
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(a)

(b)
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Figure 2.10 :(a) Schematic diagram and dimensions of two parts reference material (b)
side and top view of assembled reference material for Infrascope experiment.

2.2 Thermal Characterization Sample Preparation
The samples for this study were prepared using several volume fractions of CNT
mixed with liquid metal (LM) matrix, LC or silicone materials to make up 0%, 0.1%, 0.5%,
1% and 5% volume fractions of LM-CNT, LC-CNT and silicone-CNT TIM paste. Each of
the mixtures was mixed in a glass container using Cole Parmer digital dual range mixer at
100-300 rpm for 60 minutes. The mixer was stopped every 5 minutes for about 30 seconds
to prevent overheating the glass container.
Ultrasonication at 20 kHz was also employed to disperse MWCNTs in LC at room
temperature for ~4hr. The resulting black CNT mixture is left for about 1 week to settle
out before testing. The resulting TIM sample material was then dropped or injected into
reference material for testing.

2.3

Thermal

IR

Microscopy

(Infrascope

Testing

Method)
TIM thermal conductivitymeasurement in this study was achieved using IR thermal
microscopy method ASTM standard E1225.
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2.3.1

IR Thermal Microscopy Equipment Set up

The IR thermal microscope (Infrascope) shown in Figure-2.11 is used for thermal
conductivity measurement, and it uses a comparative method based on ASTM standard
E1225. In this set up, the sample materials being investigated or device under test (DUT)
were placed under the objective lens to measure the temperature distribution precisely and
without physical contact. The Infrascope is equipped with a 2D mid wave IR (MWIR)
temperature mapping microscope with high resolution and high sensitivity. In this
assembly, infrared microscopy uses radiation through arrays of detectors such as indium
antimonide or any other materials that are sensitive to IR wavelengths, and these materials
are arranged in the form of charged coupled device (CCD) two-dimensional
arrays67,68,69,70,71 The IR microscope platform is constructed by assembly of these arrays

Figure 2.11: QFI Infrascope for this study
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with infrared optics equipped with a personal computer to calculate device temperatures
based on the flux received by the detector. For consistent detection, the detector materials
are usually cooled to liquid nitrogen temperatures. The infrared microscope is also
equipped with a characteristic lens made from silicon, zinc selenide, or germanium
materials that are capable of being used in mid to long range infrared due to the opaque
nature of ordinary glass lens materials at mid to long wave infrared. The entire Infrascope
device is mounted on a high precision, movement-damped isolation table. The sequential
interchange of objectives is enhanced by a six position lens turret that provides space for
mounting two visible lenses and up to four working distance parfocal lenses ranging from
1/5X to 25X in magnification and with other criteria described in Table 2.3a.
In thermal mapping, radiant exitance (i.e. a measure of the ability of a surface to emit
radiation) of the DUT is considered to be a combination of three components namely
emitted, reflected and transmitted components68, 69 .The transmitted component is related
to energy transmitted through the surface of the DUT. Transmitted components can be
ignored for a DUT mounted on an opaque reference material or substrate. The reflected
component related to surrounding environmental conditions is controlled through
compensation algorithms or completely nullified through other methods. The emitted
component that is related to surface temperature is also closely related to emissivity of the
DUT surface. The emissivity of a defined location on a surface depends on the materials
and its structural details. The emissivity can be classified as 0 (i.e for a perfect reflector)
and 1 (i.e. for perfect emmitter). Materials such as metal oxides have high emissivity while
metals are usually low in emissivity and thus high in reflectivity. Figure 2.12 below shows
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the Infrascope set up inluding components for temperature measurements. In addition, the
location of test sample and reference material layers are shown. Between the layers exist
thin thermoelectric sheets connected to the power supply where voltage or heater is
adjusted to control cold and hot blocks that are used to achieve uniform stage temperature.
The equipment setup also contains a water bath connected to a tube that runs through the
cold copper block.

Table 2.3a: Parafocal Infrared lenses magnification and performance criteria

1/5X

1X

5X

25X

Pixel Resolution (um)

150

30

6

1.2

Spatial Resolution (um)

300

60

12

3

Field of View (Square mm)

38.4

7.68

1.54

0.31

Working Distance (mm)

150

165

52

20

Lens
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Figure 2.12: Picture of Infrared Microscope set up with a clamped DUT

2.3.2

Experimental Procedure for Thermal IR
Microscopy

True temperature thermograms on DUT or TIM test sample surfaces are produced by
measuring infrared radiant energy leaving the surface by isolating the emitted component
of this energy related to the surface temperature and applying corrections to this emitted

87

component for the emissivity measurement variations. The test configuration with details
of materials for heat transfer through DUT is shown in Figure 2.13a. Below are sequential
generalized experimental steps71,72,73 :
a)

Properly place DUT (as shown in Figure 2.13b) on a substage under IR
thermography lens

b)

Uniformly heat the surface at two known temperatures (by adjusting the voltage T1
(T hot) and T2 (T cold) blocks from power supply. This is achieved by monitoring
the temperatures of the cold and hot blocks using thermocouple wires attached to
the blocks until both blocks show uniform temperature (delta T=0). The set up is
then calibrated for emissivity measurement

c)

Measure radiant exitance, assume that transmitted energy is negligible

d)

Isolate reflected component

e)

Compute pixel by pixel mapping of the emissivity matrix to calculate the true
temperature at every pixel

f)

Use the matrix to correct thermograms ( Figure 2.13c)
In addition, emissivity data correction is completed to:

a)

Ensure DUT is properly clamped and not movable during procedure

b)

Stabilize of DUT at each temperature prior to image storage

c)

Ensure ambient condition remain unchanged during procedure
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(a)

(b)
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(c)
Figure 2.13: (a) Infrascope thermal test congfiguration for 1-D heat flow (b)Schematic of
DUT Top view layers under Infrascope (c) Data collection steps74

For applied voltage and liquid crystal addition for CNT alignment, the following
procedures were used.
a)

Heat the sample using another power supply (i.e. one separate from the one used to
heat up the plates)

b)

Complete the calibration procedure and set heat flux to a known value ( i.e. known
T1 hot temperature usually at 60 to 90oC to keep the sample hot)

c)

The reference with electrodes attached on 2 sides is prepared using these methods:
i.

By adding thin adhesive nano-patterened conductive polymer film (poly
3,4 ethylrene dioxythiophene or Indium titanium oxide) to inner reference
surface to serve as cell anchor for LCs or as insulating layer for conducting
Liquid metal TIM from electrodes. In some cases, the conductive polymer
layer is also attached to a spacer used in between the glass reference.
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ii.

Using direct electrodes-attach on steel plate for the steel reference with
insulating layer

iii.

By attaching electrodes to conducting layers of thin themoelecric sheets
with conducting surface or by using thin Al, Cu metal sheets attached to
glass reference containing non-conducting polymer TIM (silicone, LC). In
some cases cell anchoring materials for LC attached on electrode surface
are used. Electrode wire from power supply is connected or glued to
electrode wires from the reference plates for wider charge distribution as
shown in Figures 2.14 a and b

(a)
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(b)
Figure 2.14: Schematic of (a) voltage Experimental set up (b) Reference modification

The entire procedure can be broken down to four steps: sample preparation,
Thermal map scanning, calibration including emissivity data correction, and true
temperature data collection as shown in Figure 2.13c . The prepared sample or DUT is
sandwiched between two reference materials as shown in Figure 2.15a. The reference
material is glued together in between two hot and cold solid copper blocks using thermal
grease and it is properly aligned to ensure the surface is in plane with adjoining copper
blocks for heat transfer through the TIM sample. Each of the cold and hot copper blocks
consists of two rectangular copper bars with temperature sensor slugs in between these two
copper bars, as shown in Figure 2.15a below. Also connected to copper blocks are wires
from voltage control equipment. In addition, tube containg cold water is passed through
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the inner copper blocks to facilitate heat transfer from heated sample or DUT. A pump
attached to water bath is used to activate water flow through copper blocks.
After the DUT is in position for testing under the Infrascope lens, the edges of the
reference material surface are cleaned to remove remnants of foreign and sample materials.
The sample surface is then painted with carbon black to ensure maximum heat transfer is
achieved for emissivity data during test. For a liquid or semi-liquid sample, a 20 um tape
is placed and aligned on the sample prior to painting the sample surface with carbon black.
Figures 2.15a and b show material sample or DUT position under the infrascope.

Cold copper block
DUT or sample surface
Temperature sensor
Clamps holding
Copper blocks
Hot copper block

(a)
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(b)
Figure 2.15: (a) Side view of sample material or DUT set up under Infrascope (b)Sample
material image under Infrascope (prior to heating the sample)
During testing, a hand held voltmeter or temperarure measurement device equipped
with thermocouple wires is placed on the surface of the inner copper blocks next to the
DUT. These are used to determine extent of heat flow from hot to cold copper blocks,
especially when calibration is being performed or uniform temperature is to be achieved
prior to calibration. With Infrascope focus set and temperature stage set from thermal map
software followed by hot and cold voltage adjustment, the sample preparation step is
completed. When uniform temperature is achieved with stage temperature recorded, the
calibration process can then start for the list of test samples in Table 2.3b below
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Table 2.3b: List of experiment for Thermal conductivity Testing
No Applied

Applied

Volt

Volt

Experiment
LM with Copper

YES

NO

LM with Steel

YES

YES

LM with Glass

YES

YES

Silicone with Glass

YES

YES

Silicone with Steel

YES

YES

LC with Glass

YES

YES

LC with Steel

YES

YES

LC wit Acrylic

YES

YES

Silicone with Acrylic

YES

YES

YES

YES

LC with copper & AlN
Disc

For the calibration process, in the QFI user interface the stage uniform temperature
at which delta T=0 is entered. A typical uniform temperature map image is shown in Figure
2.16 below where the temperature of test sample and reference materials are equal as shown
with a uniform color. This process is followed by using thermal map software to set
average reference resistance and image data is saved in a text file. Emissivity data
correction is then initiated through the use of the CALCULATE tab and reference
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temperature from the QFI user interface. With this procedure, if emissivity data recorded
is close to 1, then emissivity data of the sample with black ink is correct and can be saved
in a text file for further data analysis with the jpg image captured for reference as shown in
Figure 2.17 below

Sample image with
uniform Temp

Figure 2.16: Image of Test sample with uniform temperature
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Emissivity Data

Figure 2.17: Sample emissivity data with corresponding image

Temperature gradient and thermal conductivity data are collected by increasing
input heat flux (T1 hot) through voltage power source equipment. To achieve gradual T1
hot increase, the T2 cold power source is turned off and the water pump is turned on to get
cold water flow running, which cools down T2 copper blocks. This is required to create the
temperature gradient needed to enable heat flow through the test sample. For each voltage
or heat flux increase, corresponding temperature gradient data is collected using T1-4 and
ACQUIRE tabs shown in Figures 2.17 and 2.18 respectively.
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Figure 2.18: Thermal map software data collection tabs

In Figure 2.19 different colors show DUT profiles based on temperatures, for hot
and cold copper blocks, interfaces and sample materials under test. Each of these
temperature profiles is shown in Figure 2.20 during analysis where sample slope is
extracted.
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Figure 2.19: Cross section showing sample and copper blocks in different colors

Figure 2.20: Cross section of DUT experimental set up with corresponding slopes used
for data analysis75
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Table 2.4 highlights some of the thermal data that can be used to characterize TIM
materials during analysis. k_s is the thermal conductivity data, and R_th is the effective
interface resistance. Statistical analysis of each data point is carried out using Matlab codes
to extract data shown in Table 2.4. In addition, JMP pro 11 and Excel spreadsheet tools
are used to plot graphical details for each experimental test.

Table 2.4: Thermal characterization data collected for TIM sample
Test Run

Slope [K/mm]

R_th [mm^2K/W]

k_S

h_x

Left

Sample

Right

Left

Right

[W/m/K] [kW/m^2]

1

2.4242

20.2074

2.7514

556.5502

391.535

0.2305

3.6229

2

2.669

24.0165

3.0922

85.1654

347.2671

0.2159

4.0329

3

2.9749

26.3697

3.2235

229.9967 362.8277

0.2116

4.3389

4

2.9083

29.2602

3.8609

579.8402 683.1659

0.2082

4.7384

5

3.3228

34.6645

4.4993

921.3419 655.5302

0.2031

5.4755

2.4 TIM Tester Methods
2.4.1

General Description of TIM Tester

Two standard TIM testers for thermal conductivity and/or thermal resistance
measurement are the guarded heat flow meter method and the thermal transmission method
for thermally-conductive, electrically-insulating materials. The guarded heat flow method
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is based on American society for testing and materials (ASTM) E1530 and while the
thermal transmission method is based on ASTM D547076,77 .Both methods are based on a
standard design for one dimensional heat flow through the material sample to be
characterized. In this study D5470 method was used as another method to measure thermal
conductivity of CNT- LC TIM to validate the IR thermal microscopy method.

2.4.2

D5470 TIM Tester Method

This method is applicable to sample thicknesses of 0.02 to 10mm using a
reproducible compressive load of 0 to 500psi. Figure 2.21 shows a schematic of a TIM

Figure 2.21: Schematic diagram of TIM tester based on ASTM D5470
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tester based on D 5470 standard, in this method, the sample is held between two polished
metal (copper or steel) rod surfaces where the lower plate is heated and upper plate is
chilled or vice- versa (depending on equipment set up) to establish a temperature gradient
across a sample. The temperature is measured by thermocouple wires attached to the metal
rods.

Figure 2.22 depicts detailed key quantities and the parameters used in calculating thermal
resistance R, thermal conductivity and heat fluxes based on the equations below78.
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Figure 2.22: Schematic drawing of TIM tester based on Standard D5470

Heat Flux calculation and thermal conductivity equations are shown in Equations 8 to 14
below:

Qh  k m A

Th 3  Th1
X h13

Qc  km A

Q 

Tc1  Tc 3
X c13

QC  Qh
2

[8]

[9]

[10]

where, Q, is the heat flux, km is the metal block thermal conductivity, T is the Temperature
and X is the characteristic length. The c, h and s are cold, hot and sample locations on the
metal rod respectively for thermocouple locations 1, 2, 3.
Surface Temperature is calculated from Equations [11, 12] shown below:

Ths  Th1 

X hs1
 (Th 3  Th1 )
X h13

[11]

Tcs  Tc1 

X cs1
 (Tc1  Tc 3 )
X c13

[12]
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Thermal Resistance (oC/W) is calculated from Equation [13] below. In addition,

R 

Ths  Thc
Q

[13]

Thermal Conductivity (W/m oC) is calculated from Equation [14] below:

k

1 t
AR

[14]

where k, is the sample thermal conductivity and t is sample thickness.

2.4.3

TIM Tester Disc

As part of TIM tester experimental set-up, two sets of discs (top and bottom pucks)
were designed from aluminum nitride. The discs shown in Figure 2.23a were primarily
used to prevent metal to metal contact between TIM tester Cu rods and liquid metal TIM
sample, produce charges in the voltage experiments and to prevent current passage through
liquid metal TIM. In the TIM tester set up, the top and bottom material contacting the TIM
sample are copper rods, thus AlN pucks were made to contact TIM sample as shown in
Figure 2.23b. Glass reference material used in the infrared microscope procedure could not
be used due to the compressive nature of this set up (i.e. to prevent glass breakage). AlN
was also selected due to its low electrical conductivity, because it can be machined into
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discs with same shape and outer diameter as the TIM tester copper rods, and because of its
high thermally conductivity (~150W/m-K). In addition, the puck design prevents pump
out or leakage of liquid metal TIM sample during testing.

The bottom puck design consists of a 1mm deep shim with 0.5mm guard around
the shim circular edges to keep the TIM sample from flowing out. Both top and bottom
pucks have a hole of 0.65mm diameter and about 6mm deep. This hole is used to glue
thermocouple wires required for temperature monitoring onto the puck. The two pucks are
attached to the TIM testers’ top and bottom metal rod surfaces

(a)
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(b)

Figure 2.23: (a)TIM Tester puck (disc) design (b) Schematic of disc integration for Test
(full set up in Figure 2.21)
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2.5 Wetting and Interfacial Adhesion Characterization
2.5.1

Material and Experimental Procedure

Eutectic Ga-In-Sn and eutectic GaIn alloy (LM) from Indium Corporation was
investigated for contact angle measurements using Video contact angle (VCA-2500)
system from AST products Inc. The system is equipped with a motorized syringe and
controller as shown in Figure 2.24 below.

Figure 2.24: VCA analysis system for contact angle measurements

In this direct contact angle system, the sessile drop method is used whereby the
syringe and capillary introducer (CI) are used to control the size of liquid metal that is
dropped on the solid surface placed under the needle. The image as shown in Figure 2.25
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is captured through attached optical photo system while measurement is done every 12
seconds for up to 2 minutes.

Figure 2.25: Liquid metal image dropped on gold surface during contact angle
measurement

In this case, highly viscous eutectic gallium indium liquid metal at room temperature could
not be dispensed, so the needle tip was heated to 55ºC for low temperature measurements
and 125ºC for high temperature measurements prior to LM drop on the surface as shown
in Figure 2.25.
Selected flat surfaces such as gold plated copper, nickel plated copper from Shinko
Electric Industries, gold plated silicon, and smooth backside grind (SBSG) silicon from
Intel Corporation and flat surface with a layer of CNTs were used for contact angle
experiment measurements at 55ºC and 125ºC. Other materials such as flat bare copper and
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glass surfaces were examined as part of this study. Table 2.5 below highlights details of
sessile method and materials and materials used

Table 2.5: Contact angle materials and Experimental Procedure
Test Configuration
Contact Angle Measurement

Material Detail
 Test Material: Non- aged LM
 Substrate: Ni coated Cu, Au coated Cu,
silicon surface, Bare Cu, Glass surface,
CNT Surface
 Test Temperature: 55ºC and 125ºC
 Method/Procedure: Sessile Drop
Method using VCA2500
 LM is heated
 LM is introduced to Capillary
Introducer (CI) to form a droplet
 CI and droplet descend and droplet
contacts the substrate
 CI rises and spreading continues in
a sessile configuration
 Drop is filmed by a video camera
connected to a computer
 Time dependent change in linear
dimension R (base r and h) and θ is
recorded for image analysis
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In addition, liquid metal - solid surface wetting and interfacial contact reaction
were investigated on Gold/Nickel and Nickel plated copper surfaces using AES/XPS. In
this experiment, reactive wetting at room temperature was characterized using aged liquid
metal (prepared by depositing GaInSn alloy LM on these surfaces at room temperature for
21 days). The XPS surface analysis was carried out using monochromatic Al- X ray source
to determine elemental composition at the first 7-10nm on the at LM- solid surface as
shown in Table 2.6 below.
For the gold–nickel surface (i.e. surface with gold plated or sputtered on top of
nickel), nickel thickness of 2 to 7um (with wide range due to plating surface material type
and size, surface finish roughness, plating process variation due to top Au) is plated first to
prevent underlying metal exposure. This is followed by gold plating with thickness of 0.07
to 0.4 um on the copper surface. The second gold plated sample contains 2x Au thickness
on the surface, this is used to characterize the effect of Au thickness on chemical
Table 2.6: AES/XPS and SEM/EDX Experimental Details
Test Configuration
XPS/AES

Material Detail
 Test Material: aged LM
 Substrate: Au/Ni coated Cu, Ni coated Cu
 Method: Monochromatic Al X-ray source
(analysis to determine elemental composition at
first 10 nm for each scan)
 CI and droplet descend and droplet contacts
the substrate
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SEM/EDX

 Test Material: aged LM
 Substrate: Au/Ni coated Cu, Ni coated Cu
 Method: Cross section to determine elemental
composition at LM- Solid interface

composition at the interface. Thickness of nickel plated copper surface without gold is
tighter in the range of 4-7um possibly due to a single Ni plating process.
In this experiment, 0.05uL of LM blob as shown in Figure 2.26 is dispensed on
Au/Ni or Ni surface, and the sample is left at room temperature for 21 days to allow aging
process to take place. During aging process, reactive wetting occurs followed by solubility
and inter-diffusion of Au-Ni-Ga. Excess aged LM is removed by syringe followed by
etching of residual liquid metal using 60/40 HCl-DI water solution held for 15 minutes.
AES/XPS and SEM/EDX are performed on the sample’s interface followed by SEM cross
section to determine elemental composition at the solid- LM interface.
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Figure 2.26: Schematic of LM aging and reactive wetting on Au/Ni surface
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Chapter 3:

Theory, Mechanisms and
Analytical Approach
Development

3.1

Heat Transfer Mechanisms
To better understand heat dissipation from a microprocessor, it is essential to

understand the mechanisms at play from heat flux at the silicon level to that through the
various bulk materials and interfaces. Figure 3.1 below illustrates the three fundamental
mechanisms of heat transfer: conduction, convection and radiation mechanisms from the
chip package. Details of these mechanisms will not be discussed in this study, however
theories and fundamental mechanisms can be found in any heat transfer texts79,.80
A microchip produces heat when in use. The heat produced, if not properly
managed, can be conducted by neighboring components or materials to affect the entire
system. Depending on the system and material used, heat produced can lower the system
efficiency and compromise its reliability.
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TIM

Silicon

Heat
Spreader

Figure 3.1: Schematic of heat transfer mechanisms from chip package

3.2 Fundamental Theory of Thermal Conductivity and
Thermal Interface Resistance
An effective thermal interface material sandwiched between silicon and heat
spreader in a microelectronic package must exhibit low total thermal interface resistance R
expressed in Equation [15]80,81,82 Shown in Figure 3.2

R

BLTTIM
 Rc1  Rc 2
kTIM

[15]
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Figure 3.2: Schematic of bulk TIM and contact resistances

where BLTTIM /kTIM = Rbulk or RTIM
BLT= Bond Line Thickness of TIM
kTIM = TIM thermal conductivity
Rc1 = surface 1 contact resistance
Rc2 = surface 2 contact resistance
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In this model, both bulk resistance and contact resistance contribute to total thermal
resistance. To reduce bulk thermal resistance, BLT must be significantly reduced or TIM
thermal conductivity is increased. While bulk thermal conductivity of TIMs is easy to
comprehend and has been extensively studied17, 23, determination of boundary contact
resistance at the interface that contributes to effective thermal resistance is very difficult to
fully understand and cannot be measured. Several analytical models are used based on
interface conditions and materials considered. This study will predict Rc1 and Rc2 for the
CNT based TIM and correlate experimental data to analytical models used. To better
understand Rc’s in this context, a few of the models in current use are presented.

3.2.1

Analytical Models for Contact Resistance

Effective thermal resistance of die junction to heat spreader in a microelectronic
package can be expressed through several models based on TIM composition, shape and
properties of the filler and surfaces involved. Prasher80, 81

82

developed models based on

surface chemistry and surface characteristics to predict surface energy differences of the
substrates in contact with a TIM. Application of a one dimensional heat transfer model to
a TIM at the contact zone of Rc1 (as shown in Figure 3.2) yields an effective thermal
conductivity that is a function of contact zone roughness. This model can be expressed as
Equation [16]:

kcontact 

2k1k 2
k1  k 2

[16]
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Where kcontact is defined as the harmonic mean thermal conductivity of the two sides with
thermal conductivities k1 and k2. This model assumes that real area of contact is same as
the nominal area of contact. However, at a microscopic level that is not always the case for
a TIM at the silicon die and spreader interfaces. Rather, the real contact area Areal, is always
less than macroscopic nominal area Anominal, for a flat surface with negligible contribution
of the trapped air. Equation [17] can be written for contact resistance Rc as:

Rc 

k1  k 2 Ano min al
(
)
2k1k 2
Areal

[17]

Where σ is the rms roughness of the interface. Rc is derived assuming incomplete area of
contact versus calculated area. For uneven surfaces or surfaces containing microscopic
notches where the surface energy of the fluid and the small radius of the notch give rise to
a capillary force, capillary force will try to push the liquid into the notch. In the case of
copper blocks with notches and a TIM with conductivity very low compared to copper,
Equation [17] can be written as a sum of contact resistance (i.e. effective contact resistance)

Rc1 2 as shown in Equation [18]:

Rc1 2 

1   2
2kTIM

(

Ano min al
)
Areal

And

Rc1 2 lowest 

1   2
2kTIM

[18]
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Where σ1 and σ2 are roughness of the two copper blocks. The ratio of nominal area versus
real area is different for different types of materials.

Rc12lowest

is the lowest possible value

of the effective contact resistance assuming kTIM<<kmetal. This equation further highlights
the importance of kTIM and  on the complete wetting model as Rc cannot be zero even
when Anominal/Areal=1.
For bare metallic contacts under plastic deformation, ratio of nominal to real area
is defined as:

Ano min al
H

Areal
P

[19]

Where H is the hardness and P is applied pressure.
The surface chemistry model described is employed to correlate the impacts of
CNT volume fraction and solid surface roughness on Rc1 2 and to establish if this model
will match Rc1 2 experimental data. No model exists in the literature that is accurately able
to predict wetting behavior of semi fluid CNT-TIM at an interface and predict impacts on
interfacial contact resistance. Furthermore, models for A nominal /Areal that are primarily
based on elastic or plastic deformation depend on thermomechanical properties such as
Young’s modulus and hardness cannot be used for fluidic CNT based-TIM being
considered for this study. For other non-semi-liquid TIMs such as elastomeric TIM, sum
of boundary contact thermal resistance Rc1 2 can vary based on change in particle volume
fraction near TIM boundaries or due to incomplete wetting at the interface. Thus, both bond
line thickness and boundary thermal resistance variations are very sensitive to external
pressure applied. In these cases, TIM thermal resistance is expressed in terms of external
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pressure. In contrast, semi-liquid TIM composites can adhere to the surface of the substrate
in the absence of external pressure owing to surface energy difference between the TIM
and the substrate. This adhesion mechanism will be explored as part of this study to
understand its overall effects on contact resistance at the interface.
Adhesion of semi-liquid TIMs is promoted by atomic bonding between the
substrate and the TIM driven by differences in surface energy between the two surfaces.
For a fluidic or liquid TIM melt in contact with a solid surface, the TIM spreads out due to
difference in surface energy, thus for a microscopically smooth surface, the shape of a
liquid drop can described as shown in Figure 3.3 as expressed by Young Equation [20]

 LV cos   SV   SL
Where  LV = surface tension of the liquid in equilibrium with its saturated vapor

 SL = the interfacial tension between the solid and the liquid
 SV = the surface tension between solid and vapor

Air
θ

Liquid or Melt
Solid

[20]

119

Figure 3.3: Schematic of liquid or melt on a smooth surface

The surface energy γ can be calculated from the geometric mean method where
total surface energy is the sum of polar and dispersion component as expressed in Equation
[21] and Figure 3.4

(1  cos ) L  2  Lp  Sp   Ld  Sd
Where L = Liquid or melt
S= Substrate
p= polar component of the surface energy
d=dispersion component of the surface energy

[21]
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Figure 3.4: Schematic of liquid or melt interface for notch on a solid

The surface energy of a material can be measured as described in Prasher81 using
water and methyl iodide (CH3I3) using values for γp and γd for water and methyl iodide
found in literature. Though the surface energy is temperature dependent, this dependence
is usually very weak. Thus, contact angle of a material can be determined with this method
and results from this method can be compared with contact angle directly measured through
the sessile method. For a polymer based TIM, the surface energy is relatively low and
approximately the same for different polymer TIMs, as compared to metal surfaces
(including copper) with high surface energy81. The study concluded that adsorption of low
surface energy materials reduces the surface energy of copper. Thus, it can be concluded
that γp of for all TIM and the copper is negligible when compared to γd.. For semi fluid
CNT based LM-TIM, the dispersion component γd may be difficult to measure due to
partial to non-wetting behavior of CNT in LM. This study will evaluate the extent of CNT
wetting in LM and validate this model to estimate magnitude of γd for CNT-LM TIM
Moreover, Rc1 2 can be modeled for a non-smooth surface, where σ1, σ2, Areal and
Anominal from Equation [18] are determined assuming a spherical fluid dome over a small
notch in which a capillary force Fc forces the fluid into the notch as shown in Equations
[22, 23]:

Fc 

2 1 sin(   )
r0  x cot 

[22]

121

x

2 1 sin(   )
3P0 cot 

[23]

Where Fc= capillary pressure

 1 = surface energy of the fluid/melt
r0 = radius of the notch
x= penetration depth of the liquid
P0= atmospheric pressure
ϕ= angle of notch with horizontal

The area of contact of liquid with the substrate in the notch is the area of the frustum of
the cone of height x expressed as:

Areal  

x 2  ( x cot  ) 2 (2r 0  x cot  )

Ano min al  r0

r0  12
2

[24]

[25]

After further examination of this model in the context of composite interfaces with
classical treatment of rough surfaces and applying thermodynamic principles, Johnson et
al83, and Yuan et al.84 concluded that the solid-fluid interface changes its behavior from
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non-composite to a composite if ϴ + ϕ ≥ 180 degrees. In this case, a very rough surface or
a liquid with high contact angle or a combination of both will result in zero penetration of
liquid at atmospheric pressure. For this study, the contact angle between LM and the
copper surface (and other coated surfaces) is measured to establish the effects of wetting
on thermal contact resistance in order to qualitatively validate this model. As stated,
however, CNT, unlike spherical dome particles, will show non deformation at the interface
Bulk thermal resistance Rbulk can be derived from TIM thermal conductivity kTIM
and TIM bond line thickness (BLT), as expressed in Figure 3.2. Previous work from Ravi
Mahajan et al25, Ravi Prasher80, 81 and Hu Xuejiao et al85 showed different TIM design
approaches in which Rbulk is reduced by reducing BLT by increasing kTIM.
In the present study, TIM being investigated is laden with CNT nano-particles. In
this case, the volume fraction f is expressed as shown in Equation [26]:

f 

m1

1

/

m1

1

[26]

Where m1 is mass and ρ1 is mass density. TIM thermal conductivity kTIM can be
expressed as a function of Equation [27]29:

kTIM  f (k f , k m ,  , Rb )
Where kf, = the filler thermal conductivity
km = the matrix thermal conductivity

 = filler volume fraction
Rb = contact resistance between the fillers and the matrix

[27]
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Previous work of Hu Xuejiao85 et al and Biercuk et al86 on enhancement of thermal
conductivity from CNT introduced into polymer matrix showed that nano-fillers such as
CNT present challenges, as the viscosity of the TIM composite is significantly increased
with increase in the volume fraction of nano-filler particles. This high viscosity caused
degradation of thermo-mechanical behavior of the nano-composite TIM. The study50,85
results, however, revealed a 2.25X thermal conductivity improvement using TIM
composites with 40% volume fraction of Nickel micro-sphere particles and 2% CNT
volume fraction in a silicone matrix over a TIM composite with 40% Nickel particles alone.
The result from this work was explained using percolation theory and effective medium
theory.

While the present study was not designed to investigate CNT-LM contact

resistance, the concept of effective thermal conductivity will be employed to understand
the behavior of LM- CNT.
Maxwell’s classic model provides solution to effective thermal conductivity
through Equation [28]85

k  km
ke  k m
 fp( p
)
k e  2k m
k p  2k m

Where ke = the effective thermal conductivity
km = matrix thermal conductivity
kp = filler particle thermal conductivity
fp = volume fraction particles

[28]
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For this research, where CNT particle thermal conductivity kp is higher than km, (kp>>km)
then Equation [28] can be written:

ke 

1 2 fp
1 fp

km

[29]

Equation [29] shows that effective thermal conductivity of the TIM composite cannot
always be increased by only increasing the thermal conductivity of the particle fillers,
especially if the thermal conductivity of the matrix is very low. For a situation where
particle volume fraction is high, contacts between neighboring particles must be
considered. Number of contacts can be increased by using variable filler particle size for
a given particle volume fraction to optimize the thermal performance of a TIM composite.
By assuming all filler particles contact all its neighbors in a square lattice, the effective
thermal conductivity shown in Equation [30] can be expressed85:

ke
 a (1   c )
(1   c )
  a c 

km
(1   a )   a
(1   a c )   a c
[30]
Where σ = the thermal conductivity ratio of particles to matrix
γa = is the geometric parameter related to volume fraction fp
γc =ratio of contact size

 a is further related to fp through the equation expressed as:
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f p   a  2 c a (1   a )
2

[31]

Solving Equation [30] with the assumption that the particle thermal conductivity is higher
than that of the matrix, when σ >

 , then Equation [30] becomes

dke
  c a  1
dk m

[32]

Since  c is usually very small and  a ranges from 0 and 1, Equation [32] shows that
increasing the thermal conductivity of filler particles is inefficient.
This study investigates a zero-correlation model in addition to others in which
effective thermal conductivity of CNT composites is larger than the prediction from the
classic Maxwell relation. Thus, for zero to low CNT volume fraction, Equation [29] can be
approximated as:

ke
 1   f CNT
km
Where

[33]

 = coefficient indicating the effectiveness of thermal conductance enhancement

when a small amount of conductive fillers is used. Using the zero correlation model, in
which there is no correlation between the filled CNT and other particles,

 has a

theoretical value of 2 for a very high thermally conductive fillers and can be higher
depending on the CNT quality. Thus, this model is widely used to correlate experimental
data at different CNT volume fractions to understand effects of filler particle thermal
conductivity to effective thermal conductivity
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3.2.2

Theories of Particles Adhesion

A major challenge of the TIM thermal effectiveness is CNT adhesion to TIM matrix
during the dispersion process. The CNT can either be separated within the matrix or
connected to form a network within the bulk TIM and interface. Intermolecular and surface
interactions are the major interactions encountered during particle adhesion to the matrix
or the solid surface. These interactions include molecular adhesion, electrostatic
interactions, and chemical bonds87. The molecular interactions are based on van der Waals
forces and are usually found to occur over distances of several nanometers into the particlesubstrate interface. Thus, van der Waals forces of adhesion, Fa, given by the Equation [34]
are the predominant primary adhesion forces for small particles, such as CNT less than 50
m in diameter88.

A132  R
a2
Fa 
 (1 
)
2
2
6  z0
R  z0

[34]

where z o is the separation distance between the particle and the substrate or matrix, a is the
contact radius between the deformed particle and the surface, R is the particle radius, and

A132 is the Hamaker constant given by the Equations [35 and 36]

A132  c  ( A12  A33  A13  A23 )

Aij  Aii  A jj 

1/ 2

[35]

[36]

where A132 is the Hamaker constant of the system containing a particle (1) adjacent to a
surface (2) in a medium (3). The constant c is dependent on the surrounding medium and
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is 1.6 for water. The constants Aii and A jj are the Hamaker constants of materials ‘i’ and
‘j’. The magnitude and sign of the Hamaker constant is strongly dependent on system
composition. Van der Waals force of adhesion is negative for a negative Hamaker
constant88. However, for most particles and for the silicon surface, the Hamaker constant
is positive and Fa is attractive. Thus, for a TIM with CNT particle in contact with silicon
surface, an attractive Fa is applicable.
DLVO87,88 (Derjaguin, Landau, Verwey and Overbeek) theory predicts that the
total adhesion force is:

Fadhesion = Fa + FE

[37]

where FE is the electrostatic double-layer force between the particles and the surface. FE
can be calculated using the following Equation [38]

FE 
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[38]

where  is the dielectric constant of the medium,  o is the dielectric permittivity of free
space, d p is the particle diameter, k is the reciprocal Debye length and  P , S are the
surface potentials of the particle and the solid surface. The surface potentials are
approximated by the zeta potential values. Thus, when the particles and the solid surface
have zeta potentials of the same sign, the electrostatic interaction becomes repulsive. With
zeta potentials of the opposite sign, the electrostatic interaction becomes attractive.
For CNT adhesion to TIM matrix and/or solid metal surface, occurrence of strong
bonding is required to establish contact with the TIM particles. This is due to high surface
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energy delta between CNT and LM and CNT-solid interface that causes minimum
deformation owing to CNT hollow structure with minimum hardness of ~0.5GPa. This
further causes the CNT in the matrix to exhibit negligible asperity contact force, which is
different is expected if a solid metal particle is used. Thus, the adhesion force between the
CNT particle and the TIM is dependent on the deformation and variation in surface energy
associated with the TIM matrix and CNT particle. The JKR (L. Johnson, K. Kendell and
A.D. Robert) model given in Equation [39a] predicts an infinitely short range of attractive
force FA between the particle and the surface material. The relationship is given as:

F

A


2

rc
 2    W  R 1 

R zo










[39a]

where, W is the thermodynamic work of adhesion related to the surface asperity energy,
and rc is the particle-matrix contact radius. Thus, based on small CNT deformation at the
contact area with the rigid silicon or copper surface, the scale of the contact area between
surface and the particle will be larger than the TIM-particle adhesion. In this case, the
friction force FF , between the surface asperity and the particle can be given as in Equation
[39b]:

FF  f  FA

[39b]

where f is a surface asperity-particle coefficient of friction. Derjaguin, Muller and Toporov
(usually referred to as DMT) investigated the long range van der Waals force. Their work
showed that the deformation of particles is caused by repulsive components of the
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interaction forces. Xinghua Shi et al87 compared JKR, DMT and Maugis-Dugdale (MD)
model with the Hertz model in dealing with nano-contact problems.
As shown in Equations [20 to 24], for surface energy characterization under non
smooth surface, this section highlights adhesion process caused by wetting of liquid metal
on solid surface. This is because, wettability promotes adhesion through physical,
chemical, and or mechanical bonds acting across the coating-substrate interface89,

90

.

Wetting is broadly classified into two categories known as reactive and non-reactive
wetting. A liquid wetting on a substrate with no reaction or absorption of the liquid by the
substrate material is referred to as non-reactive or inert wetting. Wetting processes caused
by reaction between the spreading liquid and substrate material is known as reactive
wetting.
Based on this premise, this study assesses the importance of both non-reactive and
reactive wetting at the interface. The intent is to show the influence of contact areas at the
micro and nano scale on the adhesion process, especially under light or no applied pressure,
for CNT-solid surface and LM-solid surface. As discussed earlier, the CNT-solid surface
adhesion force is weak due to small deformation of the softer CNT particle on the surface
asperities, thereby causing negligible force of adhesion at the interface. However, the LMsolid surface adhesion force cannot be neglected. This can be characterized using Equations
[40a to 40c] below, especially for reactive wetting of LM against Au/Ni and Ni surfaces.
At low temperature, most metallic solid surfaces are covered by thin oxide films, a
few nanometers thick, formed rapidly in contact with air at room temperature. These oxides
are usually stable at high vacuum or in low partial pressure of oxygen gas mixtures.
However, they are not wetted by liquid metals91. Wetting can be strongly improved by
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reactions where intermetallic compounds are formed, leading to the replacement of
the oxidized surface by a clean surface of an intermetallic compound. Thus, the wetting in
liquid metal-solid metal systems in which reactions occur at the interface is much less
sensitive to environmental factors than in nonreactive systems91.
The contact angle, θ, of LM (L) spread on solid (S) in vapor (V) is described by the
Young’s Equation previously described in Equation [20], which can be expressed for the
LM-solid interface as shown below:

cos 

 SV   SL
 LV

[20]

where  ij or σij (both used interchangeably) is the interfacial tension (i.e force required
to stretch an interface by a unit distance) between two phases,84,89. Young’s equation is
used to predict a contact angle value at thermodynamic equilibrium without considering
external fields such as gravity. Young's equation applies only to one-dimensional spreading
and becomes invalid if the substrate is not rigid and the contact-line motion takes place in
both horizontal and vertical directions. In addition, wettability is influenced by other
factors such as temperature, reaction, adsorption, contact time, roughness and surface
pretreatment. Contact angle at θ=0 º and at θ=180 º defines complete wetting and complete
non-wetting, respectively. For non-reactive LM systems at equilibrium, the contact angle
was observed to be between 90º and 145º 49, 89, . However, for reactive systems, the wetting
dynamics are coupled with the reaction kinetics, and the spreading behavior becomes
complex. In addition, whereas non-reactive equilibrium wetting can occur rapidly in the
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order of 10-4s, reactive wetting takes from 100 seconds to more than 10,000 seconds to
occur.
In the same manner, the Young-Dupre relation in Equation [40a] describes the work
of adhesion (work per unit area) W, required to reversibly create a solid-vapor and a liquid
-vapor surface from a solid-liquid interface

W   SV   LV   SL

[40a]

Both Equations [20] and [40a] can be combined to calculate W using contact angle and
surface tension of the liquid as shown in Equation [40b].

W   LV 1 cos  

cos  

W

 LV

[40b]

1

One aspect of this study focuses on determining LM-solid interface adhesion mechanisms
through intermetallic compound formation via reactive wetting of a LM that is aged to
reduce surface tension. This is essential due to the difficulty in experimental determination
of CNT-LM and LM-solid surface tension (for this set up) needed to calculate adhesion
force at the interface. The other aspect, however, studies impacts of applied electric fields
on the interaction between LM and CNT through the process of electro-wetting. In this
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process, an electric field is applied on CNT-LM to establish CNT-LM coupling and CNTCNT network effects are characterized for thermal performance.
Electro-wetting is different from conventional wetting due to disjoining pressure at
a given position r that depends on the film thickness at that position, and due to the fact
that the electric field pressure depends on the global shape of the droplet. The strength of
gravity with respect to surface tension is negligible and can be ignored. In this
configuration, liquid is separated from electrode by an insulating layer or direct metal with
electrolyte interface. This results in electric force acting on the system and upon applying
voltage, spontaneous electric double layer build up results in reduction of the effective
interfacial tension89. This is described by Equation [41].

d sleff    sl dU

[41]

where σeff is the effective interfacial tension of a solid liquid interface, dU is the change in
applied voltage. An electro-wetting on dielectric (EWOD) configuration, in which the
dielectric film insulates the droplet from the electrode, acts like two capacitors in series. In
this configuration, the double layer is located at a fixed distance dH (on the order of nm
from the surface), and with a fixed capacitance per unit area, cH= ε0ε1/dH, where ε1 is the
dielectric constant of the liquid, can represent the solid insulator interface capacitance and
cd the dielecric layer capacitance such that cd = ε0εd/d, where εd is the dielectric constant of
the insulator. In this case, applied voltage reduction is achieved through Equation [42]



eff
sl

(U )   sl 

 0 d
2d
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[42]
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Other analytical models employed for effective thermal conductivity are shown in
Equation [43] based on comparison of contributions of different TIM components92
(a) Harmonic (lower bound)

k eff 

kl k s
; keff   kl
(k s  (1   )kl )

(b) Weighted mean (Upper bound)

keff  kl  (1   )k s ) ; keff   k s
(c) Geometric Mean


k eff  k f k s

1

[43]

Where keff is effective thermal conductivity, Kf and Ks liquid and solid thermal conductivity
respectively, and ε is the porosity. For LM, due its high viscosity (>2x or more than water
and higher when covered with oxide layer) and high surface tension, it is difficult to
estimate porosity. As a result it’s also difficult to estimate upper and lower bound effective
thermal conductivity. This, in addition to small CNT sizes and varying geometry of the
CNT particles also contributes to difficulty in geometric mean calculation. Thus, Equation
[43] may not fit well into experimental data of LM-CNT TIM.
Figure 3.5 describes three models known as the mixture models comprising of a
series, parallel and the Lower Maxwell model to predict effective thermal conductivity of
filler-matrix composites as shown in Equation [44]

49, 63, 93,

. Mixture models predict the

upper and lower bounds on the effective thermal conductivities.
(i)

Parallel model (upper bound)
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(ii)

Series model (lower bound)

k mixture 

1

m / k m   p / k p
[44]

(iii)

Lower Maxwell model

k mixture 

2 m   (3  2 m )
3  m  m

k  ks / k f
where kp, km are thermal conductivities of the particle and the matrix, respectively, and ϕp,
ϕm are the volume fractions of particle and matrix, respectively. Also, ks, kf represent
thermal conductivities of the solid and the fluid, respectively.
In the parallel or rule of mixture model, each phase is assumed to contribute
independently to the overall thermal conductivity proportionally to its volume fraction,
thus it assumes that heat flow through the fluid and solid occur in parallel. However, the
series model, which predicts the minimum thermal conductivity possible, assumes no
contact is established between the particles used in the composite and that the contribution
of the particle is limited to the region of the matrix in which the particle is embedded, such
that heat flow occurs through the particle and matrix in series49, 93 .
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Figure 3.5: Schematic of Mixture models showing interactions between Matrix and fillers
The lower Maxwell model assumes that the mixture contains a random distribution
of particles in the bulk matrix and the particles have no established path to interact, thus is
applicable for situations where volume fraction of the fluid is large
Percolation theory is used to describe different behavior of electrical and thermal transport
in CNT composite. The macroscopic description of the electric and thermal current flows
are described by the same Equation [45], assuming for steady state heat flow the
temperature, T, satisfies the Laplace equation ∆T=0, and heat flux, JQ, component normal
to the matrix-filler interface is continuous.

−𝐽𝑄 = 𝑘𝑚

𝜕𝑇𝑚
𝜕𝑛

= 𝑘𝑓

𝜕𝑇𝑓
𝜕𝑛

[45]

where n is the coordinate normal to the interface, km and kf are thermal conductivities of
the matrix and the filler respectively. For the steady state flow of the electric current,
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Equation [45] can be transformed by replacing the temperature with the voltage and the
thermal conductivities with the electrical conductivities. The theory highlights that the
main reason for the difference between thermal and electrical transport responses in high
aspect ratio CNT composite is due to a relatively small thermal conductivity ratio by
comparison with the corresponding ratio of electrical conductivities. kf /km ratio is used in
this study to explain percolation network contribution in LM-CNT TIM thermal
performance in Chapter 5.
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Chapter 4:

Summary of Results

Thermo-mechanical characterization of eutectic gallium indium liquid metal and
polymer–CNT based TIM composites shows that base TIM matrix composition, CNT
volume fraction, choice of TIM reference material, and experimental method set up and
procedure significantly affect measured bulk thermal conductivity and interfacial
resistance.
Experimental thermal data for this study come from two sources: (1) thermal
infrared microscopy performed at the Stanford University Thermal and Mechanical
Engineering Lab and (2) TIM tester measurements performed at the Chandler Arizona Intel
Thermal Fluids Lab (for Infrascope results validation). Thermal data are analyzed and
shown based on thermal conductivity of the data acquisition technique used.

4.1 Thermal Experimental Data
This first part of this section reviews experimental thermal conductivity data for
TIM composites based on eutectic gallium indium liquid metal using copper, steel and
glass reference materials and compares these to TIMs comprised of silicone matrices with
CNT volume fractions ranging from 0 to 5 percent. The second part of this section reviews
the results from addition of liquid crystals to these same TIMs with voltage applied.

4.1.1

Thermal Conductivity Curves
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The importance of the chosen reference material is illustrated in Figures 4.1 and
4.2, which show data collected under two different experimental methods using copper
reference materials. Figure 4.1 shows the experimental thermal conductivity plot for
eutectic gallium indium liquid metal TIM with copper reference materials using the fixed
BLT under Infrascope method described in section 2.1.5. As shown in the Figure 4.1, the
slope of 9.39W/m-K is the measured thermal conductivity for the TIM.

Heat Flux [kW/m2]
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y = 9.3883x - 125.96
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Figure 4.1: Infrascope baseline Thermal data of pure Eutectic Gallium Indium liquid
metal using copper metal plate as reference

Figure 4.2 shows the graph of thermal resistance obtained using the TIM tester
method described in section 2.4.1 for pure eutectic gallium indium liquid metal with
copper rod as reference. The TIM tester method uses varying BLT data for thermal
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conductivity analysis. The analysis of these data using slope (slope=1/k) and unit
conversion yields k equal to 13.39 W/m-K.
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Figure 4.2: Thermal Conductivity measurement of Eutectic Gallium Indium liquid metal
using copper rod reference from TIM tester tool

In both methods, the thermal conductivity of the eutectic gallium indium liquid
metal is not accurately predicted. This result fails to meet minimum effective thermal
conductivity for zero to low CNT volume fraction as described in Equations [32, 33] for
zero correlation model in which effective thermal conductivity ke should at least equals
thermal conductivity of base matrix km
It is concluded that experimental tests conducted using a copper reference material
under predict liquid metal TIM thermal conductivity, irrespective of the experimental
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method employed. Eutectic gallium indium liquid metal consists of gallium with bulk
thermal conductivity of ~30w/m-K and Indium (~87 W/m-K). Thus, it is expected that
accurate eutectic gallium thermal conductivity should be between 30 and 87W/m-K. Both
experimental set ups under-predict thermal conductivity by at least 3 to 4x. The observed
result is due to the large temperature delta between hot and cold copper plates during
measurement. The thermal conductivity of the bulk TIM sample is too small compared to
that of the reference material, such that the TIM sample cannot conduct heat fast enough
between the two heat conducting reference material plates used.
Further investigation through the use of steel 304 metal plates as the reference
material is found to give more accurate prediction of effective thermal conductivity for
the pure eutectic gallium indium liquid metal (no CNT) that is used as the base matrix for
the LM TIM and helps set the baseline for subsequent tests involving addition of CNT.
This study investigates the effectiveness of TIM with respect to its reference materials
properties required to establish zero correlation model for TIM thermal effects.

4.1.2

Infrared Microscopy Thermal Conductivity
Curves

Using steel plate reference, the thermal conductivity of eutectic gallium indium
liquid metal (pure with 0 % CNT) is shown in Figure 4.3; k is between 40 and 50 W/m-K
and sharply drops by almost 50% with introduction of 0.1% CNT. Beyond this, increase
in CNT volume fraction loading did not have any significant thermal impact on eutectic
gallium indium LM-CNT TIM.
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Figure 4.3: Eutectic Gallium Indium Liquid Metal based TIM thermal conductivity using
steel reference

Further increase in CNT volume fraction beyond 2.5% is not possible due to inability to
prepare the CNT-LM TIM sample for the experimental data collection, possibly due to
attainment of CNT percolation threshold within LM. At such a high loading the CNT
remains as particles that cannot mix with LM. Further tests with introduction of voltage
across the TIM sample showed same thermal conductivity measurements as samples
without any voltage. This observation based on results is shown in Figure 4.3, indicates
that application of voltage is of no consequence on these LM-CNT TIM test samples.
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Figure 4.4 shows the thermal conductivity plot of eutectic gallium indium liquid
metal with quartz glass reference material. In this experiment, glass reference is used to
build the capacitor- like set up needed to ensure the electric field is generated across the
eutectic gallium indium liquid metal TIM sample, as it is believed that using steel or other
metal plate with thermally and electrically conducting eutectic gallium indium liquid
metal produces no electric field due to current generation or electrolysis around the
reference when voltage (~8v) is applied across the LM TIM sample.
Thermal conductivity of eutectic gallium indium liquid metal with glass reference
without voltage (i.e. LM + Glass) decreases as CNT loading increases. This trend is
similar to what is observed in Figure 4.3, however, with lower thermal conductivity when
compared to the results with the steel plate reference. The decrease in thermal conductivity
observed despite using the same TIM material is as a result of the large gradient between
the LM sample and hot and cold glass reference plates. In this case, unlike with copper
plates that have higher thermal conductivity than LM, the glass plates are not able to
conduct heat well enough through the CNT-LM TIM samples.
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Figure 4.4: Voltage vs No voltage characterization on Eutectic Gallium liquid metal
(LM) TIM

However, the experiment with voltage on eutectic gallium indium liquid metal with
glass reference shows progressive increase in thermal conductivity with increasing CNT
loading up to 0.5% CNT after which increase in CNT loading results in decreasing thermal
conductivity. From 1% volume fraction of CNT loading, thermal conductivity showed no
significant change up to 2.5% CNT loading. This behavior indicates 0.5% CNT volume
fraction will be optimum for this TIM composite thermal design under these test
conditions. From this analysis, it is evident that apart from 0% CNT loading (i.e pure
eutectic gallium liquid metal) where thermal conductivity with applied voltage is lower
than that with no applied voltage, other test samples with voltage showed improvement in
thermal conductivity by at least a 25% increase under same test conditions than those
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without voltage. Voltage addition, however, seems not to show any thermal conductivity
increase with higher CNT loading beyond 1% CNT volume fraction and almost the same
thermal conductivity data of about 8 W/m-K is obtained at 2.5% CNT volume fraction for
both voltage and no voltage test samples.
As stated, silicone TIM (i.e. silicone + CNT) is used to compare to thermal
effectiveness of CNT-LM TIM. LC–CNT TIM is used to understand impact of CNT-CNT
alignment to thermal conductivity improvement. In these experiments, which included
silicone base matrix TIM and liquid crystal base matrix TIM tested with quartz glass and
steel reference materials, silicone TIM showed thermal conductivity higher than the liquid
crystal composite TIM (i.e. LC+CNT). Figure 4.5 illustrates the delta of less than 10%
difference in thermal conductivity between the two TIMs at 0, 0.1 and 0.5% CNT loading.
At 1% and 2.5% CNT loading, the delta in thermal conductivity is about 2.5X higher for
silicone based TIM as compared to LC based TIM. At 5% CNT loading, the thermal
conductivity of Silicone TIM drops significantly to nearly the same value obtained for LC
based TIM. This behavior points to the fact that irrespective of test conditions, a CNT
percolation threshold limit exists for thermal conductivity data and when the limit is
reached, thermal conductivity increases tend to stop. This shows that increase in particle
loading is not the only factor contributing to thermal improvement, other factors such as
CNT-CNT alignment and CNT-matrix wetting contributes to thermal improvement.
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Figure 4.5: Silicone and liquid crystals TIM with glass reference

Similar measurements were performed with 8 V to 24 V electric field applied to the
Silicone and LC TIMs. Silicon TIM shows no change in thermal conductivity, as expected.
However, under these same test conditions, LC-CNT TIM with applied voltage shows
over 4x jump in thermal performance over LC-CNT TIM without voltage. A similar jump
of about 2x is observed for LC TIM over silicone based TIM at the same CNT loading.
This confirms that LC aids in the thermal performance of CNT using quartz glass
reference plate. Fundamental mechanisms of this behavior will be discussed in detail in
Chapter 5.
Observations from Figure 4.6 do not hold under steel reference. In this case, LC
TIM thermal conductivity remains relatively unchanged and uniform as a function of CNT

146

Figure 4.6: Silicone and LC based TIM with glass reference under voltage

loading with and without voltage, in contrast to the steady increase observed for LC TIM
under voltage using a glass reference. However, the silicone TIM under steel reference
exhibits similar behavior of steady increase in thermal conductivity through 2.5% CNT
volume fraction, followed by an almost 65% drop in thermal conductivity at 5% CNT
loading, as shown in Figure 4.6.
Figure 4.7 compares the thermal performance of eutectic gallium indium liquid
metal TIM to silicone based TIM with and without voltage. This graph shows over two
orders of magnitude increase in thermal performance for LM TIM over silicone based
TIM. The seemingly flat behavior of silicone TIM with steel reference in Figure 4.7, as
compared to the changes observed in Figure 4.5, is due to the relatively small thermal
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conductivity of silicone TIM when plotted on the same graph with LM TIM that has
relatively higher thermal conductivity. It is important to note that the TIMs with steel
reference do not exhibit any change in thermal conductivity with application of electric
field on the two (CNT-LM and silicone-CNT) types of TIMs compared.

Figure 4.7: Silicone and LM based TIM with steel reference under voltage

To compare the effect of LC addition on CNT-CNT alignment and its effect on thermal
performance in LM TIM, LC prepared with CNT was added to eutectic gallium indium
LM TIM sample. The result shows that addition of LC does not improve thermal
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performance. Rather, it reduces thermal conductivity measured at each of the test
conditions, as shown in Figure 4.8. Thus, LC only increases thermal conductivity under
certain experimental conditions. Application of voltage from 8 V to 24 V did not cause
any change in thermal conductivity measured on this sample as it did with CNT-LC under
voltage. The fundamentals of this behavior are not well understood. However, it could be
a result of a lack of compatibility between the LM- TIM and the LC, which is polymeric
in nature.

Figure 4.8: CNT-LM based TIM with and without LC addition under voltage

Further experiments with electric field addition were conducted to determine the
cliff and optimal voltage value using 1% CNT loading in Silicone and LC TIMs. The
results are shown in Figure 4.9. In this study, the addition of voltage results in no change
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in thermal conductivity for Silicone based TIM as compared to Silicone based TIM
without voltage (both using glass reference material). However, for LC based TIM with
glass reference material, a steep increase was observed with a 1 to 3 volt increase. Thermal
conductivity further increases steadily up through 8 volts. This is consistent with the
results described in Figure 4.6, where voltage addition causes a steady increase in thermal
conductivity with increase in CNT volume fraction, except at 5% CNT volume fraction.

Figure 4.9: Voltage experiment comparing Silicone and Liquid Crystals CNT TIMs

In the same vein, another experiment using acrylic reference was added to see if this will
change thermal conductivity of silicone-CNT TIM under voltage (8v applied). Thermal
characterization of silicone based TIM using acrylic reference material did not show any
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change in thermal conductivity under voltage change. Detailed analysis is shown in Figure
4.10. This analysis reveals a small increase of about 1% thermal performance with applied
voltage at 5% CNT volume fraction. At volume fraction below 2.5%, tests with no applied
voltage shows increased thermal conductivity. Though this result is not significant in this
case, further investigation at varying voltage and/or with other reference materials may
show that silicone TIM can also show thermal conductivity increase under the influence
of electric field

Figure 4.10: Silicone and LC TIM with Acrylic reference material under voltage
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4.2 D5470 TIM Tester Thermal Conductivity Curves
To validate the effects of voltage on LC matrix based TIMs, TIM tester experiments
were conducted using copper rods with AlN disc reference, according to the procedure
described in Section 2.4.3. In these experiments, 3 small (380 um) spacers were embedded
in the TIM to define BLT between top and bottom copper rods and an AlN disc was
attached to the bottom rod. Figure 4.11 shows the comparison of thermal conductivity
between voltage and no-voltage experiments.

Figure 4.11: Voltage vs Non Voltage experiment on LC TIMs using TIM Tester
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Further data analysis shows about 15 to 20 percent delta in thermal conductivity at
0.5% CNT and 1% CNT loading between no voltage and voltage experiments. However,
at 5% CNT loading, both voltage and non-voltage tests showed similar thermal
conductivity values. In addition, the TIM tester set up with the disc generally showed
lower thermal conductivity than that measured using thermal infrared microscopy. This
decrease can be attributed to the AlN disc between the two copper rods, which probably
causes slower heat conduction from hot copper rod to cold copper rod during the tests (i.e.
large deltaT). It is however noted that similar trends are observed between these two
experimental set ups.
Similar tests were performed on eutectic gallium based TIM, with thermal
resistance results shown in Figure 4.12. This experimental analysis illustrates the various

Figure 4.12: Disc and spacer contribution to TIM thermal resistance
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test parameters changes that affect the measured thermal performance of a TIM. A clear
and unambiguous trend of high thermal resistance is observed for experiments run with
the AlN disc.
Furthermore, it is shown in Figure 4.12 that decreasing thermal resistance is
observed for sample tests without spacer even with same TIM matrix and CNT
composition. Owing to consistency in these data, it is concluded that this behavior is
probably due to limitations in experimental set up based on the disc materials and test
conditions.

4.3

Analytical Modeling Curves
Analytical models and fundamental studies discussed in chapter 3 set the basis for

interpretation of experimental data for the thermal and interfacial mechanisms studied.
Some of the models, however, do not fit well due to certain experimental details specific
to this study (some of these details have been discussed in chapter 3). For example, while
the zero correlation model expressed in Equations [32, 33] hold for pure (0% CNT) eutectic
gallium indium liquid metal thermal conductivity, it fails to explain the thermal
conductivity decrease with increase in CNT loading (as shown in Figure 4.3) with addition
of low (0.1%) amount of CNT to the TIM.
Modeling is employed in this study to further validate the results and establish
which of the highlighted models in chapter 3 will fit the experimental data. Comparison of
the effective thermal conductivity model from Equation [43] with LM-CNT TIM
experimental data reveals that none of the three regimes highlighted by this model for CNT
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placement in the matrix correlates well with LM-CNT TIM the experimental data as shown
in Figure 4.13 (where LM-CNT TIM showed lowest effective thermal conductivity and not

Thermal Conductivity [W/mK]

within any of the three regimes).
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Figure 4.13: Effective Thermal conductivity Model vs Experiment of LM TIM

Thus, mixture models from Equation [44] comprising of series model, parallel model and
lower Maxwell model correlates CNT placement to extent of CNT particle dispersion in
the matrix. The three mixture models predict distribution in terms of upper bound from
the parallel model and minimum conductivity from the series model, as shown in Figure
4.14. In this case, for LM TIM, the lower Maxwell model is the lowest of the three regimes
that describes random mixing of CNT for effective thermal conductivity estimation
A similar trend is observed for polymer (silicone) based TIMs, however with
smaller delta between lower Maxwell and series models (~ 0.2 to 1.0W/m-K), as shown
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in Figure 4.15. For LM TIM, the series model is well positioned between parallel and
lower Maxwell models but with a delta of four orders of magnitude higher for the series
model over the lower Maxwell model

Figure 4.14: Analytical modeling of LM TIM
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Figure 4.15: Analytical modeling of silicone based TIM

Thus, for this study, it is concluded that the parallel model predicts upper bound for thermal
conductivity data and the lower Maxwell model that is based on random distribution of
CNT results in lowest thermal conductivity values. The correlation of experimental and
analytical modeling data in Figure 4.16 for LM TIM shows that experimental data
correlates well with series and lower Maxwell models, as shown in Figure 4.16 (parallel
model curve is excluded due to scale limitations).
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Figure 4.16: Results comparison for modeling vs experimental data of LM TIM

The results further show that CNT mixing is somewhat random within the LM matrix.
Similarly, Figure 4.17a shows silicone results plotted with the analytical models.
The data falls within the series and lower Maxwell regimes at low CNT volume fraction
and between lower maxwell and parallel regimes for medium CNT loadings (1 to 2.5%
CNT), irrespective of voltage effects. The general trends suggest the CNT alignment is
closer to random dispersion than to parallel CNT alignment. This may explain why there
is no change in thermal conductivity when electric field is applied to increase thermal
conductivity.
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Figure 4.17b shows the results for LC TIMs plotted against analytical models. LC
TIMs with no voltage addition fall between lower Maxwell and series models. However,
LC- TIMs with applied electric fields exhibit thermal conductivity data between lower
Maxwell and parallel models for medium CNT loading. This shows that some CNTs under
the influence of voltage are aligned in parallel orientations within the LC matrix, at least
below the percolation threshold is reached at 5% CNT volume fraction. This mechanism,
whereby parallel CNT-CNT alignment is restricted by the high CNT loading, can explain
the drop in themal conductivity.

(a)
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Thus, CNT-CNT connections explains why progressive increase in thermal conductivity is
observed, especially with LC-CNT based TIM in parallel orientation.

(b)
Figure 4.17: Results comparison for modeling vs experimental data of (a) silicone TIM
(b) LC based TIM
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4.4 Interface Characterization
To understand thermal transport mechanisms at the LM-CNT TIM - solid interface
for the surfaces of interest (including Au and Ni coated material), characterization of
wetting and adhesion mechanisms was carried out. Contact angle data of LM is measured
to assess extent of wetting. AES/XPS and SEM-EDX methods are used to determine extent
of reactive wetting and mechanism of adhesion of LM at the interface. In these tests, the
exposed surface material in contact with LM (i.e. coated surface material) is found to
greatly affect the extent of wetting or adhesion behavior of LM

4.4.1

Contact Angle Results

Eutectic gallium indium liquid metal contact angle measured on different surfaces
indicates incomplete wetting at both 55ºC and at 125ºC, as shown in Figure 4.18. It is
observed that unlike other less viscous materials, eutectic gallium indium liquid metal
(LM) shows no appreciable change in contact angle at 0 to 2 minutes after LM drops on
the surface.

161

Figure 4.18: Contact angle measurement of Ga Liquid metal on different surfaces

Contact angle values observed were between 110 to 130 degrees on all surfaces,
except on the bare uncoated copper surface, which showed about 20 degree higher contact
angle than on gold, silicon or nickel plated surfaces. In addition, eutectic gallium indium
liquid metal shows contact angle lower by 7 to 10 degrees at 125ºC as compared to that
measured at 55ºC, except on Nickel surface, which showed higher contact angle at 125ºC.
The contact angle of about 150 degrees on uncoated bare copper surface indicates that the
bare copper surface has been oxidized. This observation is in agreement with the
hypothesis that an oxidized metal surface will hinder wetting at the solid-liquid metal
interface89. Despite relatively similar contact angles measured on all surfaces in this
experiment, the silicon backside grind (SBSG) with silicon surface is observed to show the
lowest contact angle (~110 degree) at the interface, which can be attributed to formation
of silanol (Si-OH) to a certain extent at the interface.
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Eutectic gallium indium liquid metal on a surface covered with MWCNT was
measured at 55oC and 125oC for 5 minutes. Figure 4.19 shows non wet behavior at both
55oC and 125oC. In contrast to contact angle of LM on solid surfaces, contact angle at
125oC for CNT is higher than that measured at 55oC. In addition, this non wetting behavior
does not change for each of these conditions for the entire 5 minute test duration. While
reasons for this behavior are not understood, these data however confirm non-wetting of
CNT in LM matrix.
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Figure 4.19: Contact angle measurement of Liquid metal on CNT
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4.4.2

AES / XPS Characterization

To further characterize the wetting behavior of aged LM on Ni and Au/Ni plated surfaces,
AES and XPS surface analyses using a monochromatic Al x-ray source are employed. The
AES employed to obtain baseline roughness on Au/Ni and Ni surfaces. Roughness values
are expressed as Rmax (maximum peak-to-valley height difference), RMS (Root Mean
2

Square-surface roughness; Rq= √ ∑(Zi-Zavg) /N; i=1 to N),

Ra=Average surface

Roughness; Ra=( ∑│Zi-Zavg│)/N; i=1 to N), SAD=Surface Area Difference (% increase
in Surface area from a flat plane of the same X-Y dimensions), Vertical Distance =vertical
distance measure in section analysis. Both Ni/Au and Ni samples show average Rmax of
3um for Au/Ni and 2um for Ni indicating non homogenous surface. Table 4.1 shows results
in detail.

Table 4.1: Au/Ni and Ni Samples surface Roughness from AES analysis
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AES roughness section analysis of Au/Ni and Ni with surface images are shown in Figure
4.20 a and Figure 4.20b respectively.

Figure 4.20: (a) Au/Ni roughness section analysis

Figure 4.20: (b) Ni surface roughness section analysis
Baseline of (Au/Ni only, no LM) AES surface elemental composition analysis shows
presence of Au, C, O, Ni at first 15 Angstroms depth as shown in Figure 4.20c. While Au
increases to about 70% from initial 50 atomic % as depth increases, C atomic % decreases
from 40 to ~20 with increase in depth, O and Ni present are below <10 atomic % at 15A
depth.
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(c)
For Au/Ni-LM interface elemental composition baseline AES analysis, samples of
LM dispensed on Au/Ni surface at room temperature are used, AES analysis after 1 day is
shown in Figure 4.20d. The analysis shows presence of Ga, Au with In presence only at
the surface and complete absence of Ni indication lack of reaction at the interface
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(d)
Similar baseline analysis on Ni surface reveals presence of C, O, and Ni as expected,
though with higher atomic % of O ~20 vs ~7% on Au/Ni surface as shown in Figure 4.20e.
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(e)
AES analysis of Ni-LM interface shows presence of Ga, Ni and In on the surface and
decrease of Ga as depth increases with Ni as shown in Figure 4.20f. Thus, AES analyses
of LM on Au/Ni and Ni surfaces show no evidence of interface reaction taking place
between LM and Au/Ni or Ni after 1 day at room temperature.
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(f)
Figure 4.20: (c) AES depth profile of Au/Ni (No LM) ; (d) AES depth profile of Au/Ni
with LM; (e ) AES depth profile of Ni (No LM); (f) AES depth profile of Ni with LM

The XPS technique provides information on the top 8nm of the surface which is
necessary to understand aged LM reactive wetting mechanisms. In this experiment, the LM
dispensed on the surface of Au/Ni and Ni created a LM-Au/Ni or LM-Ni interface for XPS
analysis as shown from a crater in Figure 4.21 below. The survey and high resolution
spectra are used to obtain electronic and chemical composition details of eutectic gallium
indium and tin liquid metal that is deposited on metal surfaces of plated Ni and Au-Ni and
allowed to age for close to 3 weeks at room temperature. XPS survey spectra (intensity vs
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binding energy) for aged LM samples on Au-Ni plating confirm presence of Ga, Sn, In,
Au, Ni, O and traces of carbon, as shown in Figures 4.21 and 4.22.

10mm

Figure 4.21: XPS Sputter location showing aged LM spread and reactive wetting on
Au/Ni

The intensity of nickel measured from LM aged on the Ni surface is 2x higher than
that observed on LM aged over the Au-Ni surface, likely due to initial thickness of Ni
exposed to LM that is higher than that on the Au-Ni surface. The high resolution rough
scan spectra show the dominance of indium and gallium with indium observed under the
outer layer of Gallium within the coated surface. In addition, Figure 4.22a shows the
presence of Indium at lower binding energy compared to gallium. Thus, after aging at
ambient conditions, when gallium oxides are sputtered off, there exists readiness of Indium
to flow and remain on surface. The increase in gallium peaks as depth increases, as shown
in Figure 4.22b, also corroborates increase in Gallium and decrease in In. Also, Indium
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occurence at low binding energy shows Indium separation from gallium as depth increases
with Gallium contacting the interface causing Ga-Au/Ni or Ga-Ni surface reaction for
Au/Ni and Ni respectively. Thus, the consistent high contact angles of LM drop on surface
at ambient conditions indicate oxide formation on gallium forming gallium oxide skin
which to a greater extent contributes to non wetting of LM on Au/Ni and Ni surfaces and

(a)
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a controlling factor causing high surface tension of LM even at high temperatures. Aging
of LM occurs with increasing Ga oxide skin thickness as shown in Figure 4.22c. However
as aging increases,indium is totally excluded from the Ga-oxide interface and In is confined
to the surface in the form of another compound and promoting Ga reaction with Au in
addition to Ga2O3 with binding energy at 22eV.

(b)

172

(c)
Figure 4.22 :(a) Rough scan spectra showing elemental composition of LM on Au-Ni
and Ni (b) Spectra survey showing Au-Ni surface depth profile (c ) XPS spectra of Gaoxide at the interface58
Sputter profile (i.e. weight % vs depth or sputter time (s)) data further shows change
in elemental composition with increase in depth of Au-Ni or Ni plated surface, as shown
in Figure 4.23.

Reference sample (without GaIn LM) from Figure 4.23a indicates

disappearance of Au at 400s of sputtering time. Au reached its maximum peak composition
of ~ 95 %weight at close to 150s before it starts to decrease. Thus, using sputter rate of
1nm/s- this indicates initial Au thickness of~0.1 to 0.3 um. Immediately after Au surface
depth, only the Nickel layer is present and maximum at 500s. This confirms the sample
consists of Au on top of Nickel as shown in Figure 2.26. High carbon weight of 40% is
seen on the surface, it disappears immediately with increasing sputter time. Thus, carbon
and oxygen on the surface are likely artefacts of plating or atmospheric oxidation
processes.
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(a)

Figure 4.23b shows the XPS depth profile data of Au/Ni when it reacts with eutectic
GaIn or LM of~0.3um thickness deposited on the surface during 21 days aging process.
This sample shows interaction of Au with gallium in the liquid metal, whereby Ga dissolves
in the Au and its peak disappears and percent weight remains at close to 3%. Gallium is
predominant at its peak weight of 65% at 300s (or 0.3um depth using 1nm/s sputter rate)
where Ni presence is at 30%, which indicates Ni diffusion into Au. Thus, from initial LM
thickness of 0.3um and Au plating thickness of about ~0.3um, Ni is expected at about 0.6
to 0.8um depth from the surface and not at 0.3 um after reactive wetting. This Ga
dissolution in Au and Ni diffusion in Au is explained in previous studies94,95,96 .This
observation is not seen in the sample analyzed after 1 day of LM deposited on Au/Ni
surface (i.e. when aging reactive wetting is not present). At 1000s, Ga and Ni weight is
equal at 48% at which point gallium decreases and Nickel increases as depth increases,
with only Au, In and C and O presence at trace amounts. Figure 4.23c sample has 2x thicker
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Au than other Nickel Au samples. Dissolution of Ga in Au is consistent, however it appears
there is saturation of Ga dissolution in Au with Au-Ni-Ga IMC formation at the interface.

(b)

(c)
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This causes constant ratio of Ni and Gallium as from sputter time of 600s and ability to
form a stable and uniform ternary compounds that cannot damage over time at the interface,
this is followed by gradual decrease in O weight % from 20 to 10% at the interface. Figures
4.23d shows results from LM on Nickel surface sample, in this sample, Au is completely
absent. Nickel is present at the surface and indication of Ni diffusion in Ga or as a result of
dissolution of Ga in Ni to form Ni-Ga IMC. As from 0.3um depth from the surface, Nickel
percent weight increases from ~70% to 100% (into Ni bulk) with decrease in Ga % weight
at the interface. Carbon and oxygen presence at the interface are possibly due to Ni surface
atmospheric oxidation or as a result of Ni plating processes artefacts or those formed from
sample handling.

(d)
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Figure 4.23: Depth profiles (with sputter rate of 1nm/s)-showing weight % vs time for
samples (a) reference Au-Ni surface without LM (b) Au-Ni surface with LM showing Ni
diffusion in Au (c) LM on Au-Ni sample with thicker (2x) Au (d) LM on Ni-surface

4.4.3

SEM/EDX Characterization

To further determine the extent of Ga dissolution in Au-Ni or Ni layer to form
IMCs, and characterize adhesion mechanism of LM at the Au-Ni interface at room
temperature, SEM/EDX was employed to verify the empirical composition of the HCl: DI
etched LM-Au/Ni interface, as shown in Figure 4.24

(a)
(b)

Figure 4.24: SEM/EDX images and surface composition for (a) Ni-Au surface with aged
LM (b) Ni-Au surface without LM
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EDX data reveals grains of IMCs with higher concentration of Au at the surface after
excess aged LM has been etched, as shown in Figure 4.24a. From the analysis, Spectrum
1,2, elemental composition is different from spectrum 3 in terms of % composition of Au,
Ga, Ni and O on the surface, with 4x % weight Oxygen present at the surface when
compared to Figure 4.24b, (i.e. the reference sample without LM which does not show any
interface reaction or IMCs formation).
Though Ga dissolution in Ni or Ni diffusion is not as pronounced as Au-Ga
dissolution, Ni-Ga IMC formation is observed at the interface. Figure 4.25a shows uniform
structural composition of IMC-oxide (Ga-Ni-O) formed at room temperature unlike Figure
4.25b with bare Ni surface without LM which suggests no IMC formation

(a)

(b)

Figure 4.25: SEM/EDX images and surface composition for (a) Ni surface with aged LM
(b) Ni surface without LM
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Cross-section analysis from Figure 4.26a revealed the depth profile of elemental
composition of chemical reactions of aged LM at the interface. Section 1 showed presence
of predominantly Au and Ga and Ni without oxygen at the topmost surface layer. However,
spectrum 2 (interface layer) shows larger % weight of Ga and Ni higher than Au (i.e.
ternary Au-Ga-Ni) IMCs in addition to larger amount of Oxygen (5x than surface layer).
The oxygen at the interface has been confirmed to be covalently bonded to IMCs to form
IMC-oxide (Au-Ga-Ni-O) at the interface. Furthermore, Figure 4.26b shows similar
reaction mechanism with Ni-Ga-O at the interface spectrum 2. These result in ternary
IMCs-iono-covalency (i.e. IMC-ionocovalent oxide bond) mechanism as the dominant
process that occurs as a result of reactive wetting of aged LM on Au-Ni and Ni interface.

(a)

(b)

Figure 4.26: Cross-section and profile of aged LM IMCs at (a) the interface of Au/Ni-LM
(b) the interface of Ni -LM

a
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Spectrum 3, and spectrum 4 meanwhile, show~100% Ni bulk composition, this is
consistent with observation in Figures 4.23b and 4.23d for Au-Ni and Ni surfaces
respectively.
Depending on the initial Au and Ni thickness, extent of reaction and surface
contamination level, Au-Ni and Ga concentrations can vary in the IMCs formed at the
interface as these factors control Ni diffusion and dissolution of Ga in Au as indicated in
Figures 4.26a and b and Figures 4.27 a and b below

(a)

(b)

Figure 4.27: Cross-section and profile of aged LM IMCs (a) Au-Ni-Ga IMC thickness (b)
Ni–Ga-IMC thickness
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However, from Figures 4.26a and b, IMC layers formed are very uniform between the top
whitish Au layer and bottom Nickel rich layer. Figure 4.27a and 4.27bb show IMC
thickness in the range of 2.36um for Au-Ni surface compared to 0.6um for Ni surface. The
thickness variation can be as a result of several factors including extent of Au-Ga
dissolution, extent of Ni diffusion and amount of dissolved oxygen that aid formation of
IMC-oxide layer through ionic-covalent bond formation that aid wetting at the interface.
Further investigation of Ni diffusion in Au from past studies97, 98, 99, 100 show
nuclear backscattered spectra data and calculation of coefficient of Ni diffusion in Au
according to Equation [46] which shows that Ni can diffuse in Au at room temperature.
Equation [46] shows the Arrhenius Equation of the diffusion coefficients D of Ni diffusion
in Au for Au/Ni films
𝐷 = 𝐷0 exp( − 𝑄/𝑘𝑇)

𝑥=

√Dt
1

[46]

where D0 is the pre exponential factor and Q is the activation energy, k is Boltzmann
constant and T is absolute temperature, t is the diffusion time and x is the diffusion distance.
Figures 4.28a and 4.28b from past work show data at different experimental conditions that
are applicable to this study.
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(a)
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(b)
Figure 4.28: (a) Nuclear backscattered spectra of Ni diffusion in Au97 (b) Diffusion
coefficient data of Ni in Au100
Q and D0 are determined from a least squares fitting to be 0.87eV and 2x1010

cm2/s, so diffusion of Ni in Au at any given temperature (including room temperature)

is determined. For this study, extent of Ni diffusion (diffusion distance of Ni in Au) at room
Temperature in 21 days is calculated to be 0.32um.
In summary, thermal characterization results generally show decrease in
thermal conductivity with increasing CNT volume fraction when steel reference is used
and reference materials play a significant role in extent of thermal improvement reported.
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LM-CNT TIM is generally higher in thermal conductivity than polymer based (silicone
and LC) CNT TIMs, it is however very important to note that electric field contributes to
thermal improvement on LM-CNT TIM with glass reference but not for silicone-CNT
TIM. In addition, LC-CNT TIM also showed significant thermal improvement under
electric field influence; however LC addition to LM-CNT TIM did not yield any thermal
conductivity increase.
Interfacial characterization results based on contact angle data of non-aged (i.e.
non-reactive test) samples show non-wet of LM on CNT and on different surfaces (Au and
Ni included) with average contact angle values of~120 degrees achieved at room and high
temperatures. Further elemental composition and empirical analyses of aged LM on Au/Ni
and Ni using SEM-EDX on (reactive wetting test) samples reveal formation of Au-Ni-Ga
IMCs and Ni-Ga IMCs at the interface. The formation of Au-Ni-Ga and Ni-Ga IMCs with
dissolved oxygen that is covalently bonded to IMCs at the interface shows presence of
IMC-oxide resulting in iono-covalency mechanisms103. This is not shown in non- reactive
samples of LM on Ni-Au and Ni interfaces.
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Chapter 5:

Results

Discussion

and

Conclusions
5.1 Brief Summary of Results and Mechanism
The results of this study highlight the importance of thermal conductivity
measurement methods in characterizing CNT-laden thermal interface materials. In addition
to thermal performance characterization, the study shows impacts of several process factors
such as reference materials, matrix types and composition, wetting of CNT within bulk
matrix and CNT-CNT connections as they relate to general thermo-mechanical behaviors
of the TIM at the interface.
Extensive characterization of CNT-laden TIM thermal conductivity shows that
with increasing CNT volume fraction, thermal conductivity of LM-CNT decreases and that
of Silicone-CNT TIM increases.
Thermal characterization shows varying improvement with the application of
voltage to drive electro-wetting and/or alignment of CNT in the LM matrix. While all
factors contributing to this CNT wetting behavior are not fully understood, the increasing
thermal conductivity observed suggests possible alignment of CNT-CNT within the matrix
due to electric field influence that overrides inter-tubular CNT-CNT Van der waals force
of attraction. Further experiments to understand the nature of CNT-CNT alignment in the
matrix reveal a contribution from self-aligning liquid crystals with ability to order CNT
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along its flow direction, providing explanation for the anisotropy of the thermal
conductivity under electric fields and with certain reference materials design and
configurations.
Analytical modeling used to explain experimental results further supports the role
of CNT-CNT alignment, whether in parallel, series or random orientation93. Fitting of
experimental data collected with applied voltage supports that CNT’s can be at least
partially oriented in parallel within a LC matrix, but are oriented randomly in a silicone
TIM. Fitting of LM-CNT TIM experimental data suggests that CNT orientations lie
between random and series curves. In addition the data also reveals that the parallel CNTCNT alignment needed to achieve optimal thermal improvement of LM-CNT TIM cannot
be achieved for CNT in LM matrix using steel reference, but can only be achieved to a
certain extent with a glass reference material.
Further interface characterization carried out using XPS and SEM/EDX reveals the
role of aged LM-Au/Ni surface chemical reactions in contributing to IMC and strong
ternary IMC-oxide formation through the mechanism of iono-covalency at the interface.
This iono-covalency reduces LM surface tension due to reactive wetting at LM-Au/Ni
interface. In addition, this can further improve interfacial adhesion and contact resistance
with improved CNT wetting at the interface.
Thus, based on the premise that CNT-CNT network orientation plays a role in thermal
performance, it can be summarized that:
1) CNT-CNT alignment cannot be realized in LM-CNT TIM using steel reference
with or without applied electric field
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2) CNT-CNT connections are achieved with LM-CNT TIM with glass reference under
electric field
3) CNT-CNT alignments occur for LC-CNT TIM with glass reference under electric
field
4) CNT-CNT connections achieved for silicone-CNT TIM with glass and steel
reference do not exhibit any change under electric field

Detailed explanation of the CNT-CNT network as it relates to thermal performance
is discussed section 5.2.4.
While Dickey M.D. et al57 work shows non wetting of eutectic GaIn (LM) as a
result of oxides of Ga that displace Indium at the surface, Xu Q. et al101 work however
indicates Ga-oxide skin improves wetting and that interface wetting reduces on eutectic
GaIn when oxidation is prevented. Non-reactive high contact angle values of LM on Ni/Au
and Ni indicate non wetting on these surfaces, LM-Ni/Au interfacial reactive wetting
characterization at room temperature clearly shows that IMCs formation helps in replacing
the oxidized solid metal surface and this results in wetting improvement at the interface.
This phenomenon is explained further in Protsenko P. et al102 study where IMCs
replacement of solid surface oxide films results in better wetting due to intense reactions
occurrence at the interface that is less sensitive to environmental factors than in non reactive systems. Thus, since better wetting improves adhesion at the interface, this
mechanism possibly explains improvement in CNT-CNT network and CNT adhesion to
the reference wall surface and reduction in thermal interface contact resistance Rc1,2.
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Three models are proposed to explain LM-CNT TIM thermal conductivity results (i.e.
decreasing thermal conductivity with increasing CNT loading). Figure 5.1 describe these
models:
1) Aligned CNT-CNT model
2) Aligned but deformed CNT-CNT model
3) Non-aligned CNT model
LM-Ni/Au interfacial characterization results help to better explain some of these
mechanisms in terms of improved thermal contact resistance at the interface.

Figure 5.1: Three models explaining the results

5.2

Thermal Conductivity Characterization
5.2.1

Eutectic Gallium Indium Liquid Metal TIM
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Use of eutectic gallium indium liquid metal as a TIM base matrix is compelling
due to its ability to remain liquid at room temperature and tendency to conform to the solid
surface asperities of mating surfaces to fill its voids and grooves, thereby causing further
reduction in contact resistance at the interface.
It was observed that pure eutectic gallium indium liquid metal without CNT shows
considerably high thermal conductivity around 40 to 50W/m-K. These measured data are
consistent with expected results based on individual thermal conductivity of gallium and
indium, which are ~30 and ~87W/m-K, respectively. However, thermal conductivity of
LM TIM was found to decrease with increasing CNT volume fraction, as described in
Figure 4.3. This result is somewhat unexpected given the high thermal conductivity of
MWCNT particles in the range 2000-3000 W/m-K. Consistency of this trend in LM-CNT
TIM, irrespective of reference or experimental conditions, shows that high thermal
conductivity of a material is not a guarantee of excellent and effective heat dissipation
capability to meet all heat dissipation demands. This further highlights importance of this
type of study towards improving heat dissipation systems.

5.2.2

Silicone -CNT TIM
The silicone-CNT TIM used in this study is a commercially-available TIM,

used to compare thermal efficiency to that of LM-CNT TIM. As silicone-based TIM
thermal characterization is very common in the literature, use of this TIM for comparison
also help ensure the metrology used in this study matches other results and to show other
data from the metrology is accurate.
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Unlike LM-CNT TIM, increase in CNT loading increases thermal conductivity of
silicone-CNT TIM, with highest thermal conductivity at CNT volume fraction between
1.0 and 2.5%, as shown in Figures 4.6 and 4.7. Though this thermal conductivity measured
is relatively small when compared to LM-CNT TIM, the generalized trend is in agreement
with other silicone-based TIM thermal conductivity values reported. The high thermal
conductivity of CNT did not translate to significantly higher thermal dissipative efficiency
for CNT TIM, despite the use of acid-modified CNT that is assumed to be homogenously
dispersed in the matrix, however increase in effective thermal conductivity is attributed to
lower silicone surface tension, viscosity and other properties that contribute to better
wetting of CNT49.

5.2.3

Mechanisms of Application of Electro-Wetting
and Liquid Crystal on this Study

In this study, applied voltage is employed to enhance thermal conductivity through
better wetting for CNT- CNT connections within the matrix. The enhancement through
wetting is achieved by creating an electric field within the TIM or device under test.
With applied voltage on a partially wetting CNT-LM on a planar reference surface,
an electric double layer builds up spontaneously at the solid-liquid (i.e. CNT-LM, LMreference) interface. However in the absence of an electric field, surface tension alone
dominates the behavior of the fluid at the interface. In addition, the bond number which
measures the strength of gravity can be dropped in the system as being negligible. For
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electro-wetting, the applied voltage is controlled to generate a thermodynamic potential
consisting of interfacial energy and electrostatic energy103, 104
Applied voltage causes charges to form on a metal surface with a cloud of
oppositely charged ions on the liquid side at the interface. This phenomenon as it applies
to this study is depicted in Figure 5.2. Since the accumulation occurs spontaneously, it
causes reduction in surface tension103. Electro-wetting is driven by energy gain upon
distribution of charges to the droplet. This decreases contact angle because this increases
capacitance and thus allow for distribution of more charges49. 104
In addition to electrostatic control of the solid-liquid interface causing charge
build-up across the reference and liquid metal- CNT TIM when potential is applied, the
repulsion between similar electric charges present at the liquid surface lowers the surface
tension. At a critical value of applied voltage, wetting occurs, thus forcing liquid metal
into the CNT sidewalls and into CNT inner cores by electro-capillary action104, 105.
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Figure 5.2: Schematic of applied voltage charges distribution

Liquid crystals are poor solvents for CNTs. However, nanoparticles can be
organized using self-assembly directed by methods such as specific inter-particle
interactions, mechanical ordering and electric fields. Thus, CNTs can be ordered in a
reproducible way in LCs, as shown in Figure 5.2. In nematic media, CNT can orient
parallel to the director. The director can be defined as the axis of average LC molecule
orientation designed to prepare monolayer and multilayer films60. In this study, 5CB liquid
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crystal with high dielectric anisotropy (∆ε) of 20 is used and existence of CNT does not
affect physical parameters of the LCs such as dielectric constants and elastic constants.
Self-alignment of CNTs in LC occurs through LC binding, which is enhanced by
maximizing aromatic ring interactions106. LC-CNT interaction energy is close to -2eV,
indicating the independence of functional groups at the edge of the CNTs. Thus, strong
binding energy can be attributed to a charge transfer of close to 0.23e for H-functionalized
CNT from LC molecule to the CNT due to strong electron affinity of CNTs. In addition,
the shortest bond length is 2.2A for H within the LC molecule and C within CNTs. This
indicates the binding nature is that of H-bonding rather than Van der Waals interactions,
resulting in strong anchoring between CNT and LC molecules49,59,60 as shown in Figures
5.3a and b

(a)

In addition, continuum theory of LCs curvature predicts parallel orientation when LC
molecules anchors parallel to particle’s long axis
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(b)
Figure 5.3: (a) CNT-LC H-bonding interaction (b) CNT –CNT network with voltage
induced LC director

With applied voltage, the LC is oriented parallel to a vertical electric field with
appearance of texture associated with motion of CNTs. As shown in the right image of
Figure 5.3b, alignment of LCs parallel to the groove is achieved where CNT is aligned
parallel to the director (i.e. axis of average LC molecules orientation which align CNTs
through inter-particle interactions). Electric field influence overwhelm that of groovescausing LC director and CNTs parallel to the field

5.2.4 CNT-TIM Thermal Conductivity Results Discussion
Decrease in effective thermal conductivity with increasing CNT loading can
generally be discussed as a result of the following five mechanisms:
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I.

Agglomeration of MWCNTs in air (prior to use) prevented CNT-CNT alignment due
to non-homogenous dispersion in LM. Thus, from Figure 5.4 (a), agglomeration of
CNT in LM contributes to low effective thermal conductivity in this study48,107

Figure 5.4: (a) CNT agglomeration impact on thermal conductance (b) Average size
distribution of CNTs in this experiment

II.

One-third of MWCNT (top layer) conducts, other layer are gaps- each layer is closed
and disconnected from each other. The outer layer participates in conduction because
the resistivity perpendicular to tube axis is high and consequently the layers are
effectively insulated from each other. Thus, wetting of CNT by matrix required to
improve heat transport105.

III.

MWCNT with reduced CNT-CNT networks and small MFP of phonons compared to
the system resulted in phonon scattering with reduced heat flow. Heat is conducted in
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CNT through electronic and phonon thermal conductivities (i.e. quantized crystal
lattice vibrations) where ke << 𝑘𝑝 = 𝐶𝑝𝑣 𝑙/3 (ke is electronic thermal conductivity,
kp is phonon thermal conductivity, Cp is heat capacity, v is average phonon velocity
and l =phonon mean free path -MFP). Thus, for heat transport, phonon mean free path
is expected to be larger than the system108. So, minimum MWCNT MFP of 50um
results in phonon scattering in large agglomerated CNTs of 1mm BLT TIM used in
this study. In addition, MFP for material phonons in matrix is small (~Angstroms)
compared to MFP on CNTs (~ um range) causes diffusive heat exchange from CNTs
to surrounding matrix. Inter tubular CNT-CNT connections for heat flow require
longer CNTs, larger overlap and minimum spacing as shown in Figure 5.549,

Figure 5.5: Schematic of inter tubular CNT-CNT network for heat flow

109
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IV.

Controlled dispersion of CNTs in a metal matrix for producing composite remains a
big challenge due to large difference in surface tension and mass density between
CNTs and most molten metals110 .The non-wetting nature of CNTs to LM results in
their clustering. For instance, molten eutectic GaIn LM at room temperature with high
surface tension of~650 mN/m will not readily wet the CNT surface with surface
tension of ~45.3mN/m110. In addition, presence of Ga at the surface and formation of
Ga-oxide layers causes LM-CNT non-wetting and LM non-adhesion to CNTs. This
results in increased LM-CNT interface resistance.

V.

The percolation theory predicts that there is a critical concentration at which
composites containing conducting fillers in insulating matrix become conductive.
Percolation theory is applied in this study to describe the transitions of CNT fillers in
LM-CNT TIM composite to become thermally conductive. Theoretically, the
percolation threshold occurs at such a filler concentration when a conductive network
is formed across the composite by filler particles and it depends on the aspect ratio of
the fillers such as CNTs, the orientation of the CNTs, the type of CNT (e.g. single and
multi-walled CNTs), the matrix-filler interactions and the degree of dispersion in the
matrix. For instance, depending on the polymer matrix, percolation thresholds
between 0.05 and 10 wt% have been observed experimentally for thin films49, 50, 111,112.
Also, the electrical percolation threshold for the polyethylene (PE) matrix/MWCNTs
composites was found to lie between a MWCNT concentrations of 1-3 wt%, whereas,
for the PE/SWCNTs composites, percolation was not attained113.

197

The crossing of the percolation threshold, within a narrow range of the conductive
filler volume fraction, leads to an increase of several orders of magnitude in electrical
conductivity. The work of Shenogina N112 et al., on CNT composites showed steep,
“discontinuous” increases of electrical conductivity as the percolation threshold is
crossed at very low CNT loadings. Measured percolation thresholds for CNT
composites are very low, of the order of 0.1% by volume for electrical conductivity,
which can be compared with 20% –35% by volume for composites with non-CNT
spherical fillers50, 112,114 .
By contrast, thermal transport measurements, even on the same samples, showed no
signature of the percolation threshold despite that both electrical and thermal transport
processes are described by the same continuum equation described in Equation [45]. The
study by Shenogina N. et al112 shows that the thermal result is a manifestation of the thermal
shielding due to CNT tube interfacial thermal resistance where the tube with interfacial
resistance shows much weaker temperature decrease (i.e. no temperature delta) along the
tube since the heat dissipation to the matrix is diminished. Further analysis, shows that the
temperature profiles for tubes in contact and at 10 nm separation are indistinguishable for
CNT tube with interfacial resistance. By contrast, significant temperature decrease from
50oC at the tube end to the contact area is attained for the CNT tube with no interfacial
resistance112. This sharp decrease in temperature is associated with the heat dissipation into
the matrix. Furthermore, for the thermal problem, even for very conductive CNTs, kf /km
is about 104 (using kf =3000 W/m K and km= 0.138 W/m K), while for the electrical
transport, the ratio of conductivities can be of the order of 1012-1016 .Thus, thermal
conductivity ratio is just not high enough to induce a strong percolation threshold effect on
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thermal transport. Furthermore, with strong effects of interfacial and contact thermal
resistances, the percolation thresholds on thermal transport are completely eliminated. For
CNT-LM TIM, the ratio of conductivities is far less than 104 (using LM km of 30W/mK,

kf /km ~102).Thus, it is concluded from experimental thermal conductivity results of LMCNT TIM that the CNT tubes used in this study have interfacial thermal resistance and this
significantly contributes to decreasing thermal conductivity values as CNT loading
increases.
In this study, increase in thermal conductivity with increasing CNT loading for
silicone-CNT and LC-CNT is attributed to wetting (silicone with surface tension of
~20mN/m vs LM of~650mN/m) and filling of CNT with silicone or LCs, thus promoting
CNT-CNT connections. This increasing CNT loading and wetting behavior is in contrast
with eutectic gallium indium liquid metal with high surface tension that contributes to
partial wetting of CNT. This result is in agreement with electro-capillary studies of liquid
metal demonstrated through the work of Chen, J.Y et al104, which showed that liquid metal
with surface tension greater than 200mN/m cannot spontaneously wet and fill CNTs.
However, liquid matrices with surface tension below 200mN/m will readily wet and fill
the CNTs.
The general trend of low thermal conductivity in the LM-CNT, silicone-CNT and
LC-CNT TIMs relative to a characteristic CNTs thermal conductivity value of 3000W/mK or higher is attributed to low thermal conductivity of the base matrix (~30W/m-K for
LM and ~0.3W/m-K for silicone or LCs) and the failure of CNT to dissipate heat due to
CNT interface resistance and phonon scattering.

Aligned solid-like liquid metal

molecules (usually promoted by IMC formation) at the interface are expected to play a
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critical role in heat transport from the solid wall to adjacent liquid molecule. Also, since
MWCNT have a large specific surface area of ~300m2/g, the aligned solid-liquid interface
can improve effective heat transfer across the interface. This can be hindered, however,
by low thermal conductivity of the liquid matrix.

5.2.4.1

Aligned CNT-CNT Model

In addition, strong CNT – CNT networks are required to conduct heat and improve
the TIM’s effective thermal conductivity, since electronic transport in the CNT is ballistic
(i.e. characterized by sudden but guided conduction) but cannot dissipate heat48, 49, 115, 116
. Thus, CNT ability to conduct heat through matrix of low thermal conductivity results in
an overall TIM composite of low thermal conductivity. Only one- third of multi walled
CNT layers used in this study contributes to heat conduction. The other layers consist of
insulating semiconductors, with each layer is closed and dis-connected from each other49,
105

.Thus, MWCNTs will conduct only if the outer layer conducts. If the next layer is

insulating, the inner layers will be effectively insulated from each other. This explains
why strong CNT-CNT interaction is required for effective thermal transport105. As shown
in Figure 5.1, this behavior is captured in model 1 and can be attributed to why LM-CNT
TIM with glass reference shows effective thermal conductivity improvement under
electric field tests where wetting occurs between CNT and LM to promote CNT-LM heat
dissipation and CNT-CNT network formation. This effect is not uniform across all CNT
loadings where thermal conductivities increase of ~50% or less are achieved with applied
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voltage over non voltage tests, as shown in Figure4.4. The results suggest that this model
is not dominant.

5.2.4.2

Aligned But Deformed CNT-CNT Model

Model number 2 from Figure 5.1 proposes that interfacial adhesion between CNT
and matrix of the TIM composite can influence the phonon conduction by causing
damping of phonons at the interface. Strong interaction between CNT and matrix, such as
epoxy, will cause strong coupling of the CNTs to the matrix, making the CNT less
conductive due to damping of phonons. In contrast, with weak coupling at the interface,
phonon scattering at the interface would be less pronounced. The strong coupling provided
by acid-modified –COOH-CNT with strong hydrogen bond to the polymer matrix results
in reduced thermal performance49. In this model for CNT-LM TIM, coupling between
CNT and LM molecules is enhanced through wetting (i.e. during voltage application) that
promotes CNT-CNT alignment. However, wetting can be hindered due to layers of similar
charges or through Ga-oxide coupling with H from acid modified CNT, the damping of
the phonon affects phonon conduction at the interface49, 116, 117 .This phenomenon can be
partly due to over 30% higher surface tension for gallium than indium in LM matrix, such
that the CNT-Indium formed is kept within the bulk gallium or Indium is replaced by Gaoxides formation which reduces wetting in the bulk and at the interface (including the
cooler end reference plate where oxide formation is assumed to be higher). This
phenomenon results in increased CNT-matrix interface resistance despite CNT-CNT
alignment, causing further reduction in thermal performance with increasing CNT loading
for CNT-LM TIM. As previously explained, MWCNTs inability to dissipate heat to
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surrounding matrix causes reduction in effective thermal conductivity as CNT loading
increases. Processes that promote selective but direct CNT-CNT connection with optimal
conditions for CNT-LM adhesion can reduce this effect.

5.2.4.3

Non-Aligned CNT Model

Another important factor that causes low thermal conductivity in CNT composite
is the structural quality of the CNT, as expressed in model 3 of Figure 5.1. In this study,
the MWCNT used is produced by CVD method due to its availability and cost advantage.
However, this CNT production method causes low structural quality when compared to
CNTs grown by arc discharge or laser ablation. Low structural quality results in quenching
of phonon modes, as radial deformation of CNT is reinforced by van der Waals forces,
resulting in thermal conductivity reduction115, 116.Thermal conductivity can be significantly
improved by reducing inter-tube scattering and dampening of thermal vibrations by
allowing tubes to touch each other over a short distance of 2-3% of their total length such
that they still provide sufficient overlap to transfer thermal energy and reduce radial
radiative heat loss from MWCNT surface49, 115, 116 .The acid modified MWCNT used in
this study should reduce radial deformation and agglomeration of CNTs. However, inter
tube scattering control is difficult when the CNT is randomly dispersed in the matrix,
limiting pathways of phonon transport for CNTs in TIM composites.
In, summary, these findings provide explanation on the phenomenology of CNTCNT and CNT-matrix interfacial thermal resistance and why the experimental data cannot
correlate well with analytical modeling. As shown in Figure 4.16, experimental data for
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LM TIM with glass and steel references fit well between series and lower Maxwell
models, indicating there is no parallel orientation of CNTs. In addition, reduction in
thermal conductivity with increase in CNT loading can be attributed to poor conduction
of CNTs at the outer layers, even with voltage applied, high CNT interfacial resistances
cause insulation of CNT layers in series and random orientations49, 105. However, the
increase in thermal conductivity of LM with glass reference with applied voltage indicates
strong influence of electro-wetting that lowers the surface tension of eutectic gallium
indium LM on the glass surface, resulting in better top layer CNT-CNT conduction
between the two glass plates. However, the wetting on glass cannot be replicated on steel
plates irrespective of voltage increase. This may be due to inadequate charge distribution
on dielectric reference material plates to promote LM matrix surface tension reduction
and for TIM composite interface and contact resistances reduction during thermal
conductivity measurement.

5.3

LM-Au/Ni Interface Characterization Results
Discussion

Contact angle data of non- reactive liquid solid tests shown in Figure 4.18 suggests that
eutectic gallium indium liquid metal is not capable of wetting the gold, nickel, silicon and
copper surfaces due to its high surface tension in the range of ~650mN/m104, 118, 119. Using
Young’s equation (i.e. Equation [20]) and Equation [40b], the intrinsic contact angle in a
non- reactive liquid/solid system results from two competing forces namely-(i) adhesion
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forces which promotes wetting at liquid and solid interface, (ii) cohesion forces of the
liquid that is modulated by the surface tension of the liquid acting in the opposite direction.
Thus, the shape of a liquid droplet is determined by its surface energy in which for a pure
liquid, each molecule in the bulk is pulled equally in every direction by neighboring liquid
molecules, resulting in a net force of zero. However, the molecules exposed at the surface
do not have neighboring molecules in all directions to provide a balanced net force. Instead,
they are pulled inward by the neighboring molecules.
High surface energy of LM reflects high cohesion of metals due to its metallic, (i.e.
chemical or strong interfacial metallic bonding). In addition, Yuan Y.84, and
Eustathopoulos N.119, studies show that good wetting system is observed if adhesion energy
is close to cohesion energy of the liquid 2σLV and non-wetting contact angle, θ>>90o
corresponds to weak interaction (provided by weak van der Waals forces) between liquid
and solid as shown in LM- Au/Ni or LM- CNT used in this work.
Furthermore, at 125oC temperature of the droplet, the cohesive energy of liquid is
reduced and as a result of thermal gradient at the solid-liquid interface, the droplet moves
from the hot side to the cool side of the solid, also, the droplet moves to expose its fresh
surface and to wet the fresh surface of the solid in turn84, this explains why all solid surfaces
in Figure 4.18 show reduced contact angles at 125oC than at 55oC.
However, higher contact angle of LM-CNT test at 125oC in Figure 4.19 is attributed to
CNT –LM interaction at the heterogeneous interface. In this test, dry CNTs particles are
spread on a flat solid surface and pressed to form a very thin layer of CNT sample before
LM droplet contact angle is measured. Apart from non-solid, non-homogenous CNT
surface, increase in temperature on CNTs as droplet contact is established on CNT results
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in increase in diameter and coalescence of CNTs into bigger MWCNT tubes. This is
because, as a tube is heated, vibrations of its constituent atoms increase, lengthening the
bonds and thus weakening bond120. This phenomenon at higher temperatures causes higher
contact angle of LM on CNT surface.
In addition, higher contact angle (~10o) of LM on Ni sample surface at 125oC over
Ni sample at 55oC is attributed to Ni layer oxidation which forms a continuous layer of
Ni-oxide with thickness of ~2nm on the surface96. In this study, AES analysis on fresh Ni
sample in Figure 4.20 (e) shows about 20% atomic weight of O at room temperature and
that Ni-oxide is formed from dissolved oxygen when LM droplet at 125oC contact angle
is measured at Ni-LM interface. The NiO serves as interfacial layer providing weaker
adhesion to LM wetting at higher temperatures.
Room temperature reactive wetting results of eutectic gallium liquid metal on
~0.4um Au/Ni and ~4um Ni surfaces after 21 days show chemical bond formation
between Ga, Au and Ni at the interface. Figure 4.23b shows dissolution of Ga in Au,
diffusion of Nickel into Au and separation of Indium from Ga which remains on the
surface. However with thicker Au/Ni (~1um Au) at the interface, reactive wetting shows
uniform 70%wt of Ga. Continuous Ga exposure indicates Ga dissolution in Au is still in
effect after 21 days, as shown in Figure 4.23c. Though, sessile method limitation did not
permit contact angle measurement of aged-LM on Ni/Au or Ni surface to establish better
wetting, SEM/EDX data show presence of IMCs that promote reactive wetting as a result
of intense reaction at the interface102. The room temperature reactive wetting occurs as a
result of replacement of the oxidized surface with a clean layer of uniform IMC. The
formation of iono-covalent oxide at the interface, as shown in Figures 4.26 and 4.27
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(spectrum 2) was studied by Chatain D103 and Naidich Y.V121 where dissolved oxygen at
LM-solid surface creates an improvement in wettability of the interface during reactive
wetting at low temperatures. The study further shows that gallium with stronger affinity
for oxygen with addition of neutral metals such as Au promotes occurrence of interfacial
chemical reactions for formation of both ionic and covalent solids of IMCs.
The mechanism of this reaction is shown in Figure 5.6, below, whereby dissolved
O from LM bulk creates Me

2+

and O

2-

with metal atoms in its vicinity and adsorbs to a

greater extent at metal-oxide and IMC-oxide interface103. Electrostatic attraction between
IMC-oxide (i.e. covalent) and Me

2+

and O

2-

ions causes ionic and covalent chemical

reactions. This interactions cause sharp reduction in surface tension at the solid-liquid
interface than LM bulk surface tension resulting in contact resistance of LM-surface as
well as LM-CNTs within the vicinity of the solid surface.
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Figure 5.6: Mechanism of iono-covalency formation at the interface
In summary, use of CNT-LM TIM for heat dissipation requires wetting of CNTs in
LM matrix in addition to selective processes to enhance CNT-CNT connections and reduce
reduction of phonon scattering in the composite. While reduced thermal contact resistance
at the interface can be achieved through wetting (such that CNT-solid reference surface
connections can be achieved through IMC formation), the optimum thickness of IMCs
must be determined and controlled through defined Au/Ni thickness and other reactive
wetting factors. Experimental design with good materials selection will ensure the CNT
outer layer maintains good thermal conduction to the next CNT for proper heat dissipation
within matrix.
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Chapter 6:

Results Summary and Future
Work

6.1

Study Application and Summary
This study investigates thermo-mechanical understanding of LM-CNT TIM

through measurements of effective thermal conductivity and through characterization of
the contacting interfaces for improvement in heat dissipation. The general trend observed
on LM-CNT TIM is a progressive decrease in effective thermal conductivity with
increasing CNT loading, these results are counter-intuitive due to high thermal
conductivity of isolated CNTs in the range of ~3000W/mK. Comparison of effectiveness
of LM-CNT based TIM over other convectional TIMs such as silicone oil polymer matrix
and LC based TIM reveals orders of magnitude higher thermal conductivity for LM TIM
over the silicone and LC based TIMs. In addition, the use of a liquid crystals (LC) based
matrix to enhance CNT-CNT network orientation in an electric field resulted in a
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significant increase (over 75%) in thermal conductivity over silicone-CNT based TIM
composites.
The anisotropic nature of the thermal conductivity of randomly dispersed CNTs,
poor wetting of CNTs in LM matrix and high interface resistance of CNTs are major factors
used to explain the lower thermal performance of LM-CNT- TIM (relative to pure LM TIM
without CNT). In addition, CNT phonon scattering prevents strong CNT-CNT thermal
connections in the LM-CNT TIM within the bulk and at the interface
Analytical models support a non-parallel alignment of CNTs in the LM matrix.
LM-CNT TIM experimental data fall within series and random CNTs distribution models
but cannot predict the counter-intuitive trend of decreasing thermal conductivity with
increasing CNT loading. This behavior is explained with 3 models based on CNT-CNT
connections within the bulk matrix and solid surface
LM wetting of surfaces of interest and mechanisms of interfacial contact resistance
are studied using non-reactive contact angle measurements and reactive wetting through
aged LM characterizations. Non-reactive wetting with high contact angles in the range of
120o at both 55oC and 125oC on Ni/Au surface is hypothesized to be reduced with
formation of ternary Ga-Au-Ni IMCs as a result of intense reactions at the interface.
Oxidized surface is replaced with a clean IMC layer to improve wetting of oxide film layers
2+

2-

at the interface. Furthermore, dissolved oxygen from LM bulk creates Me and O with
metal atoms in its vicinity and adsorbs to a greater extent at IMC-oxide interface to form
IMC iono-covalency at the interface. Iono-covalent mechanism as a result of electrostatic
attractions between IMC-oxide and ions from the bulk LM further reduce interface surface
tension. The resulting interfacial wetting improvement causes CNT-CNT connections and
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better LM-CNT adhesion to the solid surface. These are required to reduce thermal contact
resistance at the interface.
Though, this study did not meet 10x effective thermal conductivity improvement
target over existing TIMs. This work has shown that with the right materials and optimal
assembly processes configurations LM-CNT TIM can be applied to packaging heat
dissipation through:
a) Reduction of CNT agglomeration by optimizing CNT AR required to achieve
heat flow and minimize phonon scattering
b) Electro-wetting of CNTs with LM to avoid creating gaps that are disconnected
within CNTs and improve CNT hear dissipation to LM
c) Modification of CNT-LM tips for direct CNT-CNT and CNT-Solid surface
contact
d) Better method to include LM aging reactive wetting and characterize reduction
in contact and interface resistances

6.2 Future Work
Future studies on LM-CNT TIM should focus on expanding work across additional
CNT types and reference materials. In addition, further characterization should be done to
understand work of adhesion for LM-CNT and how it correlates to thermal conductivity.
In this study MWCNT is used to meet critical aspect ratio, as shown in Figures 2.2
and 2.3, in order to improve formation of CNT-CNT networks. Functionalized CNTs were
chosen to improve CNT dispersion in the matrix. Previous studies104, 105 have shown,
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however, that MWCNTs contribute only one-third of the multi walled layers to heat
conduction while other closed layers serve as insulating semiconductors and disconnected
from each other. Based on these findings, future work using MWCNTs, SWCNTs or
DWCNTs, with and without functionalization should focus on modification of CNTs to
improve thermal dissipation to surrounding matrix for overall improvement in TIM
composite thermal conductivity. Future work should also study the performance of CNTs
synthesized by non-CVD methods such as arch discharge and laser ablation methods to
validate contributions of CVD impurities to reduced-thermal transport. In addition, direct
and controlled CNT growth on the reference plates with LM applied after CNT growth
should be investigated for thermal conductivity improvement. Direct CNT contact between
both sides of the reference plates will further validate the CNT-CNT networks impact on
thermal conductivity.
Further characterization of interfacial and contact resistances using glass, steel and
other reference materials coated with Ni/Au with other highly conductive matrices will
further deepen understanding of interfacial wetting and adhesion mechanisms. For this type
of study, it is essential to compare thermal conductivity of aged LM-CNT TIM against
non-aged LM-CNT TIM to further establish role of reactive wetting of LM-CNT, adhesion
and IMC formation on interfacial and contact resistances. This characterization can be done
through in situ contact angle measurement of aged LM in CNT-LM TIM before, during
and after thermal conductivity measurements.
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