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To improve the heat dissipation capability of high-power electronic systems, advanced thermal interface materials
(TIMs) with high thermal conductivity and low interfacial thermal resistance are urgently needed in the structural
design of advanced electronics. Metal-, carbon- and polymer-based TIMs can reach high thermal conductivity and

are promising for heat dissipation in high-power electronics.

thermal interface materials thermal conductivity high-power electronics

| 1. Introduction

Due to the highly integrated and hierarchical structure of high-power density electronics, there is tremendous
localized thermal energy generated per unit time, which indicates advanced thermal management is necessary to
reach higher stipulations of heat dissipation B4l Effective thermal management could guarantee normal
operation and efficient device performance, especially for high-power electronics with heat fluxes of 150-200
W-cm~2 and pulsed transient heat loads with fluxes of more than 400 W-cm=2 ¥, such as automotive vehicles &,
defense electronics [, aerospace & and computer processors [ Structural cooling systems such as
microchannels for liquid cooling have been widely applied in electronics for effective heat dissipation AL The
convection flow in microchannels contributes to the cooling process by removing the generated heat from
electronics. For more integrated equipment with a smaller size and less operation space, air cooling can also be

used in the high-power electronic system by adding cooling sinks into the electronic devices 121,

Usually, the contact between the chip and the cooling sink is not ideal due to the roughness of both materials at the
microscale. Therefore, air with low thermal conductivity of only 0.024 W-m™1.K™1 always fills the spaces between
the interfaces, resulting in high thermal contact resistance. Therefore, the implementation of advanced thermal
interface materials (TIMs) plays a critical role in the effective thermal management of high-power electronics. TIMs
are used to improve heat dissipation efficiency in electronic devices and are usually positioned between the chip
and heat sink. They can fit well with the interfaces and eliminate air voids by filling the air gap between the chip and
heat sink. Therefore, high thermal conductive TIMs should enhance heat transfer and reduce the thermal contact
resistance. Additionally, TIMs require appropriate thermal expansion to match the working chips to minimize
interfacial thermal resistance. As a result, the development of advanced TIMs and improvement in their thermal
conductivity are of vital importance in the manufacture process of high-performance electronic devices. There are
numerous types of TIMs commercially available or under development, including thermal grease/paste, carbon-

based materials, phase change materials and filled polymers, which are suitable for employment in various kinds of
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electronic devices 13l Low interfacial thermal resistance and high thermal conductivity, good adhesion and
conformability are the general requirements for TIMs. Furthermore, TIMs should also have long-term stability, be

nontoxic and not spill to keep pace with high-power electronic system technologies.

2. Heat Dissipation Model of TIMs Used in High-Power
Electronics

Decreasing interfacial thermal resistance and enhancing the intrinsic thermal conductivity of TIMs are both effective
methods to improve heat dissipation efficiency. Most TIMs are composites; therefore, it is of great significance to

understand their heat conduction and dissipation models.

2.1. Thermal Resistance Models

During the heat dissipation of high-power electronic devices, heat flows from the high-temperature part to the low-
temperature part. Thermal contact resistance (also known as Kapitza resistance) occurs between the solid
substrate and TIMs, which impedes the propagation of heat flow. Apart from that, fillerfiller and filler—matrix
thermal contact resistance inside TIMs should also be considered for the whole system. The nanoscale fillers in the
TIMs would introduce more interfaces, which would cause intense phonon scattering and impede the process of
heat transfer. As a result, the control and further study of thermal contact resistance are of great significance in the

development of advanced TIMs.

For metal-based TIMs, the thermal contact resistance at metallic—-metallic interfaces is mainly caused by the
scattering of electrons influenced by lattice mismatching and defects. For other metallic-nonmetallic interfaces,
both phonons and electrons could be the carriers for heat conduction. Zhou and Li 24 proposed a metallic—
nonmetallic interfacial heat transfer model, which pointed out that heat could transfer through the phonon—phonon
coupling, phonon—electron coupling, and electron—electron coupling processes between metallic particles, the
polymer matrix and nonmetallic particles. The degree of competition between these three kinds of transportation

processes would determine the value of the thermal contact resistance.

Recently, a variety of methods have been introduced for predicting thermal contact resistance, including theoretical
models, atomistic methods and experimental measurement methods (1218l Regarding the basic theoretical
models, Swartz and Pohl &4 introduced the acoustic mismatch model (AMM) and the diffuse mismatch model
(DMM), both of which consider that the interface at both sides of two materials has continuity. For the AMM, the
incident phonons conducting heat can be treated as plane waves, and possible scattering can be ignored, which
mean this model only matches well with actual situations at low temperatures (T < 10 K). In contrast to the AMM,
the DMM considers that all the incident phonons are completely scattered, and can predict thermal contact
resistance at about T > 15 K, but it is not applicable at higher temperatures. More developments based on these
two models have also been made. Prasher (81 modified the traditional AMM and considered the influence of the
van der Waals force between the nanofiller—nanofiller and nanofiller—matrix. Hopkins and Norris 29 proposed a

modified joint frequency diffuse mismatch model (JFDMM) based on the DMM, which includes the effect of inelastic
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scattering of phonons. Atomistic methods, such as the Boltzmann equation 29 molecular dynamics (MD) 2 and
Green'’s function 22, can also be used to study interfacial thermal transportation at the atomic scale by simulating
the motivation of the hot carriers, and use basic potential functions to calculate the thermal contact resistance
between different materials.

According to the schematic diagram of high-power electronics’ heat dissipation in Figure 1, the interfacial thermal

resistance of TIMs (Rt can be shown as follows [23!:

BLT

kv

Rrv = + Rci1 + Rez, 1)

where BLT refers to the bond line thickness of TIMs, kyy refers to the thermal conductivity of TIMs, Rc; is the
thermal contact resistance between the TIM and the heat sink, and R is the thermal contact resistance between
the TIM and the chip. This formula shows that TIMs with lower BLT and higher thermal conductivity are ideal for

achieving lower interfacial thermal resistance.
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Figure 1. Schematic diagram of heat dissipation and interfacial thermal resistance in high-power electronics.

When calculating BLT, a suitable calculation model should be selected according to the physical state of TIMs.
Prasher’s scaling-bulk model 24 showed BLT is primarily related with the yield stress of the polymer matrix Ty. The
formula can be given as [23:
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where r is the substrate radius, P is the applied pressure, c is a constant number, and d is the particle diameter. Hu
(28] introduced a two-medium model of fluid viscidity and filler particle contact interactions, and found that BLT is

highly related to the particle contact interactions when the thickness of the TIM decreases to a particular value.

The properties of the contact surface, such as the surface roughness, thermal conductivity of the contacting
materials, hardness and contact pressure, can influence the thermal contact resistance [27], The sum of the thermal
contact resistance R, can be defined as:

01 + 0y Anominal
R¢g = Rc Rc - )
¢ 1T ez ( 2ktm ) < Arcal ) )

where ol and o2 are the roughness of the contact interfaces of the heat sink and chip materials, and Anomina @nd

Ac4 are the nominal and actual microscopic area of the two contact interfaces, respectively.

For solid-like TIMs, plastic deformation can be used to estimate the ratio of the nominal and actual microscopic
area. Thus, the total thermal contact resistance R, can be further defined as [28]:

1 o 2.5k1k2 m <

§_k1—|—k2 /0-1+0-2

0.95
) 5 4)

where k; and k, are the thermal conductivity of the heat sink and chip materials, m is the effective absolute mean

| "o

asperity slope, P is the contact pressure, and H is the surface microhardness. The increase in contact pressure

makes the surfaces fit more tightly, increases the contact area and enhances the heat transfer at the surface.

For liquid-like TIMs, the models based on the plastic deformation mentioned above are not applicable since these
TIMs have high fluidity and will adhere to the substrate with no plastic deformation. In this case, Anomina @nd
Aea Need to be calculated by the difference in surface energy resulting from different adhesions of fluidic TIMs to
the substrate surface 27,

2.2. Thermal Conductivity Models
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The main heat conduct carriers are electrons in the case of metals above room temperature, while the main
carriers are phonons in the case of nonmetal. From a microscale point of view, the thermal resistance at the
interfaces between the matrix and fillers inside the composite materials is attributed to the difference in electron or
phonon vibration properties (23], Electron and phonon scattering will occur while heat carriers are passing through
the contact interface; therefore, the large difference in carrier density between two sides can cause a dramatically

decrease in the thermal conductivity of composites, and thus impedes the heat transfer process.

Since most TIMs are composites, both phonons and electrons can be the carriers in conducting heat, and various
models are used to calculate their thermal conductivities. For metals and alloys, the electronic transport efficiency
is high and is involved in the conduction of thermal and electrical energy. The Wiedemann—Franz law 22 indicates
that thermal conductivity is proportional to the electrical conductivity. The scattering and electron—electron

interactions at the surface will also impact the thermal conductivity of metals and alloys.

In addition to metal-based TIMs, composite-based TIMs cover a wide range, and plenty of models can be used to

calculate their thermal conductivity.

One of the typical composite-based TIMs is composed of an organic matrix and highly thermal conductive fillers.
The Maxwell model BYB can characterize polymer-based composites with randomly dispersed sphere-shaped
fillers at a low volume fraction, which does not include the interfacial thermal resistance between matrix and fillers.
Based on the Maxwell model, the Hasselman and Johnson model 32 considers the influence of the filler size and
interfacial thermal resistance between the filler and matrix to calculate the thermal conductivity. This model uses
the reciprocal of the interfacial thermal conductance to represent interfacial thermal resistance and is widely used
in predicting the thermal conductivity of metal-based and carbon-based composites. The phonon-electron
interaction at the filler—matrix interfaces will increase the interfacial thermal resistance and make it nonnegligible.
Molina et al. 231 employed the Hasselman-Johnson model to estimate the effect of porosity on the thermal
conductivity of Al-12 wt % Si—graphite composites. Caccia and coworkers 24 improved the interfacial thermal
conductance of Al-diamond composites via surface modification of diamond particles. They successfully utilized
Maxwell and Hasselman—Johnson models to predict the thermal conductivity of the samples. In addition, Prieto and
his coworkers 2 investigated the influence of the amount and particle size of SiC on graphite flakes—SiC
particles—metal composites, whose theoretical thermal conductivity was predicted by the Hasselman—Johnson
model. On the contrary, the Bruggeman model [B8IE7] yses mean field theory to consider the interactions between
matrices and fillers. Furthermore, it can be also applied at relatively high volume fractions 28, There are also more
comprehensive models that consider the type, shape and size distribution of fillers and these models can all be

applied in TIMs with nanoscale fillers according to the previous works [22[34139]140][41]

As for the other inorganic TIMs composed of carbon or other cubic 11I-V compounds, phonon transport is the main
heat conduction path. The slack model 2 can be used to explain the high thermal conductivity of graphite,
diamond-like ©3! and boron carbide crystal structures. For these inorganic TIMs, with a low atomic mass of
constituent elements, high bonding strength, simple crystal structure and less phonon collision, the heat transfer

will be largely enhanced.
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One method used to improve thermal conductivity 4! includes increasing the number of fillers to induce thermal

percolation (23] which can create a network in the material for thermal conduction and form effective heat transfer

paths. Another effective way is to reduce interfacial thermal resistance by surface modification of fillers. The

formation of an intermetallic alloy with high thermal conductivity can accelerate the heat transfer rate in metal-

based TIMs. If fillers have thermal conducting anisotropy, uniform alignment will increase the thermal conductivity

in a specific direction.
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