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due to the non-Fourier effect and the large 
interface density.[2,3] Subsequently, the 
complexity and importance of interfacial 
heat transfer have gathered substantial 
attention.[4–6]

Interfacial heat transfer challenges 
are ubiquitous in energy conversion and 
transport processes, such as electronic 
chips,[7–9] batteries,[10–12] thermal manage-
ment materials,[13–15] nanotherapies,[16] and 
nanofluids.[17–19] The chip is manufactured 
by stacking and etching various materials, 
which generates hundreds of micro/nano 
interfaces. Likewise, for the battery, the 
interface of electrolyte and positive (nega-
tive) electrodes will undergo redox chem-
ical reactions, which will significantly 
affect thermal safety. Thermal interface 
material (TIM) is a typical thermal man-
agement material that is usually used to 
fill the interface gap. As the TIM thickness 
decreases, the proportion of interfacial 
thermal resistance increases (Figure 1),  
which occupies 70% of the contact thermal 
resistance when the gap equals 10  µm. 
The interfacial thermal resistance has an 
even larger proportion for high thermal 
conductivity TIMs, such as solder. Unfor-

tunately, these interfacial heat transfer bottlenecks ultimately 
lead to a decrease in material function and reliability. There-
fore, enhancing interfacial thermal transport is an imperative 
scientific and technical challenge faced by many frontiers.

Improving the electron and phonon transmission is the key to 
enhancing interfacial heat transfer. On an atomic level, different 
atoms interact through metal bonds, covalent bonds, hydrogen 
bonds, van der Waals forces, etc. Such interactions will directly 
affect electron and phonon transmission. Statistics of the kinetic 
energy of heat carriers thus lead to macroscopic interface heat 
transfer parameters, such as interfacial thermal resistance or 
interfacial thermal conductance (ITC). To improve the transmis-
sion of the heat carriers, intermediate material is usually inserted 
into the interface.[25] Indium is the most commonly used inter-
mediate material,[26] and it easily diffuses into other metal mate-
rials to form metal bonds, which benefits electron transmis-
sion. In addition, sulfide group-modified single alkane molecule 
(SAM) can form covalent bonds with metals to enhance phonon 
transmission.[27] Therefore, intermediate materials play a vital 
role in improving the transport of heat carriers.

Bonding is a common terminology in microelectronic fabri-
cation.[28] Electrical bonding improves the electrical conductivity 
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1. Introduction

Interfaces are considered as the devil for heat transfer. The 
drastic jumps of material microstructures and elemental com-
positions at the interface severely impede electron and phonon 
transport and thus lead to a large temperature jump. The 
first experimental observation of this phenomenon was when 
Kapitza measured a nonzero temperature difference across a 
copper/liquid helium interface.[1] With the characteristic length 
approaching the nanoscale in materials and devices, thermal 
transport across the interface is currently becoming dominant 
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of the interface,[29] and mechanical bonding improves the 
mechanical strength of the interface.[30] Surprisingly, there is no 
related concept for heat. This article follows this expression and 
proposes the concept of thermal bonding. Thermal bonding is 
an interfacial heat transfer method to improve the heat carrier 
transmission by sandwiching an intermediate material between 
two materials. The intermediate layer is also called the thermal 
bonding material (TBM). This review mainly covers the thermal 

bonding field in terms of the heat transfer mechanism, influ-
ence factors, TBMs, and applications, as shown in Figure 2.

In this review, interfacial bonding heat transfer is discussed 
using the following stepwise approach: 1) the electron and 
phonon transmission models, and microscale interfacial heat 
transfer mechanisms for metal/metal, metal/nonmetal, non-
metal/nonmetal, are generally introduced. 2) The effects of 
the four bonding forces, electron density, and phonon vibra-
tion density of states on heat transfer are thoroughly discussed.  
3) The TBMs to enlarge ITC are summarized. 4) The applica-
tions of thermal bonding strategy are highlighted. 5) Finally, 
to wrap up this review, the conclusion and perspectives are 
stated. The insights and summarized advances of this review 
are useful for understanding interfacial thermal transport and 
dealing with interfacial thermal challenges.

2. Interfacial Heat Transfer Mechanism

It’s intelligible to elucidate the microscopic mechanism of 
interfacial heat conduction by considering the process between 
the initial state of energy input and the final state of establish-
ment of steady energy balance. For interfaces composed of dif-
ferent materials or different phases of the same material, the 
energy states of heat carriers (electron energy band, phonon 
dispersion, etc.) of each side are different. At the beginning of 
energy being input from heat sources on one side (hot side), 
heat transfers from this side to the other (cold side) across the 
interface, while the transmission of some modes of heat car-
riers is restricted because of mismatch of energy states. At this 
moment, the heat flux across the interface is less than the total 
energy input by heat sources, implying an unsteady state. To 

Figure 1. The variation of interfacial thermal resistance with the thickness 
and thermal conductivity of TIM. R equals the sum of Rc and thermal 
resistance of TIM, where R is the contact thermal resistance, and Rc is the 
interfacial thermal resistance. The data was summarized and calculated 
from refs. [20–24].

Figure 2. The connotation of thermal bonding.
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complement the heat flux and reach energy balance finally, the 
carrier occupation numbers on each allowable energy level of 
hot side will increase consistently to open additional heat chan-
nels, exhibiting a macroscopic temperature rise of hot side as 
well as a distinct temperature jump at the interface. It is worth 
mentioning that the interfaces discussed here are perfect plane 
contacts, though the uneven contacts caused by roughness and 
imperfection sometimes play a more dominant role, which is 
not the focus of this review and has been discussed systemati-
cally elsewhere.[31]

Heat in solids is mostly carried by electrons or phonons 
(atomic vibration). According to different types of heat carriers, 
the interface can generally be divided into nonmetal/nonmetal, 
metal/nonmetal, and metal/metal interfaces, as shown in 
Figure 3. For the nonmetal/nonmetal interface, the phonon is 
the dominant carrier. For the metal/metal interface, electrons 
are the main heat carriers, since the electron-dominated scat-
tering processes at interfaces occur much faster (with time 
scales in the 10s of picoseconds for metal/metal interfaces) 
than the phonon-dominated scattering processes across inter-
faces, which takes place in the several hundred picoseconds to 
nanosecond time scales.[1] For the metal/nonmetal interface, 
both electrons and phonons participate in heat conduction, and 
the interface heat conductance can be regarded as the parallel 
thermal resistance network, consisting of the energy trans-
mission between electrons in the metal and phonons in the 
nonmetal (interface electron–phonon coupling), in line with 
the energy exchange between phonons in both metal and non-
metal. Generally, the thermal transport of metal/metal interface 
is better than that of metal/nonmetal and nonmetal/nonmetal 
interface, whose ITC can be greater than an order of magnitude 
as compared to the typical phonon-dominated conductance. In 
addition, because phonon transport is affected by the detailed 
matching characteristics of the phonon dispersion and the 
strengths of interface forces, it is difficult to compare the ITC of 
metal/nonmetal and nonmetal/nonmetal directly.

The capacity of interfacial heat transfer is quantified by the 
ITC, G, which relates the heat flux to the temperature drop 
at the interface. ITC is also called thermal boundary conduct-
ance (TBC), which is inversely related to interfacial thermal 

resistance R (also called thermal boundary resistance [TBR]). G 
can be estimated by the following empirical models or compu-
tational simulation methods.

2.1. Nonmetal/Nonmetal Interface

In terms of empirical models, nonmetal/nonmetal interfacial 
heat transfer is classically described by the acoustic mismatch 
model (AMM) and diffuse mismatch model (DMM),[32–34] and 
both models are based on harmonicity assumption. In the 
AMM model, the estimated interface phonon transmittance 
and interface thermal resistance are given by analogy with the 
specular refraction and reflection waves at the interface. How-
ever, the above assumptions can be satisfied only when the long 
wavelength phonons dominate the heat conduction because the 
short wavelength phonons will have significant diffuse scat-
tering at the interface. Therefore, the AMM model can give the 
estimated interface thermal resistance in accordance with the 
experimental observations only at very low temperatures (<10 K) 
and only when low-frequency longwave phonons are dominant. 
For high temperatures, high-frequency shortwave phonons 
dominate heat transport, and phonons diffuse significantly at 
the nonideal interfaces (dense lattice defects, atomic mixing). 
To explain the phonon diffuse scattering process, Swartz et al. 
proposed the DMM model.[32] The DMM model is based on two 
main assumptions: first, the phonon transmittance is isotropic, 
that is, the transmittance is independent of the phonon inci-
dent angle; Second, phonons will lose all memory after diffuse 
scattering at the interface, that is, photons will be emitted from 
the interface to both sides according to probability according to 
VDOS of materials on both sides at the interface.[35] Although 
the prediction of DMM model is better than that of AMM 
model near room temperature, the research of Stevens et al.[36] 
shows that the prediction results of DMM model are still at 
least one order of magnitude different from the experimental 
values. In order to overcome the limitation of harmonicity 
assumption used in both classical AMM and DMM models, 
Hopkins et al.[37] proposed anharmonic inelastic model to move 
beyond the harmonic two-phonon scattering assumptions, and 

Figure 3. Schematic of heat carrier transmission. a) Nonmetal/nonmetal interface; b) Metal/nonmetal interface; c) Metal/metal interface.
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account for energy transmission among three or more phonons 
at interface. However, all the foregoing models do not take the 
atomistic nature at the interface into account, which is one of 
the main flaws of these empirical models.

As for computational simulation methods, atomistic Green’s 
function (AGF) and molecular dynamics (MD) are most exten-
sively used. The AGF approach is based on a system of clas-
sical harmonic Newtonian equations with solutions that are in 
the form of plane waves. From the calculated Green’s function 
matrix, it becomes possible to calculate the mode-dependent 
interface transmission coefficients for various types of inter-
faces.[38–41] Nevertheless, the AGF method is usually carried out 
in the harmonicity approximation. As such, AGF is mainly suit-
able for low temperatures where anharmonicity has a negligible 
contribution to thermal transport. In order to accurately quan-
tify the anharmonic thermal transport across the interfaces 
as well, Dai et al.[42] and Guo et al.[43] have included the three-
phonon scatterings in their AGF calculations with the inputs 
from first-principles simulations. Unlike the AGF approach, 
MD simulation does not require a priori understanding of 
heat transport. Furthermore, MD simulation has an anharmo-
nicity inherently based on the assumed potential and therefore 
includes multiple phonon interactions, rendering it a useful 
tool to study TBC across various types of material systems. The 
interfacial thermal transport has been comprehensively studied 
via either the equilibrium MD (EMD) simulations with the 
Green–Kubo approach[44] or the nonequilibrium MD (NEMD) 
simulations by applying heat baths on a computational domain 
and determining the temperature drop at the interface.[45] In 
the frame of EMD, Gordiz and Henry[46] calculated the anhar-
monic interfacial phonon scattering by using the total ITC 
minus the contribution of harmonic phonon scattering.[47] In 
terms of NEMD, Kimmo et al.[48] considered both the harmonic 
transport and first-order anharmonic phonon scattering effects 
on the ITC. Zhou and Hu[49] later extend the ITC to include 
both the harmonic process and three-phonon scatterings.

2.2. Metal/Metal Interface

The ITC is usually calculated according to the Wiedemann–
Franz law,[50–52] which is that thermal conductance equals the 
product of electrical conductance, temperature, and Lorentz 
constant. For metal materials, free electrons are more effective 
carriers than phonons. Therefore, near room temperature, the 
thermal conductance contributed by phonons is ignored, and 
the thermal conductance of electrons calculated by the Wiede-
mann–Franz law almost equals the total ITC.

2.3. Metal/Nonmetal Interface

There exist three types of heat carrier interactions, including 
electron–phonon coupling in metal, electron–phonon coupling 
at interface, and phonon–phonon interaction at interface.[53–57] 
Li et  al.[58] established the thermal resistance network of ITC, 
including electron thermal conductance, phonon thermal con-
ductance, boundary electron–phonon coupling thermal con-
ductance, and boundary phonon–phonon interaction thermal 

conductance. For the Pb/diamond interface, the ITC is mainly 
determined by interfacial electron–phonon coupling; for the 
Ti/diamond interface, the ITC is determined by interfacial 
electron–phonon coupling and phonon–phonon interaction; 
for the tin/MgO interface, the thermal conductance is deter-
mined by the phonon interaction at the interface. In the work 
of Sadasivam et  al.,[59] the time-domain thermoreflectance 
(TDTR) results of CoSi2/Si interfaces only agree well with sim-
ulation predictions that include all transport processes: elastic 
and inelastic phonon scattering, electron–phonon coupling in 
the metal, and electron–phonon coupling across the interface. 
However, some investigations[60–62] have proven that the elastic 
phonon transport dominates the thermal transport of epitaxial 
metal/sapphire interface, and other mechanisms play neg-
ligible roles. And the coupling of electrons in Bi and Pb[63] to 
phonons in diamond substrate does not contribute significantly 
to the interfacial thermal transport. Moreover, if the metal is a 
magnetic material, then the phonon–magnon coupling at the 
interface should be also included.[64]

3. Influence Factors

For a perfectly smooth interface, interaction forces exist between 
atoms or molecules. From a microscopic scale, increasing the 
interaction potential between the atoms/molecules is more 
conducive to electron and phonon transfer. In addition, the 
electron density and phonon VDOS matching characteristics of 
the two materials will also affect heat transfer across interface. 
The larger the overlap of the VDOS of the two materials is, the 
higher the phonon transmission efficiency. This section will 
introduce the influence factors of interfacial thermal transport, 
including bonding forces, electron density, and phonon VDOS 
matching characteristics.

3.1. Bonding Forces

The bonding forces can be divided into van der Waals force, 
hydrogen bond, covalent bond, and metal bond. Van der Waals 
force is an intermolecular interaction force, the hydrogen bond 
is intermolecular or intramolecular force, the covalent bond is 
intramolecular force, and the metal bond is atomic force. The 
forces from small to large are van der Waals force, hydrogen 
bond, covalent bond, and metal bond. Taking the interfaces of 
Au/multiple materials as examples, Figure  4  shows that ITC 
increases with bonding strength increasing.[65–71] These four 
forces will be introduced in detail below. Table  1  listed some 
experimental values of ITC. What needs to be mentioned here 
is that the interface bonding strength has the following three 
expression methods, which are J m−2, mN, and kcal mol−1, and 
the expression forms used by different researchers are different.

3.1.1. Van der Waals Force

Van der Waals force widely exists at various micro/nano inter-
faces.[78] When two materials are in contact, van der Waals 
force usually occurs, such as carbon-based materials/organic 
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materials, metals/inorganic materials, and metals/organic 
materials. The AMM model only considered the interface as a 
very strong interaction and ignored the influence of the inter-
face forces on phonon transmission. The modified AMM has 
been developed to describe interface phonon transport consid-
ering the weak interaction of van der Waals force.[79] Figure 5a 
shows the relationship between interface adhesion energy and 

phonon transmission coefficient. The horizontal coordinate is 
interface adhesion energy γ, and the ordinate is modified AMM 
phonon transfer coefficient/AMM phonon transfer coefficient. 
When γ approaches 1000  mJ  m−3, the ratio is closer to 1; for 
small γ, the ratio is proportional to γ2; for minima γ, the ratio 
is proportional to γ. Figure  5b summarizes the variation of 
ITC with bonding strength at the interface of metal/inorganic 
nonmetal.[80,81] The ITC increases with the interfacial bonding 
strength increasing. The interfacial bonding strength between 
chromium and inorganic nonmetal solids is the largest, and 
thus the ITC is largest, followed by aluminum and gold.

The metal/dielectric interfaces widely exist in comple-
mentary metal-oxide semiconductor transistors,[84] in form 
of van der Waals force. In the work of Shi et  al.,[85] the ITCs 
at different metal/β-Ga2O3  interfaces were measured by 
TDTR. The experimental results were 31.2, 17.4, 82.7, and 
81.7 MW m−2 K−1 for Au/β-Ga2O3, Ti/β-Ga2O3, Ni/β-Ga2O3, and 
Al/β-Ga2O3, respectively. Cheng et al.[86] measured the van der 
Waals bonded Ga2O3/diamond interface by TDTR, the ITC was 
17 MW m−2 K−1. It can be roughly concluded that ITC bonded by 
van der Waals force is usually small than 100 MW m−2 K−1. And 
the ITCs of Ga2O3/SiC range from 20 to 100 MW m−2 K−1.[87–89]

Zheng et  al.[90] prepared polystyrene thin films/sapphire 
samples and evaluated the relationship of interface bonding 
strength and rotation speed in the spin-coating process. With 
increasing spin-coating speed, the interfacial bonding strength 
increases gradually, and the ITC increases. The ITC between 
polystyrene and copper can be increased three times with the 
spin-coating speed from 2000 to 8000 rmp.

Figure 4. The interfacial thermal conductance between Au and multiple 
materials.[65–71]

Table 1. Summary of interfacial thermal conductance values measured by experiments.

Bonding material Interface Bonding type Thermal conductance (MW m−2 K−1) Measurement method

none spun-cast PMMA/Si van der Waals force 9−100 TDTR[72]

none brush PMMA/Si van der Waals force 3−40 TDTR[72]

none Pt/water van der Waals force 130 TA[73]

none CNT/octane van der Waals force 12 TA[74]

none Au/hexadecane van der Waals force 28 TTR[75]

none Au/paraffin wax van der Waals force 25 TTR[75]

none Au/Al2O3 van der Waals force 45 TTR[68]

none Au/diamond van der Waals force 46 TTR[68]

Cl-SAM Al/H2O van der Waals force 60 TDTR[76]

CH3-SAM Au/H2O van der Waals force 50 TDTR[76]

CH3-SAM Au/quartz van der Waals force 36 TDTR[65]

OH-SAM Al/H2O hydrogen bond + van der Waals 180 TDTR[76]

OH-SAM Au/H2O hydrogen bond + van der Waals 100 TDTR[76]

NH2-SAM Au/H2O hydrogen bond + van der Waals 130–450 TA[77]

SH-SAM Cu/silica covalent bond + van der Waals 430 TDTR[66]

SH-SAM Au/TiO2 covalent bond + van der Waals 130 TDTR[66]

SH-SAM Au/hexadecane covalent bond + van der Waals 169 TTR[75]

SH-SAM Au/paraffin wax covalent bond + van der Waals 165 TTR[75]

SH-SAM Au/quartz covalent bond + van der Waals 68 TDTR[65]

none Al/Cu metal bond 3700 TDTR[70]

none Pd/Ir metal bond 14 000 TDTR[51]
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Figure 5. Four types of bonding forces. a) Relationship between adhesion energy and phonon transfer coefficient of modified AMM model. Reproduced 
with permission.[79] Copyright 2009, American Institute of Physics. b) Relationship between interfacial thermal conductance and interfacial strength 
between metal/inorganic nonmetal.[80,81] c) Temperature distribution of graphene/PMMA interface modified by hydrogen bond. Reproduced with 
permission.[82] Copyright 2016, Wiley-VCH. d) ITC of Au/organic liquid modified by hydrogen bond. Reproduced with permission.[69] Copyright 2016, 
American Chemical Society. e) ITC of Au/SiO2 using methyl alkanes and mercaptan alkanes as intermediate layers. Reproduced with permission.[65] 
Copyright 2012, Springer Nature. f) Relationship between ITC and interfacial bonding strength of GaN/diamond predicted by weak bond AMM model. 
Reproduced under the terms of the CC-BY 4.0 license.[83] Copyright 2021, The Authors, published by IOP Publishing. g) ITC variation of Pd/Ir with 
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3.1.2. Hydrogen Bond

Hydrogen bond is stronger than van der Waals interaction, and 
mainly exists in water and organic materials. Hydroxyl (OH)- 
or carboxyl (COOH)-modified single alkane molecules can 
form hydrogen bonds with water. Harikrishna et al.[91] compared 
the ITC of gold/water interfaces with different SAMs (CH3-SAM, 
ester-SAM, pyrrolyl-SAM, OH-SAM, and COOH-SAM) as 
bonding layers. OH-SAM and COOH-SAM have maximum 
ITC, which are two times higher than that of ω–CH3 modified.

By changing the degree of functionalization, the ITC can 
be adjusted over a wide range. MD simulations have proven 
that hydrogen bonding can make organic molecules closer to 
the interface, increase the interface binding energy, and sig-
nificantly promote interfacial heat transfer.[69] The detailed 
analysis of molecular-level details shows that this effective heat 
transfer comes from the synergistic effect of the electrostatic 
part and van der Waals part of hydrogen bond (Figure  5d). 
Zhang et  al.[82] established the effective heat transfer path at 
the graphene/polymethylmethacrylate (PMMA) interface by 
introducing hydrogen-bonded hydroxyl group at the interface 
between graphene and PMMA, which can improve the ITC by 
273% (Figure 5c).

3.1.3. Covalent Bond

A covalent bond can form at metal/organic, organic/organic, 
and inorganic/inorganic interfaces. Such a bond is a rela-
tively stable chemical structure in which two or more atoms 
share their electrons to reach electron saturation. Losego 
et  al.[65] compared the ITC of the Au/quartz interface using 
CH3-SAM and SH-SAM as bonding layers, and found that the 
heat transfer enhancement of SH-SAM was better than that of  
CH3-SAM, as shown in Figure 5e. This is because the covalent 
bond is formed between SH-SAM and Au, while CH3-SAM and 
Au interact with van der Waals force. The same observation was 
drawn at the Cu/SiO2 interface.[66]

Covalent bond can also be formed at semiconductor mate-
rial interface.[92] William et al.[83] proposed a weak bond AMM 
model for predicting the quantitative relationship between the 
interfacial bonding strength and thermal boundary resistance. 
On this basis, the effect of interface bonding strength on the 
thermal resistance of GaN/diamond interface is analyzed by 
using this model. The results show that the increase of inter-
face bonding strength will significantly reduce the thermal 
boundary resistance, and the thermal resistance of GaN/dia-
mond interface connected by the covalent bond is less than 
1/7 of that under van der Waals force (Figure 5f).

3.1.4. Metal Bond

For the metal/metal interface, when the interface gap is close 
enough, a metal bond can be formed. The metal bond is formed 

by the electrostatic attraction between free electrons and metal 
ions arranged in a lattice. The strength of metal bond is usually 
inversely related to the metal ion radius and positively related to 
the free electron density in the metal. The experimental results 
have proven that the ITC of metal/metal can be calculated by 
Wiedemann–Franz law, which is that the ITC is proportional to 
electrical conductance (Figure 5g).[51]

Gundrum et  al.[70] measured the thermal conductance of 
the Al/Cu interface, which is ≈4  GW  m−2  K−1  at room tem-
perature, which is an order of magnitude higher than that 
of a typical metal–nonmetal interface (Figure  5h). A metal 
bond is formed between Al and Cu, and the scale of the ITC 
is GW  m−2  K−1, while the magnitude of the ITC dominated 
by covalent bonds, hydrogen bonds, and van der Waals forces 
is ≈100  MW  m−2  K−1. Therefore, the metal bond can obtain a 
large ITC. In addition, Zheng and Jagannadham[93] also experi-
mentally tested the ITC between Cu and various metal films, 
respectively, and the results were Cu/Al  =  7.4  GW  m−2  K−1, 
Cu/Au  =  4.4  GW  m−2  K−1, Cu/Sn  =  6.7  GW  m−2  K−1,  
Cu/Zn =  5.2 GW m−2 K−1, and Cu/In =  6.2 GW m−2 K−1. The 
ITC of Cu/Al2O3 is only about 100 MW m−2 K−1.

3.2. Phonon Vibration Density of States and Electrons Density

From the above analysis, the greater the bonding strength 
is, the greater the interface thermal conductance. However, 
an intriguing experiment[94] overturns such positive correla-
tion. For the copper/diamond interface, CH3-SAM bonding 
layer (van der Waals force) can obtain a larger interface 
thermal conductance than the SH-SAM bonding layer (cova-
lent bond). This is because the VDOS of copper is mostly 
located in the low-frequency region, while that of diamond 
is located in the high-frequency region, resulting in a small 
number of phonon transmission channels between these 
two materials, as shown in Figure 6a. Because the VDOS 
of CH3-SAM with copper and diamond has more overlap 
than that of SH-SAM, CH3-SAM has a better heat transfer 
enhancement capacity. This experimental result revealed the 
importance of VDOS overlap. Taking the gold/toluene inter-
face as an example,[27] using SC12  as the bonding material, 
the ITC increased from 13.8  to 67.4  MW  m−2  K−1, as shown 
in Figure 6b. The numerical simulation method was used to 
analyze the overlap of VDOS of the three materials. It found 
that the VDOS of toluene and SC12  have a greater overlap, 
so there are more phonon transmission channels. Therefore, 
by introducing intermediate materials to increase the overlap 
degree of VDOS curves, the interfacial heat transfer can also 
be improved.

However, if electrons dominate the interfacial thermal 
transport, the use of a nonconductive bonding layer will 
hinder electron transport and reduce the interface thermal 
conductance. An experimental comparison[95,96] has 
proven that the ITC of covalently bonded Au/SCnS/GaAs  
(25.6–28.2  MW  m−2  K−1) is lower than that of Au/GaAs 

temperature, the black dot is the experimental data, the dotted line is the predicted value of Wiedemann–Franz law, and the solid line is the predicted 
value of electronic DMM model. Reproduced with permission.[51] Copyright 2012, American Physical Society. h) ITC variation of Al/Cu and Cu/Al2O3 with 
temperature. Reproduced with permission.[70] Copyright 2005, American Physical Society.
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without bonding layer (180 MW m−2 K−1). The electron deter-
mines the heat transfer of metal, while the atomic vibration 
contributes to the majority of the heat transfer of dielectric 
materials. Therefore, the mismatching of heat carriers caused 
a worse thermal conductance. This illustrates the importance 
of the electron density of the bonding material to the inter-
face thermal transport.

4. Thermal Bonding Material

The selection of TBMs is the key to enhancing interfacial heat 
transfer. The first selection standard is the appropriate elec-
tron/phonon transmission characteristics of TBM with upper 
and lower materials. For the interfaces where electron trans-
mission is dominant, electron-rich materials are preferred; 
for interfaces where the phonon transmission is dominant, 
the priorities are bonding materials with a large overlap of 
VDOS. Second, consider the interfacial bonding strength. 
The greater the interfacial bonding strength, the larger ITC 
is. The formation of metal bonds or covalent bonds should be 
given priority, followed by hydrogen bonds and van der Waals 
forces.

According to different types of heat carriers and interfacial 
bonding methods, TBMs can be divided into metal TBMs, 
organic TBMs, and inorganic nonmetal TBMs, as listed in Table 2.  
The heat carriers of metal TBMs are mainly electrons, which 
are used to bond the metal/metal interface, and connected to 
the upper and lower surfaces by metal bonds. The heat car-
riers of organic TBMs are phonons, which are used to bond 
the metal/inorganic material interface, the inorganic material/
inorganic material interface, the organic material/inorganic 
material interface, etc., and the upper and lower surfaces are 
mainly connected by covalent bond, or hydrogen bond, and van 
der Waals force. The heat carriers of inorganic nonmetal TBMs 
are phonons, mainly carbon-based materials and semiconduc-
tors, which are connected to the upper and lower surfaces by a 

covalent bond or van der Waals forces. Three types of TBMs are 
introduced below.

4.1. Metal Thermal Bonding Material

Metal TBMs can be used for metal/metal interface to enhance 
electron transmission. Solder is required to connect the chip 
and the substrate, which will generate plenty of metal/metal 
interfaces.[105] For the metal/metal connection, the first con-
sideration is the mechanical properties and electrical proper-
ties, and good thermal properties are pursued on this basis. 
Therefore, solder is what we call metal TBMs, such as indium,  
Bi–Zn alloy, Bi–Ag alloy, and Sn–Al alloy (Figure 7b). Because 
the interface generated by soldering process will cause some 
voids and irregularity,[98] the interface is not a perfect surface, 
and the ITC is far lower than that in Section 3.1.4. Radebaugh[97] 
measured the ITC of Cu/In/Cu and Be/In/Cu from 2 to 130 K. 
With increasing temperature, the ITC first increases and then 
decreases, and the maximum ITC is just about 1 MW m−2 K−1 
(Figure  7c). Rudimylla et  al. found that the contact angles of  

Table 2. Thermal bonding materials.

Types Carriers Bond types Mechanism Typical materials

Metal 
TBM

Electron 
dominant

Metal bond, van  
der Waals force

Increase electron 
density and  

electron–phonon 
coupling

In, Ni, BiZn, 
BiAg,

SnAl[97–101]

Organic 
TBM

Phonon 
dominant

Covalent bond, 
hydrogen bond,  
van der Waals  

force

Increase overlap of 
VDOS and bonding 

strength

CH3, HS, 
NH2,OH, 
COOH, Cl 

SAM[27,102]

Inorganic  
nonmetal  
TBM

Phonon 
dominant

Covalent bond,  
van der Waals  

force

Increase electron 
density, bonding 

strength and overlap 
of VDOS

Graphene, 
AlGaN, SiN, 
TiC[86,103,104]

Figure 6. a) Phonon VDOS at Cu/diamond interface. Reproduced with permission.[94] Copyright 2021, American Association for the Advancement of 
Science. b) Thermal conductance and VDOS at the Au/toluene interface. Reproduced with permission.[27] Copyright 2020, Royal Society of Chemistry.
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Bi–Zn with copper, nickel, invar alloy, and steel increase gradu-
ally, and the ITC decreases gradually. Besides, owing to metal 
TBMs that can transport electrons, they can be used at two 
carbon nanotubes interface.[106] The experimental results show 
that the ITC can increase from 0.1 to 1.0 MW m−2 K−1 by using 
indium as thermal bonding layer.

An appropriate choice of metal TBMs with relatively 
strong electron–phonon coupling could significantly enhance 
interfacial thermal transport across metal–dielectric inter-
faces.[109,110] The measured ITCs of Ag/diamond and 
Au/diamond[101] were observed to increase from 45 to 
177  MW  m−2  K−1 and from 78  to 208  MW  m−2  K−1  when 
inserting a 1.5 nm Ni interlayer. It also was found that by using 
Ti and Cr as inserting materials, the thermal transport across 
Cu/SiO2  interface was enhanced, while that of Al/SiO2  inter-
face changes little[108] (Figure 7d).

4.2. Organic Thermal Bonding Material

Alkane is the main organic TBM. Its chemical composition 
is A-(CH2)n-B, and the common functional groups are CH3, 
HS, OH, COOH, NH2, and Cl. The selection of appro-
priate alkanes can bridge the VDOS of the upper and lower sur-
faces, and improve the interfacial bonding strength. CH3 can 
connect with the upper and lower surfaces by van der Waals 
force, HS, Cl, and NH2  can form covalent bonds with 
metal and alkanes, and OH, and COOH can form hydrogen 
bonds with water and alkanes.

The experimental measurements[66] show that when 
using CH3-SAM and SH-SAM as bonding materials at the  

Cu/SiO2  interface, the ITC can increase three- and four-folds 
(Figure 8a). When using SH-SAM as bonding material at  
Au/SiO2, the ITC can increase three times. This is due to the 
good matching characteristics of such two SAMs with Cu and 
Au, and the stronger interfacial bonding strength of SH-SAM 
with Cu and Au. C10S2  is an alkane with HS groups at both 
ends, and C6S, C11S, and C14S are alkanes with HS at one 
end and CH3 at one end. C10S2 can covalently bond with gold 
surfaces, while C6S, C11S, and C14S are covalent bonds on one 
side and van der Waals force on the other side. By adjusting 
the ratio of CH3 group and HS group, the bonding strength 
and thermal conduction can be regulated[111] (Figure  8b). 
OH-SAM and COOH-SAM can easily form hydrogen bonds 
with water and most organic materials. HS(CH2)6OH and 
HS(CH2)5COOH can be used to enhance Au/organic liquids 
(C5H11CH3, C6H13NH2, C6H13OH)[69] (Figure  8c). HS-(CH2)5-
CH3, HS(CH2)6OH, and HS(CH2)5COOH are the bonding 
materials for the Au/water interface.[67,112] In the work of Ota 
et al.,[113] the ITC between Al and the graphite edge can be sig-
nificantly improved by inserting NH2-SAM to the interface, 
which increases the strength of interface bonding (Figure 8d). 
Cl-SAM is used to modify the liquid metal/copper interface, 
which improves the thermal conductivity and stability of copper 
doped liquid metal TIMs, as shown in Figure 8e.[102]

4.3. Inorganic Nonmetal Thermal Bonding Material

Inorganic nonmetal TBMs generally have high melting points, 
and it is difficult to form strong interactions with other mate-
rials at room temperature, usually in the form of van der Waals 

Figure 7. Metal thermal bonding materials. a) Morphology of welding wire, slurry, and film. b) Cross-sectional micrograph of Cu/Sn (10  µm)/Cu 
sandwich aged at 180 °C for 192 h. Reproduced with permission.[107] Copyright 2014, IEEE. c) Variation of interfacial heat transfer with temperature 
for Cu/In/Cu and Be/In/Cu. Reproduced with permission.[97] Copyright 2020, AIP Publishing. d) Metal thermal bonding materials at metal–dielectric 
interfaces. Reproduced with permission.[108] Copyright 2020, American Chemical Society.
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force. Han et  al.[114] used graphene oxide and amino silane-
modified graphene oxide as thermal bonding layers to enhance 
interfacial heat transfer of Au-Cr/graphene and Au-Cr/silica. 
It is found that the interfacial thermal resistance of modified 
graphite oxide/graphene film is four times lower than that of 
graphite/graphene film, as shown in Figure 9a. The interfacial 
thermal resistance of modified graphite oxide/silica is three 
times lower than that of graphite/silica.

In the microelectronic manufacturing process, high-
temperature treatment and magnetron sputtering preparation 
are beneficial for covalent bond forming. As the third-generation 
semiconductor, GaN is now widely used in all kinds of high-
power electronic devices.[115,116] Due to the mature growth pro-
cess and high thermal conductivity, SiC has also become the 
mainstream substrate material of high-power electronic devices. 
For all kinds of SiC-based GaN devices, it is very important to 
improve the thermal conduction of GaN/SiC interface. An inter-
layer with intermediate phonon spectra between two dielectric 
materials could reduce the phononic interfacial thermal resist-
ance. Hu et al.[104] analyzed the significant effect of introducing 
AlN and AlGaN transition layers at the GaN/SiC interface. By 
introducing AlN transition layer, the interface thermal conduc-
tion of GaN/SiC can be increased by 45–55%. AlxGa(1−x)N can 
also be used as the bonding layer, and the GaN/SiC ITC increases 
with the concentration of Al atoms. This is mainly because AlN 
covalent bond plays the role of “phonon bridge” near the inter-
face, which effectively makes up for the difference of VDOS 
between Ga/Si atoms. Diamond is another substrate material 

for GaN high-power electronic devices for its high thermal con-
ductivity.[117] Zhou et al.[103] reduced the interfacial thermal resist-
ance by introducing bonding layers such as SiN and AlN at the  
GaN/diamond interface. When SiN is used as a bonding material, 
the maximum ITC is 150 MW m−2 K−1, as shown in Figure 9b. 
Yote et al. also obtained the largest ITC by inserting a SiN interfa-
cial layer at due to GaN/diamond interface (Figure 9c). The influ-
ence of the thickness of β-Ga2O3, and the applied power density 
on the thermal dissipation capabilities of the β-Ga2O3-AlN het-
erostructures is discussed in ref. [118].

5. Applications

5.1. Batteries

The electrochemical performance of lithium-ion battery is 
limited by the internal heat transfer performance of the bat-
tery.[119,120] The experimental results show that interfacial 
thermal resistance contributes about 88% of the total thermal 
resistance, which is due to the poor bonding strength and great 
acoustic mismatch between them.[121] To solve this problem, 
TBMs have been introduced.[122–124] When the amine end 
group material is bonded, the interfacial thermal resistance is 
reduced by four times, while the electrochemical performance 
has not deteriorated, so that the effective thermal conduction is 
increased by three times and the maximum peak temperature 
of the battery is reduced by 60%[125] (Figure 10a). Self-assembled 

Figure 8. Organic thermal bonding materials. a) Different SAMs at the Au/quartz interface. Reproduced with permission.[66] Copyright 2013, Springer 
Nature. b) Regulation of interfacial thermal conductance by adjusting the ratio of CH3  group and HS group. Reproduced with permission.[111] 
Copyright 2016, American Chemical Society. c) OH-SAM and COOH-SAM at the Au/H2O interface.[67] Reproduced with permission.[112] Copyright 2019, 
American Chemical Society. d) NH2-SAM at the Al/HOPG interface. Reproduced with permission.[113] Copyright 2019, American Chemical Society. 
e) Cl-SAM at the liquid metal/Cu interface. Reproduced with permission.[102] Copyright 2021, Wiley-VCH.
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monolayers polyacrylic acid (PAA), PAM, and PVA are used as 
bonding materials to form hydrogen bonds with polyethylene 
oxide (PEO) to enhance the ITC between electrode lithium 
cobalt oxide (LCO) and solid electrolyte PEO. The simulation 
results[126] show that compared with LCO-PEO interface, the 
ITC of LCO/PAA/PEO, LCO/PAM/PEO, and LCO/PVA/PEO  
increases by 211.69%, 151.99%, and 127.36%, respectively 
(Figure 10b). Abhijeet et al.[121] calculated the interfacial thermal 
transport between LCO and amorphous polyethylene when 
bridged with 3-aminopropyltriethoxysilane (APTES), n-butyl 
trimethoxysilane, and 3-mercaptopropyltrimethoxysilane 
(MPTMS). The results show that in the case of APTES, mole-
cular bridging at the interface can increase the ITC by 250% 
(Figure 10c).

5.2. Microelectronic Chips

3D electronic stacked integration is a prospective packaging 
technology due to its shorter interconnection, higher band-
width, and lower cost. An important technology to realize 3D 
stacking is interlayer bonding technology, such as forming 

electrical, thermal, and mechanical connections through ball 
grid arrays, microbumps, or bump-free copper bonds, as shown 
in Figure 11a. Copper, gold, and silver are commonly used 
chip connecting materials. In order to increase the bonding 
strength, a layer of nickel will be plated on the copper surface 
in some scenarios. Due to the high melting point of these 
materials, it is usually necessary to insert a layer of bonding 
materials with low melting points, such as indium and tin, as 
shown in Figure 11b.[127] When the temperature is higher than 
the melting point of the bonding material, the bonding material 
will form intermetallic compounds with copper, gold, and silver 
to form a firm mechanical connection, which is conducive to 
enhancing the interfacial heat transfer.[128–134] However, due to 
the low thermal conductivity of the intermetallic compounds, 
it is necessary to control the appropriate thickness. Compared 
with ball grid array bonding and microbump bonding, CuCu 
direct bonding without bumps has a smaller connection length, 
better electrical and thermal properties, and stronger scal-
ability of CuCu bond, and ultrafine spacing can be easily real-
ized by back-end process. The SAM can bond with the copper 
surface, which can slow down the oxidation and reduce the 
CuCu bonding temperature, which is called low-temperature 

Figure 9. Inorganic nonmetal thermal bonding material. a) Graphene oxide and amino silane-modified graphene oxide for Au-Cr/graphene and  
Au-Cr/silica. Reproduced under the terms of the CC-BY 4.0 license.[114] Copyright 2016, The Authors, published by Springer Nature. b) TBR of GaN/
diamond interfaces with SiN and AlN as bonding layers. Reproduced with permission.[92] Copyright 2018, American Chemical Society. c) ITC of GaN/
diamond interfaces with SiN and AlN as bonding layers. Reproduced with permission.[103] Copyright 2017, American Chemical Society.
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Figure 11. Microelectronic chips. a) 3D stacked packaging. Reproduced with permission.[127] Copyright 2013, The Electrochemical Society. b) Inter-
metallic compound. Reproduced with permission.[128] Copyright 2010, Elsevier Ltd. Reproduced with permission.[129] Copyright 2014, Springer US. 
Reproduced with permission.[131] Copyright 2017, Springer US. Reproduced with permission.[132] Copyright 2008, Springer US. Reproduced with permis-
sion.[134] Copyright 2014, Springer US. c) Direct room-temperature Ar surface activation. Reproduced with permission.[136] Copyright 2020, American 
Chemical Society.

Figure 10. Lithium-ion batteries. a) Amine end group material bonding between separator and cathode. Reproduced with permission.[125] Copyright 
2015, Elsevier. b) Self-assembled monolayers PAA, PAM, and PVA bonding with PEO. Reproduced with permission.[126] Copyright 2020, Elsevier BV. 
c) LiCoO2 and amorphous polyethylene bonding with APTES, n-BTMS, and MPTMS. Reproduced with permission.[121] Copyright 2020, Elsevier.
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bonding.[135] After the copper surface was cleaned, a layer of 
SAM material was added. During bonding, SAM is desorbed 
first, and then the hot pressing process can be carried out at 
low temperature.

The development of GaN-on-diamond substrates holds 
much promise for the creation of high-power density elec-
tronics. Increasing the interfacial thermal transport between 
GaN and SiC will aid in the heat dissipation of GaN-on-
SiC devices. A high ITC of GaN/SiC was obtained by direct 
room-temperature Ar surface activation,[136] measured 
230  MW  m−2  K−1 (Figure  11c). Yates et  al.[92] explored the 
role of different interfaces in contributing to the interfacial 
thermal resistance of GaN/diamond layers, specifically using 
5 nm layers of AlN, SiN, or no interlayer at all. It found that 
SiN interfacial layer provided the lowest interfacial thermal 
resistance (<10  m2  K  GW−1) because of the formation of a 
Si–C–N layer at the interface.

5.3. Thermal Management Materials

With the continuous improvement of electronic integra-
tion, there is an urgent need for thermal management mate-
rials to meet the needs of high heat flux.[13,137–141] Zhang[142] 
and Shanker[138] studied the relationship between the thermal 

conductivity of amorphous polymers and intermolecular 
bonding force. The simulation results showed that the greater 
the interfacial bonding force was, the greater the thermal con-
ductivity of polyethylene (Figure 12a). Using polymer mixing to 
increase the interaction between polymers can improve thermal 
conductivity. Kim et al.[143] found that PAA was doped with 30% 
poly(N-acryloyl piperidine) (PAP), PAA and PAP were connected 
by hydrogen bonds, and the planar thermal conductivity could 
reach 1.5 W m−1 K−1) (Figure 12b). The interfacial force between 
graphene and polymer is very poor, and the interfacial bonding 
strength can be improved by bonding materials. Song et al.[144] 
first grew a layer of polydopamine (PDA) on the surface of poly-
propylene (PP), and then plated a layer of graphene on the sur-
face of PDA. PDA is connected with PP by hydrogen bond and 
graphene by covalent bond, which significantly improves the 
interfacial bonding strength. The in-plane thermal conductivity 
of the material is 10.93  W  m−1  K−1, which is 55  times that of 
pure PP and four times that of PP/graphene (Figure 12c).

In addition, adding fillers with high thermal conductivity to 
polymers is also a way to improve thermal conductivity. Boron 
nitride is an insulating material with high thermal conductivity, 
which is used as a thermally conductive filler. However, there 
is no bond between boron nitride and organic materials, and 
the interfacial thermal resistance is large.[146,147] By modifying 
BN with hydroxyl or carboxyl groups, the bonding strength 

Figure 12. Thermal management materials. a) The relationship between the thermal conductivity of amorphous polymers and intermolecular bonding 
force. Reproduced with permission.[142] Copyright 2016, American Chemical Society. b) Polymer mixing to increase the interaction between polymers. 
Reproduced with permission.[143] Copyright 2015, Springer Nature. c) Polydopamine is connected with polypropylene and graphene. Reproduced with 
permission.[144] Copyright 2020, Elsevier Ltd. d) BN is modified with hydroxyl or carboxyl groups. Reproduced with permission.[145] Copyright 2020, 
Elsevier Ltd. e) Organic SAM bonds copper and liquid metal. Reproduced with permission.[102] Copyright 2021, Wiley-VCH. The abbreviations of PAA, 
PAP, PDA, and PP are polyacrylic acid, poly(N-acryloyl piperidine), polydopamine, and polypropylene.
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with organic materials and the thermal conductivity of mate-
rials can be increased (Figure 12d).[145] Liquid metal is a kind of 
TIM.[102] In order to further improve the thermal conductivity 
of liquid metal gallium indium alloy, doping can be realized. 
However, due to the formation of intermetallic compounds 
between copper and gallium, the expected thermal conductivity 
is reduced. Therefore, plating an organic monolayer on the 
surface of copper can not only increase the interfacial bonding 
force and improve the thermal conductivity, but also avoid cor-
rosion between copper and gallium (Figure 12e).

6. Summary and Outlook

Interfacial heat transfer barrier is currently becoming ubiq-
uitous in energy conversion and transport applications with 
characteristic dimensions approaching nanoscale. Sandwiching 
an intermediate material between two materials can enhance 
electron and phonon transmission, and it has in fact gathered 
substantial attention. This article summarizes and comprehen-
sively interprets previous typical researches regarding such a 
strategy. Additionally, we name this method as thermal bonding 
and first systematically classify TBMs into three categories: 
metal TBM, organic TBM, and inorganic nonmetal TBM.

The above discussions illustrate exciting progress in pur-
suing the extremes of large ITC. As a novel and promising 
interface science and engineering field, we believe that thermal 
bonding strategy will provide scientists and engineers more 
inspiration to solve the interfacial heat transfer challenges faced 
by a large number of micro/nano heat transfer applications. In 
the near future, some major directions that may guide future 
research are outlined as follows.

6.1. Interfacial Heat Transport Physics between Different Heat 
Carriers

To be exact, although phonon successfully describes energy 
transfer in crystals, its validity cannot be extended in water 
and many amorphous solids, like polymers, gels, a-Si, and 
glass, due to lack of periodic long-range order. Wave-like tun-
neling conduction mechanism, named diffusons[148,149] or 
coherences,[150] has been proved to be dominant in amorphous 
solids and non-negligible in low-thermal conductivity complex 
crystals. The tunneling conduction is from coherences between 
pairs of vibrational modes, assuming great importance when 
the mode linewidths are comparable to or larger than the inter-
branch spacings, which is beyond the well-established phonon 
Boltzmann transport equation. The harmonic Allen–Feldman 
theory,[151] the quasi-harmonic Green–Kubo model,[152] and the 
Wigner transport equation[149] have been developed to consider 
the tunneling conduction and provided deep understanding 
of the heat conduction in terms of the temperature depend-
ence,[153–155] anharmonicity,[156] and disorder.[152] The wave-like 
tunneling conduction mechanism might offer new insight for 
interfacial heat transfer because defects, amorphous buffer/
transition layer, and other complex structures are common 
in the interfacial region, as well as the tunneling conduction 
possesses increasing significance with disordering. Various 
heat carriers, including phonons, diffusons, electrons, and 

interface phonon polaritons might coexist in practical inter-
faces so their interactions are necessary to be considered. How 
to include the new mechanisms and complex interactions is 
challenging, meaningful, and of great interest.

6.2. Describing Intricate and Ticklish Practical Interfacial 
Structures

The interfacial heat transfer model is crucial for selecting 
TBMs and designing interfacial structures. However, AMM, 
DMM, and other models only consider A/B interface within the 
author’s knowledge. There is no research on the A/T/B inter-
face heat transfer model, where T is a TBM. Therefore, the 
basic three-layer interfacial heat transfer needs to be investi-
gated. In addition, the interaction models for different types of 
heat carriers are urgently needed to develop.

6.3. Increasing Electron Transmission for the Metal–Nonmetal 
Interface

As mentioned in Section 2, electron heat transfer plays an impor-
tant role at the metal–nonmetal interface, so it is necessary to 
strengthen the electron transport at the metal/nonmetal inter-
face. However, for metal/nonmetal interface bonding, alkane 
materials are usually used as bonding materials to enhance 
phonon transmission at the interface. It ignores the effect of 
electron heat transfer. Therefore, it is very important to find 
materials that enhance both electron and phonon transmission 
to further enhance metal–nonmetal interfacial heat transfer.

6.4. Screening More Thermal Bonding Materials

TBMs are the key for thermal bonding strategy, while currently, 
the available TBMs are few. The experimental method is used 
to compare the thermal conductance of existing TBMs, while it 
consumes much time and money. The slow experimental test 
cannot meet the urgent aspiration for TBMs. With the matu-
rity of atomistic simulation methods, the high-throughput 
screening of materials with extremely high thermal conductivity 
currently becomes possible.[157,158] Although state-of-the-art den-
sity functional theory (DFT) methods can model materials with 
quantum-mechanical accuracy, it would be infeasible to tackle 
interfacial problems due to unaffordable computational costs. 
With the recent emergence of machine learning interatomic 
potentials that enable simulations with an accuracy closer to 
DFT, but with linear scaling behavior, machine learning-driven 
materials modeling is promising to become a powerful tool 
in describing interfacial thermal transport properties and ulti-
mately accelerating high-throughput screening of TBMs.[159–161]

6.5. Codesign of Mechanical Bonding-Electrical  
Bonding-Thermal Bonding

With enhancing the interfacial heat transfer capability, thermal 
bonding will also change the mechanical and electrical prop-
erties of the interface. Large interfacial adhesion energy will 

Adv. Mater. Interfaces 2022, 9, 2200078



www.advancedsciencenews.com

© 2022 Wiley-VCH GmbH2200078 (15 of 18)

www.advmatinterfaces.de

enlarge the ITC, but it will also increase the mechanical adhe-
sion of the interface, and increase the interfacial electric con-
ductance. Therefore, mechanical bonding, electrical bonding, 
and thermal bonding are coupled at interface (Figure 13). 
For the bonding between chip and substrate, large interface 
thermal conduction, electrical conduction, and mechanical 
adhesion are simultaneously pursued. For thermal packaging 
polymers, large interfacial thermal conduction, small electrical 
conduction, and certain hardness are required. For nanodoped 
thermal conductive silicone grease, it pursues large interfacial 
thermal conduction, small interfacial electrical conductivity, 
and viscosity. Therefore, the codesign of mechanical bonding-
electrical bonding-thermal bonding needs to be seriously con-
sidered for different applications.
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