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With the rapid increase in power density of electronic devices, thermal management has become urgent for

the electronics industry. Controlling temperature in the back-end-of-line is crucial for maintaining the reliability

of integrated circuits, where many atomic-scale interfaces exist. The theoretical models of interface thermal

conductance not only accurately predict the values but also help to analyze the underlying mechanism. This

review picks up and introduces some representative theoretical models considering interfacial roughness, elastic

and inelastic processes, and electron–phonon couplings, etc. Moreover, the limitations and problems of these

models are also discussed.

DOI: 10.1088/0256-307X/41/10/106301

1. Introduction. Interfacial thermal conductance

(ITC) is increasingly focused due to its important ef-

fects in chips, thermoelectrics, opticelectrics, and solid-

state batteries. [1–5] The rapid advancement of nanotech-

nologies has led to a gradual reduction in sizes of materials

to nanoscales. ITC becomes crucial in devices where size

reduction is employed to enhance operating frequency or

to achieve high local power density. [6,7] This significance

is particularly pronounced in nanoscale devices, such as

chips, where the thermal resistance between interfaces fre-

quently dictates the overall thermal resistance of the de-

vices.

Understanding the mechanism of ITC is crucial for

comprehending the significant impact of ITC on heat dissi-

pation of chips, [6,8] particularly within the back-end-of-line

(BEOL) chips. Chip manufacturing is usually composed

of two major stages: front end of line (FEOL) and BEOL.

In the BEOL, there are commonly numerous interfaces,

as illustrated in Fig. 1(a), comprising metal/dielectric and

dielectric/dielectric interfaces. The thermal interface re-

sistance serves as the primary heat pathway to the BEOL

and is thus crucial to evaluate the significance of interface

thermal resistance accurately. [9] When investigating ther-

mal resistance in the BEOL, Chung et al. [10] discovered a

notable 42K disparity between scenarios where interface

thermal resistance in BEOL was considered and when it

was not. This finding underscores the significance of inter-

face thermal resistance in BEOL. Managing thermal condi-

tions in the BEOL is crucial for maintaining the reliability

of integrated circuits, as elevated temperatures accelerate

the degradation of both BEOL and FEOL components. [11]

In addition to reliability concerns, the relentless pursuit of

marginal improvements in current within advanced com-

plementary metal oxide semiconductor (CMOS) technolo-

gies underscores the importance of understanding interfa-

cial thermal resistances in the BEOL. [9] Figure 1(b) illus-

trates the thermal transport mechanism at the interfaces

in the BEOL, including interfacial roughness, phonon–

phonon coupling (both elastic and inelastic processes), and

electron–phonon coupling.

In the study of interface thermal conductance, there

are theoretical model calculations, numerical simulation,

and experimental measurement. In numerical simulation,

molecular dynamics (MD) [12,13] and atomistic Green’s

function (AGF) [14,15] have demonstrated accurate capabil-

ities in simulating ITC. Yang et al. [16] simulated the ITC

of an Al/Si interface using MD and observed the existence

of interfacial phonon modes. Yang et al. [15] used the AGF

method to investigate the underlying physical mechanism

of the effect of mass distribution in one-dimensional atomic

chains on ITC. However, the intricacies of MD modeling

and the computational complexity of AGF matrix solving

hinder quick predictions of interface thermal conductance.

Several experimental measurement methods, such as 3-

Omega, [17] time-domain thermoreflectance (TDTR), [18,19]

and frequency domain thermoreflectance (FDTR), [20] have

achieved maturity in quantifying ITC. Other experimen-

tal methods, such as scanning transmission electron mi-

croscopy (STEM), have also contributed to the research of

ITC. In the investigation of cubic boron nitride/diamond

heterointerfaces, Qi et al. [21] found the presence of inter-

facial phonon modes by using STEM. Then, Li et al. [22]
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also observed interfacial phonon modes in AlN/Al and

AlN/Si interfaces by STEM. Despite their maturity, the

high cost of measurements and the intricate nature of in-

terface preparation impede swift predictions of interface

thermal conductivity. In comparison to previous simula-

tion and experimental approaches, theoretical models offer

a faster means to predict interface thermal conductance.

Moreover, theoretical models provide additional insights

to comprehend the underlying mechanisms governing in-

terface thermal conductivity. Therefore, research of more

accurate theoretical models is of great importance.
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Fig. 1. (a) Schematic representation of interfaces within BEOL. Reproduced with permission. [23] Copyright of

IOP Publishing. (b) The bidirectional arrow markers depict the coupling between heat energy carriers (electrons

and phonons), resulting in ITC.

In this review, theoretical models to predict ITC are

summarized, and future challenges are prospected. Con-

sidering the ITC problems in the chip architecture BEOL

mentioned above, the corresponding theoretical models to

solve the problems are introduced in turn. Firstly, the Lan-

dauer formula is introduced for calculating ITC, along with

the acoustic mismatch model (AMM) and the diffuse mis-

match model (DMM), both of which consider only elastic

phonon processes. Secondly, the mixed mismatch model

(MMM) is presented, which considers the roughness of the

interface. Thirdly, it gives an introduction to theoretical

models including inelastic processes on ITC. Fourthly, the

contribution of electrons to ITC alongside phonons is ac-

knowledged, prompting the introduction of the electron–

electron and electron–phonon coupling mechanism at in-

terfaces. Lastly, theoretical models predicting ITC are

summarized, and existing challenges and prospects are pre-

sented.

2. Theoretical Model. The Landauer formula is a com-

monly employed method for predicting ITC. In the inter-

face composed of materials A and B, when heat flows from

A to B, there will be resistance at the interface, resulting

in a temperature decrease Δ𝑇 . The resistance that hinders

heat flow is known as the interface thermal resistance, and

its reciprocal is the ITC. Considering the interface between

the two materials discussed above, an incident phonon on

the interface with frequency 𝜔 and mode 𝑗 can either scat-

ter back into material A or propagate into material B.

Once the phonon transmission coefficient 𝛼A→𝐵(𝜔) is de-

termined, it enables the calculation of the ITC as [2,24]

𝐺 =
1

4

∑︁
𝑗

∫︁ 𝜔cut

0

𝐷A,𝑗(𝜔)
𝜕𝑓(𝜔, 𝑇 )

𝜕𝑇
𝑣A,𝑗(𝜔)}𝜔𝛼A→𝐵,𝑗(𝜔)𝑑𝜔.

(1)

Here, 𝜔cut represents the cut-off frequency, 𝐷A, 𝑗(𝜔) is the

phonon density of states, 𝑣A, 𝑗(𝜔) denotes the group veloc-

ity, the subscript 𝑗 corresponds to phonon polarization,

and 𝑓(𝜔, 𝑇 ) is the Bose–Einstein distribution function.

However, calculating phonon transmission can be a chal-

lenging task, leading to the proposal of various models

aimed at simplifying this calculation.

2.1 Elastic Phonon Process. In the AMM, as shown in

Fig. 2(a), there is a fundamental assumption that phonons

are treated as continuous media, and the interface is con-

sidered to be a perfect mirror. This implies that phonons

behave as plane waves, and the materials composing the in-

terface are treated as continuous media. This model holds

true when the phonon wavelength exceeds the interfacial

roughness (𝜆 ≫ 𝜂), which means that AMM works for

extremely smooth interfaces. [2] It is worth noting that di-

rectionality needs to be paid attention to when using the

AMM model. Incident phonons and transmission phonons

must obey Snell’s law. When the velocity of the phonon

group of material A is greater than that of material B, the

phonons from material A can be transmitted through the

interface at any incidence angle. In the opposite direction,

the incidence angle of material B cannot exceed the critical

angle to avoid the occurrence of total reflection. Then the

phonon transmission coefficient can be calculated by [2]

𝛼AMM,A→B =
4𝜌A𝑣A𝜌B𝑣B

(𝜌A𝑣A + 𝜌B𝑣B)2
, (2)

where 𝜌A and 𝜌B denote the mass densities of materials A

and B, 𝑣A and 𝑣B represent the velocities of the phonon

groups of materials A and B, respectively.

Contrary to the AMM assumption that phonons do not

scatter at the interface, the DMM model posits the oppo-

site, suggesting that all phonons diffuse at the interface, as

shown in Fig. 2(b). In this scenario, phonon transmission is

governed by the mismatch in the density of phonon states

between both sides of the interface. The presence of diffuse

scattering disrupts the acoustic correlation between the in-

cident and outgoing phonons, rendering the assumption in

DMM that the scattered phonon forgets all incident in-
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formation. Consequently, the probability of the scattered

phonon traversing the interface becomes entirely indepen-

dent of the incident information. The DMM model is bet-

ter suited for extremely rough interfaces, where the rough-

ness scale and the phonon wavelength satisfy 𝜆 ≪ 𝜂. [24]

Alternatively, the DMM cannot fully account for the con-

tribution of long-wave phonons to ITC. The calculation for

the phonon transmission coefficient within the context of

the DMM model cab be carried out with [2]

𝛼DMM,A→B =

∑︀
𝑗 𝐷B,𝑗𝑣B,𝑗∑︀

𝑗 𝐷A,𝑗𝑣A,𝑗 +
∑︀

𝑗 𝐷B,𝑗𝑣B,𝑗

. (3)

Here, 𝐷 represents the phonon density of states, and 𝑣

denotes the phonon group velocity for the specific phonon

mode with the subscript 𝑗 referring to the phonon polar-

ization.

As mentioned above, the applicability of AMM/DMM

depends on the ratio of phonon wavelength to interfacial

roughness. Generally, AMM is more suitable for describing

long-wave phonon transmission, while DMM is more suit-

able for short-wave phonon transmission. In other words,

AMM is more effective for smooth interfaces, whereas

DMM is better suited for interfaces with larger roughness.
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Fig. 2. In AMM (a), phonons undergo specular reflection or refraction, while in DMM (b), phonons experience

diffuse scattering. Additionally, in MMM (c), the ratio 𝑝 of phonons undergoes specular refraction and reflection,

while the ratio (1 − 𝑝) of phonons undergoes diffuse scattering. The scale factor 𝑝 is contingent upon the phonon

wavelength and interfacial roughness.

Zhang et al. used AMM and DMM to calculate the

phonon transmission coefficient across the Al/Si interface

and compared their results with the experimental measure-

ments of Hua et al. [25] As shown in Fig. 3(a), the results

indicate that at low frequencies (long wavelengths), the

phonon transmission coefficient aligns more closely with

AMM predictions, while at high frequencies (short wave-

lengths), it aligns more closely with DMM predictions.

Koh et al. [26] observed that the interfacial roughness may

depend on the thickness of the GaN layers, resulting in

different ITC values, as shown in Fig. 3(b). For smoother

interfaces (thickness < 40 nm) where phonons exhibit more

specular reflection and refraction, the results of ITC align

with AMM predictions. For the rougher interfaces (thick-

ness < 40 nm), where phonons exhibit more diffusion, the

results of ITC align with DMM predictions. However,

AMM or DMM can only provide prediction of ITC for

an extreme interfacial structure and cannot consider the

practical interfacial structures. [27]

2.2 Roughness. MMM offers a more accurate approach

for predicting ITC. At temperatures of 300K or higher,

most phonons have wavelengths comparable to the rough-

ness (𝜆 ∼ 𝜂), [5] a situation that does not align with the

assumptions of the AMM and DMM models. In contrast

to the assumptions of AMM and DMM, which both make

extreme assumptions about the interface, the MMM takes

into account the impact of specific interfacial roughness

and contact area on ITC, as shown in Fig. 2(c). In the

MMM model, the AMM and DMM models are mixed

through the introduction of a specular parameter, denoted

as 𝑝, as shown by Eq. (4). This parameter signifies that

phonons possessing a scale factor of 𝑝 experience specu-

lar reflection at the interface, while the rest of phonons

undergo diffuse scattering. The value of the specular pa-

rameter 𝑝 is intricately linked to both interfacial roughness

𝜂 and the wavelength of phonons 𝜆,

𝛼MMM,A→B = 𝑝× 𝛼AMM,A→B + (1− 𝑝)× 𝛼DMM,A→B. (4)

Ziman et al. [28] noted that the specular parameter 𝑝 is as-

sociated with both the root-mean-square roughness 𝜂 and

the phonon wavelength 𝜆. They established a specific re-

lationship to quantify this association, which is defined as
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𝑝 = exp
(︁
− 16𝜋2𝜂2

𝜆2

)︁
. (5)
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Fig. 3. (a) Comparison of the transmission coefficient 𝛼

of the AMM, DMM, and MMM (𝜂a and 𝜂b represent dif-

ferent roughness), with experimental data. Reproduced

with permission. [24] Copyright 2018 Zhang, Ma, Zang,

Wang and Yang. (b) The mean ITC 𝐺mean in the super-

lattices structures of (AlN𝑥-GaN𝑦)𝑛-AlN𝑥 and tri-layers

structures of AlN𝑥-GaN𝑦-AlN𝑥 derived from TDTR mea-

surements compared with AMM and DMM predictions,

where 𝑥 ≈ 4 nm and 𝑦 are the thicknesses, 5 < 𝑛 < 30

represents the number of periods. [26]

The accuracy of the MMM model is confirmed through

the comparison of results obtained from experimental mea-

surements and MD simulations. This model was initially

developed by Zhang et al. [24] When simulating the Al/Si

interface using MD, they extracted roughness data for the

interface and incorporated it into the MMM for compari-

son. As shown in Fig. 3(a), the phonon transmission coeffi-

cient predicted by the MMM model is closer to the experi-

mental measurements, where 𝜂a and 𝜂b represent different

roughness values. Additionally, comparing MMM predic-

tions of ITC with their own MD simulations reveals that

the MMM model considering roughness is more consistent

with the MD simulation results, as shown in Fig. 4(a). This

comparative analysis of both experimental and simulation

results is used to validate the accuracy of the MMMmodel.

Furthermore, it is possible to consider the impact of the

interfacial phonon modes on ITC.

However, acquiring interfacial phonon information

through MD simulations can be a complex process. Ad-

dressing this challenge, Zong et al. [29] simplified the appli-

cation of the MMM by incorporating experimentally mea-

sured roughness values and accounting for the impact of

the interface structure on the contact area. As shown in

Fig. 4(b), the ITC results from the MMM predictions are

compared with the experimental measurements from Hop-

kins et al. [30] This simplification enables a straightforward,

rapid, and precise prediction of ITC.
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Fig. 4. (a) ITC of the Al/Si interface calculated by the

AMM, DMM, and MMM is compared with MD simula-

tions, where 𝜂a and 𝜂b represent different roughness. Re-

produced with permission. [24] Copyright 2018 Zhang, Ma,

Zang, Wang and Yang. (b) ITC of Al/Si interface cal-

culated MMM is compared with experiments. [29,30] Both

the MD simulation results and experiments validate the

accuracy of the MMM model.

2.3 Inelastic Phonon Process. Because inelastic

phonon process is also important for ITC, it will be in-

troduced that the theoretical modes that consider inelas-

tic phonon processes. The difference between the elastic

phonon process and the inelastic phonon process lies in

whether the energy of phonons changes across the inter-

face, as shown in Fig. 5. If an inelastic phonon process

happens, then the energy can transfer from two or more

low-frequency phonons at one side of the interface to one

high-frequency phonon at the other side, and vice versa. [31]

Inelastic scattering is an important factor that should

be considered in theory, especially at high temperatures or

highly mismatched materials. [32–34] Using MD simulation,

Landry et al. [35] observed that the ITC of Si/Ge inter-

face increases with temperature above 500K, indicating

the growing significance of inelastic processes. In the in-

vestigation of Al/Si and Al/GaN interfaces, Li et al. [34]

similarly noted that inelastic phonon transport processes

become prominent at high temperatures. Liu et al. [36] in-

troduced Sn particles at the Si/Ge interface to enhance

inelastic phonon scattering, thereby improving ITC.

In this section, three models that consider the inelas-
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tic phonon process are introduced: the maximum trans-

mission model (MTM), [37] the higher harmonic inelastic

model (HHIM), [38] and the anharmonic inelastic model

(AIM). [39] Some other models, such as the joint frequency

diffuse mismatch model (JFDMM) [40] and scattering-

mediated acoustic mismatch model (SMAMM), [41] are

available to interested readers for their reference.

ω ω
ω

ω+ω＇ ω

ω-ω＇

ω＇ ω＇

Elastic Inelastic Inelastic

Fig. 5. Elastic phonon process across the interface refers

to situations where the phonon energy remains unchanged.

Conversely, inelastic phonon process across the interface

describes scenarios where the phonon energy undergoes a

change.

MTM proposed by Dames and Chen [37] can be con-

sidered as an upper limit to ITC accounting for inelastic

processes. It treats the transmitted energy of phonons

as continuous radiation energy and employs thermal ra-

diation theory under macroscopic conditions for analysis.

MTM assumes that phonons of all frequencies in both ma-

terials A and B participate in ITC. [39]

In contrary, HHIM proposed by Hopkins [38] can be

considered a lower limit to ITC accounting for inelastic

processes. For elastic phonon process, HHIM is built on

the basis of DMM. For inelastic phonon processes, the

HHIM model considers particular multiple phonon interac-

tions occurring at the interface, which restricts its consid-

eration to the whole higher harmonics exclusively. HHIM

only accounts for the inelastic processes of 𝑛 phonons of

the same frequency 𝜔 to emit a phonon with frequency

𝑛𝜔, such as 𝜔1 + 𝜔1 = 2𝜔1. However, inelastic pro-

cesses involving 𝑛 phonons of different frequencies, such

as 𝜔1+𝜔2 = 𝜔3, are not considered. Since HHIM does not

account for all possible inelastic processes, it represents a

lower limit to ITC.

As shown in Fig. 6, Hopkins et al. [39] used DMM,

HHIM, and MTM to calculate the ITC of the Pb/diamond

interface. In the comparison between the predicted value

and the experimental value, DMM could not predict the

trend of ITC change with temperature, and seriously un-

derestimated the size of ITC. Incorporating inelastic scat-

tering, HHIM forecasts an ITC surpassing that of the

DMM model. While it effectively captures the trend of

ITC with temperature, its predicted value remains a lower

limit. MTM greatly overestimates the value of ITC, and its

predicted temperature dependence trends do not agree well

enough with experimentally measured temperature depen-

dence trends. Therefore, a model that compensates for

both MTM and HHIM and accurately predicts ITC and

temperature dependence is extremely important.

Subsequently, Hopkins et al. [39] revisited the consid-

eration of comprehensive inelastic phonon processes and

introduced AIM. Similar to HHIM, AIM is built upon

the basis of DMM for elastic phonon processes. How-

ever, when considering inelastic phonon processes, AIM

allows for phonon processes within a specific frequency

range, rather than limiting these processes to the whole

harmonic frequencies. Then AIM was used to predict the

ITC of Pb/diamond interface, as shown in Fig. 6. In the

comparison between the predicted value and the experi-

mental value, [42] AIM can not only predict the trend of

ITC change with temperature, but also its predicted value

is closer to the experimental value.
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Fig. 6. ITC of the Pb/diamond interface is calculated

by DMM, MTM, HHIM and AIM models compared with

experimental data. [39,42] Among these models, AIM not

only accurately predicts the trend of ITC changes with

temperature but also provides values closer to the experi-

mental results.

2.4 Electron–Electron and Electron–Phonon Coupling.

In addition to the theoretical models mentioned above,

electron contributions to ITC are also significant in

metal/metal and metal/dielectric interfaces. Electrons are

the primary heat carriers in both metal and metal/metal

interfaces. Generally, for the metal/dielectric interface,

the contribution of electrons to the ITC can often be ig-

nored above 200K. [43] However, the contribution of elec-

trons becomes significant, particularly under high non-

equilibrium conditions between electrons and phonons [44]

or in scenarios with strong electron–phonon couplings, as

observed in the investigation of the TiSi2/Si interface.
[45]

Therefore, it is important to study the physical mecha-

nism and theoretical model of electron influence on ITC of

metal/metal interface and metal/dielectric interface.

Since electrons dominate the ITC at metal/metal inter-

faces, this review focuses exclusively on electronic coupling

at these interfaces. The calculation of electronic ITC at

metal/metal interfaces can be performed using the Lan-

dauer formula [1,5]

𝐺 =
1

4

∫︁ ∞

0

(𝜀− 𝜀F,A)𝐷A(𝜀)
𝜕𝑓A(𝜀)

𝜕𝑇
𝑣e,A𝛼e,A→B(𝜀)𝑑𝜀, (6)

where 𝜀 represents the electron energy, 𝜀F, 𝑖 denotes the

Fermi energy, 𝐷𝑖(𝜀) represents the density of electron

states, 𝑓𝑖(𝜀) is the Fermi distribution function, 𝑣e, 𝑖 sig-

nifies the electron velocity, 𝑖 represents metallic material

A or B, and 𝛼e,A→B denotes the energy-dependent electron

transmission coefficient.

Gundrum et al. [46] proposed a DMM model for inter-

facial electron transport across metal/metal interfaces. In

this case, the electron transmission coefficient can be cal-
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culated by [47]

𝛼e,A→B(𝜀) =
𝐷B(𝜀)[1− 𝑓B(𝜀)]𝑣B(𝜀)

𝐷A(𝜀)𝑓A(𝜀)𝑣A(𝜀) +𝐷B(𝜀)[1− 𝑓B(𝜀)]𝑣B(𝜀)
.

(7)

Exploring the coupling between different energy carri-

ers, such as electrons and phonons, is essential for un-

derstanding the contribution of electrons to the ITC of

metal/dielectric interfaces. One method of investigating

this coupling is the two-temperature model (TTM), [48,49]

wherein two types of energy carriers are treated as separate

subsystems with coupling interactions, including electron–

phonon coupling, [50] magnon-phonon coupling, [51] and

phonon–phonon coupling, [52,53] etc.

By using TTM, Wang et al. demonstrated that

the ITC of metal-dielectric interfaces can be significantly

enhanced by carefully selecting materials with strong

electron–phonon coupling. Liao et al. [51] extended the

TTM to incorporate coupled phonon–magnon diffusion.

Additionally, Deng et al. [52] provided a review of the

application of TTM in phonon–phonon weak coupling. It

is classified into two situations: the “implicit coupling”

describes couplings within a single structure, such as cou-

pling between different phonon groups, and the “explicit

coupling” describes couplings between two structures, such

as interfacial thermal conductance.

The electron–phonon coupling in the metal/dielectric

interface serves as a prime example for illustrating the ap-

plication of TTM. For a more detailed derivation of the

TTM, interested readers can refer to Refs. [1,47].
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Fig. 7. (a) Description of the three channels of heat transport at the metal/dielectric interface. (b) Illustration of

the interface thermal resistance using an equivalent series-parallel thermal resistor network. (c) Influence of a thin

Ni interlayer on the ITC at the Ag/Diamond and Au/Diamond interfaces. The TTM predictions are consistent

with the experimental data. [54]

The coupling of phonons and electrons at the

metal/dielectric interface contributes to ITC through

three primary channels, as shown in Fig. 7(a). The

phonon–phonon coupling across the metal/dielectric in-

terface serves as the main channel (channel I). Electrons

contribute to ITC through two channels. Firstly, electrons

can directly couple with phonons in the dielectric across

the interface (channel II). Secondly, electrons can couple

with phonons in metals and then transport across the in-

terface (channel III).

Majumdar and Reddy [49] proposed the TTM to ex-

plain electron–phonon coupling in metals. Li et al. [55]

extended TTM further and represented ITC as a series-

parallel thermal resistor network incorporating the three

channels mentioned above, as shown in Figs. 7(a) and 7(b).

They derived a more general form of the ITC:

𝐺 =
1

𝑅e
m +𝑅ep

+
1

𝑅p
m +𝑅pp

, (8)

where the renormalized electronic and lattice thermal re-

sistances are represented by 𝑅e
m = 𝑙/𝜅e

m and 𝑅p
m = 𝑙/𝜅p

m,

respectively. The width of interfacial area is defined as 𝑙 =

[(𝐺ep/𝜅
e
m) + (𝐺ep/𝜅

p
m)]−1/2 with 𝐺ep being the electron–

phonon coupling parameter. The phonon–phonon cou-

pling across the metal/dielectric interface 𝑅pp can be cal-

culated using the phonon ITC models mentioned above.

However, obtaining the direct coupling between elec-

trons in the metal and phonons in the dielectric across the

interface 𝑅ep is relatively challenging. Huberman et al., [56]

Sergeev, [57] and Mahan [58] have each proposed different

theoretical models for the interface, considering electron–

phonon coupling to calculate ITC. Interested readers can

refer to the relevant literature for further details. [56–58]

Some experimental work verifies the accuracy of the

TTM. [54,59,60] Wang et al. [60] measured and analyzed

the electron–phonon coupling parameter in Au and Cu,

finding that the TTM provides accurate predictions.
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As illustrated in Fig. 7(c), Blank et al. [54] investigated

Ag/diamond and Au/diamond interfaces with a Ni in-

terlayer. They employed both TDTR measurements and

TTM to determine ITC. The results reveal that ITC in-

creases with the Ni interlayer thickness until reaching a

convergent value. The measured values of ITC closely

align with the predictions of TTM.

3. Summaries and Outlook. It is of significance to

put forward a suitable theoretical model to predict the

ITC, not only for the understanding of the thermal trans-

port mechanism but engineering applications. This re-

view primarily delves into the ITC in the BEOL of chips,

and focuses on four key mechanisms affecting ITC: elastic

phonon processes, inelastic phonon processes, interfacial

roughness, and electron–phonon couplings.

The Landauer formula is widely utilized in calculat-

ing ITC. The key factor of the formula lies in predicting

the phonon transmission coefficient. Different models are

proposed to calculate the transmission coefficient and to

understand the phonon transport mechanism across inter-

faces. The classical AMM (DMM) assumes an extremely

smooth (rough) interface and treats all phonons as plane

waves (diffuse scatterings) at the interface. That is, they

do not properly consider the practical interfacial struc-

tures.

To address this limitation, the MMM was proposed

to account for the effects of arbitrary roughness on ITC.

MMM posits that phonons undergo partial specular pro-

jection and partial diffuse scattering across the interface,

with this ratio determined by the relative relationship

between the interfacial roughness and the phonon wave-

length. The accuracy of MMM has been validated through

both simulations and measurements.

For high temperatures and highly mismatched materi-

als, the inelastic process at the interface is crucial. MTM,

HHIM and AIM were proposed to consider inelastic pro-

cess. MTM assumes that all phonons undergo inelastic

processes, which makes it possible to predict the maxi-

mum ITC. Conversely, HHIM only considers specific mul-

tiple phonon interactions occurring at the interface. AIM

aims to incorporate possible phonon inelastic processes as

comprehensively as possible to enhance the accuracy of

ITC predictions.

Lastly, the contribution of electrons to ITC at

metal/metal and metal/dielectric interfaces is reviewed.

For metal/metal interfaces, electrons are the main con-

tributors to the ITC, thus only electron–electron cou-

plings are considered and can be described by DMM. For

metal/dielectric interfaces, the electron–phonon coupling

becomes significant, and its contribution can be divided

into three distinct channels. The TTM is introduced to

consider the contributions of these three channels to cal-

culate the ITC.

There are still some insufficiencies for the current the-

oretical models of ITC. They do not encompass the influ-

ence of phonon wave-like and coherent behavior. Recent

research has indicated that the wave-like and coherent be-

havior is significant in the ITC of superlattices. [61] As re-

viewed here, most theoretical models of ITC are based on

the Landauer formula, which treats phonon transport as

particles across interfaces.

Moreover, the studies by MD simulations have shown

that the interface thermal resistance is proportional to the

length of the system. [62,63] However, few models incorpo-

rate the size effect on phonon transport across interfaces

and ITC.

Interfacial phonon modes have emerged as crucial fac-

tors in ITC, as observed not only in simulations, [17] but

also in experiments. [21,22] However, most theoretical mod-

els fail to consider their effect or contribution to ITC. [3]

With the support of MD simulations, MMM offers a frame-

work for considering interfacial phonon modes. [24] Under-

standing interfacial phonon modes is invaluable for com-

prehending the mechanisms and modulating ITC.

There is a deficiency in understanding the mecha-

nism of ITC of amorphous interfaces, as well as a lack

of widely applicable theoretical models for accurately pre-

dicting ITC of amorphous interfaces. The results indicate

that amorphous interfaces may take higher ITC, [64] yet

the underlying mechanism remains elusive. On the basis of

DMM, Beechem et al. [65,66] proposed a theoretical model

considering amorphous interfaces. Unfortunately, these

models fail to consider the impact of inelastic phonon pro-

cesses, thereby restricting their utility to situations where

two materials besides interfaces possess similar phonon

spectra. Therefore, it is necessary to further study ITC

models for predicting amorphous interfaces.
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