ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202210.00112

Mixed Mismatch Model for Predicting Metal/Semiconductor
Interface Thermal Conductance

Authors: Zong Zhicheng, Pan Dongkai, Deng Shichen, Wan Xiao, Yang Lina,
Ma Dengke, Yang Nuo, Yang Nuo

Date: 2022-10-17T00:00:004-00:00

Abstract

The acoustic mismatch model and diffuse mismatch model are widely applied
in the calculation of interface thermal conductance, with the two models being
established upon assumptions of extremely smooth and rough interfaces, respec-
tively. Owing to considerable discrepancies between actual interface structures
and these two assumptions, the predicted results from both models deviate sig-
nificantly from the actual interface thermal conductance. A recently proposed
hybrid mismatch model accounts for the influence of interface structure on the
proportion of specular phonon transmission and diffuse transmission, thereby
achieving enhanced prediction accuracy. However, this model necessitates com-
plex molecular dynamics simulations to acquire interfacial phonon information.
Consequently, this study simplifies the hybrid mismatch model by incorporat-
ing measured roughness values and further considers the impact of interface
structure on contact area, thereby enabling simple, rapid, and accurate predic-
tion of interface thermal conductance. Utilizing this model, this work calculates
and predicts the interface thermal conductance between metals (aluminum, cop-
per, gold) and semiconductors (silicon, silicon carbide, gallium arsenide, gallium
nitride). The results for the aluminum/silicon interface are compared with ex-
perimental measurements, demonstrating favorable agreement. This model not
only contributes to the understanding of interfacial thermal conduction mecha-
nisms but also facilitates comparison with experimental results.
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Abstract

The acoustic mismatch model (AMM) and diffuse mismatch model (DMM) are
widely used for calculating interfacial thermal conductance. These two models
are based on the assumptions of perfectly smooth and completely rough inter-
faces, respectively. However, actual interface structures differ significantly from
these idealized conditions, leading to substantial deviations between model pre-
dictions and measured interfacial thermal conductance. The recently proposed
mixed mismatch model (MMM) improves prediction accuracy by considering
how interface structure affects the ratio of phonon specular transmission to
diffuse scattering. Nevertheless, this model requires complex molecular dynam-
ics simulations to obtain interfacial phonon information, limiting its broader
application. To address this limitation, we simplify the MMM by incorporat-
ing experimentally measured roughness values and additionally account for the
effect of interface structure on contact area, enabling simple, rapid, and accu-
rate prediction of interfacial thermal conductance. Using this simplified model,
we calculate and predict the interfacial thermal conductance between metals
(aluminum, copper, gold) and semiconductors (silicon, silicon carbide, gallium
arsenide, gallium nitride). The predicted results for Al/Si interfaces show good
agreement with experimental measurements. This model not only facilitates un-
derstanding of interfacial heat conduction mechanisms but also enables straight-
forward comparison with experimental data.
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1. Introduction

The continuous miniaturization of modern electronic devices and rapid increase
in power density have made thermal dissipation one of the most critical chal-
lenges for device performance and reliability [1-5]. Particularly in nanoscale
devices and structures containing high-density interface features, characteristic
dimensions have shrunk to the order of the mean free path of energy carriers,
making atomic-scale interfacial thermal resistance impossible to ignore [6-10].
The demand for higher-frequency and higher-density microelectronic devices
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has created an urgent need to enhance interfacial thermal conductance [11,12].

Understanding thermal transport across metal/semiconductor interfaces is es-
sential for both fundamental thermal science and engineering applications such
as thermal management in semiconductor devices. In recent years, interfacial
thermal transport has become a research hotspot in both academia and industry
[13]. Deng et al. [4] used the diffuse mismatch model to predict the interfacial
thermal conductance of SiC/SiO, and Si/SiO,, interfaces, with predictions show-
ing excellent agreement with 3-omega experimental measurements. Yang [10]
employed molecular dynamics (MD) simulations to investigate thermal trans-
port across Al/Si interfaces, finding that the degree of atomic disorder at the
interface significantly affects phonon transport. Subsequently, Yang et al. [7]
used non-equilibrium Green’s function (NEGF) methods combined with machine
learning algorithms to study how interlayer mass distribution affects interfacial
thermal conductance in one-dimensional atomic chains, calculating the mass
distribution corresponding to extremal interfacial thermal conductance values.
Thermal transport at the nanoscale depends strongly on interface structure [13],
with experimental studies revealing that interfacial thermal resistance correlates
with several factors including roughness [14-17], interface defects [16,18,19], and
growth methods [20-22].

As classical theoretical models for interfacial thermal transport, the acoustic mis-
match model (AMM) and diffuse mismatch model (DMM) are widely used due
to their simplicity and ease of application. However, AMM and DMM are based
on assumptions of perfectly smooth and completely rough interfaces, respec-
tively, without considering specific interface structures, resulting in significant
deviations between their predictions and actual interfacial thermal conductance.
Zhang et al. [23] proposed the mixed mismatch model (MMM), which considers
the effect of interface roughness on the ratio of phonon specular transmission
to diffuse scattering, thereby improving prediction accuracy. Nevertheless, this
model requires MD simulations to obtain interfacial phonon information, and
its complexity has limited broader adoption.

In this work, we simplify the mixed mismatch model by utilizing experimentally
measured roughness values, enabling more convenient and efficient prediction of
interfacial thermal conductance. Additionally, we incorporate the effect of in-
terface structure on contact area. First, we calculate phonon thermal transport
parameters for metals (aluminum, copper, gold) and semiconductors (silicon,
silicon carbide, gallium arsenide, gallium nitride) using lattice dynamics and
first-principles calculations. Subsequently, based on the simplified MMM, we
predict the phonon transmittance and interfacial thermal conductance for these
metal/semiconductor interfaces. The calculated results for Al/Si interfaces are
compared with experimental measurements, validating the accuracy of our ap-
proach.
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2. Theory and Methods

For metal /semiconductor interfaces, heat carriers include both phonons and elec-
trons [24]. Regarding the contribution of electrons, researchers have conducted
numerous studies. For instance, Singh et al. [25] found that electron-phonon
coupling contributions to interfacial thermal transport are negligible based on
the Bloch-Boltzmann-Peierls formulation. Hamaoui et al. [26] demonstrated
through frequency-domain photothermal radiometry that phonons dominate
interfacial thermal transport at metal/silicon interfaces above 150 K. Giri et
al. [27] showed via time-domain thermoreflectance measurements that electron-
phonon scattering at the interface contributes to interfacial thermal conductance
only under highly non-equilibrium conditions between electrons and phonons.
Consequently, the importance of electron-phonon coupling for solid-solid inter-
facial thermal conductance remains controversial [28]. Under equilibrium condi-
tions, electronic contributions to interfacial thermal conductance at metal/non-
metal interfaces are generally considered negligible [13]. Therefore, this study
considers only phonon contributions to interfacial thermal conductance.

When incident phonons reach a solid-solid interface between materials A and B,
the interfacial thermal conductance can be predicted using Landauer theory via
Equation (1):

@4 max on(w, T
Gr=3 2 [ Dar iy pl0 e
0

J

where w is frequency, w4 .. is the cutoff frequency from the phonon dispersion
relation of material A, D, is the phonon density of states (DOS), n(w,T) is
the Bose-Einstein distribution function, v is phonon group velocity, a4_, 5 is
the phonon transmittance coefficient at the interface, and subscript j denotes
different phonon modes. According to Equation (1), the theoretical interfacial
thermal conductance GG,,, can be obtained once the phonon thermal transport
parameters on both sides of the interface and the phonon transmittance a4_, g
are known. In this work, phonon thermal transport parameters are calculated
primarily through lattice dynamics and first-principles methods, while interfa-
cial phonon transmittance is computed using theoretical models.

The AMM and DMM models, as classical interfacial phonon transport models,
are expressed as follows [29]:

Acoustic Mismatch Model (AMM):

AMM _ _ 4PavapBUB
475 (pava + ppup)?

Diffuse Mismatch Model (DMM):

o DMM _ Zj Dp(w)vp(w)
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The AMM assumes only transmission and reflection at the interface, while DMM
assumes completely diffuse scattering. However, at real solid-solid interfaces,
phonons simultaneously undergo transmission, reflection, and diffuse scattering
[30,31]. Therefore, the MMM introduces a specularity parameter p to represent
the fraction of specular phonon transmission at the interface, with the diffuse
scattering fraction being (1 — p). The phonon transmittance is then defined as
a linear combination of AMM and DMM [23]:

QNG =p-adly + (1 —p) oMy
Ziman et al. [32] noted that the specularity parameter p depends on the root-
mean-square roughness 1 and phonon wavelength A, establishing this relation-
ship as:

271_2,]72
p=oxp|——0

The key to Equation (5) is obtaining the interfacial roughness 7. Zhang et al. [23]
employed MD simulations of Al/Si interfaces and used DOS to characterize 7,
but the complex modeling and computational time required for MD make the
MMM model difficult to use widely. Therefore, this work substitutes experimen-
tally measured roughness values 7 from previous researchers into Equation (5) to
obtain the specularity parameter p, enabling straightforward application of the
MMM model for interfacial thermal conductance calculations and comparison
with experimental results.

Furthermore, in reality, contact between materials at interfaces typically in-
volves voids rather than ideal perfect contact, reducing the actual contact area
and affecting heat conduction. To incorporate the effect of voids on contact
area in interfacial thermal conductance predictions, we introduce a parameter
S (interface contact coefficient) to correct the contact area. For perfect void-
free interfaces, S = 1; for realistic interfaces with voids, S < 1. The actual
interfacial thermal conductance G can be expressed as:

G=5-G,

where G,, is the interfacial thermal conductance calculated from the theoretical
model, and S is the interface contact coefficient.

3. Results and Discussion

The phonon dispersion relations and DOS for metals (Al, Cu, Au) and semi-
conductors (Si, SiC) were calculated using the lattice dynamics software GULP
[33], employing the Mei-Davenport potential [34] for Al, EAM potentials [35,36]
for Cu and Au, the SW potential [37] for Si, and the Tersoff potential [38] for
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SiC. The dispersion relations and DOS for GaAs and GaN were calculated using
VASP combined with phonopy. The phonon dispersion relations and DOS for
these three metals and four semiconductors are shown in Figures 1 [Figure 1:
see original paper| and 2 [Figure 2: see original paper].

Figure 1. Phonon dispersion relations and density of states (DOS) of metals:

(a) Al, (b) Cu, (c) Au.

Figure 2. Phonon dispersion relations and density of states (DOS) of semicon-
ductors: (a) Si; (b) SiC; (¢) GaAs; (d) GaN.

In Figures 1 and 2, the red curves represent the normalized DOS. Metals (Al,
Cu, Au) have face-centered cubic structures with only one atom per primitive
cell, so their dispersion relations contain only acoustic branches, with cutoff
frequencies in descending order: Al (8.4 THz), Cu (8.1 THz), Au (3.8 THz).
For semiconductor materials, the primitive cell contains more than one atom,
so the dispersion relations include both acoustic and optical branches. Since the
theoretical models consider only interactions between identical phonon modes
j at the interface, we consider only acoustic branch contributions to interfacial
thermal conductance for semiconductor materials. The acoustic branch cutoff
frequencies in descending order are: SiC (20 THz), Si (13 THz), GaN (7.1
THz), GaAs (6.2 THz). The phonon group velocities v; for each mode can
be obtained from the phonon dispersion curves (detailed group velocities are
provided in Supplementary Material I). Below, we demonstrate the calculation
process for interfacial thermal conductance at Al/semiconductor (Si, SiC, GaAs,
GaN) interfaces.

Using Equations (2) through (5), we calculate the phonon transmittance spec-
tra for Al/semiconductor interfaces under three models: AMM, DMM, and
MMM (with roughness values: 0.28 nm, 1.38 nm, 2.16 nm), as shown in Fig-
ure 3 [Figure 3: see original paper]. Similar calculations can be performed
for Cu/semiconductor and Au/semiconductor interfaces (detailed spectra are
provided in Supplementary Material IT). For Al/Si, Al/GaAs, and Al/GaN in-
terfaces, the phonon transmittance calculated by AMM is higher than that by
DMM across most frequencies. This occurs because AMM assumes specular
transmission at the interface without scattering, making transmittance proba-
bility dependent solely on acoustic impedance mismatch. Conversely, DMM
assumes a completely disordered interface with fully diffuse scattering. For the
Al/SiC interface, DMM yields higher transmittance than AMM due to the large
acoustic impedance mismatch between the two materials, where DMM predic-
tions exceed AMM results [29].

Figure 3 [Figure 3: see original paper]. Comparison of phonon trans-
mittance spectra calculated by AMM, DMM and MMM (roughness: 0.28nm,
1.38nm, 2.16nm): (a) Al/Si interface; (b) Al/SiC interface; (c) Al/GaAs inter-
face; (d) Al/GaN interface.

Substituting the phonon transport parameters and transmittance into Equation
(1) yields the temperature-dependent interfacial thermal conductance curves.
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Additionally, prior to theoretical modeling, we establish the relationship be-
tween interface contact coeflicient S and interface roughness based on interfa-
cial contact mechanics theory [39], as shown in Figure 4 [Figure 4: see original
paper]. Here, n,,., represents the cutoff radius of the interatomic empirical po-
tential function for the materials on both sides of the interface. When interface
roughness exceeds this value, the interface contact coefficient approaches zero;
for the Al/Si interface, this value is 4.7 nm (values for other interfaces are pro-
vided in Supplementary Material IIT). The same methodology can be applied to
obtain the S-roughness relationship for other metal/semiconductor interfaces.

Figure 4 [Figure 4: see original paper]|. The relationship between inter-
face contact coefficient S and roughness, where 7, .. is the cutoff radius of the
interatomic empirical potential function of the materials on both sides of the
interface. When the roughness of the interface is greater than this value, the in-
terface contact coefficient is considered to approach 0, which is 4.7nm for Al/Si
interface.

Substituting the coefficient S into Equation (7) allows calculation of theoreti-
cal model results at different temperatures and roughness values, as shown in
Figure 5 [Figure 5: see original paper]. Comparison with experimental measure-
ments for Al/Si interfaces demonstrates that MMM calculations agree well with
experimental data.

Figure 5. Curves of interfacial thermal conductance predicted by AMM, DMM
and MMM (roughness: 0.28nm, 1.38nm, 2.16nm) models as a function of tem-
perature: (a) Al/Si interface, (b) Al/SiC interface, (¢) Al/GaAs interface, (d)
Al/GaN interface; The experimental values were obtained from measurements
made by Hopkins [15] et al.

Figure 5 shows that interfacial thermal conductance gradually saturates with
increasing temperature. During this process, phonon group velocity, DOS, and
interface transmittance remain constant. The temperature dependence arises
from the Bose-Einstein distribution. At low temperatures, only low-frequency
phonons contribute to interfacial thermal conductance. As temperature in-
creases, higher-frequency phonons are excited and participate in interfacial
thermal transport, thereby increasing conductance. At sufficiently high tem-
peratures, the number of excited phonons saturates, and further temperature
increases do not activate additional phonons, causing the interfacial thermal
conductance to reach saturation.

Similar procedures can be applied to calculate temperature-dependent inter-
facial thermal conductance curves for other metal (Cu, Au)/semiconductor (Si,
SiC, GaAs, GaN) interfaces (detailed results are provided in Supplementary Ma-
terial IV). Theoretical calculations employ the same method shown in Figure 4
to obtain contact coefficient S for different interfaces. The calculated interfacial
thermal conductance values at various roughness levels are presented in Figure
6 [Figure 6: see original paper], demonstrating that for metal/semiconductor
interfaces, interfacial thermal conductance decreases with increasing roughness,
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consistent with previous studies [14,15,17,28].

Figure 6 [Figure 6: see original paper]|. Interfacial thermal conductance of
metal (Al, Cu, Au) and semiconductor (Si, SiC, GaAs, GaN) interfaces predicted
by MMM model at 300 K, roughness values: 0.28nm, 1.38nm, 2.16nm.

The results show that Al/semiconductor and Cu/semiconductor interfaces ex-
hibit similar predicted thermal conductance values, but differ significantly from
Au/semiconductor interfaces. Al and Cu have nearly identical phonon disper-
sion relations and DOS, with similar phonon frequencies participating in inter-
facial thermal transport. However, Au has a lower phonon dispersion cutoff
frequency, allowing only fewer low-frequency phonons to participate. Addition-
ally, metal/semiconductor interfaces with Al and Cu generally exhibit higher
thermal conductance because these metals have higher phonon dispersion cutoff
frequencies that overlap more strongly with semiconductor DOS compared to
Au. For metals with higher cutoff frequencies such as molybdenum (Mo) [40],
chromium (Cr) [41], and nickel (Ni) [42], high interfacial thermal conductance
can also be achieved; whereas metals with lower cutoff frequencies such as plat-
inum (Pt) [42], ruthenium (Ru) [43], and tungsten (W) [44] yield relatively lower
interfacial thermal conductance.

From the semiconductor perspective, interfaces with Si and GaN show higher
thermal conductance for metal (Al, Cu)/semiconductor combinations, while SiC
—which has high bulk thermal conductivity—exhibits lower interfacial thermal
conductance. This occurs because SiC’ s acoustic branch cutoff frequency is
much higher than those of Al and Cu, whereas Si and GaN have acoustic branch
cutoff frequencies closer to Al and Cu, resulting in greater DOS overlap and
more phonons participating in interfacial transport. Semiconductors with lower
acoustic branch cutoff frequencies such as zinc oxide (ZnO) [45], gallium oxide
(Gay04) [46], and indium phosphide (InP) [47] yield lower interfacial thermal
conductance. For GaAs, Au’ s dispersion cutoff frequency is more similar, re-
sulting in higher DOS overlap and thus greater Au/GaAs interfacial thermal
conductance compared to other Au/semiconductor (Si, SiC, GaN) interfaces.

4. Summary and Outlook

In summary, this work proposes a simplified mixed mismatch model for pre-
dicting interfacial thermal conductance by considering the effects of interface
roughness and structure. The validity of the simplified MMM is confirmed by
comparing Al/Si interface predictions with experimental measurements. Based
on this model, we calculate and predict interfacial thermal conductance between
metals (aluminum, copper, gold) and semiconductors (silicon, silicon carbide,
gallium arsenide, gallium nitride). The results show that metal/semiconductor
interfacial thermal conductance increases with temperature but the rate of in-
crease slows at higher temperatures. Furthermore, calculations incorporating
interface structure effects demonstrate that interfacial thermal conductance de-
creases with increasing roughness. The simplified mixed mismatch model offers
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the advantages of simplicity and accurate predictions, facilitating both inter-
facial thermal conductance prediction and comparison with experimental mea-
surements.
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