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A B S T R A C T

Thermal boundary conductance (TBC) across metal–diamond interfaces plays a critical role in the thermal 
management of future diamond-based ultrawide bandgap semiconductor devices. Molecular dynamics is a so-
phisticated method to predict TBC but is limited by the lack of reliable potential describing metal–diamond 
interfaces. In this work, we report the development of machine learning interatomic potentials and the prediction 
of TBCs of several technologically promising metal–diamond interfaces using nonequilibrium molecular dy-
namics. The predicted TBCs of relaxed Al, Mo, Zr, and Au-diamond interfaces are approximately 284, 93, 30, and 
40 MW/m2K, respectively, after quantum corrections. The dependence of TBCs on pressure is also studied. The 
corresponding thermal boundary resistances are equivalent to 0.83-μm thick of Al, 1.5-μm Mo, 0.73-μm Zr, and 
7.9-μm Au, respectively. We find that the conventional simple models, such as the acoustic mismatch model and 
diffuse mismatch model, even including the full-band phonon dispersion from first principles, largely misesti-
mate the TBC values because of their inability to include the interfacial structural and bonding details as well as 
inelastic transmission. The quantum-corrected TBC values for the metal–diamond interfaces correlate well with 
the quantum-corrected phonon specific heat of metals, instead of diamond. Additionally, it is found that the 
Debye temperature shows a stronger correlation with the TBC than the elastic modulus does. The low TBC values 
between metals and diamond need to be considered in future diamond-based semiconductor devices.

1. Introduction

Diamond is an ultrawide-bandgap (UWBG) material with [1] 5.5 eV 
bandgap, high carrier mobility [2,3], large breakdown field[4] (>10 
MV/cm), low thermal expansion [5,6] and the highest thermal con-
ductivity [7–10] (2200 W/m-K), which makes it an ideal material sys-
tem for next-generation power and communication devices operating in 
extreme conditions [11–13]. High-electron-mobility transistors (HEMT) 
[14–16] result in significant self-heating [17,18] of devices. As the 
channel material in a transistor application, the diamond must be inte-
grated with the metal electrodes [19]. In addition to the traditional 
downward heat dissipation through the diamond-substrate interface, an 
additional pathway upward through the metal–diamond interface could 
significantly contribute to the enhanced thermal management of 
diamond-based power electronics [20]. The thermal boundary resis-
tance (TBR), which is the reciprocal of thermal boundary conductance 
(TBC), at the metal–diamond interfaces can impose substantial thermal 
resistance in these devices [21]. Gaining a comprehensive 

understanding of heat transfer at the clean metal–diamond interfaces is 
vital not only for ensuring the reliability and performance of 
diamond-based power devices, but also plays a key role in the broader 
context of thermal management [22–24]. Moreover, the metal-
–semiconductor interfaces are a common component not just in metal-
–oxide–semiconductor field-effect-transistor, but also in devices like 
junction field-effect transistors [25] and Schottky barrier diodes 
[26–28]. Hence, garnering a comprehensive understanding of these in-
terfaces offers valuable insights and opportunities for the design and 
optimization of semiconductor devices.

TBCs of various metal–diamond interfaces have been measured in 
recent years. In Al–diamond interfaces, the reported time-domain ther-
moreflectance (TDTR) experimental TBC values are widely spread be-
tween 25 and 250 MW/m2K, attributing to the varying surface treatment 
conditions and surface orientations [29,30]. Mo–diamond interface also 
has a similar TBC range between 60 and 285 MW/m2K [31]. However, 
the interface includes a carbide formation (MoC2) at the interface. In a 
subsequent study, Monachon and Weber [32] predicted the TBC for this 
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interface to be around 220–240 with a partial carbide formation at the 
interface. In addition, the measured TBC of Au–diamond interface by 
Hohensee et al. [33] is ~134 MW/m2K, at a pressure of 34–35 GPa. It is 
worth noting that TBC at metal–diamond interfaces is influenced by 
pressure, as it has the potential to enhance interfacial bonding, thereby 
impacting the TBC across the interface. In a separate study by Blank 
et al. [34] interfaces with nanometer-thick interlayers, using either 
nickel or molybdenum, were investigated. The reported TBC, without 
any interlayer, was approximately 76 MW/m2K. The TBC of 
Au–diamond interfaces were reported to be about 40 MW/m2K by 
Stoner and Maris[35]. However, these experimental measurements were 
based on metal–diamond interfaces with various oxides, surface treat-
ments, and carbide formations, altering the interfacial atomic structure. 
A fundamental understanding of the intrinsic TBCs in clean metal-
–diamond interfaces, a critical element in the diamond-based UWBG 
devices, is still limited.

Alongside experimental investigations, numerous theoretical studies 
have been undertaken to comprehend and predict the TBCs of metal-
–diamond interfaces. Lombard et al. reported a TBC of 130 MW/m2K for 
an Al–diamond interface using the diffuse mismatch model (DMM) [36]. 
In contrast, the reported values for TBC from DMM were 365 MW/m2K 
by Battabyal et al. [37]. Additionally, their work included the modified 
scattering-mediated acoustic mismatch model, which predicted a TBC of 
225 MW/m2K. Similarly, the TBC of Au–diamond interfaces is predicted 
to be around 13 MW/m2K from DMM [36].

Though these theoretical studies provide some insights into the 
thermal properties, the theoretical models [38] used in these studies 
have their limitations. The models frequently oversimplify phonon 
transmission by neglecting inelastic contributions and may disregard 
inhomogeneous bonding configurations between dissimilar materials. 
Most of these models rely on the evaluation of phonon transmission 
coefficients at the interfaces. To calculate phonon transmission co-
efficients, common ways are the acoustic mismatch model (AMM) [39], 
DMM [40,41], and atomistic Green’s function (AGF) [42–45]. The 
limitation of AMM and DMM is that they neglect the inelastic trans-
mission and ignore the detailed atomic structure and bonding strength at 
the interface. The limitation of harmonic AGF is that it ignores inelastic 
transmission, and the limitation of the very recently developed anhar-
monic AGF is its extreme computational cost for complex interfaces with 
interlayer structures. Despite the improvement made by some works 
[46–54], they ignore some critical phenomena, such as the existence of 
interfacial phonon modes and the local phonon nonequilibrium [55]. 
The wave-packet method [56–60] is an effective way to study phonon 
transmission, but it usually studies one mode at a time, which is 
time-consuming. More importantly, it is typically performed at 0 K, 
assuming all the other modes are frozen out, which misses the pho-
non–phonon coupling effect at finite temperatures. Recently, 
mode-resolved phonon transmittance [61] using lattice dynamics with 
energy conservation, has been developed to study interfaces. Compared 
to the previously mentioned methods based on phonon transmission 
coefficients, molecular dynamics (MD) can naturally include all the 
physical phenomena [62] near the interfaces, along with the tempera-
ture effect [55]. Many spectral phonon analysis works used the MD 
method to gain insights of phonon transport [55,63–72]. However, the 
accuracy of MD solely relies on interatomic potentials[73], which are 
limited for most heterostructures. Though most of these potentials 
produce acceptable results for the intended models and applications, 
they are not transferrable and must be thoroughly benchmarked and 
validated before their use.

2. Materials and methods

In this work, we employ MD to predict the TBC across Al–, Zr–, Mo–, 
and Au–diamond interfaces, as shown in Fig. 1. But MD has three main 
limitations: (1) it severely depends on interatomic potentials, which are 
nonexistent for most heterostructures (and not accurate if they exist); (2) 

it uses classical Boltzmann instead of Bose–Einstein statistics; and (3) it 
cannot capture the electron–phonon coupling across the interface. To 
mitigate the first limitation, we develop accurate machine learning 
interatomic potentials (MLIPs) dedicated for the interface hetero-
structures based on ab initio molecular dynamics (AIMD) simulations. 
They are much more accurate than classical potentials, which were 
developed using bulk materials and mixing rules. To mitigate the second 
limitation of MD, we conduct a quantum correction by weighing the 
contributions of different phonon modes with the ratio of the quantum 
and classical heat capacities of that mode based on DMM transmission 
coefficients. Regarding the last limitation, electron–phonon[74] 
coupling is beyond the scope of this work. Note that electron–phonon 
coupling across interfaces has been found negligible for some metal-
–dielectric interfaces [75–77].

Because of the large in-plane lattice mismatch between the metal 
layers and underlying diamond substrate, construction of metal-
–diamond heterostructures is quite challenging. To overcome this and 
construct the most realistic heterostructure models, we created hetero-
structures by repeating metal layers and diamond substrate in X and Y 
directions. The heterostructures are chosen as 5 × 5 (Al) and 3 × 3 
(diamond), 4 × 4 (Zr) and 2 × 2 (diamond), 4 × 4 (Mo) and 5 × 5 
(diamond), and 4 × 4 (Au) and 3 × 3 (diamond), respectively, as shown 
in Fig. 1. The lattice mismatch will induce pressure laterally and induce 
strains on the metal side. The strain on diamond is negligible as it has a 
much larger modulus than metals. We first try to relax the lattice along 
the heat transport (axial) direction so there is no stress along the axial 
direction, but we find that this will induce phase change to the metals 
since the lateral directions have large stress. To preserve the metals’ 
crystal symmetries, we let the strain along the axial direction be the 
same as the lateral directions. In the final structures, Al–, Zr–, Mo–, and 
Au–diamond heterostructures have isotropic pressures of 50–60, 45–50, 
7–8, and 349–350 GPa, respectively. To exclude the pressure impacts, 
we study the interfaces at varying pressures and extrapolate or inter-
polate the TBCs to zero pressure.

The density functional theory (DFT)-based AIMD simulations are 
conducted by using the Vienna Ab initio Simulation Package [78,79] 
(VASP) with the projector augmented wave (PAW) [80] pseudopoten-
tials. The energies, stresses, atomic forces, and atomic configurations in 
the AIMD simulations are used to train the moment-tensor machine 
learning potentials (MTPs) by using the MLIP package [81]. The energy 
cutoffs are set to be 450 eV. The Γ point-only electronic k-mesh is used. 
For each interface, we run 2–6 independent AIMD simulations, each 
containing 1000–1500 steps at 300 K. Each simulation starts with 
random atomic positions and velocities. The timestep is 1 fs. The output 
files generated from AIMD contain energy, forces, and stresses for each 
timestep, which are used for MLIP training. The minimum and 
maximum cutoff radii of the MLIP are set at 1.0 and 6.0, 0.9 and 3.8, 

Fig. 1. Supercell atomic structures used in the AIMD simulations in this work 
for (a) Al–diamond, (b) Zr–diamond, (c) Mo–diamond, and (d) 
Au–diamond interfaces.
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0.96 and 5.0, and 0.92 and 3.8 Å for Al–, Zr–, Mo–, and Au–diamond 
interfaces, respectively. The training level [81] is set as 24. The number 
of iterations for training is set to 500. A total of 80 %–90 % of the data is 
allocated for the training, and the remaining portion is designated for 
the testing.

3. Results from machine learning interatomic potentials

The accuracy of the MLIPs is demonstrated by the root-mean-square 
error (RMSE) of the MLIP compared to DFT in Fig. 2. Generally, the 
forces predicted by the MLIP agree very well with those predicted 
directly from AIMD for all four structures.

With the trained MTPs, we run NEMD simulations using the Large- 
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [82]. 
The atoms at the two edges are fixed to mimic the adiabatic boundary 
condition. The systems are first stabilized in constant volume and tem-
perature (NVT) at 300 K for 3 million steps with a timestep of 1 fs. Then, 
the metal atoms next to the fixed boundary are changed to 320 K as the 
hot reservoir, and the diamond atoms next to the fixed boundary are 
changed to 280 K as the cold reservoir, both using the Langevin ther-
mostat [83]. The number of atoms in both reservoirs is approximately 
200. Then, the ensemble is changed to constant volume and energy 
(NVE) and runs for another 2 million steps. After that, the temperature 
and heat flux are recorded for another 2 million steps. The TBC is 
calculated by using G =

q
A⋅ΔT, where q is the heat flux, ΔT is the tem-

perature jump at the interface, and A is the cross-section area.
TBCs of different heterostructures at different axial pressures and 

structure sizes are studied from machine learning molecular dynamics 
(MLMD) after quantum correction. The size effect of MD is studied but 
found to be not significant from 7.4 nm up to 51 nm. The predicted TBC 
values at zero interface pressure are 284 ± 22, 93 ± 4, 30 ± 10, and 40 
± 6 for Al–, Mo–, Zr–, and Au–diamond interfaces, respectively. These 
values are obtained from linear fitted intercept of TBC at zero interface 
pressure for all four heterostructures from Fig. 3. The corresponding 
TBRs, assuming bulk thermal conductivities of metals, are equivalent to 
0.83-μm thick of Al, 1.5-μm Mo, 0.73-μm Zr, and 7.9-μm Au, respec-
tively. Though these values are negligible, for the wide bandgap semi-
conductor transistors with nano to micrometer scale they play a major 

role in enhancing power-loss and thermal breakdown [84–87].
The TBCs predicted by MLMD after quantum correction are shown in 

Fig. 4, compared to the available experimental data. Quantitatively, the 
Al–diamond interface has the highest TBC value, followed by the 
Mo–diamond, Zr–diamond, and Au–diamond interfaces. The 
Al–diamond interface exhibits the least phonon mismatch compared to 
the other interfaces. This dominance of vibrational match contributes to 
its higher TBC compared to the other interfaces. The exception occurs 
between the Mo– and Zr–diamond interfaces. Despite the Zr–diamond 
exhibiting a smaller mass mismatch [88,89], it shows a lower TBC. This 
is because the Zr–diamond interface has a larger phonon mismatch than 
the Mo–diamond interface, which will be discussed later.

For the Al–diamond interface, the TBC values measured from the 
TDTR are widely spread across a range of 21–390 MW/m2K [29,30,33, 
91]. It is mainly due to the surface quality and termination variability of 
the substrate before depositing Al. Monachen and Weber found that 
surface treatments and Al deposition techniques can also affect the TBC 
value [29,30], due to the change of cleanliness and surface termination 
of diamond. The hydrogen-treated diamond surfaces exhibit a 4 × lower 
TBC value than the oxygenated diamond interfaces [91], mainly due to 
the differences in carrier scattering in the Al layer near the interfacial 
region. Hohensee et al. [33] measured that TBC can increase with 

Fig. 2. Comparisons of forces on atoms between MTP and DFT calculations for 
(a) Al–diamond, (b) Zr–diamond, (c) Mo–diamond, and (d) Au–diamond 
interface systems.

Fig. 3. Impact of axial pressure on TBCs of Al–, Zr–, Mo–, and Au–diamond 
interfaces from MLMD (quantum corrected). The intercept values represent the 
TBC values at zero axial pressure.

Fig. 4. TBCs of Al–, Zr–, Mo–, and Au–diamond interfaces from MLMD 
(quantum corrected), AMM (Debye), DMM (Debye), and DMM (full band) 
models. Yellow shaded area indicates the TBC measured for Al–diamond 
interface by Hohensee et al. [33] from 0 to 50 GPa. Blue shaded area represents 
the TBC of clean and interfacial mixing Si–Ge interface [90].
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pressure in a range of 150–400 MW/m2K for 0–40 GPa. Our MLMD re-
sults reveal TBC of approximately 316 ± 22 MW/m2K at an average 
pressure of about 50–60 GPa, which is slightly above the upper limit of 
the TBC data of 180–280 MW/m2K measured by Hohensee et al. [33] at 
the same pressure range. The slightly higher MLMD result could be 
attributed to the ideal nature of the Al–diamond interface, without any 
impurities, doping, or vacancies. Interestingly, the Al–diamond TBC 
values are not much lower than that of clean Si–Ge interface, which is 
about 200–240 MW/m2K from both experiment and simulations [90], 
despite that the Si–Ge interface has significantly better lattice and 
vibrational match, as well as chemical bonding, than the Al–diamond 
contact.

For the Mo–diamond interface, the predicted TBC of 93.2 ± 4.4 MW/ 
m2K is significantly smaller than the measured value of 220–240 MW/ 
m2K. This is because the measured data was based on Mo–MoxCy 
interface rather than a clean Mo–diamond interface [92]. The MoxCy 
(Mo/diamond composite) might contribute to a bridging effect [93,94], 
which can enhance TBC. Unfortunately, there is no experimental TBC 
data available for the clean Mo–diamond interface. Regarding the 
Zr–diamond interface, there is no experimental data available either.

For the Au–diamond interface, the experimental TBC from Hohensee 
et al. [33] is about 130 MW/m2K, observed at a pressure of about 30–35 
GPa. It is much higher than the

55 ± 5 MW/m2K obtained in MLMD simulations at an isotropic 
pressure of 349–360 GPa. The extrapolated TBC at zero interface pres-
sure, is around 40.2 ± 6.4 MW/m2K. This might be because of the 
following two reasons: (1) the measured data was for Au (Pd)–diamond 
interface, an alloy-like structure, or (2) the implemented surface treat-
ment to enhance the binding between metal and diamond interfaces. In 
this study [33], without any pressure, the TBC was measured to be about 
70 MW/m2K, which is very close to another reported TBC of 76 
MW/m2K, measured by Blank et al. [34]. The insertion of a 
nanometer-thick Ni or Mo interlayer increases TBC to 195 ± 40 
MW/m2K34 due to the bridging effect [93,94]. In another report by 
Stoner and Maris [35], the TBC of Au–diamond interface was measured 
to be about 40 MW/m2K, but detailed interfacial structure information is 
missing. In summary, the clean Au–diamond interface might be the 
reason for the smaller TBC value, which is smaller than 40.2 MW/m2K; 
however, adding interfacial mixing or interlayer in the implemented 
models might lead to the increased TBC value closer to the reported 
experimental values.

The interfaces between diamond and the other metals such as Cu, Pt, 
Pb, Nb, and W have also been extensively studied experimentally. These 
metal–diamond interfaces have a comparable TBC range as the four 
metal interfaces investigated in this study. For example, the TBC of 
Cu–diamond interface is about 33–73 MW/m2K [95] and can be 
enhanced to 96 MW/m2K with a Cr interlayer [96] and 87 MW/m2K 
with a Mo interlayer [97]. The TBC of Pt–diamond interface increases 
from 145 to 240 MW/m2K with pressure increasing from 0 to 50 GPa. 
The TBC of Pb–diamond interface increases from 30 to 140 MW/m2K 
from 0 to 50 GPa [33]. The TBC of Nb–diamond interface is about 70 
MW/m2K, possibly with some carbide formation [98]. The TBC of 
W–diamond interfaces exhibit a wide range of 40 to 190 MW/m2K.

4. Results from DMM and AMM

The MLMD provides much more accurate predictions, compared to 
the conventional AMM- and DMM-based models. To make a comparison, 
we calculate the TBCs using DMM and AMM under the Debye approxi-
mation, as well as the DMM with the exact full-band phonon dispersion 
from first principles. Under the Debye model, the thermal conductance G 
based on Landauer’s formalism [99] is. 

GDebye =
1
4
∑

j
vA,j

∫ωD,A

0

αA→Bℏω dfA,j

dT
dω, (1) 

fA,j(ω,T) =
ω2

2π2 v3
A,j

[

exp
(

ℏω
kBT

)

− 1
], (2) 

where vA,j is the sound velocity of material A in the polarization branch j, 
ωD,A is the Debye frequency of material A calculated by ωD,A =

vA,j
(
6π2nA

)1
3 with nA being the number density of atoms in material A, 

αA→B is the phonon transmission coefficient from material A to B, ℏ is the 
reduced Planck constant, ω is the phonon angular frequency, fA,j is the 
phonon population under Debye approximation, and kB is the Boltz-
mann constant. αA→B can be obtained from AMM (assuming normal 
incident of phonons) and DMM using the following equations: 

αA→B, AMM =
4ZAZB

( ZA + ZB)
2, (3) 

αA→B, DMM =

∑
jv− 2

B,j
∑

jv− 2
B,j +

∑
jv− 2

A,j
. (4) 

Here, ZA and ZB are acoustic impedances of materials A and B, 
respectively. For DMM, we also conduct full-band Landauer’s formalism 
[100–102] calculation by 

GDMM, full =
1

2(2π)3

∑

jA

∫

BZA

cλA αA→B(ωλA )
⃒
⃒vλA ,n

⃒
⃒dqA

=
1

2Nq,AVc,A

∑

jA

∑

qA

cλA αA→B(ωλA )
⃒
⃒vλA ,n

⃒
⃒ (5) 

αA→B(ω) =
ΔqB⋅

(∑
λB

⃒
⃒vλB ,n

⃒
⃒⋅δωλB ,ω

)

ΔqA⋅
(∑

λA

⃒
⃒vλA ,n

⃒
⃒⋅δωλA ,ω

)
+ ΔqB⋅

(∑
λB

⃒
⃒vλB ,n

⃒
⃒⋅δωλB ,ω

) . (6) 

Here, cλA = kBx2 ex

(ex − 1)2 is the specific heat of material A per mode, x =

ℏωA,λ
kBT , vA,λ,n =

⃒
⃒vA,λ⋅n

⃒
⃒, n is the unit vector normal to the interface, qA is the 

wavevector of material A, λA ≡ (qA, jA) is the phonon mode in material A 
with wavevector qA and branch jA, λB ≡ (qB, jB) is the phonon mode in 
material B, and ΔqA =

VA,BZ
Nq,A 

and ΔqB =
VB,BZ
Nq,B 

are the discretized Brillouin 
zone volume in material A and B, respectively. VA,BZ is the volume of the 
Brillouin zone of A, Nq,A is the number of q points sampled in material A, 
and Vc,A is the primitive cell volume of material A. Same for material B.

The results of AMM and DMM models’ calculations are shown in 
Fig. 4. It is found that all the AMM, DMM, and DMM (full band) pre-
dictions are inaccurate and not reliable, compared to MLMD. DMM (full 
band) usually significantly underestimates the TBCs, because it neglects 
inelastic phonon transmissions[103]. Additionally, the AMM and DMM 
models do not account for the strength of atomic bonding or interfacial 
atomistic structure at the interface.

The limitation of MLMD is its classical nature of MD, which should be 
incorporated with quantum correction. To have a sense on the quantum 
correction of TBC, we plotted the TBCQ/TBCC predicted from DMM (full 
band), where the subscript “Q” means the phonon specific heat is 
quantum in Eq. (5), i.e., c = kBx2 ex

(ex − 1)2, and the subscript “C” means the 

phonon specific heat is classical in Eq. (5), i.e., c = kB. As shown in Fig. 5
(a), the ratio of TBCQ/TBCC follows very well with the ratio of phonon 
specific heat cph,Q/cph,C of the four metals. Obviously, TBCQ/TBCC does 
not follow the ratio of phonon specific heat cph,Q/cph,C of diamond, which 
has a high Debye temperature of 2200 K. This is expected, given that all 
the transmissions are elastic, and only the phonons below the low-cutoff 
frequency coming from the metal in the metal–diamond interface are 
included in the interfacial conductance. Therefore, at the first-order 
approximation, we use cQ/cC as the quantum correction of the ob-
tained TBC from MLMD, i.e., GMLMD,Q = GMLMD,C⋅cph,Q,metal(T)

cph,C,metal
. All the TBC 

values obtained from MLMD in this work are after quantum corrections. 
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Note that quantum correction based on DMM is just a first order rough 
correction to the classical MD results. We do not pursue a more precise 
quantum correction in this paper since quantum correction itself, no 
matter based which model, is a rough approximation. As shown in Fig. 5, 
the quantum correction of TBC at 300 K is very small since the phonon- 
specific heat of metals at 300 K is very close to the classical limit as the 
Debye temperatures of these metals are close to 300 K.

5. Correlation between TBC and material properties

To find a correlation between TBC and the material properties in the 
predicted TBCs for the metal–diamond interfaces, we plot the TBC 
values as a function of atomic mass ratio, sound velocity ratio, Young’s 
modulus ratio, and Debye temperature ratio, as shown in Fig. 6. Typi-
cally, the TBC should reach its maximum value when these ratios 
approach 1, which indicates that the two materials have similar prop-
erties resulting in continuous-like interface. In Fig. 6(a), we find that 
TBC increases with decreasing mass mismatch between metal and dia-
mond, except for the Mo- and Zr-based interfaces. This is because, 
despite having a lighter mass and a more favorable mass correspondence 
with diamond compared to Mo, Zr exhibits a weaker bond and a greater 
disparity in bonding characteristics with diamond than Mo. Therefore, 
the TBC is not only determined by mass match but also bonding match. 
Therefore, the prediction of TBC values in terms of ascending or 
descending order cannot be qualitatively determined by mass or 
bonding mismatch. It is observed that Debye temperature mismatch 
between metal and diamond, serve well as a predictor of TBCs of met-
al–diamond interfaces. This is because Debye temperature ratio provides 
better understanding of bonding and mass mismatch, that is, phonon 
spectra mismatch, in the metal–diamond interfaces. Inspired by the re-
sults, we plot the available TBC values of various interfaces collected 
from the literature as functions of elastic modulus ratio and Debye 
temperature ratio, as shown in Fig. 7. The Debye temperature ratio is a 

Fig. 5. Results from DMM (full band). (a) Effect of temperature on the 
normalized TBC of Al–, Zr–, Mo–, Au–diamond interfaces. The classical TBC 
calculations imply the specific heat to be kB , Boltzmann constant. The 
normalized specific heat (cQ/cC) is determined by taking the ratio of the metal’s 
quantum specific heat and its classical specific heat. (b) Effect of temperature 
on DMM predicted TBC of Al–, Zr–, Mo–, and Au–diamond interfaces.

Fig. 6. TBCs at different metal–diamond interfaces as a function of (a) atomic mass ratio of diamond–M (b) sound velocity ratio of M–diamond (c) Young’s modulus 
ratio of M–diamond and (d) Debye temperature ratio of M–diamond.
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better descriptor of the TBC than the elastic modulus ratio used in the 
literature [33,90,104]. We recommend using Debye temperature ratio, 
rather than elastic modulus ratio, as the indicator of TBC in the future.

6. Conclusions

Diamond is being studied as the future ultimate wide-bandgap ma-
terial worldwide, representing the frontier research in wide-bandgap 
technologies. The resistance between diamond and metal contacts (Al, 
Mo, Zr, and Au as most promising candidates), however, has not been 
simulated due to the lack of interatomic potential. This work fills the gap 
and provides timely guidance for the community. We have demon-
strated the predictive capabilities of MLIPs in predicting TBC at Al–, Zr–, 
Mo–, and Au–diamond interfaces. Compared to the conventional AMM 
and DMM models, which only consider the elastic transmission, the 
MLMD simulations account for both elastic and inelastic transmissions, 
detailed interfacial bonding strength and structure, and all the other 
natural phonon transport mechanisms at the interface. The accuracy of 
MLIP is promising, as evidenced by low RMSE values for forces between 
atoms. We observed that the Al–diamond interface has the largest, while 
the Zr–diamond interface poses lowest TBCs, indicating a good potential 
for employing Al metal as the electrode for diamond devices. These 

findings provide valuable fundamental insights into the interfacial 
thermal properties for future experimental studies in various metal-
–diamond interfaces.
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[80] P.E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50 (24) (1994) 
17953.

[81] M.J. Waters, J.M. Rondinelli, I.S. Novikov, K. Gubaev, E.V. Podryabinkin, A. 
V. Shapeev, The MLIP package: moment tensor potentials with MPI and active 
learning, Mach. Learn. Sci. Technol. 2 (2) (2020) 025002.

[82] S. Plimpton, Fast Parallel Algorithms For Short-Range Molecular Dynamics, Other 
Information: PBD, 1993.

[83] Y. Hu, T. Feng, X. Gu, Z. Fan, X. Wang, M. Lundstrom, S.S. Shrestha, H. Bao, 
Unification of nonequilibrium molecular dynamics and the mode-resolved 
phonon Boltzmann equation for thermal transport simulations, Phys. Rev. B 101 
(15) (2020) 155308.

[84] M.J. Fang, C.W. Tsao, Y.J. Hsu, Semiconductor nanoheterostructures for 
photoconversion applications, J. Phys. D Appl. Phys. 53 (14) (2020) 143001.

[85] B. Radisavljevic, A. Radenovic, J. Brivio, V. Giacometti, A. Kis, Single-layer MoS2 
transistors, Nat. Nanotechnol. 6 (3) (2011) 147–150.

[86] C. Qiu, Z. Zhang, M. Xiao, Y. Yang, D. Zhong, L.M. Peng, Scaling carbon nanotube 
complementary transistors to 5-nm gate lengths, Science 355 (6322) (2017) 
271–276.

[87] A.D. Franklin, Z. Chen, Length scaling of carbon nanotube transistors, Nat. 
Nanotechnol. 5 (12) (2010) 858–862.

[88] B. Xu, S. Hu, S.W. Hung, C. Shao, H. Chandra, F.R. Chen, T. Kodama, J. Shiomi, 
Weaker bonding can give larger thermal conductance at highly mismatched 
interfaces, Sci. Adv. 7 (17) (2021) 8197–8220.

[89] M. Masuduzzaman, B. Kim, Scale effects in nanoscale heat transfer for fourier’s 
law in a dissimilar molecular interface, ACS Omega 5 (41) (2020) 26527–26536.

[90] Z. Cheng, R. Li, X. Yan, G. Jernigan, J. Shi, M.E. Liao, N.J. Hines, C.A. Gadre, J. 
C. Idrobo, E. Lee, K.D. Hobart, M.S. Goorsky, X. Pan, T. Luo, S. Graham, 
Experimental observation of localized interfacial phonon modes, Nat. Commun. 
12 (1) (2021) 1–10.

[91] K.C. Collins, S. Chen, G. Chen, Effects of surface chemistry on thermal 
conductance at aluminum-diamond interfaces, Appl. Phys. Lett. 97 (8) (2010) 
83102.

[92] C. Monachon, and L. Weber, “Thermal boundary conductance of transition metals 
on diamond,” https://doi.org/10.1680/Emr.11.00011 1(2), 89–98 (2015).

[93] T. Feng, Y. Zhong, J. Shi, X. Ruan, Unexpected high inelastic phonon transport 
across solid-solid interface: modal nonequilibrium molecular dynamics 
simulations and Landauer analysis, Phys. Rev. B 99 (4) (2019) 045301.

[94] R. Xie, J. Tiwari, T. Feng, Impacts of various interfacial nanostructures on spectral 
phonon thermal boundary conductance, J. Appl. Phys. 132 (11) (2022) 115108.

[95] V. Sinha, J.J. Gengler, C. Muratore, J.E. Spowart, Effects of disorder state and 
interfacial layer on thermal transport in copper/diamond system, J. Appl. Phys. 
117 (7) (2015) 74305.

[96] X. Liu, F. Sun, L. Wang, Z. Wu, X. Wang, J. Wang, M.J. Kim, H. Zhang, The role of 
Cr interlayer in determining interfacial thermal conductance between Cu and 
diamond, Appl. Surf. Sci. 515 (2020) 146046.

[97] G. Chang, F. Sun, L. Wang, Y. Zhang, X. Wang, J. Wang, M.J. Kim, H. Zhang, Mo- 
interlayer-mediated thermal conductance at Cu/diamond interface measured by 
time-domain thermoreflectance, Compos. A Appl. Sci. Manuf. 135 (2020) 
105921.

[98] C. Monachon, L. Weber, Thermal boundary conductance of transition metals on 
diamond, Emerg. Mater. Res. 1 (2) (2012) 89–98.

[99] E.T. Swartz, and R.O. Pohl, “Thermal boundary resistance,2024 (n.d.).
[100] P. Reddy, K. Castelino, A. Majumdar, Diffuse mismatch model of thermal 

boundary conductance using exact phonon dispersion, Appl. Phys. Lett. 87 (21) 
(2005) 1–3.

[101] H. Subramanyan, K. Kim, T. Lu, J. Zhou, J. Liu, On the importance of using exact 
full phonon dispersions for predicting interfacial thermal conductance of layered 
materials using diffuse mismatch model, AIP Adv. 9 (11) (2019) 115116.

[102] J. Zhou, B. Liao, G. Chen, J. Maassen, M. Lundstrom, (Invited) The landauer 
approach to electron and phonon transport, ECS Trans. 69 (9) (2015) 23.

[103] T. Feng, Y. Zhong, J. Shi, X. Ruan, Unexpected high inelastic phonon transport 
across solid-solid interface: modal nonequilibrium molecular dynamics 
simulations and Landauer analysis, Phys. Rev. B 99 (4) (2019) 045301.

[104] A. Giri, P.E. Hopkins, A. Giri, E. Hopkins, A review of experimental and 
computational advances in thermal boundary conductance and nanoscale thermal 
transport across solid interfaces, Adv. Funct. Mater. 30 (8) (2020) 1903857.

K.Z. Adnan et al.                                                                                                                                                                                                                               International Journal of Heat and Mass Transfer 235 (2024) 126227 

8 

http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0077
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0077
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0077
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0077
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0077
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0078
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0078
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0078
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0079
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0079
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0080
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0080
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0081
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0081
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0081
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0082
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0082
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0083
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0083
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0083
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0083
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0084
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0084
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0085
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0085
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0086
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0086
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0086
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0087
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0087
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0088
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0088
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0088
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0089
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0089
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0090
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0090
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0090
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0090
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0091
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0091
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0091
http://doi.org/10.1680/Emr.11.00011
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0093
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0093
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0093
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0094
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0094
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0095
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0095
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0095
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0096
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0096
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0096
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0097
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0097
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0097
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0097
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0098
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0098
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0100
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0100
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0100
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0101
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0101
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0101
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0102
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0102
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0103
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0103
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0103
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0104
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0104
http://refhub.elsevier.com/S0017-9310(24)01057-3/sbref0104

	Thermal boundary conductance of metal–diamond interfaces predicted by machine learning interatomic potentials
	1 Introduction
	2 Materials and methods
	3 Results from machine learning interatomic potentials
	4 Results from DMM and AMM
	5 Correlation between TBC and material properties
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	References


