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Abstract:

Thermal transport across sharp metal-diamond interfaces plays a critical role in the thermal
management of future diamond-based ultrawide bandgap semiconductor devices. However,
experimental thermal boundary conductance (TBC) values are mostly nonexistent, and current
theoretical models are inaccurate in predicting the TBCs since accurate interatomic potentials of
metal-diamond heterostructures are unavailable. In this letter, we show the prediction of TBCs of
several practically promising sharp metal-diamond interfaces using nonequilibrium molecular
dynamics (NEMD) simulations by developing accurate machine learning interatomic potentials
(MLIPs). The predicted TBCs of Al, Mo, Zr, and Au-diamond interfaces are approximately 316,
88, 52, and 55 MW/m?K, respectively, after quantum corrections. The corresponding thermal
boundary resistances (TBRs) are equivalent to 0.75-pum thick of Al, 1.38-um Mo, 0.30-pum Zr and
5.28-um Au, respectively. These low TBC values need to be considered in future diamond-based
semiconductor designs. We also find that, the conventional simple models such as the acoustic
mismatch model (AMM) and diffuse mismatch model (DMM), even including the full band
phonon dispersion from first principles, largely mispredict the TBC because they do not include
inelastic transmission as well as interfacial structural and bonding information. The quantum
correction of TBC matches well with the quantum correction of phonon specific heat of metals,
instead of diamond. Additionally, we reveal that the Debye temperature ratio is a better indicator
of TBC than the elastic modulus ratio.

Diamond has an ultra-wideband gap' (5.5 eV), high carrier mobility>*, large breakdown field* (
>10 MV/cm), low thermal expansion > and the highest thermal conductivity 7-'° (2200 W/m-K)
in nature, which makes it an ideal future material for extreme semiconductors for next-generation
power devices!! 3. High electron mobility transistors (HEMT)!*!5 result in significant self-heating
of devices. As the channel material, the diamond must be integrated with the metal electrodes'¢.
In addition to the traditional heat dissipation downward through the diamond and substrate, an
additional pathway upward through the metal electrodes could significantly enhance the thermal
management of diamond-based power electronics!’. The thermal boundary resistance (TBR),
which 1is reciprocal of TBC, at metal-diamond interfaces can contribute substantial thermal
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resistance in these devices. 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 for playing a key role in the broader context of thermal
management'®. Moreover, the interfaces between metals and semiconductors are a common feature
not just in electrodes but also in devices like junction field-effect transistors'® and Schottky barrier
diodes?*2?, offering valuable insights and opportunities for the design and performance
optimization of semiconductor devices.

TBCs of various metal-diamond interfaces have been measured in recent years. In Al-diamond
interfaces, time domain thermoreflectance (TDTR) experimental values reported are widely spread
across a range of 25-250 MW/m?K for different surface treatments and orientations of diamond in
Monachon et al.****. They attributed these values to being associated with different surface
treatments of the substrate before depositing Al. Mo-diamond interface has a TBC of
approximately about 60-285 MW/m?K reported by Monachon et al.?>. However, the interface
includes a carbide formation (MoC>), thereby impacting the TBC across the interface. In another
study, Monachon et al. predicted the TBC to be around 220-240 with a partial carbide formation
of unknown Mo/MoxCy at the interface. TBC of Au-diamond interface from experimental data of
Hohensee et al..?” suggest TBC values in the range of approximately 134 MW/m?K, observed at a
pressure of about 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. The influence of nanometer-
thick interlayers, utilizing either nickel or molybdenum, were also investigated?®. The reported
TBC without any interlayer, was approximately 76 MW/m2K?®. The TBC of Au-diamond
interfaces was reported to be about 40 MW/m?K by Stoner et al.?’. However, these experimental
measurements were based on metal-diamond interfaces with various oxides, surface treatments
and carbide formations, altering the interfacial atomic structure. The intrinsic TBCs of sharp metal-
diamond interfaces, which are the designs of future diamond-based ultra-wide bandgap
semiconductor devices, are unclear.

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 DMM?’. In contrast, the reported values for TBC
from DMM were 365 MW/m2K by Battyabal et al.3!. Additionally, their work included the
modified scattering-mediated acoustic mismatch model (SMAMM), which predicted a TBC of
225 MW/m?K. Similarly, the TBC of Au-diamond interfaces has been predicted to be around 13
MW/m’K from DMM?*.

However, the theoretical models have their limitations. The models frequently oversimplify
phonon transmission by neglecting inelastic contributions and may disregard bonding information
between dissimilar materials. Most of these models rely on the evaluation of phonon transmission
coefficients at the interfaces. To calculate phonon transmission coefficients, common ways are
acoustic mismatch (AMM)??, diffuse mismatch (DMM)***, and atomistic Green’s function (AGF)



3538 The limitation of AMM and DMM is that they neglect the inelastic transmission and ignore
the detailed atomic structure and bonding strength at the interface. The limitation of harmonic
atomistic Green’s function (AGF) is that it ignores inelastic transmission, and the limitation of the
very recently developed anharmonic AGF is its extreme computational cost for complex interfaces
with interlayer structures. Despite the improvement made by some works*#’, they ignore some
critical phenomena, such as the existence of interfacial phonon modes and the local phonon
nonequilibrium*. The wave-packet method*>* 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 phonon-
phonon coupling effect at finite temperatures. Compared to the above-mentioned methods based
on phonon transmission coefficients, MD can naturally include all the physical phenomena near
the interfaces*®, and many spectral phonon analysis methods have been developed to gain insights
of phonon transport in MD*-4-62, But MD severely depends on interatomic potentials, which are
nonexistent for most heterostructures (and not accurate if they exist).

In this letter, we develop accurate MLIPs based on ab initio molecular dynamics (AIMD)
simulation trajectories, and then conduct NEMD simulations to predict the TBCs. MLIPs trained
from AIMD can ensure both the accuracy and computational efficiency of the NEMD simulations.
The systems studied in this work include Al, Zr, Mo, and Au-diamond interfaces, as shown in Fig.
1. Quantum corrections are done to incorporate the quantum effects. The results are compared to
the measured data in the literature. DMM (Full band)®*, DMM (Debye), AMM and AMM (Debye)
calculations are evaluated to serve as a comparison.
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FIG. 1. Four representative interfacial structures of metal-diamond interfaces with atom labels in
(a) Al-diamond, (b) Zr-diamond (c¢) Mo-diamond (d) Au-diamond interface.



It is challenging to construct metal-diamond heterostructures in AIMD simulations since metals
and diamond have large lattice mismatch. To make sure heterostructures are most realistic and at
the same with manageable computational cost, the heterostructures are chosen as 5x5%3 (Al) and
3x3x3 (diamond), 4x4x3 (Zr) and 2x2x3 (diamond), 4x4x4 (Mo) and 5%5%4 (diamond), and
4x4x4 (Au) and 3x3x3 (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 that 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 the same as the lateral directions. In
the final structures, Al, Zr, Mo, and Au-diamond heterostructures have isotropic pressures of 5-6
GPa, 4.5-5 GPa, 0.7-0.8 GPa, and 34-35 GPa, respectively. We understand that these pressures
will overestimate the TBCs of sharp interfaces Therefore, this study will serve as an upper limit of
TBCs of these interfaces.

The AIMD simulations are conducted by using the Vienna Ab initio Simulation Package®*%

(VASP) with the projector augmented wave (PAW)® Perdew-Burke-Ernzerhof (PBE)®’
pseudopotentials. 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®®. The energy cutoffs are set to be 450 eV. T point, only electronic k-mesh is used.
For each interface, we run 2 - 6 independent AIMD simulations, each containing 1,000 - 1,500
steps at 300 K. Each simulation starts with random atomic positions, which are perturbed slightly
to the crystallized structures, 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, 0.96 and
5.0, and 0.92 and 3.8 A for Al, Zr, Mo, and Au-diamond interfaces, respectively. The training
level®® is set as 24. The number of iterations for training is set to 500. 80-90% of the data is
allocated for the training, and the remaining portion is designated for the testing. The accuracy of
the MLIPs is demonstrated in Fig. 2. Generally, the forces predicted by the MLIP agree very well
with those predicted directly from AIMD for all four structures.
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FIG 2: Comparisons of forces on atoms between MTP and DFT calculations for (a) Al-diamond,
(b) Zr-diamond, (¢) Mo-diamond, and (d) Au-diamond. The RMSE is evaluated by directly
comparing data between MTP and DFT calculations.

With the trained MTPs, we run NEMD simulations using the Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS)®. The atoms at the two edges are fixed to mimic the
adiabatic boundary condition. The systems are first stabilized in 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 thermostat’’. The number of atoms in both reservoirs is
approximately 200. Then, the ensemble is changed to 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
1

A-AT’
and A is the cross-section area.

calculated by using G = where q is the heat flux, AT is the temperature jump at the interface,

The TBCs predicted by machine learning molecular dynamics (MLMD) after quantum correction
are shown in Fig. 3, compared to the available experimental data. The predicted TBC values are
316 £ 22,88 £ 8,51 £ 8, and 55 £ 5 for Al, Mo, Zr and Au-diamond interfaces, respectively. The
corresponding thermal boundary resistances (TBRs) are equivalent to 0.75-pum thick of Al, 1.38-
pum Mo, 0.30-pum Zr and 5.28-um Au, respectively. They are not too small to be neglected in real
devices since most thickness of metal electrodes in wide bandgap semiconductor transistors are in



nano to micrometer scale’! 4. Note that, in our MLMD simulations, pressure exists, and the TBC
values with zero pressure should be even lower than the reported values here.

It is observed that 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
vibrational mismatch compared to the other interfaces. This dominance of vibrational match
contributes to its higher thermal boundary conductance (TBC) compared to the other interfaces.
The exception occurs between the Mo and Zr-diamond interfaces. Despite that the Zr-diamond
exhibits a smaller mass mismatch’>’®, 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.
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FIG 3: TBC of Al, Zr, Mo, and Au-diamond interfaces from MLMD (quantum corrected), AMM
(Debye), DMM (Debye), and DMM (Full band) models. Isotropic pressures of 5-6, 4.5-5, 0.7-0.8,
and 34-35 GPa exist in the MLMD simulations, respectively. Yellow shaded indicates the TBC

measured for Al-diamond interface by Hohensee et al.?” from 0 to 50 GPa. Blue shaded area
represents the TBC of sharp and interfacial mixing Si-Ge interface’’.

For the Al-diamond interface, the TBC values measured from the time domain thermoreflectance
(TDTR) are widely spread across a range of 21-390 MW/m?K>>*427-8 [t depends primarily on the
surface termination of the substrate before depositing Al. Monachen et al. found that surface
treatments and Al deposition techniques can also affect the TBC value?*-*, due to the change of
cleanliness and surface termination of diamond. The hydrogen-treated diamond surfaces exhibit a
TBC four times lower than that of oxygenated diamond interfaces, as reported by Collins et al.’®.
The surface termination dependence is reported due to differences in carrier scattering in the Al

near the interfacial region. Hohensee et al.?’ measured that TBC can increase with pressure in a



range of 150 - 400 MW/m?K for 0-40 GPa. Our MLMD results reveal TBC of approximately 316
+ 22 MW/m’K at an average pressure about 5-6 GPa, which is slightly above the upper limit of
the TBC data of 180-280 MW/m?K measured by Hohensee et al.?” in the same pressure range. The
slightly higher MLMD result could be attributed to the perfect purity of the interface, with no
impurities, doping, or vacancies present in the simulated structure of the Al-diamond interface.
Interestingly, the Al-diamond TBC values are similar to and even higher than that of clean Si-Ge
interface, which is about 200-240 MW/m?K”’. Compared to Al-diamond, Si-Ge has a much better
lattice match, phonon vibrational match, and chemical bonding at the interface. It is still an open
question why Al-diamond can have higher TBC than Si-Ge.

For the Mo-diamond interface, the predicted TBC of 88 £ 8 MW/m?K is significantly smaller than
the measured value of 220 -240 MW/m?K. This is because the measured data was based on Mo-
MoxCy interface rather than a sharp Mo-diamond interface’. The MoxCy (Mo/diamond composite)
might contribute to a bridging effect®®®!, which can enhance TBC. Unfortunately, there is no
experimental TBC data available for the sharp 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.?’ is about 130
MW/m?K, observed at a pressure of about 30-35 GPa. It is much higher than the 55 + 5 MW/m?K
obtained in MLMD simulations at a similar pressure of 34-36 GPa. This might be because of two
reasons: the experiment data was measured for Au (Pd)-diamond interface, an alloy like structure,
rather than Au-diamond interface; the surface treatment of diamond increases the adhesion forces
and TBC. Without pressure?’, the TBC was measured to be about 70 MW/m2K, which is very close
to the data, 76 MW/m?K, measured by Blank et al.?®. The insertion of a nanometer-thick Ni or Mo
interlayer increases TBC to 195+40 MW/m?K?® due to bridging effect’®3!. In another report by
Stoner et al.?’, the TBC of Au-diamond interfaces was measured to be about 40 MW/m2K, but
detailed interfacial structure information is missing. In summary, the sharp Au-diamond interface
TBC might be much smaller than 55 MW/m?K and adding interfacial mixing or interlayer can
largely increase it.

The interfaces between diamond and the other metals such as Cu, Pt, Pb, Nb, and W have also
been extensively studied experimentally. They show a similar TBC range as the four metal
interfaces we study in this work. For example, the TBC of Cu-diamond interface is about 33-73
MW/m?K® and can be enhanced to 96 MW/m?K with a Cr interlayer®® and 87 MW/m?K with a
Mo interlayer®*. The TBC of Pt-diamond interface increases from 145 to 240 MW/m?K with
pressure increasing from 0 to 50 GPa. The TBC of Pb-diamond interface increases from 30 to 140
MW/m?K from 0 to 50 GPa?’. The TBC of Nb-diamond interface is about 70 MW/m?K, possibly
with some carbide formation®. The TBC of W-diamond interfaces exhibit a wide range of 40 -
190 MW/m?K.

The MLMD provides much more accurate predictions, compared to the conventional AMM and
DMM based models. To make a cosmparison, we calculate the TBCs using DMM and AMM under



the Debye approximation, 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®® is.

1 W dfa,j
Gpebye =32 Va) Jy " @aspho—dw, (1)
(@,T) “ >

(w, — ,
fa - vi,,-[exp(,f‘?"’)—l] (2)

where v, ; is the sound velocity of material A in the polarization branch j, wp 4 is the Debye

frequency of material A calculated by wp 4 = v, (67t2nA)§ with n, being the number density of
atoms in A, a,_pg is the phonon transmission coefficient from A to B, h is the reduced Planck
constant, w is the phonon angular frequency, f,; is the phonon population under Debye
approximation, and kg is the Boltzmann constant. a4_g can be obtained from AMM (assuming
normal incident of phonons) and DMM using the following equations:
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Here, Z, and Zy are acoustic impedances of materials A and B, respectively. For DMM, we also

conduct full-band Landauer’s formalism %#7-# calculation by
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Here, ¢, = kpx o 18 the specific heat of A per mode, x = ot VAAn = |vA'A . n|, n is the

unit vector normal to the interface, q, is the wavevector of material A, 1, = (qa, j4) is the phonon

mode in A with wavevector q, and branch j,, Az = (qg, jp) is the phonon mode in B, and Aq, =
VB,BZ

% and Aqg = are the discretized Brillouin zone volume in material A and B, respectively.
qA

Ngp
Va gz s the volume of the Brillouin zone of A, Ng 4 is the number of q points sampled in A, and V. 4

is the primitive cell volume of A. Same for B.

The results of AMM and DMM models’ calculations are shown in Fig. 3. It is found that all the
AMM, DMM, and DMM (Full band) predictions are inaccurate and not reliable, compared to
MLMD. DMM (full band) usually significantly underestimates the TBCs, as it does not consider
inelastic phonon transmissions®. 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 quantumly corrected. In
order 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.
. _ 2 e*
(5),1.e.,c = kgx I

(5), 1.e., ¢ = kg. As shown in Fig 4 (a), the ratio of TBCq/TBCc follows very well with the ratio
of phonon specific heat c,p /Cpn,c of the four metals. Obviously, TBCo/TBCc does not follow

and the subscript “C” means the phonon specific heat is classical in Eq.

the ratio of phonon specific heat ¢,y o /Cpp ¢ 0f diamond, which has a high Debye temperature of
2200 K. The reason is that in the DMM model, all transmission is elastic, and only the phonons
below the cutoff frequency of the lower side, which is metal for metal-diamond interface can
contribute to the interfacial conductance. Therefore, at the first-order approximation, we use ¢y /c¢
as the quantum correction of the obtained TBC from MLMD, i.e., Gurmp,g = GmLMDC *

CpchLetal(T). All the TBC values obtained from MLMD in this paper are after quantum corrections.
ph,C,;metal

As shown in Fig. 4, 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 or smaller than 300 K.
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FIG 4: Results from DMM (Full band) (a) Effect of temperature on the TBC of Al, Zr, Mo, Au-
diamond interfaces. The classical TBC calculations imply the specific heat to be ky, 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. Normalized TBC depicts the normalized value
at any given temperature with respect to classical TBC.

To find a correlation between TBC and the metal properties for metal-diamond interfacial TBC,
we plot TBC with respect to atomic mass ratio, sound velocity ratio, Young’s modulus ratio, and
Debye temperature ratio, as shown in Fig. 5. Typically, the TBC should reach maximum when
these ratios approach 1, which indicates that the two materials are the same and the interface has
the least abruption. In Fig. 5 (a), we find that TBC increases with increasing mass match between
metal and diamond, except for the order of Mo and Zr. This is because although Zr has a lighter
mass and better mass match with diamond than Mo does, Zr has a softer bonding and larger
bonding mismatch with diamond than Mo does. Therefore, the TBC is not only determined by
mass match but also bonding match. As a result, it is determined by the Debye temperature match,
which includes both mass and bonding matches, as seen in Fig. 5 (d). In comparison, sound
velocity and Young’s modulus are as good as Debye temperature, in terms of representing the
phonon spectra match. Inspired by the results, 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. 6. It is noted that the Debye temperature ratio is a better descriptor of the
TBC than elastic modulus ratio used in the literature’”””*°, We recommend using Debye
temperature ratio, rather than elastic modulus ratio, as the indicator of TBC in the future.



400 T T r T r 400

—=— MLMD Al
300 —e— DMM (Full band) 1 300l
¥ 2
o~ o~
S £
= 500t 12
g200 g200
O (@]
Iﬂ—J 100 | 1 I[—m 100}
Au Au Zr,
Mo
0 1 1 1 1 (an) 0 1 1 n 1 1 (b)
0.095 0.190 0.285 0.380 0.475 0.090 0.135 0.180 0.225 0.270
Atomic mass ratio (Diamond-M) Sound velocity ratio (M-diamond)
400 . T . . T 400 T . . . .
A Al
~300 {1 =300} E
N 2
N N
£ £
= L 12 L _
g200 \%200
@ . Mo | @
o Mo,
100} § 1 —100r 1
Au Zr Au Zr
——
0 A e E— ) .(C) 0 T " ) ) ((.j)
0.055 0.110 0.165 0.220 0.275 0.087 0.116 0.145 0.174 0.203
Young's modulus ratio (M-diamond) Debye temperature ratio (M-diamond)

FIG 5: 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.



800

(o2}
o
o

TBC (MW/m2K)
S

200

| AlDia
-

rAu/dia
n

Pt/Dia Cr/Si

t AIrsiC

N

Zr/dia =
" Bi/Si
A

N

N
Au/;}
A Mo/diaf

SIRUO,/SITIO; 4

sioysi TNMgO=—4

A ZnO/GaN

CoSy/Si~—_, 4

A

N
NiSi/Si

Ganssic
ASi Ni/Si
A A~ siGe
A A, .
~—~PYALO, " “PYSi

Mo/Si A\‘Au/GaN
1 1 1

AllG

a
A

0.4 0.6 0.8 1.0

Elastic modulus ratio

0
0.0 0.2

T T T T
SrRuQ,/SrTiO,4
e

8oo - (P)

\
TiN/MgO
SiO,/Si
LN

Nisi/si=e2"O/CN

PUsi Galisic |
. Al/SIiC } Ni/S 'T
| Ptidia  Al/dia \\ ' :

i
e % o o
MOidia® aysi Pes . S'CS--Mossi
[Zridiay, ® Z

PY/AI,O,

n o
u/dia- .$I/SI AuI/GaN 1 1
0.2 0.4 0.6 0.8

Debye temperature ratio

(2]
o
o

[

/.
~ CoS,/Si

Cr/Si Al/Ge

TBC (MW/m2K)
N
S

200

0
0.0 1.0

2790 a5 a function of (a) elastic

FIG 6: TBCs for various interfaces collected from the literature
modulus ratio (b) Debye temperature ratio. For Mo, Zr, and Au-diamond interfaces, which do not

have available experimental data, the MLMD data are shown instead.

In conclusion, we have demonstrated the predictive capabilities of machine learning interatomic
potential (MLIP) in predicting thermal boundary conductance (TBC) at Al, Zr, Mo, Au-diamond
interfaces. Compared to the conventional AMM and DMM model, which only consider the elastic
transmission, the MLMD simulations take into account both elastic and inelastic transmission, the
detailed interfacial bonding strength and structure, and all the other natural phonon transport
mechanisms at the interfaces. The accuracy of MLIP is promising as indicated by low RMSE
values for forces among atoms. We find that Al has the largest and Zr has the lowest TBCs,
indicating a great potential of using Al as the metal electrode for diamond devices. These findings
provide valuable guidance for future experimental endeavors in various metal-diamond interfaces.
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