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Cu—diamond composites (CDCs) have greatly promising applications in thermal management for high-power
electronics because of their outstanding thermophysical properties. Nonetheless, many fundamental mecha-
nisms of interfacial thermal transport for CDCs remain poorly understood at present. Here we focus on inves-
tigating the size- and temperature-dependent thermal transport across a Cu—diamond interface using non-
equilibrium molecular dynamics simulations. Results show that interfacial thermal conductance (ITC) is pro-
portional to both the system size and ambient temperature. Especially, our predicted room-temperature ITC of
41.12 MW-m~2.K ! at an infinitely long system is close to that of the experiments after an interface optimization.
Additionally, the ITC at the system with a length of 323.2 A is increased by over 2.5 times in the temperature
range of 100—500 K, up to 36.39 MW- m~2. K~ .. Detailed analyses of interfacial disorder and its concomitant
effects, related to system size and temperature, are implemented for helping understand the significant
improvement of ITC. The underlying mechanism is further uncovered by the phonon density of states as well as
the spectral overlap factor at interfacial Cu and diamond. This study provides an important insight into the
understanding of interfacial thermal transport in CDCs and a guideline for optimizing the design of CDCs in

experiments.

1. Introduction

As power electronics technology moves toward miniaturization and
functional integration, effective thermal management strategies ur-
gently need to be proposed to tackle the significant improvement in
volumetric power density [1-4]. Materials with high thermal conduc-
tivity (TC), as well as a close coefficient of thermal expansion (CTE) to
that of the ceramic substrate or chip, offer feasible solutions to the
thermal management design of high-power electronic devices [5,6]. In
recent years, Cu—diamond composites (CDCs) have been considered as
one of the most promising thermal management materials and are ex-
pected to be employed in the above harsh scenarios because of their
outstanding thermophysical properties in theory, such as high TC, high
working temperature, and tunable CTE [5-7].

In practice, however, the poor chemical affinity (e.g., the contact
angle up to 131.5° at the sintering temperature of 1473 K [8]) and the
steep Debye temperature gradient between the Cu and the diamond
greatly reduce the efficiency of thermal transport across their interfaces,
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causing the actual TC of CDCs far below the theoretical value [4-8].
Toward the purpose of achieving superior TC for the composites, the
scientific community in materials has gradually attempted different
preparation processes (including matrix alloying and diamond surface
metallization, etc.) to enhance the interface bonding force [4-8]. Despite
some improvement in the TC of CDCs due to the efforts, the experi-
mental results are still too low. Empirically speaking, a prior under-
standing of the correlation between the atomic-level structure of a
Cu—diamond interface (CDI) and its thermal transport behavior is,
therefore, necessary to promote the optimization of interfacial thermal
conductance (ITC) in experiments [9,10]. Several recent advances in
atomistic studies of CDCs have provided some insights into under-
standing how the interfacial atomic structure, work of adhesion, and
binding characteristics depend on the CDI stacking configuration with or
without alloying elements and then affect the subsequent ITC [11-14].
Nevertheless, to the best of our knowledge, the atomic-level studies on
thermal transport across a CDI are still in its infancy, and even many
fundamental aspects remain unknown. For example, the investigation
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paid general attention that ITC strongly depends on system size [15-19],
is lack for the composites. Furthermore, phonons, because of the attri-
bute of quantized lattice vibrations store, act as the major thermal car-
riers in dielectric and at metal—dielectric interfaces, and their transport
characteristics are closely related to ambient temperature [16,20-22].
But unfortunately, the dependence of the interfacial phonon transport of
CDCs on ambient temperature is not well understood yet.

So far, molecular dynamics (MD) simulations have been widely
applied in the thermal physics of nanoscale materials and made great
progress in the full prediction of phonon modal ITC with millions or tens
of millions of atoms [15-22], profitably complementing both theoretical
and experimental methods. Generally, there are two approaches to
investigate thermal transport in MD, i.e., the equilibrium MD (EMD)
method based on the Green-Kubo formula and the non-equilibrium MD
(NEMD) method derived from Fourier’s law, respectively [16,23].
Among them, the NEMD method is more appropriate to compute the
thermophysical properties of heterogeneous or polycrystalline systems
since it is more like the measurements of TC in experiments [15-20,24,
25]. In this method, an axial temperature gradient across the mimic
system is artificially generated first, and then the axial TC and ITC can be
obtained owing to heat flux in the direction dependent on the temper-
ature gradient [23,25,26]. In fact, NEMD, proposed by Chantrenne et al.
[26], has been used to calculate TC in nanostructured materials when it
came out. In the decades following that, many studies have adhered to
the principle to simulate the thermal transport of nanoscale systems and
compute the TC between dissimilar materials or across grain boundaries
[15-20,22,24]. Therefore, in the present work, the NEMD method is
adopted to investigate the interfacial thermal transport behaviors of
CDCs from an atomistic insight. The effects of system size as well as
ambient temperature on the interfacial thermal transport of the com-
posites are described emphatically.

2. Simulation methodology

All simulations were performed using the Large scale Atomic/Mo-
lecular Massively Parallel Simulator (LAMMPS) package [27], and the
atomistic visualizations were implemented with Open Visualization
Tool (OVITO) software [28]. To study the interfacial thermal transport,
a lamellar Cu(001)—diamond(001) model with the xy plane of 37.8 A x
37.8 A was initially created. The stacking mode was utilized because it
has been proven by previous DFT studies to be the most stable structure
[14]. The interface was built by adjusting the relaxed Cu (001) plane to
match the fixed diamond (001) plane due to the hardness of diamond
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and the ductility of copper [14,29]. The interactions between Cu atoms,
the interactions among C atoms in diamond, and the Cu-C interactions
were described by the embedded atom method (EAM) potential [30],
the Tersoff potential [31], and the Lennard-Jones potential [32],
respectively. Among them, the reason for adopting the Tersoff potential
to simulate the diamond is that the potential has been widely applied in
the calculation of the thermal conductivity of carbon-based materials
including diamond [25,33-35] and the MD results based on it is very
close to the DFT and experimental measurement values [35]. To release
the stress out of the CDI structure, a conjugate gradient minimization
method under zero external pressure was carried out. Periodic boundary
conditions along the three dimensions were applied in all calculations.
The obtained ground state model is exhibited in Fig. 1(a). Before
generating heat flux, the system was relaxed with the Nose-Hoover
thermostat-barostat (NPT) ensemble under zero pressure at a constant
temperature for 0.1 ns until reaching enough stable state. To examine
the influence of system size on ITC, the length of simulation cell in the
z-direction was set as 215.5, 323.2, 430.9, 538.6, or 646.4 A, respec-
tively, and the thermostat temperature was regulated to be 300 K. When
investigating the temperature-dependent ITC, the temperature was
maintained at 100, 200, 300, 400, or 500 K, respectively, while the
z-direction length was determined to be 323.2 A.

Subsequently, the outer layer with approximately 3.0 A thickness
along the z-axis of the simulation cell was fixed to disrupt the periodicity
of this direction, and then a pair of heat reservoirs, each 15.0 A thickness
adjacent to the corresponding fixed layer, was started to produce a
constant heat flux of 5.6 x 10° W- m~2 (see Fig. 1(b)). The heat was
constantly poured into the reservoir on the side of Cu (i.e., heat source),
followed to one-dimensionally dissipate throughout the system, and
eventually discharged into the reservoir located in the diamond region
(i.e., heat sink). During this process, atoms within the observed region
were allowed to move adiabatically using the NVE ensemble (constant
number of atoms, volume, and energy), and temperature controls in the
heat reservoirs were realized by the Langevin thermostat. After lasting
for 0.2 ns to achieve system stability, another 4 ns was run to collect the
time-averaged temperature. The temperature profile was plotted by
recording the local temperatures within each divided layer of 10.8 A
thickness along the z-axis in the observed region, from which the effi-
ciency of thermal transport across the CDI was further evaluated. In all
calculations, the heat flux was consistently carried out. Note that the
simulated heat flux is larger than that of the actual situation and facil-
itates the formation of a distinct temperature gradient across the CDI for
subsequent analysis, which agrees with the setting in other similar
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Fig. 1. NEMD simulation model and settings for the calculations of thermal transport across a CDI. (a) Schematic diagram of a CDI simulation cell at its ground state,
in which the atomic potential energy distribution is exhibited. (b) Graphical interpretation of the system domain settings for NEMD simulation. The fixed layers, the
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studies [36,37].

3. Results and discussion

3.1. General analysis of thermal transport

To briefly describe the interfacial thermal transport behaviors of
CDCs, it is appropriate to choose one of a series of results to expound
[38]. As an example, the system with a z-direction length of 323.2 A at
300 K is investigated, and its time-averaged temperature profile along
the z-axis at different periods is shown in Fig. 2. Note that local tem-
perature within a divided layer of the system is calculated by the atomic
kinetic energy as follows [16]

-
T = —— V2
3Nk, ;mJ j

@

where ky, is the Boltzmann constant, and Nj, mj, and V; represent the
number of atoms in the i™ divided layer and the mass and velocity of jt j

atom in the layer, respectively. The time-averaged temperature data was
extracted over every 0.5 ns period, and this operation finished after 4.0
ns since the stabilization in all the local temperatures has been achieved
before the moment. Over time, the temperature is gradually raising on
the side of Cu bulk, while a downtrend occurs on the side of diamond
bulk. After every 0.5 ns, both the increasing amplitude of temperature
on the side of Cu bulk and the falling amplitude on the side of diamond
bulk present a decline. These suggest that an ordered temperature field
or a heat dissipation channel has been established step by step. The
temperature gradient becomes steeper and steeper on the side of Cu
bulk, whereas almost no change on the side of diamond bulk. The slope
of the former is also significantly greater than that of the latter (close to
zero), originating from the huge differences in TC between diamond (up
to 2200 W- m~ ! K [39]) and Cu (approximately 400 W- m L K!
[40]). The high TC facilitates the uniform distribution of temperature
fields within the diamond bulk in a very short time. Exceptionally, the
local temperature of the diamond near the interface gradually deviates
from that of its bulk after 2.0 ns and the deviation exceeds 10 K at 4.0 ns.
This could be because the slightly interfacial disorder after sufficiently
thermal relaxation occurs but improves the contact on both sides of the
interface to facilitate heat dissipation from the Cu to the diamond. At
4.0 ns, through linearly fitting the temperature profile extrapolated from
the bulk to the interface, the time-averaged temperature jump at the
interface can be calibrated and reaches approximately 220.3 K. On this
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basis, the ITC (Giy), Vviz., the reciprocal of the Kapitza resistance or
interfacial thermal resistance (Rjyt), can be obtained according to Fou-
rier’s law as follows [36]

1 J

= 2
Rim ( )

G =

ATinl7

where J and ATj,; denote the heat flux and the temperature jump at the
interface, respectively. Ultimately, the stable Gj,; at 300 K is determined
as 25.42 MW- m~2. K1, numerically comparable to the results of Chen
et al. [12] using first-principles calculations for three different Cu(111)—
diamond(111) stacking configurations (i.e., 18.5 — 26.9 MW- m~2 K_l).
However, the calculation is nearly an order of magnitude lower than
those of the Cu—Si system [36]. This may be due to a significantly
greater difference in the TC between Cu and diamond than that between
Cu and Si (approximately 142 W- m ™. K~! [41]), causing an inflexible
interfacial thermal transport. In addition, the temperature drops, both in
Cu bulk and diamond bulk, are significantly small relative to the ATy,
indicating that the thermal resistance of CDCs is determined by the
ATin. Therefore, it is of great significance to reduce the ATjy for
improving the capability of thermal conduction of CDCs.

Generally, the mechanisms of interfacial thermal transport can be
spied indirectly from the perspective of the phonon density of states
(PDOS), since the PDOS can quantify the change in phonon spectrum
originating from the vibrational mismatches between different crystal
structures in contact across an interface [38,42,43]. The PDOS is
computed by performing the fast Fourier transform of the atomic ve-
locity autocorrelation function (VACF) from the MD simulations as fol-
lows [44,45]

PDOS(w) = / e “'VACF(t)dt, 3)
where

1 N
VACE(t) = D <vi(0)vi(1) >. C))

=1

Here o is the vibration frequency of phonon, N is the number of
atoms in an examined region, vj(t) refers to the velocity vector for jth
atom at time t, and (...) denotes the ensemble average, respectively. To
further quantify the PDOS mismatch at the interface, the overlap factor S
can be defined as follows [45]
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Fig. 2. A typical temperature profile versus distance away from the interface at different times for the CDI system with a length of 323.2 A at 300 K. The temperature

data was extracted over every 0.5 ns period, lasting for 4.0 ns.
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S = / min{Px(®), Py(@)}do, ©)

where Px(») and Py(w) represent the PDOS of two different materials on
both sides of the interface region, respectively. In fact, many studies
have demonstrated that the ITC is strongly associated with the overlap
factor, and a high overlap of spectra often means strong phonon
coupling that facilitates thermal transport across the interface [36,45,
46]. It is worth noting that there is no consensus as to whether Cu
electrons can transfer energy to the dielectric directly although they can
participate in interfacial thermal transport via electron-phonon coupling
[36]. Hence, we focus on the phonon-interfacial transport for the CDCs
hereinafter.

Because of the atoms at the physical interface normally behaving
distinct characters from those in their bulk, a derived interface between
the physical interface and the corresponding bulk in each material will
inevitably arise [29,36]. As for the CDCs, the identification of atoms in
different regions, including the bulk Cu atoms (Cupyy), the interfacial Cu
atoms (Cujnt), the interfacial C atoms (Diaj,¢), and the bulk C atoms
(Diapyik), has been described in our previous study [47]. Hence, a total of
three interfaces are in the model system in principle and involve
Cupyik—Cujnt, Cujne—Diajnt, and Diajy¢—Diapyk interfaces, each with their
corresponding ITC (see Fig. 3(a)). To illustrate the interfacial phonon
coupling, the PDOS of the final state as a function of frequency is
computed for the four regions and exhibited in Figs. 3(b—d). The PDOS
spectra show that the phonon modes are dominated by low frequencies
for the Cu in nature, varying from O to 10.0 THz, while they are in a
high-frequency domain (ranging from 10 to 50 THz) in the diamond.
Due to the difference in interfacial structures, the overlap factor varies
with changes in the interface combinations. The degree of overlap shows
the largest for the Cupyk—Cuint interface, followed by that of the Dia-
int—Diapy interface, and the smallest for the Cuj,—Diaj,; interface.
These can further give the following hints. First, taking the
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corresponding Cu or diamond bulk as a reference respectively, the C
atoms present a relatively larger lattice disturbance than that of Cu
atoms at the CDI (also mentioned in Fig. 2), ultimately causing intense
phonon scattering at the Diajy—Diapyk interface reducing the overlap
factor. Next, the phonon scattering at the Diaj,—Diapyk interface trig-
gers the predominant frequency domain from a low band slightly
shifting to a high band (see Fig. 3(d)), while almost no change for the
predominant frequency domain at the interfacial Cu region relative to
the Cu bulk because of a good lattice order (see Fig. 3(b)). Given that the
low-frequency phonons transport thermal energy more efficiently [48],
the shift of the frequency domain for the inside of the diamond indicates
a reduction of the transmission efficiency of extended phonons and
impedes thermal transport. This also can explain why the slight tem-
perature jump occurs at the Diaj—Diapyk interface after the relaxation
of 4 ns (see Fig. 2). Finally, the frequency domains between the Cu bulk
and the diamond bulk hardly overlap, implying that the two materials
are inherently incompatible for heat transfer. However, the slightly
interfacial disorder due to the diamond provides additional phonon
modes, reflected in the broadening in the frequency spectrum of the
diamond. This facilitates the phonon coupling of the CDI (see Fig. 3(c))
and thus brings in new anharmonic channels. With the help of these
channels, phonons have a high probability of transmitting to the other
side, which can lower the thermal resistance. Taken together, the lattice
disturbance of the interfacial diamond causes a negative effect on the
phonon transport of its bulk and a positive effect on that of CDI,
respectively. This highlights the necessity of the strategies proposed at
present for the interface material design of thermal management [4,6],
such as the interface modification with carbide or with defects,
providing an effective heat dissipation channel that can enhance the
positive effect but restraint the negative effect. In addition, thanks to the
significant large overlap factor of CDI, the thermal resistance of the
Cupyk—Cuint or Diajn—Diapy interface is typically negligible compared
to that of the physical interface between two materials (viz., Cujpt—Diajnt
interface) [36]. Thus, the following focuses solely on discussing the
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Fig. 3. Different atomic regions near a CDI and corresponding PDOS spectra. (a) lllustration of three interfacial regions and their thermal resistances, including a CDI
(i.e., Cuj—Diayy, interface) and two derived interfaces (i.e., Cupyx—Cuin; and Diajy—Diapyk interfaces). (b) PDOS spectra for Cup,x—Cujy, interface. (¢) PDOS spectra
for Cuyn—Diayy, interface. (d) PDOS spectra for Diaj,—Diapyx interface. The overlap factors are given in the panels (b — d).
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thermal transport across the Cujy—Diajy interface or CDI.

3.2. System size effects on thermal transport

As the characteristic size of a system is close to the phonon mean free
path (MFP), the ballistic phonon transport becomes dominant in the
simulation system because of the inadequate phonon-phonon scattering
and the internal reflections of phonons from the boundaries [17,49,50].
As for NEMD simulations, heat reservoirs also may affect the propaga-
tion of ballistic phonons by boundary scattering so that the TC changes
significantly with the decrease of system size [17,51]. For this reason,
the ITCs of the CDI system with different z-direction lengths (L) ranging
from 215.5 to 646.4 A at 300 K are calculated, as shown in Fig. 4(a). The
interfacial thermal resistance presents a positive correlation with the
reciprocal of the L. In other words, the ITC monotonically increases
(from 24.33 to 35.64 MW- m 2 K1) with the increasing L, consistent
with those observed in other interface-related materials [16,18,48]. As
proposed by Yang et al. [17], the ITC of an interfacial system with
infinite length can be obtained roughly from its corresponding system
with finite size by extrapolation of a straight linear fit as follows (viz., the
analog of Matthiessen’s rule [50])

K

L:

N ®)

where Gipt(o0) is the ITC of an infinitely long system, and K denotes a
constant related to the Gjp(co) and phonon MFP. When the L approaches
oo, the theoretical value of ITC is computed as 41.12 MW- m~2. K1,
which is even close to the optimum result (45.30 MW- m2 K_l) of the
experimental calculations on the CDI modified by a WC layer [7]. This
indicates that the interface optimization technology at present is still far
from perfect for improving the ITC of CDCs, and the potential is sub-
stantial in the future. Further, for a bilayer structure, the associated
relationships between its overall TC and partial ITC can be established
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by the formula based on a rule of mixtures as follows [52]

L
K = —Kkx+
X

L
L —Ky + LGip,

L, @)
where Ly and Ly represent the lengths of two different materials on both
sides of an interface, and kx and ky are the TC of pure counterparts of the
two materials, respectively. Herein, both the Cu and diamond layers are
approximately half the total length of the simulation system in all cases.
Combined with the linear formula fitted in Fig. 4(a), Eq. (7) can be
reduced to the following expression

k =p+dl, C))
where p denotes the Gj,(c0), and q is a constant related to the TCs of
pure Cu and pure diamond. Thus, like the ITC, the overall TC of the CDI
system is also linearly proportional to the L at a certain temperature, i.e.,
the longer the system size, the higher the TC, showing excellent con-
formity with prior studies on other nanolaminate composites [48,53]. In
general, the interatomic distances exhibit a slight contraction or
expansion (i.e., strain contrast) near an interface relative to those away
from the interface, causing a disorder of interface. In addition to the
kinetic energy of the system being altered, the disorder may also affect
the potential energy by regulating the elastic constants of associated
atomic linkages of the interface [54]. As a result, when traversing the
interface, a thermal carrier gets scattered, which eventually reduces the
group velocity of phonons and localizes phonon modes around the
disordered atoms of the interface [21]. Theoretically, it is detrimental to
interfacial thermal transport for the presence of localized phonon modes
[21]. Therefore, it can simply speculate that a shorter supercell has a
higher proportion of interfacial atoms in the system (viz., relatively more
serious disorder in the interface but no more additional phonon modes
provided) and then increases the phonon scattering probability, which is
responsible for the lowering ITC.

To acquire a better intuition of the relationship of the ITC with the L,
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the PDOS spectra of both interfacial Cu and diamond regions are further
calculated and shown in Fig. 4(b). As can be seen, both Cu- and
diamond-predominant PDOS peaks present an increasing trend with the
increase of L, particularly noticeable in the Cu (e.g, rising from 0.104 to
0.110 at its first peak), indicating that the phonon scattering and
boundary scattering are attenuated. Additionally, there is not a signifi-
cant change for the full width at half-maximum of each peak in the PDOS
profiles, implying that new anharmonic channels are not further opened.
On the other hand, their dominant phonon modes are slightly shifted
from high frequency to low frequency with the increasing L. For
example, the phonon frequency at the first prominent peak of Cu
gradually reduces from 5.13 to 4.94 THz, as the L is increased from
215.5 to 646.4 A. The classical physical theory has shown that the
phonon MFP has an inverse dependence on frequency [55]. Thus, the
redshift means the increase of phonon MFP or the decrease of phonon
energy. Generally, the thermal transport in solids also can be roughly
understood from the simple phonon kinetic theory [15], in which the
lattice thermal conductivity is defined as follows
1

=Cvl,

3 9

K =
where C, v, and 1 represent the specific heat capacity of lattice, the group
velocity of lattice waves, and the phonon MFP, respectively. Given that
the specific heat capacity and the group velocity of phonons are essen-
tially independent of system size [15], it can be deduced from Eq. (9),
combined with Egs. (6) and (8), that the increment of phonon MFPs
facilitates the transmission of phonons across the CDI and then improves
the ITC with the increasing L. In addition, the PDOS overlap factor is
extracted from Fig. 4(b) and shown as a function of L in Fig. 4(c) to
quantify the variation of ITC. The overlapping phonon frequency
domain is mainly located between 6.0 and 10.0 THz. It can be seen that
the overlap factor increases with the increase of L, which has a
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significant part of the contribution from the increase in the intensity of
the diamond peak with the least frequency (around 10.0 THz). This
reflects an enhancement of the capacity of exchange thermal energy at
the CDI, showing a good agreement with the tendency of ITC.

3.3. Ambient temperature effects on thermal transport

Thermal transport at the nanoscale generally displays various
temperature-dependent behaviors. At low temperatures, atomic vibra-
tions are almost in a frozen state and keep that way until the ambient
temperature is elevated to a proper level. At high temperatures, the
nonlinear thermal flutter characteristics exhibit considerably and thus
phonon anharmonicity raises rapidly, causing a decline in TC [56].
However, once the temperature exceeds the Debye limit, the group ve-
locity of phonons is considered constant, and classical atomistic calcu-
lations are difficult to accurately evaluate the TC [56]. Usually, the TC is
inversely proportional to ambient temperature in single atomic crystals
(e.g., graphene) at high temperatures [21,57,58], while a slowly
diminishing characteristic of TC happens in some binary atomic struc-
tures (e.g., GaN) with increasing temperature because of the almost
overwhelming effects of their high-frequency phonons [59,60]. Hence,
it is significantly crucial to disclose what types of
temperature-dependent behaviors live in the CDI system for under-
standing its thermal transport.

Focusing on interfacial thermal transport, Fig. 5(a) shows the ITCs of
the CDI system with a length of 323.2 A in the temperature range from
100 to 500 K. Like the tendency in the case of L, the ITC exhibits a
positive correlation with the ambient temperature. The ITC has a min-
imum value of 14.28 MW- m~2. K1 at 100 K and gradually raises to
36.39 MW- m 2 K! at 500 K, increasing by over 2.5 times in the
temperature range considered. A similar increase in ITC has also been
observed in other interface-related systems disclosed in existing
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literature [20,22,33,56,61,62], such as Crg2sNig78—Al;0O3 and
Al—graphene composites [20,61]. In addition, many studies on thermal
interface materials have found that, unlike the case of L, the tendency of
TC with temperature is often opposite of that of ITC [53,56,62-64],
implying another connection between the two of them. For the issue of
TG, it is widely believed by researchers to be caused by the Umklapp
scattering or the inelastic scattering at elevated temperatures [21,56],
especially the contribution from high-frequency phonons [21].
Analogically, this viewpoint could be introduced to explain the tem-
perature dependence of ITC. At elevated temperatures, the processes of
three-phonon scattering, including Normal and Umklapp (or U) scat-
tering, are generally dominant [21,56,58]. Especially, Umklapp scat-
tering can intensify the anharmonic interaction of phonon-phonon,
causing the phonon momentum sum to point to the outside of the first
Brillouin zone, and then resulting in phonon frequency modification
[58]. Because of Umklapp scattering proportional to the square of fre-
quency [21], the phonon frequency often improves with temperature.
However, when encountering an interface, the high-frequency phonons
are localized and have a high probability of splitting each into multiple
low-frequency phonons at elevated temperatures [56,62], triggering an
enhanced inelastic phonon-interface scattering that contributes to the
redistribution of phonon frequency among different modes. For
example, the peak intensity of phonons around 8.0 THz shows a decline
in the interfacial Cu relative to Cu bulk at 300 K, while a peak broad-
ening around 5.0 THz (see Fig. 3(b)), confirming the occurrence of the
phonon-splitting processes near the CDI. In theory, there is a great
chance for phonons with low frequency from one side of the interface to
transmit to the other side relative to those with high frequency [56].
Consequently, an improvement in the coefficient of phonon trans-
mission at the interface may occur. On the other hand, an increase in
temperature excites more phonons, causing the further increase of
anharmonic phonon-interface scattering probability. Therefore, the
second modification of predominant phonon frequency (f,) and the in-
crease in the population of phonons (n,) near the CDI at elevated tem-
peratures facilitate better thermal transport across the interface (see the
inset of Fig. 5(a)).

To further unravel the physical mechanisms of the temperature-
dependent ITC, we also calculate the PDOS of both interfacial Cu and
diamond regions, respectively, as shown in Fig. 5(b). Contrary to the
scenario in L, there is significant damping in the peak intensity of the
predominant PDOS in both Cu and diamond as the temperature rises,
consistent with the tendency observed in other thermal interface ma-
terials [62,65]. For example, the highest peak of Cu phonon spectrum
around 5.0 THz decreases from 0.112 to 0.099, and suppression from
0.028 to 0.025 around 45.0 THz for that of the diamond. Meanwhile, the
proportion of PDOS in the broadly unimpressive frequency domain has a
slight growth with the increasing temperature, such as that in the fre-
quency range of 8.0—11.0 THz in the Cu (see the inset of Fig. 5(b)) or
15.0—40.0 THz in the diamond, indirectly causing the broadening of
phonon modes in the PDOS profiles. On the other hand, the increasing
temperature prompts a slight frequency shift from low to high on the
side of Cu (e.g., from 4.95 to 5.15 THz at its highest peak), while from
high to low on the side of diamond (e.g., from 45.0 to 43.7 THz at its
highest peak), like the frequency shift of interfacial Si in the Si—Ge
system [62]. The opposite frequency-shifting directions of the two imply
that their PDOS profiles tend to overlap step by step with the increasing
temperature. The pronounced redistribution of phonon modes may be
attributed to the increased inelastic phonon-interface scattering at
elevated temperatures. Generally, at an elevated temperature, the in-
tensity of PDOS in the overall frequency domain could be suppressed
because of the Umklapp scattering. But under the effects of increased
anharmonic phonon-interface scattering at elevated temperatures,
phonons with a higher frequency on one side of the interface may
continuously scatter into the phonons with lower frequency [62], which
can be further superimposed onto the pristine phonon spectrum and
again initiate the change of phonon modes (e.g., amplitude variation,
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broadening, and/or frequency shift), especially in the low-frequency
domain. For the PDOS profile of Cu, its broadening of phonon modes
may be more remarkable than that of diamond, since the predominant
PDOS in the Cu is mainly located in its low-frequency domain. Conse-
quently, this is beneficial to the improvement of the overlap of the
spectra between Cu and diamond and carrying more thermal energy
from the side of the Cu to the side of the diamond. To highlight the
phonon transmission behavior, the PDOS overlap factor as a function of
ambient temperature is further exhibited in Fig. 5(c). The overlap factor
does increase with the increase of temperature, consistent with the
tendency in ITC. Because of the overlap essentially located in a
low-frequency domain, the acoustic phonons necessarily play a more
important role in carrying thermal energy relative to the optical pho-
nons for the CDCs [21]. There are usually three modes for the acoustic
phonon, ie., the out-of-plane acoustic (ZA), transverse acoustic (TA),
and longitudinal acoustic (LA) phonons [56]. Benefiting from high
specific heat as well as large mean scattering time [43], the ZA phonons
may make a dominant contribution to thermal transport across a CDI. In
addition, the interfacial disorder may improve the contact on both sides
of the interface and provide additional phonon modes, as mentioned in
SubSection 3.1. The increasing temperature can intensify a rearrange-
ment of CDI structure or interfacial disorder [47] and then facilitate the
interfacial thermal transport, another possible interpretation for the
improvement in overlap factor.

4. Conclusions

In this study, for a fundamental research purpose, we have per-
formed an investigation of interfacial thermal transport behaviors for
CDCs with different system sizes and ambient temperatures using NEMD
simulations. The general results show that a slightly interfacial disorder
due to thermal relaxation facilitates heat dissipation from the side of the
Cu to the side of the diamond, originating from the strengthened contact
on both sides of the interface. Especially, the disorder contributed by
interfacial diamond may provide new anharmonic channels, improving
the phonon transmission efficiency. With the increase of system size
(215.5 — 646.4 A), the ITC monotonically increases from 24.33 to 35.64
MW- m~2 K! at room temperature, and even the ideal result of 41.12
MW- m~2. K~! at an infinitely long system is comparable to that of the
experiments after an interface optimization. The tendency stems from
the decrease of elastic scattering probability of phonons because of a
relatively low proportion of interfacial atoms in the system as well as
almost constant anharmonic channels. Intrinsically, a change in a system
configuration with the increasing size causes the growth of the Cu- and
diamond-predominant PDOS peaks and their frequencies shift from high
to low, eventually resulting in an improvement in PDOS overlap factor
that favors the capacity of exchange thermal energy at the CDI. On the
other hand, as the ambient temperature rises from 100 to 500 K, the ITC
also exhibits a positive response, increasing from 14.28 to 36.39 MW-
m~2 K~!, benefiting from the intensification of interfacial rearrange-
ment that can enrich additional phonon modes. The underlying reason
for that is that an increased inelastic phonon-interface scattering at
elevated temperatures, due to the second modification of predominant
phonon frequency and the increase in the population of phonons near
the CDI, has a significant impact on the redistribution of phonon modes
(e.g., amplitude variation, broadening, and/or frequency shift), which is
beneficial to the improvement in PDOS overlap factor and carrying more
thermal energy to transmit the interface. Overall, the ITC of CDCs
strongly depends on its system size and ambient temperature. The cur-
rent investigation significantly facilitates our understanding of the
interfacial thermal transport in CDCs and provides a reference for
assessing the thermophysical properties in experiments, contributing to
promoting the application of the composites in thermal management for
power electronics.
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