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across these low-dimensional material interfaces when they are either bundled together or supported
by a substrate. A clear understanding of thermal transport across these atomic interfaces through exper-
imental characterization or numerical simulation is important, but nontrivial. Due to instrumentation
limit, only a few thermal characterization methods are applicable. Accordingly, many studies have been
conducted by theoretical analysis and molecular dynamics to understand the physical process during this
ultra-fast and ultra-small thermal transport. In this review, both experimental work and molecular
dynamics studies on atomic-scale thermal contact resistance of low-dimensional materials (from zero-
to two-dimensional) are reviewed. Challenges as well as opportunities in the study of thermal transport
in atomic-layer structures are outlined. Considering the remarkable complexity of physical/chemical con-
ditions, there is still a large room in understanding fundamentals of energy coupling across these atomic-
layer interfaces.
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1. Introduction

The innovation in material science in the past two decades
brought new insight into novel low-dimensional materials such
as carbon nanotube (CNT) and graphene [1-3]. Specifically to ther-
mal science, these materials are superior thermal conductors as
validated in both experiments and simulations [4,5] and regarded
as the next generation semiconductor materials [6,7]. As the
miniaturization continues, energy dissipation in nanoelectronics
becomes a bottleneck that hinders storage density or computation
speed [8,9]. Excellent thermal property of low-dimensional materi-
als leads to a solution to these problems [10-12]. Taking graphene
as an example, the two-dimensional structure makes it extremely
difficult for direct industrial implementation [13]. Meanwhile, the
limited thickness of graphene greatly affects thermal transport in
the in-plane direction. When it is supported on a substrate, large
amount of energy dissipates through the graphene-substrate inter-
face [14]. In such case, the interfacial thermal resistance becomes
the main factor determining thermal performance [14]. Therefore,
characterization of interfacial thermal resistance and understand-
ing energy transport across two-dimensional (2D) atomic-layer
interfaces are important. Similar to graphene, the thermal conduc-
tivity of CNT is large. However, there are also thermal contact prob-
lems [15-17]. The thermal resistance of integrated CNT materials is
mainly attributed to the contact among tubes or between the tube
and substrate [18-20]. Aside from CNT and graphene, a lot of other
low-dimensional materials, such as h-BN, silicene, MoS,, black
phosphorus, etc., emerged in recent years. Therefore, the energy
coupling across atomic-scale contacts related to these materials
is of great interests and needs to be clarified with physical mecha-
nism details.

Exploring such problem especially using experimental charac-
terization is very challenging. As to CNT, the fabrication of specific
CNT-CNT contact for characterization purpose is extremely diffi-
cult [21,22], not to mention the limitation in experimental tech-
nologies and the complex physical conditions at the contact [22].
For 2D material-substrate interfaces, either conventional steady-
state method or transient method has limitations for probing tem-
perature at the atomic scale [23]. To achieve such task, researchers
seek solutions from material modifications: for example, coating
an additional layer on top of the 2D material to improve the thick-
ness of measurement target and thus the conventional measure-
ment method is applicable [24,25]. However, the constraint effect
brought by the additional layer results in different and undesirable
phonon transport scenarios [26]. Meanwhile, the corrugation or
wrinkling of 2D materials further increases the complexity of
experiment [26,27]. Classical molecular dynamics (MD) simula-

tions have been widely used in exploring such problem beyond
the scope of first principle calculations [28].

In this paper, the state-of-the-art studies about the energy cou-
pling across atomic-scale interfaces are reviewed to uncover chal-
lenges, propose strategies to tackle tough technical challenges, and
provide guidance on the applicability of current technologies in
characterization atomic scale interface energy transport. For dis-
tinguishing the physical mechanism, the thermal contact resis-
tance will be termed in zero-dimensional and one-dimensional
thermal contact analysis; as to 2D interfaces such graphene inter-
faces, the interfacial thermal resistance/conductance will be ter-
med for better understanding.

2. Physics and techniques applied for measurement

Thermal transport across atomic scale interface is an intriguing
problem. Taking the graphene-substrate thermal contact as an
example, the thickness of graphene is only in order of sub-nm or
~nm. The physical definition of interfacial thermal resistance
becomes debatable. As from experimental aspect, thermal charac-
terization requires highly sensitive temperature probing and accu-
rate heat flux management techniques. Finding effective ways to
apply heat current and measure temperature difference across
the atomic-scale interface is critical and extremely challenging.
The techniques used to date are reviewed below to analyze their
advantages, drawbacks, and provide strategies on how to improve.

2.1. Thermal contact of zero- to one-dimensional nanostructures

The extremely small contact area of 1D nanoscale materials,
either with substrates or among them leads to the fact that thermal
resistance at contacts dominates heat dissipation in bulk materials
[20]. For instance, the cross alignment of CNTs forms zero-
dimensional (point) contact. Similar scenarios include the contacts
between particle/particle, particle/substrate, and CNTs vertically
standing on a substrate, etc. For parallel aligned CNT arrays, ther-
mal contact between CNTs becomes 1D, similar to a lateral CNT
lying on a substrate. The experimental characterization of interfa-
cial thermal conductance for any of these structures is very chal-
lenging, not only because of its tiny size that increases the
difficulty in sample fabrication, but also because of the complexity
in different contact scenarios.

Systematic work has been first reported by Li’s group [21]. They
measured the thermal contact resistance between multiwall CNTs
by using the classical micro-bridge method [29,30]. Two CNTs are
interacted with each end attaching on different membranes as
shown in Fig. 1(a) for a cross-contact and an aligned CNT contact
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Fig. 1. (a) Thermal contact resistance measurement of CNT-CNTs by using micro-bridge method [21]. (b) Contact transient electro-thermal (CTET) technique to measure
thermal contact resistance (point-contact) between microwires [31]. (c) 1D thermal contact resistance measurement between a lateral CNT and substrate [33]. (d) Thermal
contact resistance measurement of aligned TiO; arrays [37]. (e) FDTR experimental setup and sample configuration [46]. (f) Schematic of characterizing sandwiched structure

of Al/graphene/Si interface by using TDTR method [25].

[21]. Thermal transport of the system follows 1D heat conduction
model and the total thermal resistance is contributed from each
tube and the contact resistance between them. To determine the
thermal contact resistance, the thermal conductivity of each tube
needs to be determined in advance. Besides the micro-bridge
method, a contact transient electro-thermal (CTET) technique is
also available to characterize point contact thermal resistance to
the nanoscale. The CTET technique has been developed and
demonstrated by measuring the thermal contact resistance
between microwires [31]. As shown in Fig. 1(b), two micro/-
nanoscale wires are suspended on two pairs of electrodes and
cross-contacted by adjusting sample holders. During the measure-
ment, the top wire is heated. The heat dissipates from the hot wire
to the bottom one through their contact point. There is a temper-
ature drop at this contact, which can be used for thermal contact
resistance measurement. The thermal property of each wire also
needs to be evaluated in advance which can be achieved by using

the transient-electro-thermal (TET) technique before the two wires
are in contact [32]. Different from Yang et al.’s work that the ther-
mal conductivity of CNTs is determined from the parallel measure-
ment of a similar nanotube [21], thermal property of the same wire
can be precisely determined in CTET method. To apply the CTET
technique to nanowire contact, very fine positioning of suspended
nanowires are needed.

The thermal contact resistance between a 1D nanostructure and
its substrate is commonly encountered in engineering applications.
This 1D thermal contact resistance is almost impossible to mea-
sure. For a 1D thermal contact formed by a lateral single-walled
CNT and insulating substrate, Pop et al. did the measurement based
on thermally induced break down of CNTs [33]. As shown in Fig. 1
(c), the ends of a CNT are connected to Pt electrodes for Joule heat-
ing. The Joule heat in CNT dissipates through contact to the sub-
strate. If length and diameter of the CNT sample are obtained,
the heating density is calculated from breakdown current of CNT
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[34]. As breakdown temperature of CNT is determined and contact
area is estimated from the CNT diameter, the thermal contact resis-
tance per unit area from CNT to the insulating substrate can be cal-
culated from the temperature difference (across the interface).
Another example focusing on the 1D contact resistance is per-
formed in Shi’s lab for probing temperature profile along Joule-
heated multi-wall and single-wall CNTs on a substrate [35]. The
interface thermal conductance between CNT and substrate is eval-
uated based on an estimated thermal conductivity of CNTs [35].
Another scenario for 1D thermal contact is the array where the
tubes are well aligned, and the 1D contact is between similar mate-
rials. Thermal characterization along the axial direction is com-
monly undertaken, especially for thermal interface materials
analysis [36]. However, besides aforementioned work for the par-
allel contact formed by two CNTs [21], very limited work has been
reported on the inter-1D material thermal contact resistance,
mainly due to the great limitation of measurement techniques.
Guo et al. characterized inter-tube thermal contact resistance of
TiO, nanotube arrays by combining the TET technique and pho-
tothermal technique [37]. Thermal conductivity of TiO, arrays in
the inter-tube direction is measured first. The measured value is
a combined effect of thermal conductance in the wall of TiO, tube
and thermal contact conductance between tubes, which dominates
thermal transport in the sample because of the large amount of
contacts along the cross-nanotube heat conduction direction. The
thermal contact resistance is extracted by considering two thermal
transport directions (o path and g path) as shown in Fig. 1(d) [37].

As a general rule, when studying the thermal contact resistance
between 1D nanostructures, the thermal conductivity or resistance
of the 1D nanostructure has to be measured first, either along the
axial direction or in the radial direction. This is an essential part in
the characterization. Due to limited/unknown knowledge of the
contact area, it is very difficult to give a thermal contact resistance
per unit area. Instead, a thermal contact resistance per unit length
of the 1D nanostructure is more accurate and physically preferred.
For measuring the thermal contact resistance between 1D nanos-
tructure and its substrate, the thermal conductivity of 1D nanos-
tructure usually is not needed or has insignificant effect on the
measurement. However, the contact area between 1D nanostruc-
tures or between a 1D nanostructure and its substrate can vary a
lot during sample preparation, and will lead to significant variation
of the thermal contact resistance. This raises great challenges in
evaluating the measurement accuracy of different techniques since
no standard samples are available.

2.2. Constrained 2D atomic-layer thermal contact: challenges solved
by additional material/transducer layer

2D thermal contact resistance can be regarded as an extreme
case of thermal transport in the thickness direction of atomic
structures. Aside from complex surface morphology, the interface
thermal characterization is challenging due to the atomic scale
material thickness, which theoretically requires the same-level of
spatial resolution for thermal characterization [38]. Either conven-
tional steady-state method or transient method has limitations for
probing temperature at such small scales: steady-state method
either based on thermoelectric effect (for example the thermocou-
ple) or laser excitation is impossible to measure the temperature of
monolayer atoms. Hence, probing the material temperature is the
main obstacle.

In transient methods, the time constant for thermal relaxation
is the key factor. Taking transient laser reflectance technique as
an example, most of the probing laser would penetrate graphene
to substrate and the laser reflectance is mostly from the substrate.
Thus, the measured temperature is a combined value of graphene
and substrate surface and unable to distinguish them. Besides,

the characteristic time for heat conduction across the graphene
interface is extremely short due to its tiny thickness. It can be esti-
mated as 7 = pVc/(GA) where p is density of graphene, V its volume,
A the surface area, c its specific heat, and G the effective thermal
conductance (the inverse of interfacial thermal resistance). With
an estimation based on the heat capacity of graphite, and assuming
the interfacial thermal resistance in the order of 10~° K-m?/W (for
a tight contact), T of graphene is in the order of 10~'3s (100 fs),
which is beyond the capacity of most measurement techniques
for monitoring temperature with such short response, unless the
ultra-fast laser technology is employed [23].

As mentioned above, researchers seek solutions by coating an
additional layer on top of 2D atomic layer materials to increase
the thermal mass and reduce the thermal relaxation time
[24,25]. However, the material modification might introduce extra
problems. For example, the constraint effect brought by the addi-
tional layer results in a different phonon transport [26]. The sce-
nario is complicated for 2D material interfaces with chemical
residues or functional groups [25,39], or with different atomic
potentials: covalent bonds [40] and van der Waals bond [39]. Also
the additional transducer layer will eliminate or greatly reduce the
corrugation or wrinkling of 2D atomic materials [26,27]. The mea-
sured thermal contact resistance could not reflect the virgin or
intrinsic 2D atomic layer material interface.

2.2.1. Thermal probing in the frequency domain

After the 2D atomic layer material is covered by a top layer, the
thermal relaxation time of the sample becomes much larger and
more measurable in both time and frequency domains. For fre-
quency domain methods, the sample is thermally excited/heated
periodically with its temperature oscillating in accordance with
the heating source. The phase shift and temperature response
amplitude are tightly related to the thermophysical properties of
the material, such as thermal conductivity, thermal diffusivity,
and thermal resistance. The most widely used frequency domain
methods include photo-acoustic/thermal method and 3w method
[41,42]. The photo-acoustic/thermal techniques are classical and
have been well applied to thermal transport measurement of
nanostructured interfaces [36], thin films [43] and bulk materials
[44]. Frequency domain thermo-reflectance (FDTR) is the most
commonly used frequency domain method in thermal characteri-
zation of 2D material interfaces. It shares the same physical and
experimental principle as the photo-thermal and photo-acoustic
technique, but uses a second probe beam to measure the surface
thermal response by measuring the reflectance change [45]. Yang
et al. used FDTR to create thermal conductance maps of graphene
contacts and obtain cross-plane thermal boundary conductance
for 1-7 graphitic layers sandwiched between titanium and silicon
dioxide as shown in Fig. 1(e) [46]. Majumdar et al. measured the
thermal conductance of self-assembled monolayer junctions
formed between metal leads (Au, Ag, Pt, and Pd) [47]. Jeong et al.
measured the interfacial thermal conductance across Au and
Al,03 interface with adhesion Cu and Cr metal layers by using
FDTR method and found that Cu layer and Cr layer can improve
the interfacial thermal conductance by a factor of 2 or 4 than that
of the pure Au/Al,O5 interface [48].

In the above laser-based frequency-domain techniques, a laser
is employed as the heating source and is modulated within a lim-
ited frequency range. Therefore there is a thickness requirement in
the target material for light absorption and thermal wave propaga-
tion. Photo-acoustic/thermal techniques might not be capable of
measuring the thermal transport across atomic-scale (sub-nm)
interfaces unless ultra-fast modulation techniques become avail-
able or by coating a metallic layer on top. Since laser is absorbed
to generate heat, the top metallic layer has to be thick enough to
absorb the laser completely. Otherwise, not-well defined laser
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absorption will greatly affect the measurement accuracy. Such
thick layer requirement can be solved by using Joule heating. It is
worth pointing out that the FDTR technique can achieve a higher
modulation frequency and higher spatial resolution than the
photo-thermal and photo-acoustic techniques.

The 3w method is a Joule-heating method in frequency domain
first reported by Dr. David Cahill [49]. In this technique, a very thin
metallic wire is deposited on the sample surface serving as a heat-
ing source as well as the temperature sensor. An AC current with a
frequency of w is applied to the wire. The heat flux and corre-
sponding temperature rise experience an oscillation with a fre-
quency of 2w, which changes the electrical resistance of the wire
in the same frequency. To the end, a voltage variation of 3w fre-
quency will arise, which can be used to determine thermal proper-
ties of a material [50,51]. It is required for the application of the 3w
method that the thermal penetration length should be much larger
than heater line’s width. Therefore, for samples with sub-nm thick-
ness, graphene interfaces as an example, the 3w method is not
applicable unless a sub-nm heater line can be fabricated or an
extremely high modulation frequency is used, which would out-
range the capacity of current available instruments. Another prob-
lem is that graphene is a conductive material, which is not suitable
to deposit the heating wire directly on it. An alternative approach
is to increase thermal penetration depth by depositing an addi-
tional oxide layer on the to-be-measured nanoscale interfaces.
Borca-Tasciuc et al. proposed a modified 3w technique based on
a differential method. It can be understood as a controlled-
condition experiment: the difference in temperature rise between
a film-substrate system and a same substrate system but without
the film is measured, and the difference can be counted for the
interface thermal resistance [50]. Chen et al. applied this method
to measure the thermal contact resistance of sandwiched
graphene-SiO, interfaces [24].

2.2.2. Measurement in the time domain

Different from the frequency domain methods which use the
phase shift and thermal response amplitude, time domain methods
utilize the time scale information (e.g. the time constant of thermal
relaxation) of the thermal transport inside the material to tackle
thermophysical problems. As long as laser heating is used, these
techniques suffer the same drawbacks of the laser-based
frequency-domain techniques discussed above. One typical tech-
nique is the time domain thermal reflectance (TDTR or called
pump-probe) method [42]. In the TDTR method, the heating source
is an ultra-fast pulsed laser. When heated by the laser beam, the
sample experiences a fast temperature rise due to the laser absorp-
tion and a gradual temperature drop due to heat dissipation [52-
54]. A separate beam from the pump laser but with much less
energy is used to monitor temperature based on the variation in
reflectivity which is temperature dependent.

As analyzed above, coating of a metallic layer is necessary to
increase the thermal relaxation time and to achieve well-defined
laser energy absorption and surface temperature probing. Using
TDTR, Mak et al. reported the interface thermal conductance
between exfoliated graphene and SiO, in 2010 [55]. Koh et al. stud-
ied the overall heat conductance of multilayer graphene metal
interfaces [56]. Hopkins et al. brought the chemical functionaliza-
tion into interfacial thermal transport study of graphene metal
interfaces [39]. Zhang et al. compared the interfacial thermal con-
ductance of Al/graphene/Si structure with Al/Si interface (no gra-
phene embedded, as shown in Fig. 1(f)) to study the effect of
inserted graphene on interfacial thermal transport between metal
and non-metal interfaces [25]. Vasquez Guzman et al. investigated
the interfacial thermal conductance of monolayer graphene with
different adhesion metal interfaces [57]. Most of above referenced
work reported the overall thermal conductance of graphene/metal

interfaces rather than distinguishing contact resistance of gra-
phene with other materials except Zhang et al.’s work. To precisely
determine the 2D material thermal contact resistance, the thermal
conductivity of the top coating layer has to be measured. Also the
thermal contact resistance of other interfaces in the structure
needs to be determined. All of these are feasible, but nontrivial.
Also determination of these extra parameters will bring in extra
and significant uncertainty in the final measurement results.

2.3. Unconstrained 2D atomic-layer thermal contact

In many applications, bare supported 2D material (without
coating) is preferred. Therefore, coating the 2D material with an
extra layer to facilitate the measurement becomes very undesir-
able. As the sole steady state method, Raman thermometry can
directly characterize interfaces of bare 2D materials [4,58]. Differ-
ent characteristics of Raman spectrum properties can be used as
the temperature indicator: Raman peak shift (frequency, or called
wavenumber), peak intensity and peak linewidth. Among them,
Raman peak shift is very sensitive to temperature change and most
widely used. For example, the G-band peak of graphene was cali-
brated with a temperature coefficient of ~0.016 cm~!/K [59]. It
needs to be pointed out that peak shift can be affected by stress
induced strain effect. Peak intensity is temperature dependent
but is easily affected by the focal level of optical path. Besides peak
shift and intensity, the linewidth of Raman peak is independent on
strain effect [14]. The disadvantage is that its sensitivity is not as
high as peak shift. However, it provides a solution to measure ther-
mal stress by combining the analysis of peak shift [26]. For the
implementation of Raman thermometry for interfacial thermal
characterization, the top layer of the structure needs to be thin
enough for excitation laser to penetrate. Scattered Raman signal
contains simultaneous temperatures of both substrate and film
under a certain heating. Specifically, Raman thermometry for inter-
face thermal characterization can be divided into two methods
from heating source: joule (electrical) heating method and photon
(laser) heating method.

2.3.1. Joule heating Raman probing method

As shown in Fig. 2(a), the graphene supported on a substrate is
connected by electrodes and heated by a constant current. The
temperature difference across interface depends on heating den-
sity and interfacial thermal resistance. For monolayer graphene
which absorbs 2.3% and reflects less than 0.1% of laser energy
[60], most of light can penetrate and reach the substrate. Excited
Raman signal contains temperature information for both graphene
and substrate showing as distinctive Raman peaks in one spec-
trum. Interfacial thermal resistance is calculated according to the
applied heating density [14]. Joule heating is uniform and can be
well controlled for different experimental conditions. The disad-
vantages are obvious: first, joule heating requires the fabrication
of electric circuit; second, the additional heating from the probe
laser needs to be carefully treated during Raman measurement.
However, these problems can be mitigated to the minimal level.
Joule heating Raman probing method is first applied on interfacial
thermal characterization of epitaxial graphene on SiC by Yue et al.
[14]. It is noticed that the measured temperature of SiC is not from
the surface but an average value within laser penetration depth
[14]. The portion of Raman signal from different layer along laser
penetration is not constant. A calibration needs to be performed
to evaluate surface temperature of SiC.

2.3.2. Photon heating Raman probing measurement

Photon (laser) heating is an alternative option to induce tem-
perature difference for interfacial thermal characterization. It
avoids the micro/nanofabrication of electrical circuit, being capable
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Fig. 2. (a) The schematic of electrical heating Raman probing method for measuring graphene interface thermal transport [14]. (b) Schematic of experimental setup for
characterization of the graphene/SiC interface based on photon-excitation and Raman probing [70].

of probing samples with extremely small size. However, it must be
pointed out that in photon heating, the optical properties of the 2D
materials must be known. Even for the same 2D material, there are
many scattered data in literatures for the optical properties, and
large deviations exist among the data. These could introduce very
large uncertainty in calculating the laser beam absorption in the
2D material. Also in experiment using a microscope objective,
the laser beam is focused with a finite numerical aperture. There-
fore, precise calculation of the laser beam absorption considering
different incident angles is critical, but difficult to implement. On
the other hand, the joule heating method can provide much reli-
able and well-defined heating data.

In Joule heating method, if the 2D material is not uniform in
space, heating density will not be uniform. Also for 2D materials
of very large electrical resistance, it is very difficult to apply Joule
heating. In the photon heating method, the heating region and
the Raman probing region are the same, which improves the mea-
surement accuracy significantly. Compared with the 2D material
thickness, the size of laser beam is much larger and the heat con-
duction across the 2D material interface can be regarded as 1D.
Cai et al. applied the photon heating method to measure thermal
contact resistance between graphene and substrate [61]. In their
work, only the graphene temperature instead of temperature dif-
ference across the interface was measured. Tang et al. employed
two lasers to apply this technique: the higher energy laser is used
for heating and the lower one is used for Raman probing [26]. Fig. 2
(b) shows that the probing area needs to be smaller than the heat-
ing area. This unique design for photon-heating and Raman prob-
ing effectively avoided any optical alignment shift due to the
objective lens change in confocal Raman. Our past experience con-
firms that a small change in the optical alignment can introduce
undesired shift in Raman spectrum, including its wavenumber,
linewidth, and intensity. In the separate photon heating method,
the Raman system stays at the exactly same configuration, and
only the power of the heating laser is varied. In Tang’s work, the
temperatures of graphene and Si are measured simultaneously,
and the temperature difference across the interface is directly
probed. This provides much higher accuracy in determining inter-
face thermal property. Using the similar design, Tang et al. also
characterized the interfacial thermal resistance of graphene/SiC
interface. For single-laser beam heating and Raman probing
method, caution should be exercised for using different objectives
or neutral density filter to adjust the Raman excitation laser energy
to vary the heating level. In summary, although Raman spec-
troscopy can measure the temperature differential across the 2D
material interface, precise control and determination of the
heating level are key factors in affecting the measurement accu-

racy. Joule heating and photon heating each has its unique feature
and drawback, and should be chosen based on material type and
experiment control capacity.

3. Thermal resistance/conductance of interfaces: variation and
understanding

As the interaction scenario between adjacent materials varies,
the interfacial thermal transport related to these atomic scale
materials is complicated and hard to compare. Even for the same
material, variation in the sample preparation will significantly
affect the interface structure, and greatly changes the interface
thermal performance. Additionally, for the reported data in litera-
ture, some have large measurement uncertainty and are difficult to
pin down the intrinsic interfacial thermal property. These could
explain the very large data deviation reported in literatures. In
review of these data, our focus is trying to reveal/understand these
measurement values rather than comparing them. Selected works
are summarized in Table 1.

3.1. Zero-to-one dimensional thermal contacts

The CNT-CNT contact features the most critical scenario, trans-
forming from point to 1D contact with decreased angle between
them. Yang et al. measured the thermal resistance of a cross con-
tact between a 74 nm and a 121 nm (in diameter) nanotube, and
an aligned contact of a 170 nm and a 165-185 nm (in diameter)
nanotube [21]. It is found that thermal contact resistance is in
the order of 107 K/W for both across contact and aligned contact.
The contact resistance per unit area was calculated by counting
the contact area (obtained from MD simulations) as 1.2 x 1078 -
K-m?/W for aligned contact and 1.22 x 1072 K-m?/W for the cross
contact. This work is the first experimental report of thermal con-
tact resistance between CNTs [21]. Their group reported another
finding about the contact resistance between CNTs: the interface
thermal conductance is a function of tube diameter (the thickness)
ranging from 3 x 108 to 13 x 108 W/K-m? for different diameters
with temperature from 50 up to 400 K [22]. They explained this
abnormal thickness dependent nanoscale thermal contact via
longer phonon mean free path in the c-axis direction of graphite,
phonon reflection and focusing effect [22]. Velson et al. reported
thermal contact resistance between crossed Pt wires as
8.94 x 10* K/W to 7.05 x 10° K/W under different heating currents
from 20 mA to 50 mA. In their work, the diameter of the Pt wires is
25.4 pm, and the contact resistance per unit area was estimated to
be 1077-10~> K-m?/W by assuming contact area of 1-10 um? [31].
They also measured the contact resistance between a grass fiber
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Table 1

Summary of experimental results of interfacial thermal transport of atomic-layer materials.
Interface Thermal resistance/conductance Method Ref.
CNT/CNT 1.2 x 108 K-m?/W (aligned); Microbridge [21]

1.22 x 1072 K-m?/W (cross)
CNT/CNT 3 x 108-1.3 x 10° W/m?2 K (cross-contact) Microbridge [22]
Pt/Pt microwire 1077-1075 K-m?/W CTET [31]
CNT/substrate 1-2 x 1078 Km?/W Electrical heating [33]
CNT/substrate 3 K-m/W Electrical heating [62]
TiO, nanotubes 15.1 K-m?/w; TET [37]
20.6 K-m?/W (amorphous)

TiO, nanotubes 5.90 K-m?/W (anatase)
CNT/substrate 0.007-0.06 W/m-K Electrical heating [35]
Al/graphene/SiO, 5.6 x107°to 1.2 x 10~ 8 Km?/W 3m [24]
Al/graphene/Si 6.2 x 10’ W/m*K TDTR [25]
Au/Ti/graphene/SiO, 2.5 x 10’ W/m2.K TDTR [56]
Al/graphene/SiO, 2-3 x 107 W/m2K TDTR [39]
Au/O/graphene 2.433-3.241 x 10 W/m?-K TDTR [63]
Au/N/graphene 2.141-2.898 x 107 W/m?.K
Al/graphene/SiO, 2-3 x 10’ W/m? K TDTR [39]
Graphene/SiO, 5 x 107 W/m2.K TDTR [55]
Si0,/graphene/SiO, 4.1 x 10’ W/m2.K TDTR [64]
Graphene/SiO, 4.2 x 10" W/m?K FDTR [46]
Au/alkanedithiol/Au 6.5 x 10 W/m%K FDTR [47]
Au/alkanedithiol/Pd 3.6 x 10 W/m*K
Au/Gr/Al,04 1.8 x 108 W/m2K FDTR [48]
Au/Cu/AL,05 3.9 x 108 W/m2K
Graphene/SiC 5.3 x 107> K-m?/W Electrical-heating Raman-probing [14]
Graphene/h-BN 7.41 x 10 W/m?.K Electrical-heating Raman-probing [68]
Graphene/Si 2.8 x 10’ W/m2.K Photon-heating Raman-probing [61]
Graphene/Si 183 W/m2.K Photon-heating Raman-probing [26]
Graphene/SiO, 266 W/m?--K Photon-heating Raman-probing [26]
Graphene/SiC 410 W/m2K Photon-heating Raman-probing [70]
Graphene/SiO,/Si 1.7 x 10 W/m?-K Raman-probing [69]
MoS,/SiO, 1.25-1.94 x 106 W/m?.K Photon-heating Raman-probing [138]

(8.9 um) and Pt wire as 2.83 x 10° K/W, much larger than that of
the Pt-Pt contact. The larger value is attributed to the smaller size
of the glass fiber and the smaller contact area.

For 1D thermal contact, Pop et al. reported the thermal conduc-
tance between metallic CNTs and insulating substrate as
0.17 £ 0.03 W/m-K [33]. By assuming the contact area as the product
of length and diameter, the thermal contact resistance is estimated
as 1-2 x 108 K-m?/W [33]. Similar work by Maune et al. presented
a thermal conductance per unit length about 0.33 W/m-K between
single-walled CNT and sapphire substrate [62]. The thermal resis-
tance (per unit length) between aligned TiO, nanotube arrays was
measured as 15.1 and 20.6 K-m/W for two amorphous samples,
and 5.90 K-m/W for anatase structure [37]. Considering the small
contact area per unit length, which is in the order of 10~% m?, the
thermal contact resistance per unit area was determined in the order
of 1077 K-m?/W [37]. The thermal conductance between single wall
CNT and substrate is measured to be in the range of 0.007-0.06 W/
m-K [35], which is much smaller than the value obtained by afore-
mentioned electrical breakdown method. They attributed the differ-
ence to measurement temperature since the interface resistance is
related to heat capacity which is temperature dependent. For all
the reported work here, it is extremely difficult to give sound value
of the thermal contact resistance/conductance per unit area as the
contact area is unknown. Therefore, the thermal resistance/conduc-
tance per unit length or per contact point should be used and quoted
to reflect the true scenario.

3.2. Constrained 2D atomic-layer interfacial thermal transport

3.2.1. Experimental results measured with frequency-domain method

Interfacial thermal resistance of graphene-SiO, measured by
the differential 3w method ranges from 5.6 x 102 to 1.2 x 108 -
K-m?/W with temperatures from 42 to 310K [24]. In this work,
graphene flakes of 1.2nm to 3 nm thickness are sandwiched

between SiO, layers. The measured contact resistance is close to
the normal value for a tight contact (in the order of 107° K-m?/
W), which can be understood that coating of oxide layers make
graphene interface much tighter. Thermal transport across
graphene-substrate interfaces (on both sides of graphene) is not
the sole channel for heat dissipation. Phonon transmission
between two oxide layers is possible. Since graphene is so thin that
the distance between coated layer and substrate might be still
within the atomic potential influence range. Yang et al. used the
FDTR method to measure cross-plane thermal boundary conduc-
tance for 1-7 graphene layers encased between titanium and sili-
con dioxide. The thermal conductance of single-layer graphene/
SiO, interface is obtained as 42 MW/m?K [46]. Majumdar et al.
measured the thermal conductance of self-assembled monolayer
junctions formed between metal leads (Au, Ag, Pt, and Pd) by using
FDTR method, and thermal conductance are measured as 65 MW/
m?2.K for matched Au—alkanedithiol-Au junctions, and 36 MW/
m?2.K for mismatched Au—alkanedithiol-Pd junctions [47]. It is
found that thermal conductance (per molecule) decreases as the
mismatch between the lead vibrational spectra is increased. They
explained that the junction thermal conductance would decrease
because the number of overlapping vibrational modes between
the self-assembled monolayer and the two leads would decrease
when the mismatch between the lead vibrational spectra
increases. Jeong et al. measured thermal conductance of Au/Al,03
interface with Cu and Cr adhesion layer and obtained saturated
values of interfacial thermal conductance as 180 MW/m? K for Cu
adhesion layer and 390 MW/m? K for Cr adhesion layer as adhesion
layer thickness exceeded 5 nm [48].

3.2.2. Experimental results measured with time-domain method

The same issue brought by extra coating also exists in the TDTR
method [25,39,56]. The effect of additional metallic layer on
thermal transport across atomic layer interface is an interesting
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problem to explore. Zhang et al. embedded graphene between
thermally evaporated Al film and Si substrate and found that this
configuration could facilitate excellent interfacial thermal trans-
port, showing an apparently negative interfacial thermal resistance
between graphene and interface materials [25]. It is explained that
graphene prevents the diffusion of Au atoms into substrate and
reduces the thickness of intermixing layer. They also conducted
measurement of magnetron sputtered Al films, and found that
the embedded graphene contributes to the interfacial thermal
resistance for magnetron sputtered Al film (for the increased num-
ber of interfaces) [25]. The results prove that different coatings on
graphene layer affect interfacial thermal transport significantly.
Koh et al. conducted the TDTR experiment to measure the overall
thermal conductance of Au/Ti/graphene/SiO, interface as 25 MW/
m?2-K which is much smaller than that of the Au/Ti/SiO, interface
[56]. They attribute the reduction in phonon transmission to the
limit in graphene/metal contact [56].

Hopkins et al. measured thermal conductance of Al/graphene/
Si0, from 20 to 30 MW/m?K for temperatures from 100K to
400K [39]. They found the hydrogen functionalization process
introduced disorder in graphene while oxygen functionalization
improved covalent bond between Al and graphene [39]. Foley
et al. obtained thermal conductance of Au/O/graphene interface
from 24.33 to 32.41 MW/m?K for functionalization with oxygen
coverage from 4.4% to 14.6%, and Au/N/graphene interface from
21.41 to 28.98 MW/m?2 K for functionalization with nitrogen cov-
erage from 1% to 13.2% [63]. It is reported that oxygen and nitro-
gen functionalization both increase surface energy to improve
the surface reactivity of graphene, thus strengthen the contact
between Au layer and graphene [63]. Koh et al. measured ther-
mal conductance of SiO,/graphene/SiO, interfaces under modu-
lated electrostatic fields and found that the thermal
conductance of graphene interfaces was increased by up to
~0.8 MW/m?.K under a vertical electrostatic field of 0.2 V/nm
by using a voltage-modulated thermoreflectance (VMTR) tech-
nique [64]. Two possible reasons are proposed for the enhance-
ment: better conformity of graphene interfaces under

electrostatic pressure exerted by the induced charge carriers,
and an additional heat transfer channel by remote interfacial
phonons scattering of charge carriers in graphene.

Jiang et al. functionalized graphene with oxygen to investigate
the interfacial thermal conductance between graphene and Cu,
Al, and Pt under different degree of graphene oxidation [65]. It is
found that thermal conductance is increased with oxidation cover-
age until a peak value (~7.7%), and about 95, 87 and 105 MW/m?K
for interfaces with Cu, Al, and Pt, respectively. The maximum
enhancement is 55%, 38%, and 49% over corresponding original
interfaces respectively. It is explained that oxygen atoms form
covalent bridges to connect the deposited metal layer and oxidized
graphene, and more covalent bridges are formed as graphene is
more oxidized. However, the oxidation would etch graphene and
oxidize the exposed copper substrate when the oxidation is beyond
7.7%, resulting in a decrease in thermal conductance.

A common phenomenon existing in constrained 2D atomic
layer interfaces is that the presence of graphene layer does not
cause too much increase in thermal resistance. Instead, it can even
reduce the overall resistance between metallic/non-metallic inter-
faces [25]. Sandwiched structure of graphene interface is different
from the case of bare graphene on substrate. There are several
influences from the coating of additional layer. First, the coating
makes the graphene-substrate interface very tight and eliminates
ripples. During sputtering coating, the atoms of coating material
are pumped with a high speed and momentum, pushing graphene
to substrate. The surface morphology of graphene could be signif-
icantly changed. During heating experiment, graphene is con-
strained between coating layer and substrate. Not much
structural change could happen. Second, since graphene is only
atomically thin, the bonding force between coating material and
substrate still exists and the lattice vibration of the coating layer
(adjacent to graphene) somehow introduces direct phonon trans-
mission to substrate (tunneling effect). Thus, there should be direct
energy exchange/coupling between them in addition to the trans-
port through the interface, which somehow increases the apparent
interface conductance.
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In TDTR experiment, the absorbed laser energy in the metallic
layer is carried by electrons. As shown in Fig. 3, the heat is trans-
ferred down to the interface through different mechanisms:
absorbed photon energy is first transferred to the electrons. The
energy is coupled through electron scattering and electron-
phonon energy exchange in the metal layer. The mechanism of
energy transport across graphene interfaces can be diverse. For
graphene/semiconductor interfaces, phonon is the main energy
carrier in both graphene and substrate. Therefore, the energy
transport is mainly dominated by phonon transmission. At the
metal layer/graphene interface, there are boundary scattering,
phonon-phonon energy coupling, and electron-phonon energy
exchange between the metal layer and graphene. At the
graphene-substrate interface, there are again boundary scattering
and the phonon-phonon energy coupling. Besides, there might be
direct phonon energy exchange between coated layer and sub-
strate material. The direct electron-phonon couplings could reduce
the interfacial thermal resistance, whereas the indirect electron-
phonon couplings between electrons in metal and phonons in
non-metal through the near interface electron-phonon interactions
on the metal side could increase thermal resistance. This is because
the thermal energy needs to be transferred from phonons in the
non-metal to the phonons in the metal, then from phonons in
the metal to electrons in the metal, which forms series of thermal
resistances. Therefore, the overall electron thermal transport
between metal/non-metal interfaces depends on which channel
dominates. It is noticed that the portion of electron scattering
and electron/phonon coupling in total energy coupling is small in
graphene interfaces [39]. The phonon-phonon coupling is the
major energy exchange pathway for graphene interfaces. Koh
et al. [56] found that phonon/phonon interaction still dominates
the thermal transport across graphene/metal interfaces at temper-
atures 50-500 K. Majumdar et al. [66] concluded that the electron/
phonon resistance only contributes to interfacial thermal transport
when the phonon-mediated conductance is in the order of GW/
K-m? Lyeo et al. [67] experimentally determined that electron
scattering does not affect thermal transport across metal/diamond
interfaces. In the results reviewed above, the graphene layer is
sandwiched between two materials. The top layer sputtering could
damage the graphene structure in addition to the ripple/wrinkle
removal. However, this type of graphene structure damage/change
is very difficult to characterize and is rarely characterized.

3.3. Unconstrained 2D atomic-layer interfacial thermal transport

Current work on direct thermal characterization of bare gra-
phene interfaces are all based on Raman technique. The advantage
is that it provides a direct measurement and the result is not
affected by coating materials. Therefore, the measurement results
reflect the intrinsic graphene interface energy transport. This
knowledge is critical in terms of assessing the sample preparation
process, and evaluating the interface bonding quality. Unfixed gra-
phene interface could be relatively loose, and the interface exhibits
larger thermal resistance than constrained ones. By using the
electrical-heating Raman-probing method, Yue et al. characterized
interfacial thermal resistance between tri-layer graphene and SiC
as 5.3 x 107> K-m?/W [14]. In the measurement, the thermal
expansion induced interface mismatch is an important factor
responsible for the large thermal contact resistance [14]. Chen
et al. applied this method on interfacial thermal conductance mea-
surement across graphene/h-BN and obtained a value as
7.41 x 10° W/m?K [68]. The high electrical power applied on gra-
phene could be the reason for this small value [68].

Joule heating effect can be partially solved by using another
laser to heat a regional area only. Based on the optical heating
method, Cai et al. characterized the interfacial thermal conduc-

tance between graphene and Si substrate as 2875 MW/m?2K
[61]. Judek et al. obtained the value of interfacial thermal conduc-
tance as 1.7 MW/m?2 K for graphene/SiO,/Si [69]. Tang et al. deter-
mined the thermal conductance (G;) as 183 +10 and 266 + 10 W/
m?2.K for graphene/Si and graphene/SiO, interfaces, which is five
orders of magnitude lower than the normal thermal interfacial
conductance [26]. Recent work also by Tang et al. reported a ther-
mal conductance of 410+ 7 W/m?K for graphene/SiC interface
[70]. The extremely low thermal conductance stems from the
decoupling effect of phonon transport across the graphene inter-
face due to the loose interface mechanical coupling, which is vali-
dated by strain analysis from Raman peak shift and interface
optical interference. If a 2D material is sandwiched between two
materials, it will be very difficult to assess the interface quality
using a different technique, and use the result to explain the mea-
sured thermal conductance/resistance. For bare 2D material inter-
face, the Raman intensity is strongly affected by any tiny local
interface spacing (in the order of nm). Therefore, the interface-
induced optical interference can be used to assess the local inter-
face quality. This provides a good way to interpret the measured
interface thermal conductance/resistance [71].

3.4. Interface structure revealed by Raman spectrum analysis

During heating experiment, the strain effect induced by thermal
stress is important and could lead to additional peak shift beside
sole temperature effect [72]. Therefore, strictly speaking, tempera-
ture determination by sole peak shift is not very accurate for heat-
ing experiment with a large temperature range. The linewidth (full
width at half maximum, FWHM) is only temperature dependent.
Although its sensitivity is less than that of wave number [72,73],
it is still a good temperature indicator if the optical arrangement
is carefully adjusted. Raman peak intensity is temperature sensi-
tive and can be used for temperature probing because temperature
not only influences the excited photon energy but also impacts the
excitation efficiency [19]. However, thermal expansion effect dur-
ing heating experiment is significant and could alter the optical
path to a certain level. Nevertheless, Raman intensity can be used
for probing interface structure, or validating corrugation problem
in graphene interface, which is a common phenomenon encoun-
tered during the 2D material transfer to substrate.

Interface delamination might induce light interference which
could enhance Raman intensity. When an interface spacing exists,
even at the level of nm, it will induce multiple reflections of the
excitation laser and Raman signal. The Raman signal will be either
enhanced or reduced, depending on the interface spacing. In Tang
et al.’s work, the Raman intensity was, for the first time, employed
to study the interference effect between graphene and substrate to
probe the delamination phenomenon at the interface [26,70]. In
calibration experiment, the 2D material will have the same tem-
perature as the substrate. In laser-heating experiment, the 2D
material has a higher temperature than the substrate. The two sce-
nario comparison will uncover the 2D material behavior and the
change of the interface spacing. Detailed treatment and analysis
can be found in the work by Tang et al. [26,70]. Fig. 4(a) shows
schematic of this light enhancement theory induced by the corru-
gation of graphene layer on substrate. In Tang et al’s work,
absorbed energy flux in graphene is 3.8 x 10 W/m?, and the tem-
perature rise is obtained as AT=113.1K, and y;=-0.00131 K.
The measured normalized Raman intensity is lexp/lo = 0.890. The
expected normalized Raman intensity without interface separation
change is (1 + AT-y;) = 0.852. Therefore, the enhancement factor is
Fnor = 1.045. Based on AFM images, the original separation between
graphene and substrate is roughly Jc,;=2.1 nm, the original
enhancement would be F,=1.015. After extra intensity
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between enhancement factor and thickness of air layer.

enhancement by dexp — dcal, the final enhancement factor is F, = -
F, - Fpor=1.061. F, and F;, are illustrated in Fig. 4(b). Based on the
enhancement calculation shown in Fig. 4(c), the final separation
distance will be Je,=5.0nm for both parallel- and
perpendicular-beam cases. The separation increment during laser
heating is obtained as Ad = dexp — dcar = 2.9 Nm [26,70].

The other evidence of interface separation is from measuring
stress level during heating experiment. It is understood that inter-
facial materials experience different thermal expansion and ther-
mal stress of materials derived from Raman spectrum can
uncover how tight the interface is. For a loose interface, the strain
of the 2D material will be very small. The peak shift and the line-
width of Raman spectrum can be combined to study this effect:
the peak shift method involves the effect of thermal strain while
the linewidth does not, the thermal strain can be distinguished
by comparing measured results from peak shift and linewidth. In
Tang et al.’s work, it is calculated that very small strain effect is
involved during heating experiment, which double confirms that
there is a relatively loose interface between graphene and sub-
strate. In addition, the weak interface coupling due to the delami-
nation effect explains the measured extremely low value (around
410 W/m?K) of interfacial thermal conductance. In all, Raman
thermometry cannot only be used for interfacial thermal charac-
terization, but also regarded as an effective tool to explore the
structural change during heating experiment. Tang et al.’s results
proved that the slight increase in the interface spacing will signif-
icantly decrease the interfacial thermal conductance and Raman-
based dual thermal probing method provides a pathway for com-
prehensive study of complex structures of graphene interfaces,
especially with complex structural problems [26,70].

4. Molecular dynamics modeling of interface energy coupling

Contrast to experiment characterization, molecular dynamics
study of interface energy coupling experiences little restrictions
on structure design, and has the capacity of studying a very large
scope of materials and interface structures. However, inter-
atomic potential between the adjacent materials has to be con-
structed based on literature. The reported interface thermal con-
ductance/resistance can be strongly affected by this potential
selection. This is a problem often questioned in assessing the
reported simulation results. Also if the system’s temperature is

well below the Debye temperature, quantum correction needs to
be counted to give a more meaningful temperature of the material
next to the interface. This could significantly complicate the prob-
lem since the two adjacent materials could have different Debye
temperatures. Quantum correction is not used so often in interface
thermal conductance study, and the reported results are restricted
to the classical MD regime, where all phonon energy quantum
levels are filled with the same chance.

4.1. Steady-state method: non-equilibrium molecular dynamics

Non-equilibrium molecular dynamics (NEMD) simulation is a
steady-state, non-equilibrium numerical approach widely used to
characterize interfacial thermal resistance. A temperature gradient
can be built in the hybrid system by applying two heat reservoirs
at the opposite ends in the heat flow direction, which is also named
the direct NEMD (d-NEMD) method. Alternatively, a heat flux can
be directly added to the system by adding/subtracting kinetic ener-
gies, i.e., the reverse NEMD (r-NEMD) method. The temperature
drop occurring at the interface of the contact area can be used to
determine the interfacial thermal resistance.

The NEMD technique has been successfully applied to the study
of thermal transport in 1D structures like nanotube [74-76]. It can
be used for studying the interfacial thermal transport between
CNTs, or between CNT and substrate. In reality, different contact
styles coexist between CNTs. For example, it can be cross-
contact, parallel-contact, or contact at random angles. It can be
connected by different linkers or by different contact strengths.
Different scenarios of these contact styles can significantly affect
the interfacial thermal transport in one or two orders of magni-
tude. Comprehensive studies of these effects via experimental
characterizations are very difficult, whereas the NEMD simulation
method provides a convenient and fast approach to understand the
underlying mechanism for interfacial thermal transport between
CNTs.

For 2D materials like graphene, h-BN, silicene, phosphorene,
MoS, and MoSe,, the NEMD method for interfacial thermal resis-
tance predictions should be used with caution. If a heat flux is
directly imposed on the 2D material, the temperatures calculated
from this region could be illusory and the temperature jump at
the interface will be inaccurate. This is because the continuous
atomic velocity scaling in the 2D layer during heating will
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significantly change the system’s energy distributions, introducing
more and unrealistic phonon scatterings, and the calculated local
temperature does not reflect its true value. To avoid this controver-
sial situation, the 2D material can be put in the middle of a sand-
wiched structure, where the heat reservoirs are placed on the
two sides of the bulk matrix. After the system reaches thermal
equilibrium, the temperature of the 2D material and its adjacent
layers will be recorded and used for the thermal contact resistance
calculations. For this modeling treatment, the materials on both
sides of the 2D material could have long-range interaction and
exchange energy directly without via the 2D material (if the 2D
material is very thin). This will change the interface energy cou-
pling scenario, just like 2D material sandwiched between two
materials in frequency-domain and time-domain characteriza-
tions. Also the extra material on both sides of the 2D material will
constrain the phonon movement of the 2D material, thereby lead-
ing to undesired phonon alterations.

For three-dimensional (3D) bulk materials containing tens of
atomic layers, the NEMD method has been extensively used to cal-
culate both the thermal conductivity and interfacial thermal resis-
tance [28,77,78]. After thermal equilibrium calculations, the
thermal conductivity of each material can be calculated by linear
fitting of the temperature profile. For a harmonic system, the
energy equipartition exists between the kinetic and potential ener-
gies, and between the modes. In the temperature gradient building
process, kinetic energies are constantly added/subtracted to/from
the heating/cooling areas for temperature controls. In this ultrafast
energy exchange process, the kinetic and potential energies are in
non-equilibrium state and phonon boundary scattering is intensive
at the interface between the heating/unheating (or cooling/uncool-
ing) regions. Therefore, the temperature drop is non-uniform in
these regions and must be excluded from thermal conductivity cal-
culations [28,79].

4.2. Transient method: numerical pump-probe

Aside from the steady-state NEMD method, transient heating
techniques in molecular dynamics can also be used in interfacial
thermal transport studies. A transient MD simulation approach
has been developed following the principles of the experimental
pump-probe technique, which is an optical thermal characteriza-
tion method that has been used extensively for thermal character-
ization of micro/nanofilms [42]. After thermal equilibrium
calculations, the supported 2D membrane is exposed to an ultra-
fast thermal impulse, which will cause a temperature rise in the
monolayer system. In the following thermal relaxation processes,
the surface temperature of the sample will decrease due to the
heat conduction to the substrate. Since the only energy dissipation
channel in the heterostructure is through the heated monolayer to
the substrate, correlations between the temperature difference and
energy evolution can be used to calculate the interfacial thermal
resistance without the awareness of specific heat. This technique
has been used in our research to study the interfacial thermal
transport across graphene-h-BN [80], graphene-phosphorene
[81], graphene-stanene [82], silicene-silicon [83], graphene-
silicon [84] and graphene-copper [85] interfaces. Compared to
the NEMD method, the transient technique focuses on the dynamic
response of the hybrid system and therefore can greatly reduce the
computation time. It also eliminates the undesired phonon scatter-
ing in the 2D material due to continuous velocity scaling.

4.3. Theoretical methods based on local phonon scattering
Theoretical methods using the acoustic mismatch model (AMM)

[86-88] and diffuse mismatch model (DMM) [89-92] are widely
used to study interfacial thermal resistance properties at low tem-

Table 2
Summary of MD simulation results of interfacial thermal transport of atomic-layer
materials.

Interface Thermal Temperature  Ref.
resistance/conductance
CNT/CNT 4.04 x 105 W/m>K 300K [99]
CNT/CNT 1.1 x 1077 Km2/-W 300K [100]
CNT/CNT 1 % 10%-1 x 10° W/m?.K 300 K [103]
CNT/CNT 4% 10" W/K 300K [105]
CNT/BNNT 107 ~ 106 K-m?/W 200~600K  [107]
CNT/CNT 1.25 x 107 K-m?/W 300K [108]
CNT/Cu 6.4 x 108 K-m?/W
CNT/CNT ~2.8 x 1072 W/K 300K [109]
CNT/graphene 6 x 1071 K-m?/W 300K [114]
(covalent)
CNT/graphene 4 x 1078 K-m?/W (van der
Waals)
CNT-HLK5/ 7 x 107 K-m?/W 300 K [115]
polystyrene
CNT-HLK5/epoxy 6.6 x 1079 K-m?/W
CNT-HLK5/ 6.6 x 1072 K-m%/W
polyethylene
CNT/air 1 x 10° W/m2 K 300K [145]
CNT/polyethylene ~1x1077 300K~500K [146]
CNT/water 316 x 1078 300 K [147]
CNT/copper ~2.5 x 108 W/m2.K 300 K [148]
CNT/copper 319 x107° 300K [149]
CNT/silicon 5 x 10 W/m?.K 300 K [111]
Graphene/silicon 31~49x10°8 300 K [84]
Graphene/silicon 7.5 x 1078 300K [150]
Graphene/silicon ~2 x 107 W/m?K 300 K [142]
Graphene/silicon 1.18-1.47 x 10° W/m?.K 300 K [151]
Graphene/copper 2.61x10°8 300K [85]
Graphene/SiC 1-5 x 107 W/m?K 300K [152]
Graphene/SiC 7.01 x 10°1° 300K [14]
Graphene/graphene 1.48 ~ 4.88 x 107" 300 K [78]
Graphene/graphene 02~4x107° 300K [153]
Graphene/silicene ~2.5 x 108 W/m2.K 150K~ 700K [154]
Graphene/silicene 7 x 10°-2.2 x 10" W/m?K 200K~ 700K [139]
Graphene/MoS, 1.38 x 107 W/m?-K 300K [155]
Graphene/MoS, 5.81 x 105 W/m?.K 200K ~500K [156]
Graphene/resin 2.1 x 10’ W/m*K 300 K [157]
Graphene/h-BN 9.04x108~296x107 200K~700K [80]
Graphene/h-BN 24~41x1071° 200K ~600K [158]
Silicene/silicon ~1.888 x 108 100K~ 400K [83]
Silicene/amorphous ~1.342 x 1078 100 K~400K [83]
silicon
Silicene/silica ~1.366 x 10°% 100 K~400K [83]
Silicene/amorphous ~1.302 x 1078 100 K~400K [83]
silica
Phosphorene/silicon 1.25~227x 1078 150 K~400K [159]

peratures. The AMM assumes that the interface between two mate-
rials is perfectly specular and the phonons either transmitting or
reflecting at the interface should obey Snell’s law. However, this
ideal case only represents a limited number of modern devices. To
better describe the interface phonon scattering, the diffuse mis-
match model is developed. The DMM assumes that when crossing
the interface, the phonons will lose track of which side of the inter-
face they come from, as well as their former directions and polariza-
tions. The transmissivity has no angular or phonon mode
dependency because of the nature of diffusive scattering. Both
AMM and DMM can predict experimental data quite well at low
temperatures [92-94]. However, at high temperatures, most of the
practical material systems deviate significantly from assumptions
used in theoretical studies. This will cause great discrepancy in the
interfacial thermal resistance between model predictions and
experimental results. Recently, a frequency dependent form of the
acoustic mismatch model referred to as the phonon mismatch
model (PMM) is brought up to describe the interfacial thermal con-
ductance in presence of an impurity mass between the interfaces
[95,96]. In general, materials with similar vibrational properties will
have a higher transmissivity, while the converse is true for
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Fig. 5. (a) The heat conduction through two aligned CNTs with one ends overlapping and the other ends setting as the hot and cold spots respectively [ 100]. (With permission
from American Physical Society.) (b) Atomic configuration of two parallel CNTs connected with hydrocarbon CH, chain linkers [109]. (c) 3D CNT-graphene structure: The
pillared graphene structure with covalent bonds at junctions [114]. (With permission from American Physical Society.)

mismatched materials. By applying the PMM model, it is proved that
the interface phonon transmission can be maximized for all frequen-
cies by setting the interface mass equal to the arithmetic mean of the
masses on either side of the interface. Another empirical formula-
tion of phonon transmissivity termed thermal mismatch model
(TMM) is developed to predict transmissivity at ideal interfaces
between semiconductor materials [97,98]. The TMM has been suc-
cessfully applied to identify ways to tune the transmissivity of mul-
tilayered structures and superlattices. It is shown that by
introducing intermediate layers of certain atomic masses, the total
transmissivity can either be systematically enhanced or reduced
compared to that of a single interface. Based on the traditional
DMM model, a revised mismatch theory is proposed assuming the
phonon scatterings at the interfaces are contributed by two individ-
ual components [90]. The first part accounts for phonons that are
scattered at the interface as described by the traditional mismatch
theories. The second part accounts for phonons that do not see the
interface but instead are scattered once they have propagated into
the adjacent interface. At an atomically flat interface, it may not be
physically reasonable to assume that all phonons will scatter as a
result of the mismatch between the hetero materials. Instead, due
to phonon wavelength and mean free path deviations, many pho-
nons may not scatter until they transport a certain distance into
the other material. This model is in good agreement with classical
MD simulations of phonon thermal transport across Si/Ge interfaces.
A summary of simulation and theoretical calculation results is pre-
sented in Table 2.

5. Interfacial thermal transport based on MD simulations

Although thermal resistance/conductance based on MD simula-
tions could not recover the true scenarios studied in experiment

and cannot be compared with experimental results quantitatively,
they do provide a great reference to compare with the experimen-
tal results and assess the interface quality. Also the simulation
sheds light on the mechanisms of interface energy coupling, and
provides guidance on interface energy transport control.

5.1. Thermal contact resistance in zero-to-one dimensional structures

As discussed in the characterization sections, the synthesis of
1D nanostructure contact in experiment is far more difficult than
in modeling. Therefore, MD simulation, which can precisely control
and generate perfect structure of CNT contact, can help us under-
stand the mechanism and provide the guidelines on thermal design
of 1D nanostructures. Maruyama et al. [99] characterized the ther-
mal conductance of parallel contact of CNTs as 4.04 MW/m? K.
Zhong et al. [100] modeled heat conduction through two aligned
CNTs with one ends overlapping (as shown in Fig. 5(a)) and the
other ends setting as the hot and cold spots respectively. The ther-
mal contact resistance is characterized as 1.1 x 1077 K-m?/W for
5nm tubes with 2.5 nm overlap. Evans et al. [101] studied the
inter-tube thermal conductance between CNTs as a function of
crossing angle, pressure, and thermal property of bulk bundles.
Varshney et al. [102] simulated the thermal conductance of CNTs
contacted with organic linkers. They found that the interfacial con-
ductance increases in a nonlinear relationship with the number of
CH, linkages. There are many other reported results for different
contact modes of CNTs [103-106]. Thermal contact resistance
between CNT and other materials such as h-BN [107], Cu nano-
wires [108]. Chen et al. [109] investigated the effect of chemical
functionalization on interfacial thermal conductance between
CNT/CNT by connecting the CNTs with different number of CH,
chemical linkers as shown in Fig. 5(b). It is found that thermal
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Fig. 6. (a) Interatomic force distributions in the GNR system at out-of-plane (z)
direction. Significant attractive and repulsive forces are detected in the suspended
and supported regions, respectively. (b) Radial distribution function between GNR
and copper for different & cases. A sudden separation between GNR and copper
atoms is observed when & increases from 0.63nm to 0.83 nm [85]. (With
permission from Royal Society of Chemistry.)

conductance can be increased greatly and there is an optimized lin-
ker number for thermal transport enhancement.

For the study of thermal contact between CNT and substrate,
Ong and Pop simulated thermal transport between CNT and SiO,
substrate [110]. Similar to their experimental work, the structure
in MD simulations is a lateral CNT on substrate. It is found that
thermal conductance is increased with increasing bonding
strength between CNT and substrate, CNT diameter and tempera-
ture. Hu et al. studied thermal contact resistance between a stand-
ing CNT and Si substrate and found that existence of the chemical
bond between CNT and Si can effectively improve the interfacial
thermal transport (two orders of magnitude) [111]. Bao et al.
investigated the interfacial thermal conductance between CNT
and silicon in two situations: CNT is in contact with silicon directly
and CNT is in contact with silicon through CNT-graphene junction
[112]. They found that the interfacial thermal conductance
between CNT/silicon interface with CNT-graphene junction is
improved by 40% compared to that between pure CNT/silicon
interface with covalent bonding, and the interfacial thermal con-
ductance enhancement is almost one order of magnitude higher
compared to van der Waals bonding. Feng et al. studied thermal
conductance at the interface of single-wall CNT arrays and silicon
[113]. Shi et al. built a 3D CNT-graphene network model as shown
in Fig. 5(c) to investigate the thermal transport in the network
structure and found that the overall thermal resistance primarily
comes from CNT-graphene junctions [114]. Ni et al. reported the
values of thermal resistance for CNT-HLK5/polystyrene, CNT-
HLK5/epoxy and CNT-HLK5/polyethylene contacts are 7 x 1072,
6.6 x 1072 and 6.6 x 10~° K-m?/W, respectively for the CNT/poly-
mer matrix interface, and found that HLK5 (Cy;H»505N3) function-
alization can efficiently improve thermal transport [115]. In
summary, the simulations of thermal contact resistance have been

published far more than experimental work, partly demonstrating
the great difficulty faced in experimental work: sample prepara-
tion and characterization. The drawback of MD simulations is the
results are highly dependent on interatomic potentials.

5.2. Effects of surface roughness

Aside from bent structures in nanodevices, the substrate sur-
faces are often dented with patterns to achieve maximum thermal
radiation and realize various electrical functions. Therefore, the
effect of surface roughness on the thermal transport across gra-
phene-substrate is of great interest for exploration. Details of the
hybrid graphene/copper systems modeling can be found in our
past work [85]. It is very surprising and interesting to observe that
the interfacial thermal resistance first decreases as groove depth
(6) becomes larger. This is contrary to the traditional thought that,
in comparison with a flat surface, a rough surface should always
give a larger interfacial thermal resistance due to the poor contact.

To explain these new findings, the interatomic forces between
graphene and copper are calculated for the §=6.3 A case and the
results are shown in Fig. 6. Due to the roughness of the copper sur-
face, the interatomic forces are not evenly distributed in the sup-
ported graphene. For graphene over the nanogroove, most of the
C-Cu distance is large, beyond the repulsive force range. The C-
Cu interaction is attractive. When the nanogroove depth is small,
this attractive force is strong enough to bend the graphene to fit
the copper surface. Since the overall force on the graphene is zero
on average, a net repulsive force will arise for the supported gra-
phene areas. This is like the supported graphene region is pulled
down on both sides by the attractive force in the suspended
regions. The significant enhancement of the local contact pressure
in the supported graphene region leads to a decreased thermal
resistance between graphene and copper. This thermal resistance
decrease offsets the thermal resistance increase in the suspended
region, giving an overall thermal resistance decrease.

5.3. Effects of substrate morphology

Phonon transmission through graphene interfaces is affected not
only by the atomic interactions but also by the substrate structure
[116-120]. One recent work investigated the interfacial thermal
transport across graphene/crystalline SiC (c-SiC) and graphene/
amorphous SiC (a-SiC) interfaces [28]. The resistance between gra-
phene and a-SiC is computed as 3.49 + 0.08 x 10’ W/m?-K, which
is larger than both graphene/C-terminated c-SiC and graphene/Si-
terminated c-SiC interfaces. The abnormal phenomenon can be
explained by the difference in vibrational properties of crystalline
solid and amorphous solid. Phonon density of states (PDOS) is calcu-
lated for understanding this phenomenon. The phonon PDOS of a-
SiC is much smoother than the phonon PDOS of either adjacent C
atoms or Si atoms under van der Waals interaction. The wide phonon
PDOS allows larger possibility for phonon transmission across the
interface and improves the overlap area of the phonon PDOS of gra-
phene and that of a-SiC. Besides, the rough surface feature of amor-
phous solids may be partly responsible for the improved interfacial
thermal conductance, which has been verified by Zhang et al. [84]
that sub-nanoscale roughness might be good for interfacial energy
coupling. The fact that the interfacial thermal conductance of gra-
phene/a-SiC is larger than that of graphene/c-SiC gives us a new
interpretation of the thermal transport in amorphous structure. In
traditional understanding, amorphous solids transport heat far
slower than its crystalline counterpart due to the short phonon
mean free path. However, when it comes to the interfacial thermal
transport where the intrinsic phonon mean free path of one compo-
nent at the interface does not dominate the thermal conductance,
the situation becomes different.
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This conclusion is further confirmed by another recent interfacial
thermal transport study between silicene and c-Si, c-SiO,, a-Si and a-
SiO; [83]. The higher interfacial thermal conductance at a disordered
interface was also observed by English et al. [98]. The effect of differ-
ent levels of disorder on the interfacial thermal conductance was
investigated and the medium level of disorder was proven to be
most beneficial to the interfacial thermal transport.

5.4. Effects of chemical functionalization

Functionalization of 2D material through chemical methods has
attracted great interest and has been explored recently due to the
possibility of nanostructuring 2D material into complex patterns
[121-123]. It has been proved that thermal transport in graphene
is highly anisotropic. Thermal energies in graphene are mainly car-
ried by the out-of-plane flexural phonons (ZA) whereas the in-
plane transverse (TA) and longitudinal phonons (LA) play less sig-
nificant roles. One the other hand, the energy couplings between
ZA—TA/LA phonons are much slower than those between TA«<LA.
Therefore, aside from the thermal resistance across the boundary,
another bottleneck in interfacial thermal transport is the energy
transfer rate between ZA and TA/LA phonons in the monolayer.
The doped atoms at graphene surface broke the sp? structures
between C-C bonds and act as scattering centers for C atoms, which
will facilitate the energy transfers among different phonon modes.
As a result, chemical functionalization has been proved to be an
effective way to manipulate the anisotropic thermal transport in
graphene as well as its interfacial thermal transport properties.

Thermal properties of hydrogenated graphene (H-GNR) and oxi-
dized graphene (O-GNR) were investigated by several studies to
seek better thermal management and thermoelectric applications
[124-126]. Interfacial thermal conductance (G) across stacked
GNR and silicene can be tuned by adjusting the hydrogen coverage
(f) on graphene. When hydrogen atoms are randomly distributed
on both sides of the GNR, G has a non-monotonic trend with f. With
hydrogen coverage of 50%, thermal conductance between GNR and
silicene can be increased to a maximum value of 61.75 MW/m?K
[127]. The physical mechanism can be explained by phonon power
spectrum analyses on the hybrid structure. Enhanced phonon cou-
plings between C-Si atoms and improved intra-modes phonon cou-
plings within GNR are the main reasons for the thermal conductance
increase. Compared with pristine graphene, it has been proved that
the interfacial thermal resistance between H-GNR and hexagonal
boron nitride (h-BN) can be reduced by 76.3% [80]. Since the in-
plane and out-of-plane phonons in graphene are highly decoupled,
the thermal energies are restrained in lateral directions and can only
be slowly released to the flexural phonons. By hydrogenating gra-
phene in the heterostructure, the coupling between in-plane and
out-of-plane phonons can be greatly enhanced. As the hydrogena-
tion ratio increases, the overlap area between in-plane and out-of-
plane phonons in H-GNR greatly increases. The improvement of
in-plane and out-of-plane phonon couplings in graphene indirectly
facilitates the thermal transport across interface and reduces the
thermal contact resistance. In the meanwhile, the overlap area
between H-GNR and h-BN’s out-of-plane direction phonons also
increases with higher hydrogenation ratio, which directly con-
tributes to the thermal conductance across the interface.

6. Challenges and opportunities in energy coupling at atomic
layer interfaces

6.1. Challenges confronted in current thermal characterization
techniques

The surface coating on 2D material could modify contacting
mode, leading to a much tighter interface which reduces interfacial

thermal resistance. In addition, there are not many scenarios in
real applications that require the 2D material coated since this
would significantly affect its performance. Much attention should
be paid on the accurate measurement of thermal contact resistance
of bare graphene interface structures. The direct temperature mea-
surement of both sides of the interface especially at the nanoscale
is a great challenge for any traditional optical/electrical thermom-
etry. Only Raman thermometry which is based on the scattering
photon energy of the probe light rather than the light intensity
can be effective to define temperature differential in such a small
scale. The important concerns in Raman thermometry are addi-
tional heating effect from probing laser and limitation in tempera-
ture probing uncertainty.

Usually, the high accuracy of Raman measurement requires
high-end resolution in Raman spectrum for determining temper-
ature. Meanwhile, a sound Raman signal is preferred for either
peak fitting or intensity determination. However, sound Raman
signal requires strong laser intensity. Not significant but still
non-negligible absorption from Raman probing laser results in
additional heating besides applied heating current or heating
laser. This undesired heating also induces thermal stress or even
expansion in 2D material which induces inaccuracy in thermal
characterization. Strong enough Raman signal without powerful
heating is a tradeoff for using Raman thermometry in bare 2D
material interface characterization. One alternative is to develop
a new Raman technique to avoid intensive laser heating and
realize accurate temperature control. The transient Raman tech-
nique which is based on a pulsed laser working as the heating
source and probing light might be a good choice, which is being
attempted in Wang’s lab [128]. Precedent work includes the suc-
cessful measurement of thermal diffusivity of silicon cantilever
[128,129] and CNT fiber [130].

6.2. Manipulation of interfacial thermal transport at the atomic scale

Many conditions cannot be ignored considering the complex
scenario at the 2D material interface. For example, the functional
groups and other chemical residues on the 2D material surface
during synthesis make the material not just single layer of atoms.
The functional group would definitely interact with substrate
material and thus could improve or alleviate the interfacial ther-
mal transport. For CNT’s contact, the main barrier is from the lim-
ited contact area as analyzed in above sections. Improving the
interaction between the tubes is the most effective way to reduce
thermal contact resistance. Kaur et al. reported that the interfacial
thermal resistance between metal and vertically aligned multiwall
CNT arrays can be greatly reduced by bridging the interface with
covalently bonded organic molecules [131]. Therefore, functional-
ization of 1D nanostructures is the key for a successful thermal
bonding.

In addition, the temperature induced thermal stress might
result in interface delamination or corrugation problems. In such
cases, the interfacial thermal transport is greatly affected and the
thermal conductance might be reduced in orders of magnitude.
For a loose contact with van der Waals force, the thermal conduc-
tance of which can be one or two orders of magnitude smaller than
that of covalent bond, might be better for releasing thermal stress
and thus preventing interface delamination and corrugation prob-
lems. For bare 2D material interfaces which already have corruga-
tion or wrinkling problems, a clearer understanding of phonon
transmission mechanism through such weakly coupled interfaces
is important. The dual temperature probing method combined
with interface structural analysis from Raman intensity as men-
tioned in Tang et al.’s work might be the way to tackle this problem
[26,70].
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6.3. Other 2-D materials beyond graphene

Other 2-D materials beyond graphene, such as silicone [132],
hexagonal boron nitride (h-BN) [133] and MoS; [134]| might also
possess extraordinary properties since the monolayer structure is
similar while might even better since the zero band gap of gra-
phene impedes its abroad applications in transistors. MoS, is an
atomic-layer material with a small band gap which can be useful
in nanoelectronics. The thermal conductivity of few-layer MoS,
has been measured by Raman thermometry as around 52 W/m-K
[134]. For silicene, no experimental data on the thermal conductiv-
ity has been reported yet since the synthesis of large scale samples
is still a challenge. Recently black phosphorus has been discovered
to possess extraordinary electronic properties and the black phos-
phorus based transistor has been reported [135]. Tons of opportu-
nities exist in the study of thermal transport across these atomic
structured materials.

Meanwhile, thermal transport in their interfacial structures
might be an interesting problem to study. Besides, MoS; has strong
Raman excitation [136,137], thus the Raman thermometry should
be well applied in its interface thermal characterization. Recently,
Taube et al. used Raman thermometry to characterize the interfa-
cial thermal conductance of MoS, on SiO, as 1.94 MW/m?-K and
1.25 MW/m?K at temperatures 300K and 450K respectively
[138]. Thermal properties of other 2D materials, such as silicene,
h-BN have been studied as well. The interfacial thermal transport
between silicene and various substrate has been studied by MD
simulations [83].

6.4. Bulk material involving interfacial thermal transport of atomic-
layer structures

The scale-up of low-dimensional materials towards industrial
applications is the ultimate goal of material research. Many bulk
materials based on CNT and graphene, e.g., CNT fibers [139], buck-
ypaper [20], graphene foam [140-142], also attracted tons of inter-
ests with more and more characterization results are being
reported. The reduced thermal property of bulk materials is attrib-
uted to the numerous thermal contacts and the alignment between
them [143]. Pettes et al. reported that the thermal conductivity of
graphene foam decreases with temperature above room tempera-
ture. It is due to the Umklapp phonon scattering effect inside gra-
phene flakes [141]. However, Li et al. found that a different kind of
graphene foam behaves differently [ 140]. The thermal conductivity
is increased with increasing temperature similarly to other porous
materials. It is regarded that the thermal contact resistance
between graphene flakes rather than graphene itself dominates
thermal transport of bulk graphene foam samples [140]. Zeng
et al. backfilled PMMA into the pores of graphene aerogel (GA) to
obtain GA-PMMA composites and found that thermal conductivity
of composites is increased with volume fraction of graphene [144].
A clearer understanding and more comprehensive description of
energy coupling between atomic layer materials is essential for
thermal design of bulk materials. Besides, alignment is equally
important for bulk materials. The inner structure can greatly
change the effective thermal conductivity of materials. However,
considering large systems of inner structures, the accurate predic-
tion of thermal property of bulk materials is still a challenge [143].

7. Concluding remarks

Understanding energy coupling across atomic-layer interfaces
is essential to the implementation of these structures into
energy-based applications or thermal design of sensors and elec-
tronic devices. To experimentally characterize the thermal contact

resistance, steady state techniques, frequency domain techniques,
and time domain techniques have been used. For 1D nanostruc-
tures, the synthesis of the contact is a great challenge. Also the final
determination of the contact thermal resistance needs knowledge
of thermal conductivity of the 1D nanostructure. For 2D atomic
layer-substrate interfaces, extra material preparation (e.g. coating
on the 2D material) will make many techniques applicable, but
also introduce extra problems in the material structure and inter-
face energy coupling. Raman-based techniques can be used to
characterize free 2D material-substrate interfaces. The corrugation
and weak coupled interface is responsible for the reported low
thermal conductance. However, precise determination of the laser
absorption of the 2D material is a key factor in determining the
measurement accuracy, and should be treated with great mea-
sures. Contrast to experimental work, MD simulations experience
much less structure constrain and have reported much more inter-
face energy coupling studies. Temperature quantum correction is
rarely used, and the reported interface thermal conductance/resis-
tance can only be compared with experimental work qualitatively.
Nevertheless, MD simulations provide great understanding of the
mechanisms behind interface energy transport. More defined heat-
ing, temperature measurement improvement, and more in-depth
structure understanding are three great research directions toward
better understanding of interface energy coupling of atomic-scale
materials. To improve the contact energy coupling, the local struc-
ture can be manipulated physically and chemically to enhance
phonon/electron energy exchange.
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