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Micro/Nanoscale Spatial Resolution Temperature
Probing for the Interfacial Thermal Characterization
of Epitaxial Graphene on 4H-SiC

Yanan Yue, Jingchao Zhang, and Xinwei Wang*

Limited internal phonon coupling and transfer within graphene in the out-of-
plane direction significantly affects graphene—substrate interfacial phonon coupling
and scattering, and leads to unique interfacial thermal transport phenomena.
Through the simultaneous characterization of graphene and SiC Raman peaks,
it is possible, for the first time, to distinguish the temperature of a graphene layer
and its adjacent 4H-SiC substrate. The thermal probing resolution reaches the
nanometer scale with the graphene (=I1.12 nm) and is on the micrometer scale
(=12 um) within SiC next to the interface. A very high thermal resistance at the
interface of 53079% x 107 Km> W~ is observed by using a Raman frequency
method under surface Joule heating. This value is much higher than those from
molecular dynamics predictions of 701707 x 107 and 8.47*7 x 107 Km?> W for
surface heat fluxes of 3 x 10° and 1 x 10'° W m™2, respectively. This analysis shows
that the measured anomalous thermal contact resistance stems from the thermal
expansion mismatch between graphene and SiC under Joule heating. This mismatch
leads to interface delamination/separation and significantly enhances local phonon
scattering. An independent laser-heating experiment conducted under the same
conditions yielded a higher interfacial thermal resistance of 1012 x 107 Km? W=,
Furthermore, the peak width method of Raman thermometry is also employed to
evaluate the interfacial thermal resistance. The results are 3.52 x 107 and 8.57 x
107 K m?> WL for Joule-heating and laser-heating experiments, respectively, confirming
the anomalous thermal resistance between graphene and SiC. The difference in the
results from the frequency and peak-width methods is caused by the thermal stress
generated in the heating processes.

thermophysical properties prompt potential applications in
semiconductor devices such as field-effect transistors (FETs)
and sensors.”l The high thermal conductivity of graphene has
been measured to be between 630 and 5300 W m™" K~'. This
wide range comes from both the difference in experimental
conditions and graphene samples, including the temperature

1. Introduction

Graphene has attracted significant attention due to its unique
characteristics, which include electric-field effects, the quantum
Hall effect, and a high charge-carrier mobility.l!] Its excellent
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rise in the measurement, the difference in suspended and sup-
ported graphene, and graphene with different layer numbers
and inner structures.?43l Theoretical analyses and molecular
dynamics simulations have been conducted to verify these high
values.[¥l Heat dissipation in the in-plane direction would be
greatly impeded by the high thermal resistance due to the low
thickness of graphene (0.335 nm for a single layer).243! In its
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applications, a graphene sheet is often attached to a substrate,
in which case thermal transport through the graphene—substrate
interface provides an alternative pathway for heat dissipation.
Therefore, knowledge of the thermal resistance at the interface
between graphene and an adjacent material is important to
evaluate out-of-plane heat dissipation.

In graphene fabrication, two approaches are frequently
used: mechanical cleavage and epitaxial growth on SiC.[12105]
The mechanical cleavage method is an easy and effective way
to make samples by tape tearing, while the bonding between
graphene and substrate is through van der Waals forces and as
such only small-sized samples can be made.” Growing epi-
taxial graphene on SiC requires annealing temperatures higher
than 1200 °C, but permits bigger samples to be fabricated as
well as covalent bonding between graphene and SiC.[%] This
kind of bonding exhibits metallic or semiconductive character-
istics, which is very effective for phonon transport.l®®! In this
work, epitaxial graphene grown on a 4H-SiC substrate is used
to explore phonon transport across the interface and measure
the local thermal contact resistance.

For the heat dissipation from graphene-based field-effect
transistors to the substrate, Freitag et al. conducted early exper-
imental work on probing the temperature of graphene using
Raman thermometry with different Joule heating applied to
the graphene. This work pioneered the study of heat dissipation
from graphene to substrate, however no graphene-substrate
interfacial thermal resistance was explored.’l.. Work by
Panzer et al. investigated the thermal resistance between low-
dimensional nanostructures and semi-infinite media.l®! Their
work focused only on the interface between ideal and artifi-
cial harmonic 1D and 3D fcc lattices. Most recently, Chen et
al. performed experiments to characterize the thermal con-
tact resistance between graphene and SiO,.[’ They made a
graphene sample sandwiched between two SiO, layers with one
side patterned with an electrical circuit (Au) and used the 3w
technique to characterize the thermal contact resistance. The
excellence of this design avoided the effect of the nonlinear
I-V characteristic of graphene-based circuits.’l The work by
Schmidt et al. investigated the thermal interfacial conductance
of metal-coated HOPG (highly oriented pyrolytic graphite)
by using the time-domain thermoreflectance method. Due
to the different adhesion effects, measured values vary from
20 to 120 MW m= K~! in the temperature range 100-300 K
for different coated metal materials.'"] In this work a novel
method that combines simultaneous Raman spectroscopy and
Joule heating for temperature mapping is established to char-
acterize the thermal contact resistance between graphene and
SiC. Here the temperature of graphene can be distinguished
from that of the SiC substrate and phonon transport can be
evaluated across the interfacial region.

2. Results

2.1. The Joule-heating experiment
Raman thermometry has been broadly applied to the
temperature and thermophysical property measurements

of different materials, such as silicon and carbon nanotubes
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(CNTs).[" Tn 2008, for the first time Balandin et al. used
this method, combined with laser heating, to successfully
measure the thermal conductivity of a suspended single
layer of graphene.’d] Raman thermometry is based on the
physics that phonon frequencies and lifetimes induced from
the anharmonicity in interatomic potentials are tempera-
ture-dependent. The intensity, frequency (Raman shift), and
width of the Raman peak will change with temperature.['Z
In Raman thermometry, the frequency method features high
sensitivity and is often employed in temperature measure-
ments. The peak intensity-based method has a high sensitivity
as well but is significantly affected by the focusing level shift
due to thermal expansion effects. In this experiment, because
the focal spot of laser probe is quite small, small changes
to the focal level would greatly affect the Raman intensity.
Therefore, the frequency method is primarily employed
for temperature measurements and thermal transport
characterization.

Graphene is easily penetrated by the probing laser because
of its optical transparency at the probe wavelength of 532 nm,
wherein the spontaneous Raman mapping consists of the
signal of both graphene and substrate. In a Raman spectrum,
there are three peaks to identify graphene in the range from
0 to 3000 cm™: D-band =1330 cm™!, G-band =1580 cm™, and
2D-band (G’ band in some literatures) <2700 cm™', and two
peaks for SiC: the E, (transverse optical, TO) mode =780 cm™!
and its second-order peak at =1530 cm™.["}] The D-band of
graphene reflects the structural quality of the sample, while
the G-band is caused by the Raman active E,, phonon, and
the 2D-band contains the information about the absence of the
D-band.l'Yl The temperature-dependence of the Raman signal
is an intrinsic characteristic of these materials, and the selection
of peaks for temperature sensing depends on the significance
of peak intensity and the distinguishable Raman shift.

To characterize the thermal contact resistance between
graphene and SiC, their temperature difference should be
primarily determined. As shown in Figure 1, for the experi-
mental principle, an epitaxial graphene sheet grown on a SiC
substrate is connected with two electrodes. An electrical cur-
rent is passed through the graphene to induce steady-state
Joule heating. At the same time, a confocal micro-Raman
experiment is conducted by irradiating the central area of the
graphene layer with an excitation laser. Based on the meas-
ured Raman signal, the temperature of the graphene sheet
and the SiC substrate can be distinguished simultaneously
with subnanometer spatial resolution in the vertical direction.
The interfacial thermal resistance can be readily determined
from R = (Tgaphene — Tsic) (I?R), where A is the graphene
area, R is its electrical resistance, and / is the applied current.
The heat generated from Joule heating is dissipated in two
directions: one part crosses the plane to the interface and the
other part dissipates along the graphene layer. In the Joule-
heating experiment, the second part is negligible because the
heating is uniform and almost no temperature gradient exists
in the in-plane direction.

The layer number of graphene needs to be identified
since the temperature coefficient would be different for sam-
ples with different layers.'’] Raman spectroscopy is dem-
onstrated as an effective tool to determine layer numbers
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Figure 1. Principle of the Joule-heating experiment used for the thermal-
contact-resistance measurements. The spot size of the laseris measured
by using a blade on a microstage of 4 um x 2 um, as shown in the
bottom left panel. The bottom right panel shows that the focal depth
of lens is determined as 25 um from the evolution of Raman intensity
when the lens approaches the sample. The top figure depicts the
Raman spectrum of epitaxial graphene on 4H-SiC (0001). The graphene
is determined to have three layers from the intensity ratio between the
G-band and the 2D-band.

using the intensity of the G-band and the 2D-band.l'41]
The 2D-band is very sensitive to the layer number because
the change of the electronic structure of graphene affects
the double resonance effect, with the peak of the 2D-band
broadening and becoming less symmetric as the layer number
increases.[31416.171 Meanwhile, the intensity of the G-band
linearly increases with layer number over a small range of
layers.'¥! The Raman spectrum of our sample, shown in
Figure 1, shows that the 2D-band exhibits a symmetric shape
with a sharp peak while the G-band is less than twice height
of the 2D-band. The graphene is identified to have tri-layers,
using the 532 nm laser. Moreover, the D-band does not
appear in the spectrum, confirming the high structural quality
of the sample.

The temperature coefficients of graphene and 4H-SiC
are calibrated individually from room temperature to
250 °C. Among the Raman peaks of graphene, the G-band
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is preferred for temperature determination due to the high
intensity and distinguishable peak position. The E, peak of
SiC has a high intensity induced by its crystalline structure.
Due to the resolution limit of the spectrometer, the precise
peak location is determined by fitting the Raman peak with
a Gaussian function. The second order £, mode Raman of
SiC at 1530 cm™ is very weak and partly overlaps with the
G-band of graphene. They are resolved by using double-peak
fitting, shown in Figure 2. Although the dependence of the
Raman shift on temperature is nonlinear due to the different
phonon interactions arising from the complicated interatomic
potentials, this relationship can be approximately considered
as linear over the small temperature range investigated here
with little uncertainty.'> The relationship between peak fre-
quency and temperature are shown in Figure 2. The slopes
of the linear fits are -0.016 and -0.025 cm™ °C™! for the E,
mode of SiC and the G-band of graphene, respectively. The
Raman shift is also affected by the number of graphene
layers, presenting itself as a downshift as the layer number
increases.['] In our experiment, the sample was firmly placed
on a microstage, and the same point was measured as guaran-
teed from the temperature calibrations for the Joule heating
and laser-heating experiments. In addition, the sample has
three layers at the measurement point, and uniformity over
the surrounding region was confirmed. In the measurement,
the shift of measured point during the experiment is carefully
controlled such that it does not exceed the region of three
layers.

Harima et al. measured the temperature coefficient of
6H-SiC and obtained a slope of around —0.023 cm™! °C! in
the temperature range 0-1000 °C.["8| The work by Calizo et al.
obtained the temperature coefficient of G-band of graphene
as —0.016 cm™! °C~! for a single layer and —0.015 cm™ °C~! for
bilayer using a 488 nm laser.'” It has been proved that the
temperature coefficient varies with the number of graphene
layers. Other work by Zhang et al. and Allen et al. got slopes
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Figure 2. The temperature dependence of the Raman shift for silicon
carbide and the G-band of graphene. The Raman shift position is
determined from the double-peak fitting using a Gaussian function. This
fitting takes into account the overlap effect of the SiC peak centered at
1530 cm™. The slopes of linear fitting are -0.016 and —0.025 cm~! °C™!
for SiC and graphene, respectively.
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ranging from -0.0186 to —-0.038 cm™ °C! for the G-band
using different lasers.l'”] Since the temperature dependence
of the frequency shift is determined by the inharmonic inter-
action of the phonons, the coefficients are different for mate-
rials with different structures or if different probing lasers are
used.[>1820] Over a small temperature range, the relationship
between temperature and Raman frequency can be regarded
as linear.'¥] The variation in the temperature coefficients
can also be due to the different temperature ranges used in
the calibration. For example, the temperature coefficient of
silicon is small over a low temperature range but larger as
the temperature increases.2!l The temperature coefficient
of the G-band of graphene measured in Calizo et al.’s work
over a low temperature range is smaller than our value,!!”!
and it is reasonable for our measurement to obtain a larger
slope, since the measurement is conducted over a higher tem-
perature range. Therefore, our calibration result is in good
agreement with others, considering the variance of the exper-
imental conditions employed here.

As mentioned above, the thermal resist-
ance at the graphene-SiC interface is expressed as
Ric = (Tgraphene — Tsic)/(I*R). To obtain a sensible tempera-
ture difference between the graphene and the SiC a control-
lable heating energy is applied on the 13.89 mm? effective
area of the graphene. The results for the relationship between
temperature and input power are illustrated in Figure 3.
Since determination from a single point involves a high
degree of uncertainty, several heating densities were applied
to the graphene to obtain a sensible temperature difference.
To improve the accuracy of the measurement a linear fit of
the relationships between temperature and power may be
conducted. The thermal resistance is calculated by combining
the slope difference of the fittings and the sample area as
R, = (Igraphene_ TS/iC)' A, where Tgraphene and TS/iC are the
temperature against heating power slopes shown in Figure 3.

320 g
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Figure 3. The result of Joule heating for the relationship between
temperature and heating power. The interfacial thermal resistance is
determined from the slope difference to be 530" 346 x 107> Km2 W1,
The heat conduction resistance of the SiC layer is found to have a
negligible effect on the measurement.
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R, is calculated as 530704 x 107 Km?> W1, where the
uncertainty comes from the linear fit of the temperature dif-
ference. This value also includes the heat-conduction resist-
ance in the SiC substrate, since the measured temperature
of SiC is not exactly from the surface of substrate but rather
integrated over the whole focal depth. As shown in Figure 1,
the focal depth of the lens is 25 um. The thermal conduc-
tivity of 4H-SiC is 390 W K™! m™! as provided by the sup-
plier. Assuming the temperature of SiC is obtained from
the middle point of the focal depth, the heat conduction
resistance in 4H-SiC is calculated to be 3.21 x 1078 K m> W,
This heat-conduction resistance is very small compared with
the measured total resistance of 5.30*24 x 107> Km> W1,
and can be neglected. Our measured interfacial thermal
resistance is much higher than the values other people meas-
ured for graphene on other substrate materials. In Chen et
al’s work, the contact resistance between graphene and
silicon dioxide, measured using the 3w method, ranges from
5.6 %107 to 1.2 x 108 K m? W1l Lyeo et al. measured the
thermal-contact resistance of the interfaces between highly
dissimilar materials to be around 3 x 10~ K m? W~1[22] Nor-
mally, the covalent bonding between epitaxial graphene and
SiC is expected to greatly reduce the thermal resistance. It is
therefore suspected that there is an anomalous phenomenon
involved at the interface during our measurements.

2.2. Molecular Dynamics Simulations

To help interpret the experimental results, Molecular
Dynamics (MD) simulations were conducted to check the
graphene-SiC interfacial thermal resistance. The MD simu-
lation uses the Tersoff potential to describe C-C, C-Si, and
Si-Si interactions. Periodic boundary conditions are applied
on four sides of the sample. Initially, a single square layer of
graphene with side lengths of 2 nm is placed on the top of a
bulk 4H-SiC, which is set to be 25.8 x 23.1 x 30.1 A in the Xy,
and z directions, respectively. A total of 2170 atoms, including
170 atoms in the graphene layer and 2000 atoms of bulk
SiC, are involved in the system. The clearance between the
graphene and the SiC surface is initially set at 0.21 nm. During
the initial 1.5 ns simulation, NVT (canonical ensemble)
control is used for all atoms to make the system reach its
equilibrium state at 300 K. NVE (microcanonical ensemble)
control is then used for the following 300 ps before applying
heating. A time step of 0.5 fs is used in this simulation. In
order to construct a temperature difference (denoted as AT)
between the graphene layer and the bulk SiC, a heat flux g is
added on the graphene layer while subtracting the same heat
flux from the two bottom layers of bulk SiC, as delineated in
Figure 4. Heat addition and subtraction are performed every
second time step by changing the nontranslational kinetic
energy of groups of atoms whose aggregate momentums are
conserved. The thermal energy added to and subtracted from
the system is equal. Therefore, the total energy of the system
is conserved without any artificial forces. The temperatures of
the graphene (7 ) and the top two layers of bulk SiC (Tgic )
are then used to determine the interfacial thermal resistance
between graphene and SiC.This thermalresistance is calculated
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Figure 4. Schematic of the MD simulations of a single layer of graphene
on 4H-SiC.

as AT/q. A considerable temperature jump over the inter-
face between graphene and bulk SiC is observed in our
simulation.

The heat fluxes ¢ = 3 x 10° Wm™2 and 1 x 101 W m=2
are applied in two different cases, which are heated for 14 ns
and 900 ps, respectively. In the first case, the steady-state tem-
perature difference is 2.10 K, and the thermal resistance is
calculated to be 7.01% 02 x 1071 Km* W~! | In the second
case, the steady-state temperature difference is 8.47 K,
and the thermal resistance is 8.47*07% x 107 'Km’ W~
Clearly the result from the simulation is much lower than the
experimental value. A detailed discussion of this difference is
provided in the following section.

3. Discussion: Experiment Versus Simulation

The mechanically weak interface arising from the manu-
facturing process is a possible reason for the high the thermal
resistance reported in this work. However, it has been dem-
onstrated that the thermal expansion effect of graphene and
SiC should be considered when electric heating is applied.
Jiang et al. conducted a numerical study using a nonequi-
librium Green’s function to investigate the expansion coef-
ficient of graphene for different interactions on substrates.[*!
The results showed that graphene displayed a high thermal-
expansion coefficient in cases where strong interactions with
the substrate were present, with the coefficient increasing
with temperature.[?®] Allen et al. observed and experimentally
verified the wrinkling and folding effect of graphene. They
attributed the high temperature coefficient of the Raman
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shift of the G-band in part to the high stress induced by the
expansion effect.”®] A comprehensive analysis of the stress
effects of graphene on SiC was conducted by Ni et al. The
strong interaction of epitaxial graphene with its substrate due
to covalent bonding would result in very high strain stresses,
which was verified by the Raman imaging of graphene with
different layers.’?] The epitaxial graphene was expanded
rather than compressed due to its smaller lattice constants
compared with SiC.>*l The thermal expansion coefficient of
4H-SiC is 4.5 x 107% °C1[®] while that of graphene ranges
from negative values to as high as 1 x 107 °C"LI®I It was
found that there was a significant difference in the thermal
expansion between epitaxial graphene and SiC, which might
cause thermal expansion mismatch and separation at the
interface.[’2%1 This would add an extra effect on top of the
phonon velocity and density mismatch between the two
adjacent materials, thereby enhancing the thermal contact
resistance.?’)

Figure 5 depicts thermal expansion effect of the sample in
the Joule-heating experiment. In this experiment the sample
is heated from room temperature to around 300 °C. During
this temperature rise, considering the extreme case where
the graphene is a whole piece across the SiC substrate, just
1% difference in the thermal expansion coefficients between
them will contribute a peeling-off distance at the sample
center of around 11.7 um. This is an extremely high value
compared to the thickness of graphene, and one can expect
that this effect would greatly enhance the local thermal
resistance. For our sample, there is high possibility that the
graphene layer consists of several small pieces, but neverthe-
less the mismatch induced by the different expansion coef-
ficients is still significant.

Since the thermal-expansion coefficient depends on the
interactions with adjacent materials the coefficients of each

Thermal expansi

Current

4.5 mm

Figure 5. Material thermal response in the Joule-heating experiment.
The most severe mismatch happens at the center of the sample (cross-
sectional view). Although heating is uniform in graphene, the highest
temperature emerges at the center of the sample, inducing the largest
thermal expansion, because the edge has more heat transfer to the
silicon substrate (across the SiC) and the electrode leads.
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of the graphene layers are different due to the nature of their
atomic bonding (first layer is covalently bonded while the
other two are held by van der Waals forces). This fact was
not accounted for in the effect induced by the small tempera-
ture gradient in the cross-plane direction of graphene. Taking
these effects into consideration, the expansion of different
graphene layers would be more or less different. Without
considering the thermal-expansion effect, the thermal
resistance between different layers is high due to van der
Waals forces wherein phonon transport between the layers
may be regarded as ballistic.?”] This expansion effect would
significantly weaken the phonon interactions between the
layers and enhance the originally high thermal resistance. The
cross-plane thermal conductivity of HOPG is measured as
6.1 W m™! K~! in Schmidt et al.’s work.[?®! In our experiment,
the real thermal conductivity between different layers could
be much lower than this value due to the thermal-expansion
effect.

To verify the measurement discussed above, a laser-heating
experiment is conducted to consolidate the Joule-heating
result. A probing laser with 8§ mW energy can generate local
heating as high as 1 x 10° W m™. For consistency, the same
point measured in the Joule-heating experiment is taken
for this measurement. The laser focus is precisely adjusted
to make the heating energy quantifiable. It is found that the
Raman peak shifts significantly to lower wavenumbers as
the focal level improves. This is displayed in Figure 6, which
shows the Raman spectra at different focal levels. Moreover,
the Raman signal is strong at lower focal level (less intense
heating) and the intensity decreases as the heating effect is
enhanced. This is because the high temperature induced
by the intensive heating changes the band structure, which
restricts the photon interactions necessary to generate the
Raman signal.['1-12}]

The absorption of the laser light in the graphene layer
can be approximated from Dirac fermions (& me?/fic ),[*]

35

) )
w (=}

Intensity /A.U., 10°
13
(=)

10
1560

1570 1580 1590 1600

Raman Shift /cm”

1610 1620

Figure 6. Raman spectra in the laser-heating experiment at different
focal levels. The heating intensity from the laser is increased in the
direction of the arrow. The Raman peak shifts to lower wavenumbers
while its intensity decreases.
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wherein the absorption is also affected by the temperature.
To the best of our knowledge no data on the absorption of
graphene over a wide temperature range has been previously
reported. Therefore, a value of 2.3% for the absorption by
a single layer, which is widely used by many researchers, is
used at our wavelength (532 nm).[2>3% The reflectance is less
than 0.1%, and can be ignored.?"3!l The heating power also
includes the second absorption from the reflection of SiC. At
532 nm, 23% of the laser light irradiated on the 4H-SiC is
reflected back into the graphene for further absorption. The
light absorption inside the SiC can be ignored.[*” The heating
density in the graphene layer is evaluated by assuming all
energy is focused in the area of the laser spot. The measured
temperature of the graphene is 392 °C, while that of SiC is
197 °C. In the experiment, the relatively high thermal resist-
ance at the interface would cause a large part of the energy
to dissipate along the in-plane direction of the graphene
layer to other unheated regions. Thermal transport along the
graphene layer can be evaluated using the Bessel function. "]
The physical model for our sample is treated as the case of a
fin with a nonuniform cross-sectional area. The heat transfer

rate along the in-plane direction of graphene is expressed
331
as

K (mry) Iy (imry) — L (mry) Ky (mr)

o = 2kr16)
qr = 2mkn "’mKO(mrl)Il(Wz)Jf Io(mr ) Ky (mry)

1

where k is thermal conductivity of graphene, r; and r, are
the radius of the heating area of the laser beam and the heat
transfer area of the graphene sample, respectively; ¢ is the thick-
ness of graphene, 6, is the excess temperature of graphene,
which can be eliminated in the following thermal resistance
calculation: m = +/h/kt , where h is the effective convection
coefficient of the graphene. In this case, it is assumed that all
heat dissipates through the interface and no convection from
graphene to air is present. Heat dissipation through the inter-
face is equivalently regarded as convective heat loss, thus the
value of & is evaluated from the correlation: 1/R,., where R,
is thermal-contact resistance measured in the Joule-heating
experiment. In the above expression, to calculate heat transfer
rate, K, and [, values are modified zero-order Bessel func-
tions of the first and second kinds while K; and /; are modi-
fied first-order Bessel functions of the first and second kinds,
respectively. Assuming the thermal conductivity of graphene is
1000 W m~! K1, the in-plane thermal resistance is determined
as 2.56 x 10° K W' based on a graphene layer thickness of
1.12 nm (three layers).?¥ The overall thermal resistance at the
interface within the laser-heating region is evaluated based on
the thermal-contact resistance measured in the Joule-heating
experiment as 6.62 X 10° K W~!, which is about 26 times higher
than the in-plane direction (see Figure 7a). Therefore, only
3.7% of the absorbed laser energy would transport directly
through to the interface. This explains why the temperature of
the graphene measured in the laser-heating experiment is not
too much higher than the value in the Joule-heating experi-
ment, despite the fact that a higher heat intensity is applied. The
heating power involved to evaluate the thermal contact resist-
ance is 3.13 x 10°W m~ and the thermal resistance is calculated
as 6.231%:%2 x 107> Km? W-!. If the thermal conductivity of
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Thermal resistance of heat transfer along graphene
then down to the substrate: 2.56x10° K W'

Cross-plane thermal resistance at the interface:
6.62x10°K W

Laser

(b)

Graphene

10 pm

Figure 7. a) Schematic of the thermal resistance calculation of the
in-plane and out-of-plane directions: thermal resistance of heat transfer
along graphene, then to the substrate, is 2.56 x 10> K W1, while the
cross-plane thermal resistance at the interface is 6.62 x 10® K W1,
These thermal resistances are estimated using the interfacial thermal
resistance measured by the Joule-heating experiment, and are intended
to demonstrate the heat-transfer analysis conducted in the work.
b) Schematic depicting the thermal response of the graphene to the
laser-heating effect. Thermal expansion only happens around the small
laser-heating area.

graphene is higher, say 2000 W m~! K-, the interfacial thermal
resistance would be as high as 1.05703] x 107* Km?> W, In
the case of the above in-plane thermal resistance analysis for
the graphene-SiC system the interfacial thermal resistance
obtained by the Joule-heating experiment is used. If the thermal
resistance value from the laser-heating experiment is used, the
calculation iterations need to use updated results from the
laser-heating experiment by assuming that interfacial thermal
resistance is the same across the whole sample, regardless of
whether the region is laser heated or not. Using the iteration, for
an assumed graphene thermal conductivity of 1000 W m™ K,
the graphene-SiC thermal resistance was determined to be
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1.011(1):23 x 10™* Km? W In this interfacial thermal resistance
analysis the laser-heating spot is rectangular, while an effective
circular heating area is assumed in order to simply the evalua-
tion. This could introduce uncertainty in the values reported in
the above discussion. Nonetheless, the high interfacial thermal
resistance obtained by the pure laser-heating characterization
qualitatively agrees with that of the Joule-heating measure-
ment. The difference between them could be induced by the
larger temperature rise in the laser-heating experiment. The
higher temperature of graphene and the larger temperature
difference between graphene and SiC will give rise to more
interfacial thermal expansion and mismatch, making the inter-
facial thermal resistance larger. Recent work by Mak et al.
shows that the absorption of laser light in a graphene layer
is affected by many body effects, the result of which is a laser
absorption ratio that is a function of wavelength.’>! In their
results, the absorption at our wavelength is higher than 2.3%.
If a higher value is used for our wavelength, the measured
thermal resistance should be lower than the value reported
above.

Figure 7b shows a schematic that depicts the thermal
response of the graphene to the laser-heating experiment.
Unlike with Joule heating, the thermal-expansion effect
happens mainly in the small laser-heated area, resulting
in huge mismatch effect and a high thermal resistance.
Other unheated regions where there is less or no mismatch
effect would have higher interfacial thermal conductance.
The majority of the absorbed laser energy dissipates in
the in-plane direction, then down to the substrate in other
unheated regions. The temperature rise of the laser-heated
region is higher than that in the Joule-heating experiment.
Therefore, the resulting thermal-expansion effect would be
stronger, explaining why the measured thermal resistance is
larger.

Notably, there is potential concern about unexpected
heating from the laser, which might affect the accuracy with
which the heating density is computed. To reduce this effect,
only 10 percent of the laser energy was used, which ensures
a light intensity good enough to stimulate a Raman signal
while avoiding unwanted heating effects. In addition, as
observed in the laser-heating experiment, the sound Raman
spectra emerge only at low focal levels when laser heating is
not significant. The Raman intensity decreases as the focal
level becomes higher, which means that a stronger heating
effect happens. In our experiment, to determine the Raman
peak positions with a high degree of accuracy, the Raman
signal is always carefully adjusted to be the strongest for
each acquisition. In this case, the heating effect from the
laser should be minimized. Even if there is little photon
heating in the sample, this effect could be cancelled out as
the same heating exists in both the calibration and measure-
ment experiments. Therefore, we submit that there is negli-
gible uncertainty induced by the laser-heating effect in the
Joule-heating measurement.

In addition, the thermal stress in the sample during the
heating process could affect the results, since not only tem-
perature, but also stress, is a factor leading to the peak shift. To
evaluate the result obtained by using the frequency method, the
width method, which measures the full width at half maximum
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(FWHM) of the peak, is employed to study the interfacial
thermal resistance. Since peak width is closely related to the
phonon lifetime, which in turn is only influenced by tempera-
ture,%] this method can be effectively used to determine the tem-
perature and then to evaluate the thermal resistance. However,
as mentioned in the introduction section, the sensitivity of this
method is low compared to the frequency method. To overcome
this challenge, more experimental data was collected in order
to reduce the error. The Lorentz function is used to fit Raman
peaks (G-band of graphene and E, peak of SiC) in order to
determine the peak width. The processed data using this method
is shown in Figure 8, including the temperature calibration of
peak width and the measurement result for the change of
width with heating power. For calibration, temperature coeffi-
cients of graphene and SiC are determined as 0.0127 and 0.0087
cm™! °C7!. In the interfacial thermal resistance measurement,
the slopes for graphene and SiC are obtained as 0.1614 and
0.0885 cm™ W1, respectively. Thereby, the thermal resistance is
determined as 3.52 x 10 K m> W-1, which is slightly smaller
than the value measured using the frequency method. In the
laser-heating experiment, temperatures of graphene and SiC are
determined to be 390 and 204 °C, respectively. Correspondingly,
the thermal resistance was evaluated as 8.57 x 10> K m? W1,
which agrees well with the results from the Joule-heating experi-
ment. The results show that the thermal-stress effect can con-
tribute to Raman peak shifts, and impart a small error in the
determination of the temperatures using the frequency method.
Nevertheless, the similar results obtained by these two methods
confirm the large thermal resistance between graphene and SiC.
In addition, the fact that larger values always appear in laser-
heating experiment, confirms that high temperatures during
the measurement (which leads to elevated thermal expansion
effect) are an important factor, which results in the anomalous
thermal resistance at the interface.

50 T T ‘ T T ‘I T T T T I T T T T
[ | Graphene: 0.0127 em°C" Calibration Results ]|
3 W P R
40 __ Mpl—-—nrl—FH ] = SiC __
i A\ o ® (raphene J
~ i SiC: 0.0087 cm™ °C" | i
£ F o 100 200 300 1
= 30 = Temperature /°C o ® I
= I e o, 00
= L oo © o ¢ -
= ] ° ° . ° |

- Slope of Graphene: 0.1614 cm™ W’ =
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Figure 8. Interfacial thermal resistance characterization based on
the peak-width method of Raman thermometry. In calibration, the
temperature coefficients of graphene and SiC are determined as 0.0127
and 0.0087 cm~'°C"%, and the slopes for graphene and SiC in the
measurement experiment are obtained as 0.1614 and 0.0885 cm™' W1,
respectively.
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Other uncertainties of the Joule-heating measurement
come from radiative heat and convective losses from the
graphene surface, which should be included as the sample
is exposed to air. For the radiation effect, the total radiation
thermal resistance between the graphene sheet and the sur-
roundings can be expressedas R ~ 1 /[ Ae0(T + T)(T* + T?)],
where 7 is the graphene temperature and 7 (=300 K) is the
surrounding temperature, € is the graphene surface emissivity,
and o is the Stefan-Boltzmann constant. Considering the
extreme situation for € = 1, the highest heat radiation loss is
only 1.2% of the total heating power. The radiation thermal
resistance is calculated as 4.56x102 K m? W, which is 860
times higher than the graphene-SiC contact resistance. The
convection heat-transfer thermal resistance is deduced as 1/A,
where 4 is the convection coefficient. The situation in our
experiment is regarded as natural convection and the 4 value
changes with temperature due to the buoyancy force of air.[*!
The value of 4 is derived as k-Nu/L, where k is the thermal
conductivity of air; L the effective length of the surface,
and the Nusselt number (Nu) is determined by the expres-
sion (0.54Ra;’*), where the Rayleigh number ( Rar) depends
on the temperature. The highest value of 4, which occurs at
the highest temperature, is calculated to be 5.28 W K~ m™.
The corresponding thermal resistance for heat convection
is 1.89 x 107! K m? W~!. The combined thermal resistance of
convection and radiation is still 694 times the graphene-SiC
contact resistance, indicating that there is very little heat loss
through these two effects and that the uncertainties induced
by them may be considered negligible.

In this work, the spatial resolution of the thermal probe
concept is limited by the material structure not the laser
focusing, since Raman peaks (structure-dependence) are
used for thermal sensing. Therefore, if different materials
are patterned in space with nanometer resolution, since each
material will have a different Raman peak for its atomic
structure, Raman spectroscopy can be used simultaneously
to distinguish and measure their temperatures. This provides
unprecedented resolution and capacity to probe the tempera-
ture on both sides of materials interface, and characterize the
interfacial thermal resistance. In this work, the temperature
measurement in SiC has about a 12 um resolution, which is
determined by the focusing depth of the excitation laser in
the Raman spectrometer. If a thinner SiC film is patterned
on a different substrate (e.g., Si), and graphene is grown/
patterned on SiC, then the temperature measurement could
achieve high resolution on both sides of the graphene-SiC
interface.

4. Conclusion

In this work, the thermal contact resistance between
epitaxial graphene and 4H-SiC was explored using Raman
thermometry combined with Joule heating. Through simul-
taneous analysis of the Raman peaks of graphene and SiC
we were able to distinguish and measure their tempera-
tures at the same time. This unique method of probing the
temperature can achieve nanoscale resolution in terms
of separating the graphene temperature from that of its
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immediate adjacent substrate. The result showed that the
thermal contact resistance between tri-layer graphene and
4H-SiC was as high as 530 %94 x 1075 Km> W-!. An inde-
pendent laser-heating experiment was also conducted to
characterize the graphene-SiC interfacial thermal resistance,

and a value of 1.01"}% x 107 Km?> W~! was obtained, quali-

tatively agreeing with the Joule heating result. The larger
temperature difference between graphene and SiC in the
laser-heating experiment led to larger interfacial thermal
expansion mismatch, thereby giving rise to more interface
separation/delamination and a higher thermal resistance.
To address the stress effect during the heating experiment,
the parallel peak width method was employed to study the
interfacial thermal resistance, which yielded 3.52 x 10~ and
8.57 x 1075 K m? W for Joule-heating and laser-heating
experiments, respectively. Our MD simulation of a single-
layer graphene on SiC gave interfacial thermal contact resist-
ances of 7.017 102 x 107'% and 8.47"07% x 107" Km?> W-! for
surface heat fluxes of 3 x 10° and 1 x 10! W m~2, respec-
tively. The measured anomalous thermal contact resistance
was mainly attributed to the significantly enhanced phonon
scattering effect from the structural change at the inter-
face induced by the local thermal expansion mismatch. The
thermal probing technique reported in this work provides a
promising way to realize nanometer or subnanometer resolu-
tion temperature measurements in space.

5. Experimental Section

The semi-insulating 4H-SiC substrate was obtained from
Cree, USA with dimensions 3.5 mm x 4.5 mm x 0.5 mm. Epitaxial
graphene is grown uniformly on the C-face of the SiC by heating the
sample to above 1300°C under ultra-high vacuum. The fabrication
is conducted at Graphene Works, with the sample image shown
in Figure 3. The Raman spectrometer employed in this work was
installed with 532 nm excitation laser and a spectrometer with a
1.75 cm™! pixel resolution. In the experiment, a 50x long working
distance lens with high-level correction for chromatic aberration
is used. The focal plane of the laser beam through this lens is
2 um x 4 um, as shown in Figure 1. To get sound Raman signal,
a 40 s integration time is used throughout the whole experiment.
In the calibration, the sample temperature is measured by using
a T-type thermocouple, which is placed very close to the sample
to ensure accuracy. The calibration measurement was conducted
from room temperature to 250 °C with an excitation laser irradi-
ated on the center of the sample to eliminate the effect of heat
loss at the edges. Corresponding Raman spectra are saved sponta-
neously to establish the relationship between the temperature and
the Raman peaks.

In the Joule-heating experiment, two electrode probes are used
to connect the ends of the graphene layer. Very little silver paste is
adhered at the contact points to reduce the contact resistance. A
bulk silicon piece acting as a heat sink is placed under the sample
to ensure sound heat conduction from the SiC substrate. The same
point measured in the calibration is used in the thermal contact-
resistance experiment, which is marked in Figure 3. The resistance
of the sample was 442 Q and different heating powers up to 8 W
were applied.
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