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Near-field radiative heat transfer between closely placed objects may exceed the far-field black-body
radiation limit by orders of magnitude, especially between polaritonic materials. Great efforts have been
made to experimentally measure this fundamental effect in various systems. In this work, we manage
to experimentally characterize the near-field thermal emission between less explored plasmon-phonon
hybrid material systems made of a graphene-SiC heterostructure. The experiment is carried out using a
custom-designed all-optical measurement setup. A heat flux enhancement factor of 26 over the black-
body radiation limit is obtained at a 150-nm vacuum gap. Three fundamental modes, i.e., surface plasmon
and phonon polaritons with frustrated modes, are identified to contribute the near-field heat flux in this
hybrid system. The measured results are well reproduced from the analytical calculations, indicating the
robustness of the measurement. Deeper experimental explorations for near-field heat transfer between
more complicated material systems could be encouraged in the future.
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L. INTRODUCTION

Near-field radiative heat transfer (NFRHT) between
closely spaced objects may exceed the far-field Planck’s
black-body radiation limit by orders of magnitude due to
the contribution of evanescent waves [1,2], in particular
when there exist bounded surface modes such as surface
plasmon polaritons (SPPs) [3,4], surface phonon polari-
tons (SPhPs) [5,6], or localized waves from hyperbolic
materials [7-9]. They may lead to important applica-
tions such as thermal rectification [10—12], image sensing
[13,14], radiative cooling [15—17], or thermophotovoltaics
[18-21]. In recent years, numerous ideas with the com-
bination of two-dimensional (2D) materials or artificial
nanostructures have been considered to deepen the phys-
ical understanding of near-field thermal radiation [22-26].
Among them, monolayer graphene has received special
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attention in tailoring thermal photons due to outstanding
features such as infrared SPPs, tunable conductivity, high
integration freedom with other species, etc. [27,28]. For
example, it could be coupled with a polar material to form
a plasmon-phonon hybridized polariton to acquire versatile
electromagnetic features [29—31] or with a semiconduc-
tor to form a heterojunction to collect thermal photons
[32,33]. Recently, graphene/SU8 multilayer heterostruc-
tures were also explored to achieve dynamic control over
the tunneling of near-field thermal photons [34].

On the other hand, it is still a rather challenging task
to precisely characterize the near-field thermal radiation,
although measurement capabilities have progressed sig-
nificantly in the last decade [35-39]. For graphene, the
gap distance needs to be controlled in order to improve
the coupling of highly localized SPPs. In previous exper-
iments [40-45], electric contacts have often been used
to control temperatures and sense heat flux. This is not
desired for measuring small samples such as a piece of
high-quality 2D material, where electric contacts would
significantly complicate the calibration process. For 2D

© 2023 American Physical Society


https://orcid.org/0000-0003-2760-5950
https://orcid.org/0000-0003-0509-9508
https://orcid.org/0000-0002-1859-1211
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.19.024019&domain=pdf&date_stamp=2023-02-07
http://dx.doi.org/10.1103/PhysRevApplied.19.024019

NAEEM IQBAL et al.

PHYS. REV. APPLIED 19, 024019 (2023)

materials or metamaterials, which are usually available
only in millimeter or even smaller sizes, an electrodeless
measurement is highly desired. All-optical measurement
for the NFRHT has previously been successfully applied
to detecting the heat transfer from a submillimeter-sized Si
emitter [19].

In this work, we employ an all-optical wireless approach
to characterize the near-field thermal radiation between
plasmon-phonon hybrid photonic nanostructures made
of a graphene (gra) covered polar semiconductor 6H-
SiC, i.e., forming a gra-SiC heterostructure via van der
Waals forces. The emitting sample has a surface area of
1 x 1 mm? and is separated from the identical receiver by
a vacuum gap distance of 150 nm realized by nanopil-
lar spacers. The measurement technique developed here
has advantages in characterizing 2D materials or meta-
materials with limited lateral sizes. A large heat flux
exceeding the black-body radiation limit by a factor of
26 at a temperature difference of 45 K is experimentally
achieved. The measured temperature-dependent behavior
shows good agreement with the theoretical prediction. The
contributions from three channels related to the couplings
of SPPs, SPhPs, and frustrated modes are identified to be
responsible for the enhanced NFRHT.

II. EXPERIMENTAL PROCEDURE AND
CHARACTERIZATION

As mentioned previously, the NFRHT between 2D
materials has been extensively investigated in theory.
Our current intention is mainly on the experimental part,

which has been less studied especially for hybrid polari-
tonic structures. We explore the heterostructure made of
graphene and polar semiconductor silicon carbide, which
has SPP and SPhP responses in the infrared spectrum. A
Schottky junction is expected to appear at the interface due
to the relative work functions [46,47], which could offer
an unprecedented measure to control and recycle the near-
field heat flux. In this work, an intrinsic SiC single crystal
is utilized to better understand the plasmon-phonon inter-
actions and their roles in mediating the near-field thermal
radiation.

Figure 1(a) gives a schematic for the all-optical wire-
less near-field heat flux measurement setup developed here
for small samples. The emitter (top) has a total area of
1 x 1 mm?, which is far smaller than the receiver (bot-
tom) (16 x 16 mm?). These two ends are separated at a
fixed gap distance of 150 nm with the help of photoresist
(SUS, thermal conductivity of 0.3 Wm~'K~") nanopil-
lars. Similar to previous works, magnets are added to both
the emitter and receiver sides to apply a proper contact
force [9,32]. A commercial graphene monolayer grown
by chemical vapor phase deposition (CVD) (7440-44-0,
XFNANO Mater Tech Co., Ltd, China) is utilized here by
following the standard transfer procedure. In our device,
the emitter is heated by an external laser focused onto one
side of a magnet (1 x 1 x 1 mm?) coated with the black-
body paste (with emissivity approximately equal to 1) and
the receiver is maintained at room temperature utilizing
a thermoelectric cooler (1-12705, Realplay, China). The
temperatures of emitter and receiver are in-time monitored
by a top thermograph (HPM 11, HIKIMICRO, China)
[Fig. 1(b)] via a top infrared window at an uncertainty

FIG. 1.

Measurement setup. (a) Schematic of the all-optical NFRHT measurement setup, where a laser heating source is focused on

the emitter and the temperatures are captured by a thermograph. (b) Image from temperature measuring thermograph. (c) Equivalent
measurement thermal circuit. The input laser power Pj, is divided into the near-field radiation P4 and the background dissipation
power P,. The latter includes the far-field radiation power Pgr and the heat conduction along the spacing photoresist pillars Paz. P, is

the dissipation power into the heat sink.
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of 0.1 K. An infrared microdomain lens is applied here
to acquire a high spatial resolution of about 50 um. The
whole experiment is performed in a 1000-class clean room
while the NFRHT measurement is conducted at a vacuum
pressure of around 10~ Pa. Here, a 532-nm high-stability
laser is used with a maximum power of 200 mW, and its
stability is 0.1% after 8 h of use. In the experiment, the
laser power varies from 2.5 to 15 mW, in situ measured by
a power meter (PM100D, Thorlabs, USA, with measure-
ment uncertainty of +3%). The input power calibration is
carried out before measurement.

As indicated by the equivalent thermal circuit [Fig. 1(c)],
the loaded laser input power Pj, is dissipated through
two paths: background loss P, and thermal radiation
Prag, 1.€., Pin=Prq+ Pp. The background loss includes
the heat conduction along the supporting nanopillars Pz
and the far-field radiation into the surrounding environ-
ment Prg, 1.e., P, =Paz+ Prr. The far-field radiation is
independent of gap distance [43] and evaluated using the

(a)

Stefan-Boltzmann law. By our setup, the near-field heat
flux is obtained via P,q = Pin — Prr — Paz. In our exper-
iment, Ppz is directly calculated and Pgr is determined
from measuring the thermal loss of a standard sample made
of a bare SiC (receiver) and Ag/SiC (emitter) pair also
with a 150-nm gap, which is assumed to have negligi-
ble near-field thermal radiation. The far-field radiation is
determined as Pgr = o eppeve(Tr — TH)Apg, where o, Apy,
and ¢; (i=BB, VC, representing black body and vacuum
chamber) are the Stefan-Boltzmann constant, radiation
area, and emissivity, respectively. Also, the quantities 7,
and 7, are the temperatures of the emitter and the receiver,
respectively. A layer of silver is deposited on the surface
of the emitter to minimize the influence of P,q and thus
the SiC-Ag/SiC pair could calibrate the quantity of other
branches in a similar temperature range. Here, the effec-
tive emissivity of the vacuum chamber is experimentally
calibrated through the SiC-Ag/SiC pair as 0.21. The far-
field radiation area Apr consists of a total of nine surfaces
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FIG. 2. Material property characterization. (a) Roughness and surface curvature characterization of 1 x 1 mm? gra-SiC het-
erostructure. (b) Raman spectra of SiC without (black) and with (red) graphene. For graphene, two peaks at wg = 1591 cm~! and
we = 2697 cm™! are indicated. (c) Measured reflectivity for SiC without (solid black) and with (solid red) graphene. Respective
dashed lines are obtained using Lorentz dielectric constant model for SiC and Drude dielectric constant model for graphene. Multi-
plication by a factor of 0.05 for the heterostructure is used for better visualization. (d) Real and imaginary parts of dielectric constant
derived for SiC (fitting parameters: £,,= 6.7, w o = 1.8355 x 10'* rad/s, wro = 1.4989 x 10" rad/s, y = 8.972 x 10! rad/s). (e)
Real and imaginary parts of conductivity derived for graphene (fitting parameters: £r = 0.26 ¢V and 7 = 100 fs).

024019-3



NAEEM IQBAL et al.

PHYS. REV. APPLIED 19, 024019 (2023)

at the emitter side (four side surfaces of the emitter, each
of area 0.5 x 1 mm?, and five surfaces of the magnet,
each of area 1 x 1 mm?) and its value is calculated to be
7 mm?. The conduction power is Paz = kazndAaz AT/d,
where symbols kaz = 0.3 Wm™'K™! n =4, 457, d, and
AT represent the thermal conductivity, number of pho-
toresist pillars, cross-sectional area of pillars each having
diameter of 3 um, height of pillars, and temperature differ-
ence, respectively. Among them, the near-field radiation
channel takes the major part in heat dissipation. For exam-
ple, at a temperature difference of 45 K for the gra-SiC pair,
the measured value of input power P, is 11.8 mW, radia-
tive power Ppq = 8.8 mW (75%), Paz = 2.5 mW (21%),
and Ppr = 0.5 mW (4%). Hence, the conduction power
is more than 3 times smaller than the near-field radiation
power and the far-field power is even smaller. All-optical
measurement uncertainty of near-field radiative heat flux
could be evaluated with the combined uncertainty « based
on the thermal circuit. As the values of P,z are calculated
results, the combined uncertainty u« basically relates to the
type B uncertainty for Py, measurement and u is around 4%
for the gra-SiC pair at a temperature difference of 45 K,
which is comparable with the electric-based measurement
method [32].

In our measurement, the maximum temperature varia-
tion is controlled to be smaller than 50 K. Within this
range, the variations of infrared properties of both 6H-
SiC substrate and graphene could be neglected. The sub-
strate bend including the surface roughness of the gra-SiC
sample is smaller than 11 nm as measured by a three-
dimensional (3D) optical profiler (NewView 8000 Series,
ZYGO, USA) over the area of 1 mm? [Fig. 2(a)]. The
Raman spectrum of the sample is given in Fig. 2(b). Sev-
eral peaks between 1400 and 1800 cm ™" are observed aris-
ing from the longitudinal and transverse optical phonons
of 6H-SiC (0001) (lattice texture is decided by the x-
ray diffraction measurement). For graphene, a typical G-
band peak from the in-plane lattice vibration is observed
at 1591 cm~! and the double-resonant 2D-band peak at
2697 cm™!, consistent with earlier reports for epitaxially
grown monolayer graphene on a SiC substrate [48]. The
monolayer nature of graphene can be derived from the
strong 2D-band peak [49]. In addition, the absence of a D-
band peak implies our graphene monolayer has very weak
residual defects.

The reflection spectra of the samples measured by
Fourier transform infrared spectroscopy (FTIR) are plot-
ted in Fig. 2(c). For better visualization, the reflectivity of
the gra-SiC sample is shifted upward by 0.05. As indi-
cated by the dashed lines, the Lorentz model for SiC
(esic = eacl(@® — 0} + iwy) /(@ — Wy +ioy)]) and
Drude model for graphene (0g, = (ie?|Er|) /(TR (w +
it ")) are utilized to fit the measured reflection data.
From this operation, we obtain the parameters &,,=6.7,
wro = 1.8355 x 10" rad/s, wro = 1.4989 x 10" rad/s,

y = 8.972 x 10'! rad/s for SiC and h = 1.0546 x 10~
Js. As plotted in Fig. 2(d), the permittivity spectra exhibit
a prominent TO phonon resonance around 797 cm~!. The
Fermi level (Er) estimated from the G-mode frequency is
about 0.26 eV, which is typical for CVD-grown graphene
[50], and T = 100 fs. The fitted Fermi level is in good
agreement with that derived from the Raman spectral peak.
Figure 2(e) plots the real and imaginary conductivities
of graphene as a function of frequency. A peak around
52.2 ecm™! is found for Re(0gra), which is much lower
than the frequency of the TO phonon resonance of SiC.
Note the high dielectric constant of SiC has red shifted
the plasmonic band of graphene compared with vacuum
background. Inversely, as seen in the following, the plas-
monic response of the graphene monolayer also affects
the phononic dispersion of SiC, thus realizing a hybridiza-
tion nature. As a key parameter of the near-field radiation,
the LDOS of the heterostructure is mutually decided by
the plasmonic and phononic responses of the constituent
materials.

ITI. RESULTS AND DISCUSSION

The near-field radiative flux of SiC substrates with and
without graphene cover is measured by exploiting our
laser-based all-optical setup for several temperature dif-
ferences AT. The measured results (blue and purple dots)
are shown in Fig. 3 and the temperature of the receiver
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FIG. 3. Measured and simulated results. (a) Theoretical and

experimental NFRHT results between identical emitter and
receiver made of SiC with (blue) and without (purple) graphene
as a function of temperature difference. The experimental results
are indicated by circles with bars denoting the measurement
uncertainty. The red and black shaded regions are numerically
calculated using classic fluctuational electrodynamics incorpo-
rating the measurement uncertainties in material and structural
parameters. The black-body (BB) radiation (purple) is also given
for comparison.
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is fixed at 300 K. A gap distance of 150 nm between
the emitter and receiver is attained through nanopillars,
as depicted in Fig. 5, and the gap distance uncertainty
is =11 nm. Each experiment takes only few seconds to
reach a thermal steady state. The measurement accuracy is
around 4%, which is comparable with our previous work
[32]. The theoretical results (colored regions in Fig. 3)
are calculated based on the fluctuational electrodynamics
taking into account the gap distance uncertainty. A good
agreement is achieved between the measured and com-
puted results for SiC samples with and without graphene,
both showing prominent super-Planckian thermal radiation
effects. For example, as indicated by the arrow, at a tem-
perature difference of 45 K, the radiative flux between SiC
covered with graphene is enhanced by a factor of around
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26 compared with the heat flux between the black bodies.
For the case without graphene, this enhancement factor is
about 12 for a temperature difference of 40 K.

The preliminary physics behind the near-field enhance-
ment can be understood from the investigation of the
LDOS and energy flux spectra. In this context, the LDOS is
determined at a distance of 150 nm in free space from the
interface of SiC with and without graphene, as shown in
Fig. 4(a). Here onward temperature difference and vacuum
gap separation are fixed at 45 K and 150 nm, respec-
tively. The resonance peak from the surface phonon polari-
tons appears at wsppps ~ 951 cm™! (at this point, egic =
—1.04 + 0.12i), which is mostly related to the p-polarized
(TM) contribution [51]. The density of states described
by the energy density of the black body and spontaneous
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FIG. 4. Spectral mode analysis. (a) LDOS calculated at a distance of 150 nm in free space from the interface of SiC with (red)
and without (black) graphene. (b),(c) Energy transmission coefficient & for both configurations, i.e., SiC without and with graphene,
respectively, as a function of in-plane wave vector k;; and angular frequency w. The black dots represent dispersion relation of graphene
SPPs and SiC SPhPs. (d) Energy flux spectra for a separation of 150 nm and temperature difference of 45 K. The inset represents the

heat flux integrated for three different subbands.
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emission rate can be strongly modulated by surface modes
[52,53]. The introduction of graphene could provide strong
modulations on the surface optical energy density and thus
the near-field heat flux using its high infrared DOS abili-
ties. As shown in Fig. 4(a), the acoustic resonance peak of
SiC is broadened and blue shifted to a higher frequency
of around 968 cm~! when covered by the monolayer
graphene, which has a metallic response in this frequency
band. A second DOS peak around o ~ 792 cm™! = wr
is also observed, which is the s-polarized (TE) contribu-
tion originating from the phonon resonance of SiC [54]. At
low frequencies around 255 cm™!, a broad DOS peak is
observed owing to the SPP resonance of graphene. Note
the plasmonic mode band of graphene is strongly mod-
ulated by the high-index SiC substrate. The modulation
of the intrinsic model dispersions in the plasmon-phonon
hybrid system is evidenced, which also leads to a Fermi
level and gap distance dependent NFRHT.

The heterostructure employed here could support three
modes: propagating modes (k; < ko), frustrated modes
(ko < k| < €ko), and surface polaritonic modes (k) >
eky), with quantities e, k, and ky denoting material
dielectric constant, in-plane wave vector, and free-space
wave vector, respectively. Frustrated modes are evanescent
in vacuum and propagate inside the material while surface
modes are evanescent on both sides. In the current case,
the spectrum range could be divided into three portions:
0400 cm™! for SPPs of graphene, 600-800 cm™! for frus-
trated modes of SiC, and 900—1100 cm™' for SPhPs of SiC,
denoted by first, second, and third bands, respectively. Fig-
ures 4(b) and 4(c) plot the transmission coefficient (TC)
spectrum between SiC without and with graphene, respec-
tively, as a function of angular frequency and in-plane
wave vector. The dispersion curves of the samples are also
given by the black dots, calculated from the divergence
condition of the transmission coefficients (ignoring mate-
rial damping) [55], and agree well with the TC spectrum.
By comparing the first band of the two samples, graphene’s
SPP coupling greatly contributes to the energy transmit-
tance in the far-infrared region, indicating the existence
of monolayer graphene could efficiently modulate the heat
flux. The widespread second band represents the contribu-
tion of frustrated modes where the value of the dielectric
constant becomes huge. In the third band, a blue shift for
the SPhP mode is observed due to the hybridization with
the SPP mode of graphene. Owing to material damping,
the surface modes are cut off at large k.

The spectral radiative flux is defined as a function of
frequency, which is obtained by Eq. (A2) (Appendix 2)
without integration on angular frequency. The result is
depicted in Fig. 4(d). A narrow emission peak induced by
the SPhPs is observed between bare SiC substrates. The
inclusion of graphene makes the difference in radiative
flux mediated by SPPs as apparent from the inset figure
for heat flux obtained by integrating radiative flux over the

three different frequency bands. The excitation of SPPs in
the first band stems from the presence of graphene and
their coupling strongly contributes to a large amount of
radiative flux as compared with the other bands. For the
second band, the spectral heat flux is slightly affected by
the introduction of the graphene layer, which perturbs the
tunneling of the frustrated modes. For the third band, the
phononic emission peak is not only blue shifted but also
broadened due to the addition of the conductive graphene
monolayer.

IV. CONCLUSION

In summary, near-field heat transfer in a gra-SiC het-
erostructure is investigated in this work using a home-
made all-optical measurement setup. The accuracy of the
results is verified by the agreement with the theoretical cal-
culations. We obtain a high radiative heat flux surpassing
the far-field black-body radiation limit by 26 times at a
gap distance of 150+ 11 nm and temperature difference
of 45 K. The LDOS and energy transmission spectral anal-
ysis indicate that there exists a strong interaction between
the monolayer graphene and the SiC bulk substrate. The
introduction of graphene could greatly enhance the heat
flux by contributing a highly localized low-frequency plas-
monic coupling band. Regarding the robust experimental
technique, smaller-sized infrared artificial materials with
diverse optical properties could be potentially investigated
in the near future, which may pave the way for near-
field thermal management, thermophotovoltaic system,
and thermal imaging.
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APPENDIX: METHODOLOGY

1. Sample preparation

A single side of a polished 6H-SiC wafer is used and cut
into size of 16 x 16 mm?. Before transferring the graphene
onto the 6H-SiC sample, a standard cleaning process is
performed in a sequential manner (5 min ultrasonic bath
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FIG. 5. AFM measurement of nanopillar spacer. Inset shows

rebuilt surface topography of the pillar using a 3D profiler.

in acetone and isopropyl alcohols, followed by deionized
water and dried using a hydrogen gun). For preparation
of the gra-SiC heterostructure, a trivial graphene transfer
technique is used [56]. The graphene sheet is first stripped
off from the copper substrate and stews above water for
about 8 h prior to transfer. Floating graphene is then placed
on the SiC sample with the help of tweezers. During the
whole process, care must be taken to avoid bubbles on the
sheet or any kind of contamination. The graphene carrying
sample is left to dry naturally for 30 min and then baked at
95°C for 12 min. For the emitter, samples of 1 x 1 mm?
size are carefully cut with a photoresist protecting cover.
On the receiver surfaces of the SiC and gra-SiC het-
erostructure, SU8-2000.5 photoresist is pinwheel-coated at
4000 rpm for 30 min and then parched for 5 min at 95 °C.
The nanopillar arrays are generated by performing the UV
photolithography process. Four nanopillar spacers with a
period of 500 um and diameter of 3 pm are fabricated on
the receiver surface. Their topologies are characterized by
atomic force microscopy (AFM), as shown in Fig. 5. The
height lies within the range of 100—150 nm. The value of
150 nm has been used in our calculation, yielding good
agreement between simulation and measurement.

2. LDOS and radiative flux calculation

The LDOS including the contribution of the near field
and far field is described as [57],

v U kedk .
p(d,w) = % / N 24 «? Z Re(”lezlpwd/c)
0 I=s,p
e 3dk
+ /1 B > Im@re 2Pt | (AD)
I=sp

where Re and Im denote the real and imaginary parts,
0y = c(ko/cm)? represents the vacuum density of states,
P=+1—-k?fork <1)and P = iv/k?2 — 1(fork > 1) is
the free-space wave vector, r; (with / = s, p) indicates the
Fresnel reflection coefficient for the s- and p-polarizations,
and k; = wk/c is the wave vector parallel to plane and
¢ is the light speed in the vacuum, where its ranges
(0 <k <1) and (k > 1) correspond to the propagating
and evanescent waves, respectively.

Regarding the fact that the working wavelength and
bending conditions are much smaller than the structure
dimensions and the gap distance, the radiative flux between
emitter and receiver is evaluated using fluctuational elec-
trodynamics in a semi-infinite planar formation [58],

1 o0 oo
T 0 0

X Z si(w, ky)dky,

I=s,p

(A2)

where the summation in Eq. (A2) gives the contribution
of all propagating and evanescent modes depicted by the
frequency and parallel to plane wave vector k; of the
EM field of both situations, the s- and p-polarizations.
Here, the entity ¢(w,T) = hw/[exp(hw/kgT) — 1] illus-
trates Planck’s harmonic oscillator, kg is Boltzmann con-
stant and the subscript / denotes either s or p, respectively,
relying on the s- or p-polarized modes. Moreover, the
transmission coefficient ¢; represents the absolute value of
the associated modes participating in heat exchange, and is
described as [58],

(1 — P’
11— r262ik20d|2’ k” < ko
;](C(), k”) = 4[Im( l)]2eZik od (A3)
r Z!
TVl e T \ky > ko

11— ,.1262ik20d|2 >

In Eq. (A3), the quantity k., represents the free-space wave
vector. The reflection coefficients 7; associated with the p-
and s-polarized waves for the graphene-covered SiC has
the following formations:

. kPey — k¥ ey + (0kP k¥ Jepw)
T e+ 61 + KT RY Jeow)
kzls - kfs — o oW
TS+ o

(A4)

7 (AS)
The variables in Egs. (A4) and (A5) are described as
kS = kP = [eqk§ — ki with g, (with .. denotes the medi-

ums above and below the graphene sheet, respectively),
and k is the wave number in free-space. In the case of the
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simple SiC substrate without graphene, Eqs. (A4) and (A5)
for reflection coefficients are reduced to
kzlpé‘z — kfpé‘l
r, = —-—=i—
S S
kls _ k2s
= E—=.
kzls + kZZS

(A6)

(AT)

In Egs. (A6) and (A7), &, and &, represent the dielectric
constant for free space and the SiC medium, respectively.

3. Dielectric constant
The dielectric constant for SiC is defined as [35,59,60],

w? — @? + iw

£ = b [25—0V} . (A8)

w* — wig + iwy

The quantities in Eq. (A8) are as follows:
wro = 1.835 52 x 10" rad/s, (A9)
wro = 1.498 97 x 10'* rad/s, (A10)
y = 8.9724 x 10" rad/s, (A1l)
oo = 6.7. (A12)

Note that SiC is defined as an anisotropic medium; how-
ever, the temperature variation in both longitudinal and
transverse directions remains similar. Hence, it is treated as
isotropic and here only the transverse component is taken
into account in the calculations. The dielectric properties
for SiC are known and the real and imaginary parts of
graphene conductivity can be determined from reflectivity
data obtained using FTIR for the gra-SiC heterostruc-
ture. The Drude model for graphene conductivity has the
following form [61]:

ie’|Ep|
= Al3
“ mh?(w + it 1) (AL3)
where the value of the Fermi level is obtained as Er =
0.26 eV, which fits well, as shown in Fig. 2(e).
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