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Abstract— Surface polaritonic modes like surface 
plasmon polaritons (SPPs) and surface phonon polaritons 
(SPhPs) at interfaces can significantly enhance near-field 
radiative transfer between nanostructured surfaces. In this 
work, we study the near-field heat transfer between 
graphene/SiC composite nanostructures. It is demonstrated 
that thermally excited SPPs and SPhPs in such composite 
nanostructures lead to a significant enhancement in near-
field heat transfer rate. To further analyze the underlying 
mechanisms, we calculate energy transmission coefficients 
and obtain the near-field dispersion relations. The dispersion 
relations of composite nanostructures are substantially 
different from those of isolated graphene or SiC films, 
which are due to the strong coupling effects between 
different polaritonic modes. We further identify four pairs of 
strongly coupled polaritonic modes with considerable Rabi 
frequencies, which mainly contribute to the enhancement in 
near-field heat transfer. This work provides a route to utilize 
strongly coupled surface polaritonic modes to manipulate 
near-field heat transfer, which has potential applications in 
waste heat recovery and heat management. 
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I. INTRODUCTION 

About 20-50% of the energy consumed in the industries 
enters the environment as waste heat in the form of hot 
exhaust gases, cooling water, and heat lost from hot 
equipment surfaces [1]. Harvesting this enormous amount of 
heat is thus of critical importance for improving the 
efficiency of energy usage and reducing carbon emissions. 
Thanks to the extremely high heat transfer enhancement, 
near-field radiative heat transfer (NFRHT) techniques 
including near-field thermophotovoltaics (NFTPV) [2] and 
near-field cooling [3] are promising in waste heat recovery 
[4], and thermal management applications [5]. 

Because of the tunneling effect of evanescent waves, 
NFRHT can exceed the blackbody radiation limit by several 
orders of magnitude [6], especially when surface plasmon 
polaritons (SPPs) or surface phonon polaritons (SPhPs) are 
excited [7]. Recently, graphene has been demonstrated to be 
a good candidate to support SPPs for low loss and excellent 
tunability from near-infrared to terahertz frequencies. It was 
shown that thermally excited SPPs can strongly mediate the 
NFRHT between graphene sheets [8]. When structures 
consist of graphene with other dielectric materials or 

metamaterials, the NFRHT can be further enhanced due to 
the coupling effects of different resonant modes [9-10]. 
However, it is still unclear how these coupling effects play a 
role in near-field heat transfer. In order to further understand 
and control the NFRHT in these systems, the mechanisms of 
excitation, coupling and interference of different frequency 
resonant modes (FSMs), which stand for branches of surface 
polaritonic modes, need to be comprehensively explored.  

In this work, we study the NFRHT of three structures 
which are monolayer graphene, SiC film and graphene/SiC 
film composite structure in order to investigate the coupling 
effects on NFRHT. Surface polaritonic modes of these 
structures are excited in infrared region. To analyze the 
underlying mechanisms, we calculate energy transmission 
coefficients and obtain the near-field dispersion relations. 
Due to the strong coupling effects between different 
polaritonic modes, the dispersion relations of composite 
structures are substantially different from those of isolated 
graphene or SiC films. Additionally, we further identify four 
pairs of strongly coupled polaritonic modes with 
considerable Rabi frequencies. This work provides a route 
to enhance near-field heat transfer by strongly coupled 
surface polaritonic modes, promising in waste heat recovery 
and heat management. 

II. THEORY

The schematic of NFRHT between graphene/SiC film 
composite structures is illustrated in Fig. 1. Based on 
fluctuational electrodynamics using dyadic Green’s 
functions, the heat flux between two structures can be 
calculated by [11]: 
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where the local thermal equilibrium temperatures 
ET and 

RT

are identified as the emitter and the receiver, respectively. 

 is the lateral wave vector of thermal radiation waves and 

d indicates the vacuum gap distance, ,j s p=  stands for s- or 

p-polariton modes, respectively. ( ) ( ) , / exp / 1
B
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is the mean energy of thermal harmonic oscillators. 



Fig. 1. Schematic of NFRHT between graphene/SiC composite structures. 
The parameter d means the vacuum gap distance of NFRHT and the 

thickness of SiC film can be controlled by the h. 

The energy transmission coefficient ( ),j    is given by 

[12-13]: 
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where 
,j Er  and 

,j Rr indicate Fresnel reflection coefficients 

of the emitter and receiver, respectively. 

( )
1/2

2 2

0 0zk k = − denotes the z-component of the wave 

vector in vacuum. Note in Eq. (2), the expressions of energy 

transmission coefficients for propagating waves (
0

k  ) and 

evanescent waves (
0

k  ) are different. 

 The Fresnel reflection coefficients for the graphene 
covered composite structures are calculated by the following 
forms: 
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where 1, 2, and 3 are the indexes for the vacuum region 
above SiC film, in the SiC film, and the vacuum region 
below SiC film, respectively, as shown in Fig. 1. Besides, 
the l = E or R stands for the emitter or receiver and h means 
the thickness of SiC film. As for Eq. (3), it can also be used 
for structures with only monolayer graphene by setting r23 = 
0. 

For a dielectric material which is covered by a 
monolayer graphene, the Fresnel reflection coefficients 
become: 
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where ( )
1/2

2 2

, , 0 , ,= /z n n n nk k   ⊥ ⊥−  with n = 1, 2, or 3 in 

Eq. (3) and Eq. (4). ⊥  and   are the vertical and parallel 

components of the relative dielectric tensor. If there is a 
monolayer graphene between media a and b, where a = 1, 
2 and b = 1, 2 or 3. The role of a monolayer graphene can 
be regarded as a current sheet.   is the conductivity of 

graphene. If there is only SiC film,  in Eq. (4) should be 

set to be zero. Since in the mid- and far-infrared region,   

is dominated by the intraband transitions, where it can be 
calculated as [14]: 
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SiC film is a nonmagnetic polar material. According to 
Lorentz model, the dielectric function of SiC is given by 
[15]:  
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LO and 
TO  are longitudinal optical phonon frequency and 

transverse optical phonon frequency, respectively. The 
parameters in Eq. (6) can refer to the materials handbook 
[15].  

III. RESULTS AND DISCUSSION 

A. Large enhancement of NFRHT between composite 

structures  

In this work, thermal equilibrium temperatures of the 
emitter and receiver are TE = 310 K and TR = 290 K, 
respectively. According to Eq. (1), we can obtain the heat 
flux of different structures (illustrated in Fig. 2). Based on 
NFRHT of the three structures, the graphene/SiC film 
composite structures have the highest total heat flux which is 
344.5 kW/m2 when the gap distance is 20 nm. Due to the 
exponentially decaying feature of large-wave-vector 
evanescent waves, the heat flux of graphene/SiC film 
composite structures decreases faster than monolayer 
graphene structure. When the gap distance is about 5000 nm, 
the heat fluxes of three structures are almost the same, 
approaching the far-field region. Besides, when the vacuum 
gap distance between two graphene/SiC film composite 
structures is less than 100 nm, the total heat flux can exceed 
the Planck’s thermal radiation above 500 times, which can 
therefore greatly enhance the efficiency of waste heat 
recovery and heat management. 

 

Fig. 2. Heat flux versus vacuum gap distance d from 20 to 6000 nm of 

different structures. Chemical potential of graphene is μ  = 0.3 eV. 

Thickness of SiC film is h = 50 nm. 

B. Near-field energy transmission coefficient  

Mechanisms for the enhancement of NFRHT between 
composite structures can be analyzed by the contours of 
energy transmission coefficient, which are shown in Fig. 3. 
The transverse wave vector is normalized by 

0 0= / c   with 

14

0 1 10 /rad s =  . The bright bands presented in Fig. 3 

demonstrate higher photon tunneling rate arising from the 
excitation of different surface polaritonic modes. According 
to Fig. 3a, there are two bright bands separated in the low-
frequency region and converging in the high-frequency 
region, which are coupled SPPs between the two monolayer 
graphene structures. Fig. 3b presents bright bands which are 
thermally excited SPhPs near the frequency of SiC-vacuum 
interface [16]. In the enlarged dispersion relations shown in 
the inset of Fig. 3b, it is observed that there are four FRMs, 
which converge in the high-transverse-wave-vector region. 
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The energy transmission coefficient of graphene/SiC film 
composite structure is presented in Fig. 3c. It is seen that 
bright bands split into two branches because SPhPs excited 
in isotropic polar materials (SiC film) couple with SPPs in 
graphene, resulting in SPPs-SPhPs hybrid modes. Similar 
phenomena were observed in the coupling between SPPs in 
graphene or thin metal layer with the SPhPs in SiO2 
substrates [17]. However, the SPhPs modes excited near the 

frequency of 1.786×1014 rad/s (frequency of SiC vacuum 

interface) are attenuated appreciably compared with those in 
Fig. 3b. In the high-transverse-wave-vector region, SPhPs 
almost disappear. This phenomenon is also a manifestation 
of the strong coupling effect NFRHT between graphene/SiC 
film composite structures, which can induce a photonic gap 
without any modes.  

 

 

 

Fig. 3. Energy transmission coefficient contours for different structures. 

C. Asymptotic analysis of FRMs 

To further examine the origin and consequences of the 
strong coupling effect, here we first carry out an asymptotic 

analysis of the near-field dispersion relations. Through the 
Eq. (2), the radiative heat flux diverges when the following 
condition is fulfilled: 

02

, ,1 0zik d
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We can obtain each FSM by solving the Eq. (7).  

In terms of dielectric materials like SiC film with 
isotropic optical properties, for surface wave with 

0k , 

the z-component of the wave vector is 
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2 2
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be approximated as 
,z nk i . Ignoring the imaginary part of 

Eq. (7), we can get ( )12 , ,r S h d= , where S is satisfied with the 

following condition: 
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By using dielectric function of SiC film in Eq.(6), the 
FRMs of SiC film can be obtained as 
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where the losses are small and thus ignored. Eq. (10) offers 
an approximation of the four FRMs of the two film structures 
as a function of d, h, and  . From Eq. (10), the resonant 

frequencies where the radiative heat flux between two SiC 
film structures has the maximal value can be determined, 
shown as red dashed lines in Fig. 3b. The analytical formulas 
can accurately predict each FRM. 

1  corresponds to the 

highest FRM and 
4  is consistent with the lowest FRM. The 

horizontal white dotted line means the frequency of SiC-
vacuum interface. The horizontal green dot-dash lines are 
longitudinal optical phonon frequency  and transverse optical 
phonon frequency, respectively. These three lines are the 
limits of the SPhPs near-field dispersion relation of SiC film 
structures.  

Fig.3a (red lines) depicts the near-field dispersion 
relation of SPPs for a monolayer graphene for three selected 
values of the chemical potential. These parabolic curves can 
be described by the Eq. (11) [18]: 
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where the parameters in Eq. (11) can refer to Ref.[18]. 
Obviously, with the increase of the chemical potential of 
graphene, the SPPs cannot occur at the high-transverse-
wave-vector region, which is disadvantageous to the 
NFRHT enhancement. 

D. Strong coupling of SPPs-SPhPs modes in graphene/SiC 

film composite structures 

Based on the analytical formulas in Section III.C, here 
in this subsection, we further investigate the effects of 
coupling modes on NFRHT enhancement. All the 
parameters used here are the same as those in Fig. 3. As 
illustrated in Fig. 4a, both monolayer graphene and SiC film 
show only one narrow peak corresponding to the thermally 
excited SPPs and SPhPs. The spectral heat flux of 
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graphene/SiC film composite structure (red solid line) has 
two peaks, which are generated from the strong coupling of 
SPPs-SPhPs modes that generate hybrid modes. The low 

frequency peak is at 1.07×1014 rad/s and the high frequency 

peak is at 2.23×1014 rad/s. These two peak frequencies are 

substantially different with the optical phonon frequencies 
of the SiC film, which suggests that strong coupling indeed 
takes place in graphene/SiC film composite structures. 
Moreover, the strong coupling effect can greatly broaden the 
spectral peak.  

Fig. 5b explicitly shows the strong coupling between 
the SPPs and SPhPs modes, in which two dispersive 
branches featuring anti-crossing (splitting) are shown as two 
bright bands. Four red lines mean the FRMs of SPhPs given 
by the Eq. (10). The parabolic green dot-dash line means 
graphene SPPs mode given by the Eq. (11). By solving the 
cross points of SPPs mode and SPhPs mode, we can get four 

strong coupling Rabi frequencies which are Ω1 = 9.9×1013 

rad/s, Ω2 = 8.7×1013 rad/s, Ω3 = 8.3×1013 rad/s, Ω4 =1.12

×1014 rad/s, which denote the emergent four pair strongly 

coupled modes. Therefore, it is those strongly coupled 
polaritonic modes that significantly enhance near-field 
radiative heat transfer. 

  

 

Fig. 4. (a) Spectral heat flux from different structures. (b) The energy 
transmission coefficient contours for graphene/SiC film composite 

structures. 

IV. CONCLUSION   

In this work, we study the near-field heat transfer 
between graphene/SiC composite nanostructures. It is 
demonstrated that thermally excited SPPs and SPhPs in such 
composite nanostructures lead to a significant enhancement 
in near-field heat transfer rate. To further analyze the 

underlying mechanisms, we calculate energy transmission 
coefficients and obtain the near-field dispersion relations. 
The dispersion relations of composite nanostructures are 
substantially different from those of isolated graphene or 
SiC films, which are due to the strong coupling effects 
between different polaritonic modes. We further identify 
four pairs of strongly coupled polaritonic modes with 
considerable Rabi frequencies, which mainly contribute to 
the enhancement in near-field heat transfer. This work 
provides a route to utilize strongly coupled surface 
polaritonic modes to manipulate near-field heat transfer, 
which has potential applications in waste heat recovery and 
heat management. 
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