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ABSTRACT: Excitation of surface plasmon polaritons helps
to increase the near-field heat flux by orders of magnitude
beyond the limit governed by Stefan−Boltzmann law.
However, the photon tunneling probability is rather low,
except for modes satisfying the resonance condition of surface
plasmon polaritons. Broadband hyperbolic metamaterials can
broaden the frequency region for the enhancement of near-
field heat transfer, but can hardly maintain a high tunneling
probability for large wavevectors since no resonances are
excited to overcome the inherent exponential decay. In this
letter, perfect photon tunneling with near-unity probability
across broad frequency and k-space region is demonstrated based on the hybridization of graphene plasmons and hyperbolic
modes. As a result, the near-field heat transfer coefficient between doped-silicon-nanowire hyperbolic metamaterials can be
further improved several fold when covered by a graphene sheet, approaching to a theoretical limit.
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Radiative heat transfer between macroscopic bodies in the
far field will achieve the maximum value if every photon

emitted by one substance with any direction can be totally
absorbed by the other body, indicating that the photon
transmission probability is unity. These two substances are
called blackbodies, and the radiative heat transfer between them
is governed by the well-known Stefan−Boltzmann law, an
upper limit for propagating modes.1 Capturing incident
photons with near-unity efficiency is also a desire in the near
field due to the wide potential applications of near-field thermal
radiation in local thermal management,2 thermal imaging,3,4

contactless thermal modulators,5,6 and thermophotovoltaic
(TPV) cells.7,8

Tunneling of evanescent modes enables the radiative heat
flux to be several orders of magnitude higher than that between
far-field blackbodies, especially when surface plasmon or
phonon polaritons (SPPs) are excited.1,9−11 Due to its unique
characteristics, graphene can support surface plasmons with low
loss and excellent tunability ranging from near-infrared to
terahertz frequencies.12 Graphene has been reported to tailor
the near-field heat transfer13−16 and improving the efficiency of
TPV cells.8,17 However, the near-unity photon tunneling
probability occurs only in narrow wavevector or k-space
range, where coupled SPPs are excited. Hyperbolic materials,
featuring unbounded density of states, have been shown to
enhance the photon tunneling probability.18−22 However, since
hyperbolic modes are resonance free, the tunneling probability
unavoidably decays with increasing k. By combining graphene
plasmons and hyperbolic modes, this work demonstrates
photon tunneling with near-unity probability across a broad
frequency range and large k-space.

The geometric arrangement of near-field thermal radiation
between graphene-covered D-SiNW arrays is illustrated in
Figure 1. Coating graphene on the top of silicon nanowires is a
mature technology.23 In the near field, the effective medium
theory (EMT) is applicable if the nanowire period P is shorter
than the smallest contributing wavelength, corresponding to the
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Figure 1. Schematic of near-field radiative heat transfer between
graphene-covered semi-infinite doped silicon nanowires separated by a
vacuum gap of distance d.
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cutoff wavevector. The cutoff wavevector for hyperbolic modes
has been given based on a 90% criterion as 1.94/d.24 Thus,
EMT is expected to be a reasonable approximation when d >
0.31P. Under this condition, the nanowire composites can be
homogenized as an effective uniaxial medium whose optical axis
is parallel to the wire. The dielectric functions for orthogonal
directions can be expressed as20
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where f is the volume filling ratio of doped silicon, εO
(ordinary) and εE (extraordinary) are the dielectric functions
for electric field perpendicular and parallel to the optical axis,
respectively. When εO and εE have different signs, a hyperbolic
dispersion will be supported. The doping level is set to be 1020

cm−3, at which D-SiNWs have been shown to support a
broadband hyperbolic dispersion.20 The dielectric function of
heavily doped silicon can be described by a Drude model
εD‑Si(ω) = 11.7 − ωp

2/(ω2 + iγω) with a plasma frequency ωp =
1.08 × 1015 rad/s and scattering rate γ = 9.34 × 1013 rad/s.25

The optical conductivity of graphene σ(ω) depends on
chemical potential μ, electron relaxation time τ, and temper-
ature T. The expression of σ(ω) can be found in refs 8 and 26.
For convenience, the relaxation time is fixed to be τ = 10−13 s
considering electron−phonon and electron−defects scatter-
ing,27 while μ is adjusted to maximize the performance.
The radiative heat transfer coefficient at T = 300 K for the

two media shown in Figure 1 can be calculated from28
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where ω is the angular frequency, β is the lateral wavevector, j
represents either s- or p-polarization, and g(ω,T) = (∂/∂T)-
[(ℏω)/(eℏω/kBT − 1)] with kB being the Boltzmann constant
and ℏ being the reduced Planck constant. In eq 3, ξ(ω,β) is
called the energy transmission coefficient whose upper limit is
unity and can be expressed in the following19
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where rj is the Fresnel reflection coefficient for given
polarization and it is assumed that the two media have identical
optical properties, k0 is the vacuum wavevector, and kz0 is the z-
component wavevector in vacuum. When β < k0, ξ(ω,β) equals
the far-field transmittance;1 when β > k0, ξ(ω,β) becomes the
photon tunneling probability. The Fresnel coefficients for a
graphene-covered uniaxial material can be obtained by
imposing boundary conditions such that the tangential electric
field remains continuous across the interface, while surface
current enabled by graphene leads to a discontinuity of the
tangential magnetic field. It follows that8
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where μ0 is the vacuum permeability and kzp = (k0
2εO − β2εO/

εE)
1/2 is the z-component of the wavevector in the uniaxial

medium for p-polarization. When σ is set as zero, eqs 5 and 6
recover to the reflection coefficients between vacuum and a
uniaxial medium.20 When both εO and εE are set to 1 in eqs 5
and 6, the reflection coefficients are for suspended graphene
sheets.
The calculated heat transfer coefficient h between graphene-

covered D-SiNWs with d = 200 nm, f = 0.02, and μ = 0.3 eV is
614.7 W/m2-K, which is 4.5× as large as that for D-SiNWs. In
order to unveil the underlying mechanism for this enhance-
ment, the photon tunneling probability for p-polarization is
plotted in Figure 2 for D-SiNWs, suspended graphene, and

Figure 2. Photon tunneling probability for p-polarization at d = 200
nm and the value of ξp(ω,β) is indicated by the color contour for three
different configurations. (a) Two D-SiNWs with f = 0.02 without
graphene. (b) Suspended graphene with a chemical potential of 0.3 eV.
The white lines delineate the two branches of coupled SPPs given by
eqs 7 and 8. (c) Graphene-covered D-SiNWs.
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graphene covered nanowires for p-polarization evanescent
modes. Note that the contributions to near-field radiative
transfer from both the propagating and s-polarized evanescent
waves are negligible compared to that of p-polarization
evanescent waves capable of supporting hyperbolic or surface
modes. As shown in Figure 2a by the color contour, the photon
tunneling probability is much higher in the hyperbolic band
than that in the nonhyperbolic region at frequencies exceeding
1.02 × 1014 rad/s. Due to the broadband hyperbolic modes, h
for D-SiNWs achieves 135.3 W/m2·K, which is 21× greater
than the blackbody limit of 4σSBT

3, where σSB is the Stefan−
Boltzmann constant. Nevertheless, ξp(ω,β) inevitably decreases
with increasing β due to the exponential decay factor of e−2|kz0|d

in the numerator of eq 4 since no resonance is excited.
Figure 2b gives ξp for suspended graphene sheets without

substrates using μ = 0.3 eV. There exist two distinct bands with
large tunneling probability. These two bands, splitting at low β
values and merging together at a large β, are associated with the
coupled SPPs caused by the graphene. The dispersion relation
can be obtained by zeroing the denominator of ξp and is given
as29
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The low-frequency symmetric branch and the high-frequency
antisymmetric branch are shown as the white lines in Figure 2b
and match well with the peaks in ξp. Instead of decaying
exponentially with β, the tunneling probability is almost unity
when either eq 7 or eq 8 is satisfied. The diminishing
denominator can compensate the decay factor e−2|kz0|d in the
numerator, enabling a large tunneling probability at large β
values. The coupled SPPs have a dominant contribution to the
near-field radiative heat transfer. As a result, the calculated heat
transfer coefficient for two free-standing graphene sheets at d =
200 nm is as high as 453.7 W/m2·K, even larger than that for
D-SiNWs. However, the near-unity tunneling probability occurs
in narrow β bands only.
When graphene covers the D-SiNWs for both the emitter

and receiver, as shown in Figure 2c, ξp is very high across a
broad frequency range up to 1.5 × 1014 rad/s and a large k-
space up to 20k0. All the photons emitted in this regime will be
absorbed, which is the blackbody behavior in the near field. As a
result, the heat transfer coefficient of this hybrid structure could
achieve 614.7 W/m2·K, much larger than that for plain D-
SiNWs or suspended graphene sheets alone.
The variation of ξp with β can be more clearly seen by

comparing the three configurations at ω = 5 × 1013 rad/s,
which lies in the hyperbolic region, as illustrated in Figure 3.
The tunneling probability of the resonance-free hyperbolic D-
SiNWs decays quickly with increasing β; while that for the
suspended graphene sheets has two resonance-like near-unity
peaks. Interestingly, ξp for graphene-covered D-SiNWs can
exceed 0.95 up to β = 15k0. However, with further increasing β,
the tunneling probability for graphene-covered D-SiNWs
decreases rapidly and becomes lower than that between D-
SiNWs for β > 20k0. It can be seen from eq 6 that the terms
containing σ are proportional to β2, while the rest are
proportional to β and thus become negligible at very large β.
Specifically, when β ≫ c0ε0k0/|σ|, rp = 1 with a zero imaginary

part. Subsequently, the photon tunneling probability becomes
zero. Therefore, adding graphene suppresses phonon tunneling
for very large β values, as can be seen from Figure 3.
Nevertheless, the contribution by the perfect photon tunneling
region dominates the near-field radiative transfer, resulting in a
net enhancement.
Note that the graphene coverage does not always improve

heat transfer.14 For very small μ, coupling between graphene
plasmons and hyperbolic modes becomes so weak that the
improvement diminishes. Since σ generally increases with μ,
more modes are adversely affected if μ is too high, leading to a
deterioration of heat transfer performance. For a given filling
ratio and specified gap distance, there exists an optimal
chemical potential that allows near-perfect photon tunneling to
be achieved in a broad frequency and wavevector ranges. The
filling ratio can have a significant influence on the near-field
radiative transfer as demonstrated previously without graphene
coverage.20 For very small f, the nanowire density is so dilute
that the heat flux between graphene-covered nanowires
approaches to that for suspended graphene. Too high a filling
ratio makes both εO and εE negative such that no hyperbolic
modes and hybridized perfect tunneling can occur. In the
present study, f is chosen to be 0.02, which allows great
enhancement of near-field radiation over a large distance range.
Figure 4a plots the heat transfer coefficient of D-SiNWs and

graphene-covered nanowires at the optimal chemical potential
given in Figure 4b, considering only p-polarized evanescent
modes. The minimum d used here is 100 nm to ensure EMT is
valid given that practical nanowire diameter cannot be
infinitesimal. By optimizing the chemical potential, the
inclusion of graphene can improve the near-field heat transfer
between D-SiNWs. Heat transfer coefficient for graphene-
covered D-SiNWs lies between that for D-SiNWs and the
theoretical limit of hyperbolic materials given by19
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as shown in Figure 4a. The ratio of heat transfer coefficient for
graphene-covered D-SiNWs to the near-field limit is plotted in
Figure 4b. With increasing gap distance, the heat transfer
coefficient gets closer to the near-field limit. Note that eq 9 is a
theoretical limit only for hyperbolic materials rather than a
physical upper limit for all materials. Nevertheless, hybrid-

Figure 3. Photon tunneling probability at ω = 5 × 1013 rad/s as a
function of the lateral wavevector for the three configurations
described in Figure 2
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ization of graphene plasmons and hyperbolic modes is
demonstrated to achieve a near-perfect photon tunneling and
efficient heat transfer that is close to the theoretical limit. From
Figure 4b, the optimal chemical potential increases monotoni-
cally with d from 100 nm to 1 μm. With decreasing gap
distances, the number of contributing modes increases toward
high β region in the k-space. In order to postpone the
suppression region to larger β, the conductivity of graphene
needs to be reduced according to the zero photon tunneling
condition. This explains why the chemical potential should
decrease with gap spacing.
In conclusion, the near-field blackbody phenomena with

perfect photon tunneling having near-unity probability across a
broad frequency region and over a large k-space has been
theoretically demonstrated based on graphene-covered doped-
silicon nanowires. As a result, the near-field radiative heat
transfer coefficient achieves as high as 80% of a theoretical limit
of hyperbolic materials. The underlying mechanism is due to
hybridization of graphene plasmons and hyperbolic modes.
This work provides a new way of achieving greatly enhanced
photon tunneling and could facilitate a number of relevant
applications such as energy harvesting and local thermal
management.
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