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a b s t r a c t

The fascinating capability of manipulating light using metamaterials (MMs) has inspired a
significant amount of studies of using MMs for energy related applications. In this work
we investigate MM-based perfect absorbers for enhancing near field radiative heat
transfer, which is described by the fluctuation dissipation theorem. MM structures
designed at two wavelengths are analyzed, corresponding to two working temperatures.
Both electric and magnetic surface polaritons are found to contribute to heat transfer,
while natural materials support only electric polaritons. The near-perfect absorption is
demonstrated to be related to the modification of effective optical properties, which is
important for enhancing radiative heat transfer efficiently. By comparing different designs,
the bandwidth of the heat flux spectrum is found to increase with the absorption band-
width, which is originated from the spatial field distributions. This study will contribute to
the understanding of surface polaritons in near field radiative heat transfer and facilitate
the optimization of MMs for near field heat transfer applications.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The demonstration of negative refractive index mate-
rials [1–3] has generated significant amount of interests in
researches of metamaterials (MMs) [4–7]. The fascinating
light manipulation capability of MMs has many potential
applications related to energy utilization. For example,
MMs can be designed for radiation selective surfaces tai-
loring the solar absorption and emission of light at a par-
ticular wavelength, i.e., selective absorbers or emitters
[8–13]. This holds the potential in the field of thermal
photovotaics, where the conversion efficiency could be
significantly enhanced if the wavelength is matched to the
bandgap of photovoltaic materials [14,15].

Nano-structured surfaces or meta-surfaces can also be
designed to enhance near field radiative heat transfer
(NRHT). Polder and Van Hove [16] found a heat flux
increase between two parallel plates, separated by a dis-
tance smaller than λT due to the contribution from eva-
nescent waves, where λT is the peak wavelength of the
thermal radiation spectrum given by Wien's displacement
law: λTTE2898 mm K. Recent work has shown that it is
possible to enhance spectral heat flux by several orders of
magnitude through resonantly excited surface phonon
polaritons (SPhPs) in polar materials such as SiC and glass
[17–19]. The intrinsic optical properties of polar materials
limit the SPhPs to around 10 mm, corresponding to an
operating temperature close to the room temperature.
Other materials investigated in the infrared range include
doped Si [20,21] and graphene [22,23], which enhance
NRHT through exciting surface plasmon polaritons (SPP).

For noble metals that also support SPP, the resonance
typically lies in the visible or UV wavelengths, which is
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significantly above the thermal frequency range. This cor-
responds to an operating temperature higher than 2000 K
which could melt the metal, thus limiting the direct
application of metallic materials in NRHT. However, by
applying nanostructures, the response can be strongly
manipulated through the interaction between incident
electromagnetic waves and the properly designed struc-
tures. The incident light can be coupled to not only electric
surface polaritons, but also magnetic polaritons [11,13].
This method provides flexibility in tailoring the optical
properties in a wide frequency range and thus provides a
potential to effectively enhance NRHT.

Analysis of the NRHT usually employs fluctuational elec-
trodynamics [24], which has been extended to MMs with
arbitrary permittivity ε and permeability m by Joulain et al.
[25]. In classical electromagnetics, the Drude–Lorentz model
is applied to ε (¼ε'þ iε") and m (¼m'þ im"), derived from the
oscillation of charges or fictitious magnetic charges. For a
dilute metal design with extremely low plasma frequency
[26], an analytical expression was derived for the effective
permittivity εeff, which still obeys the Drude–Lorentz model.
Similarly, the average response of split ring resonator (SRR)
MMs was also analytically characterized [27]. More generally,
analytical solutions are not available for the collective optical
response of inhomogeneous structures. Instead, the effective
medium theory (EMT) is widely applied to homogenize the
structure with the aid of the geometric filling ratio [28–30] or
the S-parameters from numerical simulation [15,31,32]. It is
accepted that EMT is generally applicable if the incident
wavelength is much larger than size of the unit cell, and the
distance to the structure surface is not smaller than the size of
the unit cell [29–31]. Many researchers have developed
alternative approaches for evaluating the MM-based NRHT
with improved accuracy at small plate separations. A scat-
tering approach [33] based on rigorous coupled-wave analysis
(RCWA) has been applied to compute the NRHT between
metallic [34] and dielectric [35] gratings. Wen [36] conducted
direct simulations for NRHT between two parallel plates using
Wiener chaos expansion, which has no explicit constraint on
the geometry and relies on finding eigenmodes of the thermal
fluctuating current. Liu and Shen [37] extended this method
to hyperbolic MM consisting of metallic wire array. Other
methods for solving NRHT problems in arbitrary configura-
tions include direct finite-difference time-domain (FDTD)
computations [38,39], boundary-element method (BEM) [40],
and thermal discrete dipole approximation (T-DDA) [41].

In this study we focus on MMs that have a top metallic
antenna array and a bottom metal ground layer, separated
by a dielectric spacer. This type of MMs has been demon-
strated both numerically and experimentally to provide
near perfect absorption and functions as a blackbody at the
desired wavelength [11,15]. We extend the study of these
MMs to the field of near field radiative heat transfer
between parallel plates, through enhancing the strength of
surface polaritons and thus enhancing the NRHT. We also
investigate the effect of temperature and compare different
MM designs.

2. Methods and geometry

The parallel plates geometry under study is illustrated in
Fig. 1, where the medium 3 between two plates is typically
vacuum with ε3¼1. By applying the fluctuation dissipation
theorem, the net radiative heat flux is given as [42]
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where K is the in-plane wave vector and
I T c e/4 / 1k T0 3 3 2 / Bω π( ) = ℏ ( − )ω

ωℏ is the intensity of blackbody
radiation, which serves as a ω-domain filter that cuts off
modes with k T/Bω > > ℏ [42]. Both propagating (Koω/c)
and evanescent (K4ω/c) waves are accounted in Eq. (1). The
denominator involving Fresnel reflection coefficients corre-
sponds to multiple reflections. When the surface plasmon/
phonon polaritons are excited, Im(rs) is negligible while
Im(rp)E2Im(ε)/|εþ1|2 [17]. As a result, the p-polarized eva-
nescent channel peaks at the same condition as the surface
modes that originated from plasmon or phonon polaritons
(ε¼�1), significantly enhancing the NRHT. Similar analysis
can be applied to the s-polarized channel if the plate has a
negative permeability m', indicating the existence of surface
magnetic polaritons. Thus, instead of applying naturally
existed bulk materials, we design nanostructures or MMs to
manipulate both ε and m. The regions with both negative ε' or
m' will considerably enhance the NRHT.

According to the analysis in [31], the effective refractive
index (n¼n'þ in") and impedance (z¼z'þ iz") are related to
the complex reflection coefficient r and transmission
coefficient t by
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Fig. 1. Schematic of the nanoscale thermal radiation between two par-
allel plates.
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