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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].
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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 A due to the contribution from eva-
nescent waves, where Ay is the peak wavelength of the
thermal radiation spectrum given by Wien's displacement
law: A;T~ 2898 um 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 pm, 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 € and permeability x by Joulain et al.
[25]. In classical electromagnetics, the Drude-Lorentz model
is applied to € (=&'+ie") and pu (=u'+iu"), 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 .5 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 £3=1. 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
I3(T) = h @°]4 n°c?|(e"/ksT — 1) is the intensity of blackbody
radiation, which serves as a w-domain filter that cuts off
modes with @ > > kgT/h [42]. Both propagating (K < w/c)
and evanescent (K > w)/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(r*) is negligible while
Im(rP) ~ 2Im(¢&)/le+ 117 [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
(= —1), significantly enhancing the NRHT. Similar analysis
can be applied to the s-polarized channel if the plate has a
negative permeability x', indicating the existence of surface
magnetic polaritons. Thus, instead of applying naturally
existed bulk materials, we design nanostructures or MMs to
manipulate both € and u. The regions with both negative &’ or
w' will considerably enhance the NRHT.

According to the analysis in [31], the effective refractive
index (n=n’'+in") and impedance (z=z'+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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Here, D is the total thickness of the structure, and kg is
the wave vector in vacuum. The passive medium
assumption requires that z’'> 0 and n" > 0. We simulated
the unit cell of the structure and calculated r and t coef-
ficients using ANSYS HFSS, a commercial frequency-
domain finite-element method solver. With n and z, the
effective optical properties can be readily computed using

e=n|z (3a)

p=nz (3b)

MM-based perfect absorbers/emitters are typically
made of a top metallic antenna array and a bottom metal
ground layer, separated by a dielectric spacer. The unique
near-perfect absorption/emission properties take advan-
tages of the electric resonance in the top nano-structure,
as well as the magnetic resonance which induces anti-
parallel currents in the two metallic layers [9,11]. Electric
and magnetic resonances can be separately tuned in dif-
ferent elements and simultaneously achieved [8]. Effec-
tively, the structure provides an impedance matching to
the free space with &=y, which makes the perfect
absorption possible [8,32]. Various MM patterns have been
studied, including cross [10,15,43], patch [12,32,44], disk
[9], and hole [45]. In addition to the strong manipulation
of absorption spectrum, MM-based absorbers can be
designed to be angular independent or omnidirectional
under both TE and TM illuminations, as has been
demonstrated experimentally [12,9,44].

In this work we study two resonant wavelengths: 10 pm
and 4 pm. They correspond to working temperatures of
about 300K and 700K, correspondingly. For the wave-
length of 10 pm, we investigate two cross patterns, called
cross A and cross B here, to illustrate the relation between
far field perfect absorption and near field enhancement
(Section 3.1). For the wavelength of 4 um, we consider
several different top metallic patterns as illustrated in Fig. 2.
The cross pattern is similar to the fishnet structure, which
has been investigated for near field radiation at near-IR
wavelengths [46]. The complementary bowtie aperture
(CBA) in Fig. 2(d) has been demonstrated in our earlier work
to generate enhanced and confined magnetic field around

a b
/ /
> —>
<>
w

the metal strip [47]. Table 1 summarizes geometry para-
meters that have been optimized for each design to achieve
near-perfect absorption at the resonance. The pattern size [
and period p scale with the resonant wavelength. As has
been discussed in literature [15,32,44,45,47], the absorption
spectrum is generally most sensitive to [, p and the spacer
thickness t;. They determine the response of a single pat-
tern, the interaction between adjacent patterns and the
coupling between two metallic layers, respectively. Gold is
used as the metallic material. For wavelengths A < 2 um, its
properties were taken from [48]. For long wavelengths, the
Drude model ¢ (w) =1 — wﬁ/w2 + iyw is applied with w, and
y taken from [49]. The spacer material is typically SiO, or
Al,Os. Here, SiO, is applied for designs at 4 um and its
optical properties from [48] are used in the simulation. SiO,
is known to have a strong dispersion in the mid-infrared
range, thus Al,03 is used instead for designs at 10 um and
its frequency-dependent optical constant is taken from [50].

3. Results and discussion

3.1. Importance of perfect absorption for near field
enhancement

In this section, we investigate two cross patterns A
and B that work around the wavelength of 10 um, as
listed in Table 1. The importance of strong absorption of
MMs on NRHT will be discussed in details by comparing
the two designs.

From Table 1 we can see that the only difference between
cross A and cross B is the spacer thickness. Fig. 3(a) shows
that both designs produce a far field absorption peak at
9.42 um (2 x 10" rad/s) under normal incidence. But only
cross A, with a spacer thickness of 300 nm, achieves near-
perfect absorption at resonance. Fig. 3(b-d) presents the
retrieved optical properties of cross A and crosss B, which
show effective Lorentz oscillations in the vicinity of
2 x 10 rad/s. Far away from the oscillation, the absolute
value of € generally decreases with increasing @, same as
that observed in the Drude model. Thus the effective prop-
erties, which are very different from those of bulk or thin
film gold, can be well described by the Drude-Lorentz model
as follows:

Fig. 2. Unit cell of MM patterns made of (a) patch, (b) cross, (c) hole and (d) complementary bowtie aperture. Top view is used for (a-c). The cross-sectional

parameters are shown in (d), which is applicable to (a-c).
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Table 1
Geometric parameters for the metamaterial patterns studied in this work.
Wavelength Pattern ts [nm] h [nm] tg [nm] p [um] [ [um] w [um] d [nm]
10 pm Cross - A 300 100 100 44 3.8 0.4
Cross - B 100
4pum Patch 25 40 100 13 0.85
Cross 25 40 100 13 0.85 04
Hole 150 40 100 2.7 2.6
CBA 150 50 100 24 1.95 0.1
w3 a,ge structure. It is expected that both electric and magnetic
(W) =€ — —5— 5. surface polaritons will gradually dominate the heat flux at
" +lpw 0" — wje + Iy, (4a) . . .
smaller separations. However, a quantitative analysis is not
X available with the EMT method.
w(@) = — Dpm Fig. 4(b) compares the total heat flux of cross A and cross
© W - om + o (4b) B with two parallel Au and SiC plates. To show a fair com-

Here subscript D stands for the Drude term. The cor-
responding fitting parameters are summarized in Table 2.

In Fig. 3(b-d), we plot fitting results using parameters in
Table 2 together with the directly retrieved properties. For
cross A, its near-perfect absorption indicates an effective
magnetic Lorentz oscillator that is strong enough to induce
negative u' over a wavelength range. On the other hand, its
permittivity is also manipulated from extremely negative
values, as observed in bulk gold, to moderate negative &". This
helps enhance the NRHT more efficiently, as indicated by the
expression Im(1?) ~ 2Im(e)/le+ 1. Compared with cross A,
the magnetic oscillator resonance produced by cross B is
much weaker. As a result, p' stays positive in the simulated
spectrum. In addition, &' is very negative for most of the
spectrum. It should be mentioned that & will gradually
approach —1 on the short wavelength/large frequency side,
which will make additional contribution to the p-evanescent
channel. We ignore this short wavelength resonance because
it is outside of the simulation range and it corresponds to a
much higher temperature.

The corresponding NRHT calculations of cross A and
cross B are shown in Fig. 4. The temperatures are fixed at
T;=350K and T,=300 K. Fig. 4(a) presents the net radia-
tive heat flux as a function of the distance d. The heat flux
for cross A is broken down to three channels, the propa-
gating wave, and the s- and p-polarized evanescent waves.
The red and green dash lines correspond to s- and p-eva-
nescent modes of cross B, respectively. We can see that
both s- and p-evanescent channels of cross A outperform
that of B as expected. As the distance increases, the con-
tribution of s-evanescent mode decreases rapidly because
of the very narrow bandwidth of negative u’ for effectively
exciting magnetic polaritons, and the total heat flux is
dominated by the p counterpart and the propagating
mode. At d=4 um, close to the period of the designs, the
evanescent channels (mainly p-evanescent) contribute
about 33% to the total flux. For the shaded area of d <4 um
in Fig. 4(a), the EMT is not well-suited and the results will
likely produce errors for the contribution from evanescent
modes. However, we present the corresponding results to
explore the effect of optical properties on NRHT, and to
obtain a rough idea of the NRHT behavior of the designed

parison, the radiative heat flux is integrated within the
same spectral range from 1.2 x 10" rad/s to 3.8 x 10" rad/s
for all cases presented in Fig. 4(b). The surface phonon
resonance near 10 um (within the integration range) in SiC
is naturally strong, thus the heat flux between two parallel
SiC plates is larger than that of MMs and bulk gold plates. At
d=4 um, the heat flux of cross A is thrice that of B and
remains about twice at larger distances. It is also seen that
the radiative heat flux between two bulk Au plates is at
least one order of magnitude smaller than that of the
properly design MMs. Fig. 4(b) indicates that one should
still choose SiC over MM-based materials for near-room
temperature applications. However, the advantage of using
MM-based materials is that their design can be easily
modified for application at other wavelength/temperature,
or even for multi-/broad-band applications, while the
intrinsic surface phonon resonance in SiC is monochromatic
near the 10 um wavelength.

3.2. Near-field enhancement using different geometric
designs

As was mentioned, MM-based perfect absorbers/emit-
ters can have various geometric patterns. In this section,
we compare four different patterns shown in Fig. 2 and
listed in Table 1. They are all designed around the wave-
length of 4 um with a near-perfect absorption at resonance
in the far field, as shown in Fig. 5.

Fig. 6(a) and (b) show the near field heat flux spectra for
square patch, cross, hole, and complementary bowtie
aperture (CBA) patterns at d=100 nm and 2 um, respec-
tively. The temperatures are fixed at T;=750K and T,
=700 K. The corresponding total heat flux integrated in the
spectral range from 4 x 10 rad/s to 5.4 x 10" rad/s is
presented in Fig. 6(c). Although the results at d=100 nm,
which is much smaller than the period, could overestimate
the heat flux, they are still used to estimate the geometric
effect on NRHT. We see that, firstly, for all designs, two
peaks can be observed. The stronger one on the large fre-
quency/short wavelength side corresponds to the s-polar-
ized surface wave, which outperforms the p counterpart at
small distances. Secondly, we see from Fig. 6(a) that the
peak values are slightly different among four designs and
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Fig. 3. (a) Far field absorption spectra for cross A and cross B that resonate at 10 um. The retrieved and fitted optical properties for (b, c) cross A and (d, e)

cross B.

the CBA absorber produces the strongest peak (at
4.73 x 10" rad/s). It has been noted that a large loss term of
e or u will deteriorate the contribution of surface modes
[30]. Thus, at d=100 nm, the strong s-evanescent mode
from the CBA absorber can be attributed to the relatively
small imaginary part in u~ —1+i0.4 (at 4.73 x 10" rad/s).
For other designs, 1~ —1+i0.5 (at 5.08 x 10' rad/s) for the

square, pu~ —1+i0.84 (at 4.76 x 10" rad/s) for the cross,
and u~ —1+i1.11 (at 4.8 x 10' rad/s) for the hole. Thirdly,
the full width at half maximum (FWHM) bandwidths Aw
are very different, which were found to roughly scale with
the absorption bandwidth shown in Fig. 5. For square, cross,
hole and CBA patterns, the absorption bandwidths Aw are
293 x 103, 243 x 103, 1.55 x 10", and 1.45 x 10" rad/s,
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Table 2
Drude-Lorentz fitting parameters for cross — A and cross — B designs.

£oo wp [rad/s] yp [rad/s] wpe [rad/[s] o, [rad/s] 7e [rad/s]
Cross - A 14 2x 10" 2.8x 10" 6.05 x 10™ 2.09 x 10™ 425 x 10"
Cross - B 14 32x 10" 21x 10" 725 x 10" 2.025 x 10" 6x 10"
Hoo @®p,m [rad/s] @0,m [rad/s] ym [rad/s]
Cross - A 472 143 x 10 1.985 x 10" 5x10'2
Cross - B 416 0.83 x 10 1.978 x 10 5.5 x 102
a 448 4.09 3.77 349
5 1 __um
10° : ]
— 08l —e—square
o 2 L ]
€ 10 N s r 1
RN 9O 06 -
Z 10' N g2 ]
5 10° L § 041 1
L E——prop(A) A < i
§ 10"k —+—sevan (A) = 0'2; - 1
T . MRRE e ot .
< 10 = —o— total (A) 4 42 44 46 48 5 52 54
Z 40L& sewan(B) © [10™ rad/s]
10_4 N 7‘8 7 7‘p‘ (‘3‘\/‘6“[1 (B? N\ Fig. 5. Far field absorption spectra for four designs that resonate near
_ R _ _ 4 um.
107 10°° 10° 10 !
d [m] | .
arger distance of 2 pum, the peaks from evanescent
channels significantly decrease, resulting in similar
b . peak values. However, the difference in bandwidth still
10 N T L B exists, as shown in Fig. 6(b). The net heat flux at dif-
—<— Cross-A ferent distances is computed from the spectral
— 103 —+— Cross-B i response, therefore depending on both the peak value
‘\-'E 0 E v A}J 3 and the bandwidth. Fig. 6(c) shows that at d=2 um, the
E e— SiC ] integrated heat flux roughly scales with the band-
E 1024 3 width, while at d=100 nm, the CBA absorber produces
X F E a relatively large heat transfer because of the strong
o L Moga— 4 s-evanescent peak shown in Fig. 6(a).
' 10" — Q Lastly, we compare the heat flux of SiC to the four MM
% E ] patterns analyzed above, considering temperatures at ;=750 K
= ol NN 1 and T,=700K. Fig. 6(d) shows the heat flux spectra from
%’ 10 2 e % 12x 10" to 54x 10™rad/s between two SiC plates at
E ] d=100nm and 2 pm. The shaded area corresponds to the
107 L MMM L L] L] frequency range wused for MM patterns, namely
107 10 108 10 4% 10"-54 x 10" rad/s. There is no surprise that SiC stll
produces strong surface phonon resonance near 1.8 x 10' rad/s.
d[m] At d=2 pm, the integrated heat flux is 2.21 x 10> W/m?, about

Fig. 4. (a) The net heat flux of different channels as a function of plate
separation for the mid-infrared cross design A. The red and green dash
lines correspond to s- and p-evanescent modes of cross B. (b) Compare
the total heat flux of cross A and cross B with that from two parallel Au
and SiC plates. For all cases in this figure, the temperatures are fixed at T;
=350 K and T,=300 K. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

respectively. The geometric effects on resonance char-
acteristics have also been studied [51], which also
reported that the square patch design has a larger
absorption bandwidth than cross pattern because of
smaller effective mutual and kinetic inductances. At a

10 times that of MM patterns. At a smaller distance d= 100 nm,
the heat flux integrated in the range from 12x 10" to
54 x 10" rad/s is 2.94 x 10* W/m? which is only slightly
higher than the 2.35 x 10* W/m? produced by the patch pat-
tern. For temperatures higher than 800 K or distances less than
70 nm, the MM-based designs provide a higher NRHT than SiC.

4. Conclusion

The MM-based perfect absorbers are applied for
enhancing nanoscale radiative heat transfer, using the
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Fig. 6. The heat flux spectra at (a) d=100 nm and (b) 2 pm for four
designs for 4 um wavelength. The legend is the same for (a) and (b).
(c) The integrated net heat flux at two different distances for four pat-
terns. (d) The heat flux spectra between two SiC plates at two separa-
tions. The shaded area indicates the frequency range used for the four
MM patterns. For all cases, the temperatures are fixed at T; =750 K and T,
=700 K.

effective optical properties retrieved from EMT and the
fluctuation electrodynamics for parallel plate geometry.
The near-perfect absorption by MM, due to the enhanced
strength of surface polaritons, is thus related to the effi-
cient enhancement of the near field heat flux. At small
plate separations, both electric and magnetic surface
modes can contribute to the heat transfer, while the latter
does not exist in natural materials. MMs offer great flex-
ibility for tuning resonance in different frequency ranges
for enhancing heat flux at different target temperatures.
The comparison among different designs reveals that the
bandwidth of heat flux roughly scales with the absorption
bandwidth, which originates from the spatial field dis-
tributions in the unit cell. Therefore, MM absorbers with
perfect absorption as well as a broad resonance peak are
preferable for NRHT.
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