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ABSTRACT

The possibility of engineering near-field thermal radiative properties is investigated by
adjusting design parameters of Mie resonance-based metamaterials. The sensitivities of
surface polariton resonance frequencies, in both transverse magnetic and transverse
electric polarizations, to parameters such as host medium relative permittivity and
particle size and spacing (volume filling fraction) is determined. The sensitivity analysis
is performed using a design of experiments method in combination with Mie resonance
calculations and Clausius-Mossotti mixing relations. Particle size has the greatest effect on
the resonance frequencies, while the volume filling fraction has the least. Based on the
results from the sensitivity analysis, three metamaterials are selected for further analysis.
The physics of these metamaterials is explored by calculating local density of electro-
magnetic states and surface polariton dispersion relation. As predicted by the sensitivity
analysis, the local density of electromagnetic states and dispersion relation calculations
show that Mie resonance-based metamaterials can be tuned to exhibit surface polariton
resonance in the near-infrared spectrum. Energy density calculations show that surface
polariton resonance in the near-infrared can be activated at temperatures as low as 800 K.
Finally, a pathway to implementation of these metamaterials into macroscale engineering
applications is proposed. Such metamaterials, with near-infrared surface polariton
resonance, will significantly impact the development of nanoscale-gap thermophotovol-
taic power generators for recycling waste heat into electricity.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

electric power via a TPV cell [2]. This is appealing as a
renewable energy method because wasted heat can be

Due to increasing worldwide energy demand, great recycled into usable power. When the separation

interest has been placed in the development of low-cost
high-efficiency renewable energy generation technologies
[1]. Thermophotovoltaic (TPV) power generation is one
such technology that converts radiative energy into
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between the radiator and the TPV cell is smaller than
Wien's wavelength, radiation heat transfer enters the
near-field regime [3-11]. In the near field, blackbody
predictions can be exceeded by orders of magnitude as a
result of evanescent wave tunneling. Also, resonant elec-
tromagnetic surface waves referred to as surface polaritons
(SPs) can produce quasimonochromatic radiative transfer
[12,13]. In addition to the inherent benefits of a TPV device
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(quiet, low maintenance, nonpollutant, etc.), a nanoscale-
gap TPV system capitalizing on the enhanced quasimono-
chromatic radiant energy exchange that occurs in the near
field can significantly increase electrical energy genera-
tion. A number of theoretical [14-19] and experimental
[20-22] analyses have been performed showing this
enhanced energy exchange. A recent study has shown,
however, that limitations are inherent with currently
proposed nanoscale-gap TPV systems [23]. TPV cells have
absorption bandgaps around 0.7 eV (1.8 um), which is in
the near-infrared (NIR) spectrum. Radiation at frequencies
below the bandgap of a given cell is not sufficient to
generate electron-hole pairs and results in thermal losses
via absorption by the lattice and the free carriers. Similarly,
excess radiative energy, greater than the bandgap, is also
lost to heat by thermalization [23]. The resultant heating
of the cell due to these aforementioned mechanisms,
combined with heat dissipation via recombination of
electron-hole pairs, induce a significant decrease in
nanoscale-gap TPV power output and efficiency [23].
Therefore, it is imperative that a monochromatic radiation
source in the NIR be found in order to develop viable,
highly efficient nanoscale-gap TPV devices.

Biehs et al. [24], Joulain and Henkel [25], Ben-Abdallah
et al. [26,27], Francoeur et al. [28-30], and Fu and Tan [31]
have explored the possibility of tuning the frequency of SP
driven monochromatic emission. They analyzed the near-
field radiative exchange between various combinations of
multilayered media, showing that, by varying layer thick-
nesses and compositions, near-field radiative emission can
be spectrally tuned. Rodriguez et al. [32] analyzed the
tunability of near-field emission via photonic crystals
with various surface geometry patterns. Ilic et al. [33]
showed that heat exchange by SPs can be tuned by varying
manufacturing parameters of graphene. None of the
materials studied in these works, however, demonstrated
monochromatic NIR emission. West et al. [34] showed that
conductive metal oxides are the only known material to
sustain SP resonance in the NIR. However, their electro-
magnetic response depends heavily on the fabrication
process. In summary, NIR resonance is rarely attained with
naturally occurring materials.

Exotic properties that are not found in natural materials
such as negative refractive index are attainable in electro-
magnetic metamaterials [35,36]. Metamaterials are artificial
media consisting of subwavelength, customizable units, or
“meta-atoms,” that manipulate incoming electromagnetic
fields. Research applications that are significantly affected by
the study of metamaterials include, but are not limited to,
superlenses [36,37] and optical cloaking [36,38]. Customiz-
ing the electromagnetic properties of metamaterials makes
possible the design of near-field thermal radiative proper-
ties, such as media exhibiting resonance in the NIR.

Joulain et al. [39] analyzed near-field radiative heat
transfer between identical metamaterials consisting of
arrays of metallic wires and split ring resonators. Similar
studies were performed by Zheng and Xuan [40,41]. Basu
and Francoeur [42] explored the penetration depth of near-
field heat transfer when exchanged between two semi-
infinite bulks of split ring resonator-wire metamaterial. All
three groups showed that radiative heat exchange was

dominated by SPs in both transverse magnetic (TM) and
transverse electric (TE) polarizations. This additional chan-
nel through which radiative energy transfer occurs (the TE-
polarized SP) is a direct result of macroscale magnetic
responses manifest in these metamaterials, which consist
of microscopically nonmagnetic materials. No mention was
made of tuning electromagnetic properties in any of these
studies.

As an alternative to metal-based metamaterials, Mie
resonance-based metamaterials are made up of particles
within a host medium that manipulate incoming electro-
magnetic fields by scattering. Zhao et al. [43] performed
theoretical analyses on metamaterials consisting of dielec-
tric cubes made of a mixture of a ceramic material
(BagsSrosTiO3) and magnesium oxide in a Teflon host.
Qiu and Gao [44] predicted radiative properties of meta-
materials consisting of metallic-coated and uncoated
dielectric nanospheres. The meta-atoms studied by both
of these groups were arranged in ordered lattices. Wheeler
et al. [45] showed experimentally that radiative properties
can be customized via Mie resonance-based metamaterials
with a random arrangement of dielectric particles. Since
the meta-atoms are nothing more than particles and a host
medium, the macroscopic electromagnetic properties of
these metamaterials are isotropic. Additionally, the fabri-
cation of Mie resonance-based metamaterials is poten-
tially simpler than for metal-based metamaterials, as
discussed at the end of this article.

Francoeur et al. [46] provided the first study in tuning
near-field thermal properties of Mie resonance-based
metamaterials where they considered silicon carbide
nanoparticles within a potassium bromide host medium.
Petersen et al. [47] performed local density of electro-
magnetic states (LDOS) calculations for the same meta-
material. Again, energy exchange was dominated by SPs
in both TM and TE polarizations, showing that macro-
scale magnetic properties were manifest in these Mie
resonance-based metamaterials. Recent studies have
discussed the importance of high-permittivity, low-loss
dielectric materials as candidates for metamaterial com-
ponents with resonance in the infrared (IR) [45,48-55].
Garcia-Etxarri et al. [56] addressed the possibility of
employing silicon (Si) particles. In spite of the moderate
permittivity of Si (~3.5) in the NIR, they were able to
show that it is sufficient to induce resonances via a
metamaterial made up of spherical Si particles with a
radius r¢=200 nm.

The objective of this work is to demonstrate the
tunability of near-field thermal emission by Mie
resonance-based metamaterials in the NIR bandwidth
while showing the sensitivity of emission to adjustable
metamaterial parameters, namely, particle diameter, host
medium permittivity, and particle volume filling fraction.
The metamaterials analyzed are made up of Si nano-
spheres. A design of experiments (DOE) analysis is per-
formed to quantify the effects of varying each parameter
on the SP resonance frequencies w, of the metamaterials.
The effect of varying these parameters on the radiative
properties is thoroughly explored by LDOS, SP dispersion
relation, and energy density analyses on selected meta-
materials.
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A method for the direct calculation of near-field thermal
emission by particulate media, e.g., Mie resonance-based
metamaterials, is not currently found in the literature. There-
fore, quantities such as LDOS and energy density are pre-
dicted in this paper using effective medium properties
determined with the Clausius-Mossotti (CM) mixing rela-
tion. In spite of limiting assumptions in the formulation of
the CM relation, the results will provide general trends and
significant insights into SP resonance frequencies of meta-
materials. Additionally, the results from these predictions
will be beneficial when assessing the validity of the effective
medium theory when direct calculation of near-field thermal
emission by particulate media will be possible.

This paper is structured as follows. Following this
introduction, the physical and mathematical description
of the problem is given. Then, in the results section, three
metamaterials are selected for further exploration based
on the DOE analysis. LDOS, dispersion relation, and energy
density calculations are performed on these three meta-
materials and the results are discussed. In the fourth
section, a technique for fabricating the Mie resonance-
based metamaterials discussed in this paper is proposed.
This technique is based on directed self-assembly using
ultrasound waves. Finally, the results of the analyses are
summarized in the conclusions.

2. Physical and mathematical description of the problem

Considered herein is an emitting bulk material in
vacuum. The bulk is assumed semi-infinite with the
bulk-vacuum (medium 1-medium 0) interface being
smooth (see Fig. 1). Assuming a cylindrical coordinate
system, the interface is azimuthally symmetric (along the
6 direction) and infinite along the radial p direction.
Therefore, results from these analyses depend solely on
the z direction. The emitter is in local thermodynamic
equilibrium and at temperature T;. Electromagnetic prop-
erties of the emitter are homogeneous, isotropic, and
described by spatially local and frequency-dependent
relative electric permittivity e;(=¢; +ie;) and relative
magnetic permeability u(=u] +iu}). For convenience,
from this point forward, the term “relative” will be omitted
when referring to permittivity and permeability.

The thermal near field generated by the bulk at a
distance A in vacuum, as shown in Fig. 1, is characterized
by the energy density. The spectral energy density for
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Fig. 1. Problem geometry and configuration.

media with arbitrary permittivity and permeability,
derived from fluctuational electrodynamics, is [47]:
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where k, is the vacuum wavevector, k, and k, are respec-
tively the parallel and normal components of the wave-
vector, while rf¥ and rff are the medium 0-1 interface
Fresnel reflection coefficients in TM and TE polarization,
respectively. The spectral energy density can also be
written as the product of the spectral LDOS N,(A) and
the mean energy of a Planck oscillator in thermal equili-
brium ©(w, T1). Throughout these analyses, LDOS contribu-
tions from the emitting medium only are considered. LDOS
contributions from free space and those reflected by the
interface are intentionally omitted since the principal
purpose of this work is to evaluate harvestable energy
from the bulk. Just as the LDOS provides the possible
energy that may be harvested from an emitting surface,
the energy density quantifies the thermally activated
energy for a specific temperature T, [4].

The emitting bulk is a Mie resonance-based metama-
terial, defined by a number of parameters such as host
permittivity and particle permittivity, size, size distribu-
tion, shape, orientation, arrangement, and spacing. The
effective permittivity and permeability of the bulk are
calculated using the scattering-corrected CM relations
[57]:

B -1
€1 _ k(L _\_N
en _1+N|:i6ﬂ <(11 1> 31 23

k (1 AN
67 (E_ >_ 3
where ¢, and y, are, respectively, the permittivity and
permeability of the host medium, N(=1/a®) is the
number of inclusions per unit volume, a is the lattice
constant, kj, is the magnitude of the wavevector in the host
medium, and a; and b; are the first order Mie scattering
coefficients [58]. Wheeler has shown that, when within
the long-wavelength regime, i.e., A, > a > 2rs with 1, as the
wavelength in the host medium, the permittivity and
permeability can be considered isotropic [57]. Note that
the CM model is only applicable to meta-atom configura-
tions in which the volume filling fraction is significantly
smaller than unity [36]. Effective medium calculations are
the foundation of electromagnetic metamaterial studies as
they draw from the microscale properties of the constitu-
ents to determine a macroscale homogeneous set of
effective properties for the composite medium. However,
at scales on the order of the meta-atom the effective
medium approach loses accuracy, resulting in spatially
dependent electromagnetic properties. Although such
might be the case for near-field calculations, a full analysis
of these spatial effects is beyond the scope of this work
and is left to a future effort.
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In this work, a number of metamaterial parameters are
constrained, leaving three as variables for the sensitivity
study. Si is selected as the particle material since it
demonstrates moderate NIR permittivity and, thus, the
potential for strong resonance in that bandwidth [56].
Note that over a large portion of the NIR spectrum, the
complex refractive index of Si is obtained from the
experimental work of Basu et al. [13]. At IR frequencies
between 0.5 x 10" and 3.5 x 10'® rad/s (0.5-3.8 pm) for
which these data are lacking, properties from Palik [59] are
used. Due to the assumptions of the CM model, the general
geometric configuration of the meta-atom is fixed as
spheres of uniform size arranged in a simple cubic lattice.
The spacing, and hence the volume filling fraction, and size
of the spheres are not fixed. In summary, host permittivity
ep, sphere radius, and volume filling fraction F are selected
as variable design parameters of a Mie resonance-based
metamaterial.

Additionally, dispersion relation analyses are per-
formed to understand the physics of an emitting metama-
terial bulk. Petersen et al. [47] detailed the derivation of
the SP dispersion relation that accounts for losses in the
emitter for both polarization states. The following condi-
tions apply to TM polarized SP dispersion:

1. njn] must be close to zero,
2. &, must be close to zero,
3. the tangential wavevector k, must be defined as
124912 ’ 2 72
2 €N —€pM'{—n"])
Ky ——— €)

kﬁ =
17€0

&€

4. and, for emitting into vacuum,
e <—1 andn?-n"? <1 (4a)
or

—1<e <0 andn?—n"? >1 (4b)

where n; (=n;+in; = /&p;) is the refractive index of
medium i and ¢y (=1) is the vacuum permittivity. Note
that the above discussion is equally applicable for TE
polarized SPs when e terms are replaced with p.

The most significant contribution to near-field energy
exchange emerges from the resonance of SPs when
|dk,/dw|—>oco where o is the angular frequency. The
denominator of Eq. (3) shows that this occurs when
e;=—1 (or when ;=1 for TE polarization). However,
conditions 1 and 2 also state that the losses must be small
for SPs to exist and, hence, for resonance to occur.

3. Results
3.1. Design of experiments

The primary intent of this work is to explore the
sensitivity of Mie resonance-based metamaterial design
parameters on the TM and TE polarized SP resonance
frequencies w, v and o, rg, respectively. DOE is often used
to determine the effects of input variation on a set of
experiments. As discussed in Section 2, the variable inputs
for this sensitivity study are sphere radius, host

permittivity, and volume filling fraction and the experi-
ments are theoretical calculations of SP resonance fre-
quencies. These calculations are carried out by first using
Mie coefficients and the CM mixing equations to predict
the effective permittivity and permeability of the meta-
material

(Egs. (2a) and (2b)). With the effective properties known, the
resonance frequencies are determined by locating where, for
TM polarization, £; = —1 and njn] and ¢] are small and, for
TE polarization, 4; = —1 and njnj and 4 are small.

It is important to note that these effective medium
calculations are meant to establish only a first order
projection of the relationship between the variable inputs
and the SP resonance frequencies. Since, as mentioned
above, only the first order Mie coefficients for Si spheres
are employed in the DOE analysis. Higher order Mie
coefficients are required to accurately predict the electro-
magnetic response of a sphere the size of which is similar
to the field wavelength. Hence, the more detailed LDOS
analyses, described in Section 3.2, include a thorough
review of the higher order Mie coefficients to maximize
the accuracy of the results.

Since a DOE analysis includes calculating the variation
of an output due to the perturbation of its inputs, ranges
must be established for each of the input variables.
A minimum sphere radius of 141 nm is selected since it
is the smallest sphere radius that produces a resonance
within the NIR spectral band (0.75-2.51 x 10'® rad/s or
0.75-2.50 pm). A maximum sphere radius of 500 nm is
near the largest size of Si spheres that is easily procured
from current nanoparticle suppliers. Larger Si spheres are
manufacturable, but at considerable cost and effort.
A volume filling fraction range of from 0.1 to 0.4 is chosen
to thoroughly explore the limits of the CM mixing equa-
tions. The host permittivity ranges from 1 (that of vacuum)
to 5.96, which is the maximum that results in a NIR
resonance.

The only information extracted from the DOE analysis
is the main effects, i.e., the sensitivity of the three
metamaterial design parameters on the SP resonances.
The main effect of a given design parameter is the average
change in predicted resonance frequency for all other
design parameter combinations in which the given para-
meter changes from its minimum to its maximum [60]. For
example, the main effect of sphere radius on TM resonance
is the average change in TM resonance accompanying a
change in sphere radius from 141 (minimum) to 500 nm
(maximum) over four separate cases: (i) e,=1.00 (mini-
mum) and F=0.1 (minimum); (ii) &, =1.00 (minimum) and
F=0.4 (maximum); (iii) e,=5.96 (maximum) and F=0.1
(minimum); (iv) e,=5.96 (maximum) and F=0.4 (max-
imum). The 23 factorial analysis is a form of DOE analysis
that involves calculating every combination of the maxima
and minima of three variable design parameters, making
the total number of resonance predictions eight (=23).
This combination of predictions provides sufficient data to
successfully evaluate the main effects as defined above.

For each of the three metamaterial parameters, main
effects for both the TM and TE SP resonances are calcu-
lated. Table 1 shows the results for the TM and TE
predictions. The larger the magnitude of the main effect,
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the more strongly the design parameter correlates with
the resonance frequency. A negative main effects value
implies that the resonance, on average, decreases with an
increase in the design parameter. As can be seen in Table 1,
sphere radius has the most significant effect on the
resonance in both polarizations. Conversely, the effect of
the filling fraction is two orders of magnitude smaller than
that of the sphere radius. For TM polarization, both volume
filling fraction and host permittivity show main effects
nearly two orders of magnitude smaller than sphere
radius. The host medium permittivity has a greater influ-
ence on the TM resonance than on the TE.

Since the sensitivity to the volume filling fraction is
relatively small, the resonances can be visualized with
two-dimensional surface contours as functions of sphere
radius and host medium permittivity. Six sphere radii and
six host permittivities (making 6>=36 resonance calcula-
tions for each polarization) equally-spaced within the
ranges specified for the DOE analysis are analyzed and
charted as the response surfaces. The volume filling frac-
tion for these calculations is held at 0.4. The surfaces are
shown in Fig. 2.

As seen in Fig. 2, the TM polarized SP resonance
frequency is less affected by variations in the host permit-
tivity than the TE, which is also observed in Table 1.
Figure 2 shows that the sphere radius is the most
significant contributor to the tunability of resonance
frequencies in the metamaterial. At a host relative permit-
tivity of about 4.5, an overlap occurs where both TM and
TE resonances appear at the same frequency. This overlap
is also relatively independent of sphere radius.

Using the results from the DOE analysis, three meta-
materials of interest are selected for further exploration.

Table 1
Results of TM and TE polarized SP resonance frequency DOE analysis.

TM main effect TE main effect

Design parameter (rad/s) (rad/s)

—1.10 x 10"
216 x 10"

2.79 x 10

Sphere radius rg —~1.39x 10"
Volume filling fraction F —2.30 x 10"
Host medium

_ 13
permittivity e, 62010

15
x 10

B

200 100

300
r, [nm]

400

0 500

Fig. 2. TM and TE polarized SP resonance frequency as functions of
sphere radius and host medium permittivity.

These metamaterials are strategically selected to further
prove, with a more in-depth analysis, two of the conclu-
sions from the sensitivity analysis: the volume filling
fraction is weakly correlated with the SP resonance fre-
quency and the sphere radius strongly. Metamaterial #1 is
made up of 230-nm radius particles within a theoretical
nonmagnetic host medium with a permittivity of 1.0; the
volume filling fraction is 0.4. The particles in Metamaterial
#2 are also 230 nm in radius. The host permittivity is also
1.0 and the volume filling fraction 0.1. Metamaterial #3
consists of 150-nm radius particles in a host of permittivity
1.0 with a volume filling fraction of 0.4. To better under-
stand the physics of what is predicted by the effective
property calculations, LDOS and dispersion relation ana-
lyses are performed on these three metamaterials.

It is important to note that a large number of metama-
terials described by the contours shown in Fig. 2 should
not be further analyzed unless a method is employed that
accounts for multipole phenomena. These metamaterials
result in significant higher order Mie coefficients that
render the CM mixing relation insufficient as it is
described herein. Among said metamaterials are those
aligned with the TE and TM polarized SP resonance
frequency overlap at e,~4.5.

3.2. LDOS calculations

In this section, the aforementioned metamaterials are
analyzed further via LDOS profiles. Higher order Si sphere
Mie coefficients are thoroughly reviewed for each of the
metamaterials to justify the use of only the first order
coefficients in Eqgs. (2a) and (2b). According to the criteria
for the existence of SPs listed in Section 2, dispersion
relation analyses are also performed [47]. Results are
overlaid with the spectral LDOS per unit tangential wave-
vector N,(k,). The maximum allowable wavevector for
electromagnetic waves in amorphous Si, based on the
approximate atomic spacing of 2.7 A, is 3.7 x 10° rad/m
[61,62]. All data presented herein fall below this critical
value.

3.2.1. Metamaterial #1

The spectral LDOS per unit tangential wavevector (at
A=50nm) and dispersion relation for Metamaterial #1
are shown in Fig. 3(a), while the spectral LDOS (integrated
over all tangential wavevectors) are shown in Fig. 3(b). The
vacuum light line is compared to the metamaterial light
line and the dispersion relation (Eq. (3)) for TE polarized
SPs k,r¢. Note that the emitter and vacuum light lines k.
and k,, respectively, are included in the analysis to
delineate the different wave modes at the interface 1-0.
Assume the vacuum light line is smaller than that of the
emitter. Waves found to the left of the vacuum light line
are propagating on both sides of the interface. Total
internal reflection (TIR) occurs between the vacuum and
metamaterial light lines, where evanescent waves are
found on the vacuum side and reflected propagating
waves on the emitter side of the interface. Waves are
evanescent on both sides of the interface when located to
the right of the emitter light line, where SPs may exist.
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Fig. 3. (a) Metamaterial #1 spectral LDOS per unit tangential wavevector
at A=50nm and SP dispersion relation. (b) Metamaterial #1 spectral
LDOS. Near- (green solid) and far-field (black dash-dot) spectra for the
metamaterial are compared to the near-field spectra of a Si bulk (red dot).
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Finally, TIR is not possible if the vacuum light line is
greater than the emitter light line.

Figure 4 shows the spectral distribution of the first and
second order Mie coefficients (ay, by, a,, and b,) for a 230-
nm Si sphere between 1.00 x 10" and 1.41 x 10" rad/s
(1.88 and 1.34 pm). The first order Mie coefficient b;
reaches a maximum at 1.13 x 10" rad/s, which coincides
well with the TE polarized SP resonance frequency found
at 1.16 x 10" rad/s. Over this spectral band, the second
order coefficients (a, and b,) are never more than 10% of
the first order coefficients, showing that higher order
contributions to Eqs. (2a) and (2b) can be neglected.

As seen in Fig. 3(a), horizontal quasiasymptotes in the
metamaterial light line at 1.09 x 10" and 1.40 x 10" rad/s
(1.73 and 1.35 pm) result in significant LDOS due to TIR.
The prefix “quasi” is used since the dispersion relation
analysis conducted herein accounts for losses and an
infinite wavevector is impossible in a lossy medium.
A potential NIR resonance frequency is shown at
1.16 x 10" rad/s (1.62 pm) where the TE polarized SP
dispersion relation reaches a quasiasymptote. A close
inspection of the losses for this metamaterial (see Fig. 5)
shows that the quasiasymptote at 1.16 x 10" rad/s is
indeed SP-driven since p; and njnj are close to zero
(2.07 x10~° and 5.88 x 10~ '°, respectively) at that fre-
quency. Immediately neighboring the TIR region that

10°
10
102 _—==-—"" Si spheres
r =230 nm
g,= 1.0
10-3 1 1 1 1
1.0x10" 1.1x10" 1.2x10" 1.3x10" 1.4x10"
 [rad/s]

Fig. 4. Metamaterial #1 spectral first and second order Mie coefficients.
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0 |
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Fig. 5. Metamaterial #1 losses.

peaks at 1.40 x 10%° rad/s is a grouping of TM polarized
SPs that do not reach a resonance within this
spectral band.

Near- (at A=50nm) and far-field spectral LDOS are
compared with near-field LDOS (also at A=50 nm) for a Si
bulk in Fig. 3(b). At 50 nm, the metamaterial shows a
significant LDOS peak at 1.16 x 10'® rad/s, which agrees
perfectly with the resonance frequency calculated by the
dispersion relation analysis (see Fig. 3(a)). This peak is
accompanied by a smaller local maximum, which aligns
with one of the TIR regions in Fig. 3(a). The far-field LDOS
distribution is smaller over the entire bandwidth, as
expected, since evanescent waves do not contribute to
the electromagnetic states at large distances from the
emitter. Within the SP bandwidth, the far-field LDOS is
negligible. A close observation of the Si distribution
relative to that of the metamaterial shows how much
near-field energy exchange enhancement is possible due
to metamaterial sustained SPs.

3.2.2. Metamaterial #2

The SP dispersion relation and spectral LDOS per unit
tangential wavevector (at A=50 nm) for Metamaterial #2
are shown in Fig. 6(a). A SP dispersion relation quasia-
symptote is seen at 1.14 x 10'® rad/s (1.65 pm) in TE polar-
ization. The losses for this metamaterial are small at this
frequency (4, =1.00 x 1078, njn} =6.98 x 10~°); therefore,



S.J. Petersen et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 129 (2013) 277-286 283

&
32
5 3
=
2
Z
105
g
g
g
| 157
0 0.5 1 1.5 2 2.5 3
kp [rad/m] X107
mes s Metamaterial far field
Metamaterial (A = 50 nm)
- 3 A ........... Sl (A =50 nm) 7
E 10°F f
% Bommimm ;
& i
=Sk i
:10°F i
= : Sispheres g = 1.0
3 i r,=230nm F=0.1 1
10° L3 . . .
1.0x10" 1.1x10" 1.2x10" 1.3x10" 1.4x10"
 [rad/s]

Fig. 6. (a) Metamaterial #2 spectral LDOS per unit tangential wavevector
at A=50nm and SP dispersion relation. (b) Metamaterial #2 spectral
LDOS. Near- (green solid) and far-field (black dash-dot) spectra for the
metamaterial are compared to the near-field spectra of a Si bulk (red dot).
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

it is deemed a SP resonance. A horizontal quasiasymptote
in the metamaterial light line at 1.12 x 10'® rad/s aligns
with significant LDOS due to TIR and is adjacent to the SP
resonance. As previously stated, the first order Mie coeffi-
cient b; for a 230-nm Si sphere is maximum at
1.13 x 10" rad/s, which is closely aligned with the TE
polarized SP resonances of both Metamaterial #1
(116 x 10 rad/s) and #2 (1.14 x 10" rad/s). The slight
discrepancy between Metamaterials #1 and #2 indicates
that, although the Mie coefficients drive the predictions,
applying the CM mixing relation results in amplification of
the resonance frequencies. Also mentioned previously,
second order Mie coefficients are no more than 10% of
the first order coefficients within this spectral band.

The Metamaterial #2 spectral LDOS for both the near
(at A=50nm) and far field is shown in Fig. 6(b) and
compared with that of a Si bulk at 50 nm. A significant
peak in the metamaterial near-field LDOS is found at
1.14 x 10" rad/s, which agrees perfectly with the reso-
nance predictions from the dispersion relation analysis
(see Fig. 6(a)). Metamaterial #1 exhibits SP resonance at
nearly the same frequency —1.16x 10" rad/s
(see Fig. 3(b)), further proving that the volume filling
fraction has little effect on the SP resonance since the only
configurational difference between Metamaterials #1 and
#2 is the volume fraction (0.4 and 0.1, respectively). A
smaller local maximum accompanies this resonance peak
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Fig. 7. (a) Metamaterial #3 spectral LDOS per unit tangential wavevector
at A=50nm and SP dispersion relation. (b) Metamaterial #3 spectral
LDOS. Near- (green solid) and far-field (black dash-dot) spectra for the
metamaterial are compared to the near-field spectra of a Si bulk (red dot).
(For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

at 1.12 x 10 rad/s, which aligns with the TIR region seen
in Fig. 6(a). Far-field LDOS is smaller than that of the near
field and at all SP frequencies is negligible. A comparison
between the Si and metamaterial LDOS distributions again
shows the possible marked improvements to near-field
energy exchange by Mie resonance-based metamaterials

3.2.3. Metamaterial #3

Figure 7(a) charts the spectral LDOS per unit tangential
wavevector (at A=50nm) and SP dispersion relation for
Metamaterial #3. A horizontal quasiasymptote is found
on the metamaterial light line at 1.64 x 10'° rad/s (1.15 pm),
where significant LDOS due to TIR is also found. A SP
dispersion relation quasiasymptote found at 1.73 x
10" rad/s (1.09 pm) corresponds with small losses (u)=
3.71 x 1074, njn}; =6.54 x 10~ *), making it a true SP reso-
nance. The first order Mie coefficient b, for a 150-nm Si
sphere reaches a maximum at 1.70 x 10%° rad/s, which is
closely aligned with this TE polarized SP resonance. Higher
order 150-nm Si sphere Mie coefficients are small enough,
relative to the first order coefficients, that their contribu-
tion is negligible over this spectral band. Neither the
spectral losses nor higher order Mie coefficients are shown
herein.

Spectral LDOS for Metamaterial #3 in the far field and at
50 nm are compared to that of a Si bulk at 50 nm in Fig. 7(b).
A significant near-field LDOS peak for the metamaterial is
found at 1.73 x 10" rad/s, which aligns with the dispersion
relation analysis resonance prediction (see Fig. 7(a)). A more
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significant change in the SP resonance frequency with respect
to Metamaterial #1 (1.16 x 10'® rad/s—see Fig. 3(b)) is evident
with Metamaterial #3 than with #2 (1.14 x 10" rad/s—see
Fig. 6(b)), showing that the sphere radius has a larger effect
on the SP resonance frequency than the volume fraction. A
smaller local maximum at 1.64 x 10'® rad/s aligns well with
the emitter light line horizontal quasiasymptote in the
dispersion relation and is attributed to TIR. The far-field
metamaterial LDOS is again negligible over the SP domain.
Outside of the SP domain, the metamaterial maintains far-
field LDOS markedly smaller than in the near field as
expected. The Si bulk shows near-field LDOS similar to but
only slightly smaller than the metamaterial over the majority
of the bandwidth since, with such a relatively large volume
fraction of Si particles, the metamaterial is expected to
approach the characteristics of bulk Si. The only exception
to this observation is within the SP and TIR regions, where
near-field effects dominate the LDOS.

An additional exploration of Metamaterial #3 is con-
ducted by calculating the energy density to examine the
temperature dependence on thermal activation of the
nearly monochromatic TE polarized SP resonances dis-
cussed above. Figure 8 shows the energy density of
Metamaterial #3 for T;=700, 800, and 900K with
A=50nm. At 700K, the peak energy density is at the
edge of the spectral band, 1.00 x 10'° rad/s (1.88 ym). The
SP resonance at 1.73 x 10" rad/s is not significantly acti-
vated at this temperature. When the temperature is
increased to 800K, the SP resonance barely dominates
the density spectra, overcoming the local maximum found
at 1.00 x 10'® rad/s. By the time the temperature reaches
900 K, the local peak at 1.00 x 10'® rad/s is completely
drowned out by the resonance by almost a factor of three.
Without the resonance - that is now shown to be easily
tuned using Mie resonance-based metamaterials - ther-
mal activation of 1.73 x 10" rad/s would not occur until
T1=2660 K. A low-temperature NIR resonance such as this
will significantly impact nanoscale-gap TPV power gen-
eration, as it can allow for electrical power generation by
these devices at temperatures 1760 K lower than with
commonly employed materials.

A close inspection of the distributions in Figs. 3(a), 6(a),
and 7(a) reveals that the immense LDOS values surround-
ing the SP dispersion relations are barely visually
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Fig. 8. Metamaterial #3 energy density spectra at T;=700, 800, and
900 K.

perceivable. In other words, a large, narrow peak of LDOS
follows these dispersion curves. In order to generate the
corresponding spectral distributions shown in Figs. 3(b),
6(b), 7(b), and 8, integration over all tangential wavevec-
tors in Figs. 3(a), 6(a), and 7(a) is required (see Eq. (1)).
Since the LDOS peaks are so narrow near the SP dispersion,
a standard discretization scheme, starting with k,=0,
marching toward k, —oco, with a small Ak, proves extre-
mely inefficient. Unless Ak, is dramatically small, which
significantly effects the computation time, the entire LDOS
peak is overlooked. To both mitigate this inaccuracy and
decrease computation time, the integrations are per-
formed starting at the LDOS peak maxima (according to
the SP dispersion relation (Eq. (3))), marching outwards, in
both directions, until convergence.

4. Fabrication of Mie resonance-based metamaterials

To take advantage of the exotic properties of Mie
resonance-based metamaterials in real engineering appli-
cations, fabrication of macroscale specimens is necessary.
Very few experimental works have been reported in the
literature that demonstrate fabrication of dielectric meta-
materials. Schuller et al. [53] measured IR extinction
spectra of single whisker-shaped silicon carbide particles,
and identified three resonant modes. The authors showed
that these modes may be employed for designing
dielectric-based metamaterials with negative index of
refraction. Wheeler et al. [45,57] performed IR measure-
ments on metamaterial samples prepared by mixing
silicon carbide and potassium bromide powders pressed
into a pellet. The reflectance spectrum, in good agreement
with the theoretical predictions, showed that the meta-
material exhibits electric and magnetic resonances in the
IR. Ginn et al. [63] measured transmittance and reflectance
of metamaterials made of tellurium cubic inclusions
coated on a film. The samples were fabricated using
lithography techniques. However, none of the fabricated
samples described in [45,53,57,63] can be used for real
engineering applications because of scale and other
restrictions. Electron beam lithography [64] has also been
suggested as a fabrication technique for dielectric-based
metamaterials. This technique allows covering a macro-
scale area, but the thickness of the resulting samples is
limited. Increasing the thickness requires accurate align-
ment between different individual layers of material sub-
sequently deposited. Furthermore, it was suggested that
fabrication techniques used for metamaterials with metal-
lic inclusions [65] are transferrable to the fabrication of
dielectric (Mie resonance-based) metamaterials, such as
interferometric lithography [66], and two photon poly-
merization [64]. A careful review of recent literature shows
that no demonstration of macroscale (volume) dielectric
metamaterial fabrication exists.

A novel method to manufacture macroscale metama-
terial specimens is proposed here. This approach promises
a solution for the scalability limitation of existing fabrica-
tion methods, and is based on the acoustic radiation force
associated with a standing pressure wave. Gor'kov [67]
showed that in an inviscid medium, the acoustic radiation
force acting on a spherical particle with radius R can be
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expressed as the negative gradient of the force potential
F = —VU for an arbitrary direction x:

R? .
Fx = "3-Pukbmd sin (2K, 6)

where py, is the peak pressure amplitude, ky = 27/, is the
wave number, and 4, is wavelength in the x-direction.
B =1/pnc?, is the compressibility of the medium, p,, and
cm are the density and the sound propagation velocity of
the medium. The subscript x refers to the propagation
direction of the wave. As a result of the acoustic radiation
force, particles are driven towards the nodes (® > 0) or the
antinodes (® < 0) of the standing pressure wave [68]. ® is
the acoustic contrast factor given by

®— SPp_zpm _ ﬁ7p

- i 6
2pp +pm Pm ©

where g, =1 /ppcg is the compressibility, p, the density,
and ¢, the sound propagation velocity of the spherical
particle.

Using three orthogonal resonators, piezoelectric crys-
tals in this instance, a 3D standing wave pattern can be
established in a square reservoir containing a dispersed
solution of particles and a polymer host medium. The 3D
standing wave pattern can be designed to match the
designs of the metamaterials described in Sections 2 and
3 of this paper. The acoustic radiation force associated with
the ultrasound standing wave pattern drives the dispersed
particles to the nodes of the interference pattern where
they accumulate. This has previously been demonstrated
in Ref. [69] and is conceptually illustrated in Fig. 9. When
the particles have accumulated at the nodes of the stand-
ing wave interference pattern, the polymer is cross-linked
to fixate the clusters of particles in place, constituting a
macroscale Mie resonance-based metamaterial.

5. Conclusions

The tunability of the electromagnetic properties of Mie
resonance-based metamaterials is demonstrated. A DOE
analysis is conducted to quantify the sensitivity of adjus-
table metamaterial design parameters, i.e., particle size
and spacing and host permittivity, on TM and TE polarized
SP resonances. The DOE analysis, in conjunction with Mie
resonance calculations and CM mixing relations, shows
that particle size has the greatest effect on resonance
frequencies by nearly an order of magnitude. When host
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Fig. 9. 3D macroscale metamaterial fabrication technique based on
ultrasound standing pressure waves.

permittivity is approximately 4.5, TM and TE polarized SP
resonances are found at the same frequency.

Three metamaterials are selected from the results of
the sensitivity analysis to further explore their near-field
physics. LDOS and SP dispersion relation analyses are
performed on these metamaterials to confirm the exis-
tence of resonance conditions. NIR resonance frequencies
in TE polarization are found with these metamaterials at
1.14 x 10'°,1.16 x 10" and 1.73 x 10" rad/s. The two meta-
materials showing nearly identical SP resonances (#1 at
116 x 10" and #2 at 1.14 x 10" rad/s) differed only by
volume filling fraction (0.4 and 0.1, respectively). Metama-
terial #3 shows a different resonance frequency at
1.73 x 10 rad/s and differs from the other two by the
sphere radius (150 nm for #3 vs. 230 nm for #1 and #2).
These results further prove the conclusions set forth by the
DOE analysis that the volume filling fraction has little
effect on the SP resonance while the sphere radius has a
larger effect.

One of the Mie resonance-based metamaterials studied
in this paper demonstrates thermally activated SP reso-
nance at temperatures more than 1700 K lower than in Si.
This metamaterial shows a SP resonance in the NIR that is
activated at 800 K, dominating the spectral distribution of
energy density. Without the SP resonance, a dominant
energy density in the NIR does not occur until 2660 K.

The results presented in this paper show that near-field
radiative properties of Mie resonance-based metamater-
ials are tunable by adjusting design parameters such as
host permittivity and particle size and spacing. A fabrica-
tion method is proposed for implementing these metama-
terial designs in macroscale engineering applications. And,
with the advent of these metamaterials in the fabrication
of nanoscale energy devices, SP resonances can be tuned to
within the NIR, making monochromatic energy transfer
available at temperatures as low as 800 K.

The validity of the effective medium theory technique
employed in these analyses, the CM mixing relation, is
questionable in the near field of metamaterials. However,
this approach is the only method currently available for
predicting near-field thermal emission by particulate
media. SP resonance frequency trends presented herein
will provide significant insight into near-field capabilities
of thermally emitting metamaterials. Additionally, these
results will aid in assessing the validity of the effective
medium theory when direct calculation of near-field
thermal emission by particulate media will be tractable.
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