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ABSTRACT We theoretically and experimentally study electro-
magnetic properties of a novel mid-infrared metamaterial: opti-
cally thin silicon carbide (SiC) membrane perforated by an array
of sub-wavelength holes. Giant absorption and transmission is
found using Fourier transformed infrared (FTIR) microscopy
and explained by introducing a frequency-dependent effective
permittivity gefr(w) of the perforated film. The value of eefr(w)
is determined by the excitation of two distinct types of hole
resonances: delocalized slow surface polaritons (SSPs) whose
frequencies are largely determined by the array period, and a lo-
calized surface polariton (LSP) corresponding to the resonance
of an isolated hole. Only SSPs are shown to modify eefr(w)
strongly enough to cause giant transmission and absorption. Be-
cause of the sub-wavelength period of the hole array, anomalous
optical properties can be directly traced to surface polaritons,
and their interpretation is not obscured by diffractive effects. Gi-
ant absorbance of this metamaterial can be utilized in designing
highly efficient thermal radiation sources.

PACS 41.20.Cv; 42.70.Qs; 71.45.Gm

1 Introduction

Diffraction of light is the major obstacle to increas-
ing the density of optical circuits and integrating them with
electronics [1]: light cannot be confined to dimensions much
smaller than half of its wavelength A. Utilizing materials with
a negative dielectric permittivity circumvents the diffraction
limit because interfaces between polaritonic (¢ < 0) and di-
electric (¢ > 0) materials support quasi-electrostatic waves
(surface polaritons) that can be confined to sub-A dimen-
sions. Negative ¢ can be due to either collective oscillations
of conduction electrons (plasmons) in metals [2] or lattice vi-
brations (phonons) in polar crystals such as ZnSe, SiC, and
InP [3]. Both metallic and SiC interfaces have been shown to
guide surface plasmon and phonon polaritons over long dis-
tances [4—6], support negative-index waves [7-9], and serve
as elements of a super-lens [10—12]. Thus, significant effort
has been directed toward studying basic polaritonic compo-
nents: grooves in metal films [13], nanoparticle-film polari-

B Fax: +1-512-471-6715, E-mail: gena@physics.utexas.edu

tons [14], hole arrays [15, 16], and single holes [17]. One-
dimensional photonic structures (linear grooves) fabricated
on top of polaritonic materials,such as SiC, have also been
suggested [18] as sources of coherent thermal radiation.

Sub-A hole arrays were the first objects to attract sig-
nificant attention after the discovery of extraordinary optical
transmission [15] through perforated optically thick metal-
lic films and controversy ensued [19, 20] regarding the role
of surface polaritons in transmission enhancement. The diffi-
culty with interpreting the role of surface polaritons (SPs) in
transmission through optically thick (Agin = A/474/]6] < H,
where H is the film thickness) films arises because holes in
a perfect conductor can mimic surface polaritons [21], es-
pecially when A is nearly equal to array period L. No such
spoofing occurs for optically thin films.

In this paper we report the results of the spectroscopic
study of optically thin perforated SiC membranes with hole
diameter D <« A and period L < A. SiC is chosen because
of its low losses [3] and the possibility of growing high
quality thin SiC films on Si substrates [22]. While the ma-
jority of surface phonon polariton experiments to-date have
been conducted with SiC substrates [3, 6, 18], thin SiC mem-
branes hold a greater promise for fabricating novel multi-layer
nanophononic structures [12]. Using FTIR microscopy, we
demonstrate, in adjacent frequency ranges, giant transmission
and absorption of the incident radiation. Both phenomena are
shown to be caused by the excitation of quasi-electrostatic
SPs. It is shown that a perforated film can be described as
a metamaterial with the effective permittivity e.fr = &, + ie;
strongly modified by the excitation of SPs. Regions of giant
transmission and absorption are related, respectively, to the
lowering of |&;| and increase of ¢;.

In addition, we show theoretically that two types of SPs are
supported by the hole arrays in a polaritonic membrane: local-
ized surface polaritons (LSPs) and delocalized SSPs. The fre-
quency of the LSP depends on the geometric shape of the hole,
is independent of the array period, and, in contradiction to
earlier reports [17], belongs to the frequency range for which
0 > esic(w) > —1. In this frequency range SSPs are not sup-
ported by a flat (non-perforated) film. Therefore, the LSP can
be viewed as a defect state, where the defect is a single hole
punctured in a thin film. To the contrary, the frequency of the
SSP on a perforated film is close to that of the smooth film SSP
(even-parity surface phonon polaritons) whose wavenumber
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k =2m/L is determined by the array period. It is shown that
SSPs play the dominant role in determining ¢ of the film.

From the standpoint of fundamental science and applica-
tions, three goal are accomplished by this work. First, it is
shown that optical properties of sub-wavelength metamate-
rials can be engineered using film perforation. Second, the
fundamental role played by surface polaritons in extraordi-
nary transmission through sub-wavelength hole arrays is il-
luminated. Third, giant absorbance (close to 50%) of very
thin (about A/25) photonic crystals is experimentally demon-
strated and theoretically interpreted. Because by Kirchhoff’s
emissivity of an object is equal to its absorbance, one can
design metamaterials whose emissivity approaches that of
ablack body in selected spectral ranges controlled by the hole
size and spacing.

2 FTIR spectroscopy of perforated SiC membranes:

experimental results

Square arrays of round holes were milled in a sus-
pended SiC membrane by a focused ion beam (FIB) system
(FEI Strata 235). The starting material for membrane fabri-
cation was a 458 nm thick single-crystalline 3C-SiC film het-
eroepitaxially grown on the front (polished) side of a 0.5 mm
thick Si(100) wafer [22]. The (0.35 mm)? suspended mem-
brane was produced by anisotropic KOH etching of the Si
from the back (unpolished) side [12]. The hole diameter
and period in different samples varied in the range 1 pm <
D <2pm and Spum < L <7 um, and a typical perforated
area was (150 um)? in size. The insets of Fig. 1 show one
fabricated sample with D =2 pm and L =7 um. The ab-
sence of a high-index substrate differentiates our experiments
from the earlier extraordinary optical transmission (EOT)
work [15] in that the wavelength of light A at which EOT
is found satisfies A > L/./€sups, Where eqps is the dielec-
tric permittivity of the substrate. Because both EOT and ex-
traordinary absorbance (EOA) have been found in the rest-
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strahlen region of SiC (10.3 um < A < 12.6 um), fabricated
hole arrays are unambiguously sub-wavelength. Therefore,
transmission/absorbance anomalies are not related to Wood’s
anomalies and other diffraction phenomena. Moreover, they
are not related to the earlier described Fano resonances of pho-
tonic crystal slabs [23] that require the slab thickness to be at
least A/ 28;{55. Fabricated by us thin films are only A /25 thick.

An FTIR microscope (Perkins-Elmer Spectrum GX Au-
tolmage) with spatial domain (100 um)? has been used to
measure the transmission and reflection from the perforated
and non-perforated areas in the 700 cm~'-1500 cm™! spec-
tral range. The FTIR microscope utilized Cassegrain optics
with the angle of incidence between 9°-35°. Input IR radia-
tion was polarized by a wire-mesh polarizer. A typical data
set included transmission and reflection coefficients of the
perforated and non-perforated membranes, reflection from
a high-quality aluminum mirror, and open-space transmis-
sion. To quantify the effect of the holes, transmission and
absorption spectra of a non-perforated SiC membrane are sub-
tracted from the corresponding hole array spectra and plotted
in Fig. 1 for several values of D and L.

The most impressive results have been achieved for the
(D =2pum, L =7pm) sample, in which the deeply sub-
A holes occupy only 6% of the total sample area. Never-
theless, they increase the transmittance through the sample
by Ty, =20% (from Tgim = 10% to Tperr = 30%) at Ay =
11.95 um when S-polarization of the incident light is used.
P-polarization of light results in a double-humped transmis-
sion maximum (not shown in Fig. 1), with the second max-
imum at A &~ 11.6 um almost a factor three weaker than the
strongest T, = 20% transmittance peak at A ~ 12.05 wm. This
difference between S and P-polarized light occurs because
infrared light emerging from the FTIR microscope is not in-

FIGURE 1 Experiment: transmission (blue) and ab-
sorption (red) of a perforated 458 nm thick SiC film,
minus those of the identical unperforated film. Solid:
L =7wum, D=2pum; dash-dotted: L =7 pm, D=

11.5 12
wavelength, micron

12.5 13

1 wm; dotted: L =5pm, D=1 pum. Left inset: SEM
image of the L =7 wm, D =2 pm sample. Right inset:
SEM image of a D = 2 um hole
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cident on the sample’s surface directly along the normal. In-
stead, a rather broadly distributed cone of wavenumbers is
formed by the microscope’s objective, with the average in-
cident angle being around 20° from the sample’s normal. It
is thus expected that S and P-polarizations exhibit somewhat
different transmission/absorption characteristics. The broad
range of angles (both azimuthally and with respect to the nor-
mal) makes comparisons with the theory rather challenging.
On the other hand, it is clear from experimental observations
that both EOT and EOA phenomena persist for a rather broad
range of incident angles.

Even more dramatic is the absorbance of the perforated
film: Aperr & 40% at Agps = 11.8 um. The smooth (non-perfo-
rated) film exhibits Agm < 1% at the same wavelength. It is
rather remarkable that this enormous absorbance is achieved
using a very thin (H ~ 1/25) optically transparent perforated
film. It is also clear that film perforation is entirely respon-
sible for the EOA phenomenon. Thin SiC film is virtually
absorption-free due to the low intrinsic absorbance of SiC.

Other perforated samples (L =5pum, D =1pm) and
(L=7wm, D=1um) were also experimentally studied
and gave qualitatively similar results as shown in Fig. 1.
The absorption maximum is blue-shifted for smaller holes
(Aaps = 11.57 pm for the L =7 pm, D = 1 um sample) and
for smaller periods (Ayps = 11.49 pm for the L =5 um, D =
1 wm sample), in accordance with the theory presented below
which explains the anomalies in transmission and absorption
as manifestations of surface phonon polariton excitation. This
theory paves the way to the engineering of optical properties
of polaritonic films using resonant excitation of surface po-
laritons. More complex three-dimensional materials can then
be fabricated using multi-layer polaritonic films as building
blocks.

3 Effective dielectric permittivity of nanostructures
in the quasi-static approximation

Because of the sub-X nature of the perforated film,
it can be described as an effective medium with a frequency-
dependent permittivity e.¢(w) determined by several of the
strongest electrostatic (ES) resonances. Strengths and fre-
quencies of these resonances are numerically computed using
two different formalisms: generalized eigenvalue differential
equation (GEDE) [24-26] and the surface integral eigenvalue
equation [27,28]. The former method has been successfully
applied to periodic sub-A polaritonic crystals consisting of
non-connected polaritonic inclusions [26]. To our knowledge,
this is the first generalization of this method to the system with
a continuous polaritonic phase.

The steps of the GEDE approach as applied to periodic
nanostructures consisting of two material components (one
with a frequency-dependent ¢(w) < 0 and another with g4 =
1) are briefly described below, with the details appearing else-
where [24,26]. First, the GEDE V - [0(x)V¢;] = 5;V2¢; is
solved for the real eigenvalue s;, where 6(x) = 1 inside the
polaritonic material and 6(x) = 0 elsewhere, and ¢; are dipole-
like potential eigenfunctions periodic in the plane of the film.
Second, the dipole strengths f; proportional to the squared
dipole moment of each resonance are calculated [25]. Finally,
the ES permittivity e.s(w) is found by summing up the contri-
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where s = [1 — e(w)]~! serves as a frequency label. The pole
at s = 0 (corresponding to ¢ — —o0) in (1) emerges be-
cause of a continuous polaritonic phase. Implicit frequency
labels s; and strengths f; of the dominant dipole resonances
computed for the experimentally relevant parameters (D =
2um, H=458nm, and L =7 um) are as follows: so =0
(g0 = —o0) with fy ~ 0.88, 51 = 0.1241 (g; &~ —7.058) with
f1 =0.041, 5o ~ 0.1958 (g2 &~ —4.107) with f> =~ 0.0054,
53~ 0.255 (g3 &~ —2.922) with f3 ~ 0.0036, and s4 ~ 0.666
(64 = —0.50) with f4 ~ 0.0049. Other hole diameters were
studied, and the corresponding €, values are indicated by
squares in the inset of Fig. 3. Note that e.¢(w) is always finite
because s is a complex number owing to finite losses in SiC
while all s; are real.

Experimental results depicted in Fig. 1 can now be inter-
preted using eqfr(w). The normal incidence transmission and
reflection coefficients through a slab of thickness H are given
by
2 1 (1 _ eZikonH) 2

- RE T e

(1 _ }’12) eik()(n—l)H

_ p2a2ikonH
I —riesto

T= . @

where n = ,/ecir, ko = w/candry = (1 —n)/(1+n). The stan-
dard polaritonic formula recently verified [12] for suspended
SiC membranes was used for esic. We have calculated trans-
mittance T and absorbance A = 1— R — T of the perforated
film, subtracted the corresponding quantities for the non-
perforated film (eei replaced by esic), and plotted the cor-
responding differential quantities in Fig. 2. To facilitate the
interpretation of the giant transmission and absorption effects,
a segment of Re [e.¢], Im [e.¢] dependence is plotted in the
inset to Fig. 2 near the strongest resonance at A; = 11.3 pum,
where Re [esic(A1)] = &1.

14 116 118 12

104 106 108 11

FIGURE 2 Theory: transmission (blue lines) and absorption (red lines) of
a L =7pum, D=2pumhole array in an H =458 nm film of SiC. Solid lines:
first-principles FEFD simulation of EM wave scattering; dash-dotted lines:
theoretical estimate based on ES €., which is plotted in the inset
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FIGURE 3 Dispersion relation of the even (green, lower curves) and
odd (blue, upper curves) surface polaritons on a SiC film with thick-
ness H =458 nm. Solid lines: exact dispersion relation in the form of
Re [esic(w)] vs. k, dashed lines: ES approximation. Two vertical lines:
k=2mn/L and k = 24/27/L for L =7 pm. Inset: position of delocalized res-
onances SSP(1, 0) and SSP(1, 1) as a function of hole diameter D (squares
on dashed line — ES eigenvalue simulations; stars on solid line — absorption
peak positions in EM FEFD simulations)

The absorption spike (dotted line) is caused by the peak
of Im [&efr] at A = Aq. The transmission maximum occurs be-
cause of the decrease of the absolute value of Re [q] at A =
Amax, sShown in the inset (solid line) to Fig. 2. Enhanced trans-
mission predicted from e.¢r occurs for Apax > A1, in agreement
with experimental observations. High numerical aperture of
the FTIR microscope prevents smaller absorption and trans-
mission peaks from experimental detection.

Because spacing between the holes (L =7 wm) is nearly
comparable with the wavelength (A ~ 11 pum), we have car-
ried out fully electromagnetic (EM) calculations of 7" and A
using the finite-elements frequency domain (FEFD) solver
COMSOL. The results displayed in Fig. 2 show qualitative
agreement with the e.g-based calculation, with the exception
that all transmission and absorption maxima are slightly red-
shifted. This red shift is a previously noted [28] phenomenon
explained by the EM corrections to the purely ES response of
sub-A polaritonic structures.

Comparing Figs. 1 and 2 (experiment and theory) reveals
that the experimentally measured peak absorption and trans-
mission agree with the theory. The absorption peak is meas-
ured to lie between the minimum and maximum of transmis-
sion, also in agreement with the theory. Smaller transmission
and absorption peaks predicted by the theory were not ob-
served experimentally. We speculate that this disagreement is
caused by a large numerical aperture of the objective which
results in broadening the spectrum and smearing out its finer

features.

4 Identification of electrostatic resonances:
localized and de-localized phonon polaritons

One manifestation of e.s(w) resonances is an in-
crease in the peak electric field Ep,x inside the hole in re-
sponse to ac electric field E( applied across the structure. The

LSP ' SSP (1,0)

10F : -— . B

8_ ew
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o L | ==
g ]

ar SPP(1,1) ;| [%

SPP (2,0 il
A @0 |
G i i

10.5 12
A, pm

FIGURE 4 Electric field enhancement in the symmetry plane of a SiC film

perforated with a L =7 pwm-period square (solid line) array of D =2 pum

round holes. Insets: ES potential profile at the resonances: (leff) LSP reson-

ance, and (right) SSP(1, 0) resonance. Dashed line: L = 6 wm, dotted line:

L=5pum

ratio of Ey.x/Eo is plotted in Fig. 4 as a function of A for
a fixed hole diameter D = 2 pm and variable period L. Four
enhancement spikes corresponding to resonances of &g(w)
can be identified for all periods. Frequencies of the three red
resonances (A > 10.5 wm) are located in the Re [esic] < —1
band and are all strongly dependent on L. On the contrary,
the blue resonance (Ajoc & 10.45 um) belongs to the —1 <
Re[esic] < Orange and is period-independent.

Another striking difference between the red and blue reso-
nances is that the former are very de-localized, while the latter
is strongly localized near the hole (see the two insets to Fig. 4).
Identification of the period-independent resonance such as the
LSP of a single hole, and of the period-dependent resonances
such as delocalized waves related to SSPs of the smooth film
constitute the main theoretical advances of this paper.

To validate this identification, we start by reviewing the
properties of SPs of a smooth thin negative-¢ film surrounded
by vacuum. Through symmetry, SPs can be labeled by the par-
ity of the in-plane electric field with respect to the mid-plane,
and by a continuous in-plane wavenumber k. A dispersion re-
lation w vs. k in the ES limit of £ > w/c is given implicitly
by e+ (w) = — tanh(kH/2) !, where =+ refers to even and odd
modes, respectively. Note that even (“slow”) modes are lo-
cated in the —oo < & < —1 part of the spectrum, while the odd

(“fast”) modes are in the —1 < ¢ < 0 range. EM corrections
to the dispersion relation do not alter this ordering (except
for the k &~ w/c case that is not relevant to this work). The
EM dispersion curve and its ES approximation (expressed as
Re [esic](w) vs. k) for the fast and slow SPs on a smooth SiC
film are plotted in Fig. 3. Because k > w/c for SPs, they can-
not be excited by an EM wave incident from vacuum.

A perforated film, however, acts as a diffraction grating
providing coupling between normally incident radiation (with
almost uniform electric field Ey = Epe,) and slow surface
polaritons SSP(m,n) of the film with the in-plane wavenum-
bers kgn.ny = ’%”(m)? +n§z)’ = ZT”\/mZ +n2. Resonances of
geff(w) can be understood as the result of strong coupling of
E to slow surface polaritons SSP(m, n). This interpretation
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is verified by extrapolating the diameter-dependent resonant &
for the two low-frequency eigenmodes to D = 0 shown in the
inset to Fig. 3. It is apparent from Fig. 3 that these two reso-
nances correspond to excitation of SSP(0, 1) and SSP(1, 1) of
the smooth film. Another conclusion that can be drawn from
Fig. 3 is that EM effects shift the frequencies of SPs towards
red. This explains the red shift of transmission and absorption
spikes in EM simulations from their positions in ES model.
There is no smooth film SSP counterpart to the LSP res-
onance at A = 10.45 pm. This surface wave resonance, highly
localized near the hole perimeter, is interpreted as an even-
parity “defect state” created by a single hole in a negative-¢&
film. The even-parity LSP only exists inside the even-parity
propagating SP’s stop-band, where —1 < e(w) < 0. Because
of the localized nature of the LSP, its frequency is insensitive
to the proximity of other holes (i.e., to the period L) but is sen-
sitive to the hole’s aspect ratio and edge radius of curvature.

5 Summary

In conclusion, we have experimentally demon-
strated extraordinary optical absorption and transmission
(EOA and EOT) through optically thin SiC membranes perfo-
rated by a rectangular array of round holes. These phenomena
are theoretically explained by introducing the effective per-
mittivity of a perforated membrane with a complex frequency
dependence caused by resonant coupling to surface phonon
polaritons. Two types of phonon polariton resonances are the-
oretically uncovered: (i) delocalized modes related to slow
surface polaritons (SSPs) of a smooth film, and (ii) a local-
ized surface polariton (LSP) of a single hole in the spectral
range complementary to that of SSPs. This theory paves the
way to the engineering of optical properties of perforated po-
laritonic films using resonant excitation of surface polaritons.
More complex three-dimensional materials can then be fab-
ricated using multi-layer polaritonic films as building blocks.
EOA of perforated films can be used for developing highly ef-
ficient thermal radiation sources that can be made tunable by
changing the holes’ spacing and diameter.
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