
ORIGINAL ARTICLE

Ellipsometric determination of permittivity in a negative
index photonic crystal metamaterial

Principia Dardano1, Massimo Gagliardi1, Ivo Rendina1, Stefano Cabrini2 and Vito Mocella1

In this work, we present the first experimental evidence of negative dielectric susceptibility in a two-dimensional silicon photonic

crystal (PhC) with negative refractive index behavior. In the frequency range in which the effective refractive index neff is equal to 21,

the incident light couples efficiently to the guided modes in the top surface layer of the PhC metamaterial. These modes resemble

surface plasmon polariton resonances. This finding was confirmed by ellipsometric measurements, demonstrating the isotropy of the

PhC resonances. Such negative index PhC materials may be of use in biosensing applications.
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INTRODUCTION

Photonic crystals (PhCs) have reshaped the landscape of photonic

devices1 with such early applications as waveguides2,3 and resonant

cavities,4 as well as multiplexing.5 The power of PhCs and their

unusual properties arises from the optical bandgap, which can be

tailored by design. Recently, PhCs have been used more widely as a

metamaterial with an effective negative refractive index.6–10 Light

propagating in such a metamaterial can undergo a drastic change in

group velocity, causing the light to bend away from the usual direction

that is observed with a conventional refracting medium. Owing to the

fine control over the optical bandgap of the PhC, the effective refract-

ive index can exhibit optical antimatter behavior.7 For example, a set

of circular holes etched vertically into a silicon slab in a hexagonal

arrangement can produce an effective resonant refractive index of

neff521 for light propagating along the length of the slab (perpendic-

ular to the direction of the holes). Such a metamaterial strongly cou-

ples incoming light and can be used to transmit data with minimum

losses over millimeter distances for lab-on-a-chip applications.8

The reflection spectra of patterned surfaces have been widely

studied since the discovery of Wood anomalies in metallic gratings.11

In particular, Fano found a clear connection between the narrow

anomalies and surface wave excitation that distinguished broad and

sharp anomalies.12 The theoretical understanding of this phenomenon

has been provided by Hessel and Oliner.13 Similarly, the resonances in

PhC slabs have been analyzed in reflection and transmission.14 These

resonances have been used to reconstruct the band structure15 and

equifrequency surface16 of PhCs. Similar to surface plasmon polariton

(SPP) resonances, the resonant anomalies allow for the propagation of

otherwise forbidden modes.15 Other analogies with SPP behavior arise

for PhCs at frequencies where the refractive index turns negative. In

this paper, we present an experimental study of the resonance effects

directly connected with negative refractive index properties of PhC.

Using standard ellipsometric measurements of the amplitude y and

phase D of the ratio between the linear polarization reflection coeffi-

cients, we demonstrate that the change in the dielectric function of

negative index PhC is similar to the change in the dielectric constant of

a plasmonic structure.17 Similar to the Fano resonances,17,18 the reso-

nances in the y spectrum corresponding to a 1806 phase change are

slightly asymmetric. A Lorentz model description of the dielectric

function shows that only a superficial layer of the PhC slab is involved

in the resonance effect in the wavelength range of the negative refract-

ive behavior, demonstrating that such resonances are insensitive to the

orientation of the slab. Therefore, such guided modes correspond to

an isotropic negative refractive index in PhCs.

MATERIALS AND METHODS

In this study, we experimentally analyze the three-dimensional prob-

lem of a light beam on a PhC slab with an incident wave vector~kk out of

the slab plane. The 232 mm PhC is realized with high-resolution

lithography on a silicon-on-insulator wafer that has a 1.5 mm top

silicon layer and is perforated by a set of circular holes of radius

r5180 nm arranged in a hexagonal lattice with parameter a5472 nm

(Figure 1a). Vertical light confinement is provided by refractive index

contrast at the silicon/oxide and silicon/air interfaces. Under these

conditions, the top layer of silicon is sufficient to ensure an effective

two-dimensional behavior. For a resonant wavelength of l51.55 mm,

the effective refractive index of the fundamental mode supported

by a silicon uniform slab waveguide of this thickness is

n
(TE,TM)

eff ~3:45, which is equal to the bulk silicon value for both

polarizations. The condition for the negative refractive index,
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v0, is satisfied around the normalized frequency vn5a/

l50.305 when the group velocity ~vvg:Lv
.

L~kk is directed inwards,

pointing to the origin of the first Brillion zone. For light that is

polarized perpendicular to the surface of the PhC slab (i.e., transverse

magnetic with the electric field along the direction of the circular

holes), the equifrequency surface exhibits a circular shape

(Figure 1b and 1c) corresponding to an isotropic medium with an

effective index of refraction neff521.

For a plane wave incident on the PhC slab, momentum conser-

vation requires that both the parallel and perpendicular components

of the incident wave vector be conserved for efficient coupling to the

guided modes in the PhC slab. However, only the parallel component

is conserved across the air/PhC interface, so the perpendicular com-

ponent is determined according to the dispersion relation shown in

Figure 1c. Perpendicular component is conserved only in special case

such as the normalized frequency vn50.305 does the light couple

efficiently to the guided mode inside the PhC. In this case, a resonance

arises from the interference between the wave refracted inside the PhC

slab Fabry–Pérot structure and the guided mode excited inside the

PhC by the incident wave. This interference gives rise to guided reso-

nances that have the typical asymmetric shape of Fano resonances,

associated with combinations of wide and narrow resonances.14

RESULTS AND DISCUSSION

Similar to the work by Kravets et al.,17 periodic structure resonances

can be analyzed by means of ellipsometric measurements recognized

as a peak in the y spectrum corresponding to a 1806 jump in the D
phase spectrum, where y and D are defined by

rp

rs
~tanye{iD ð1Þ

where rp and rs are the complex Fresnel coefficients. In Figure 2, a

sharp resonance is clearly visible as a peak in the y spectrum and a

corresponding 1806 shift in the phase for an incident wavelength

l51.55 mm.

To maximize the signal-to-noise ratio, the angle of incidence was set

to 706, and the sample was rotated in-plane by an angle h between the

incident plane and the C–K symmetry direction in the plane of the

PhC, as indicated by the red arrow in the inset of Figure 2. Owing to the

sixfold symmetry of the hexagonal lattice, measurement of the coup-

ling for angles h in the range of 6156 covers the entire irreducible

Brillouin zone. For all angles of rotation h, a peak is observed in the

y spectrum with a corresponding 1806 shift in the D spectrum at a

resonant wavelength l51.55 mm. Figure 2 shows the spectra for three

representative angles h.

The spectrum shown in Figure 2 can be split into two regions: the

peaks in the 1.4 mm band can be used to measure the PhC band

structure;15,16 however, above 1.5 mm, the spectrum is independent

of h and isotropic, suggesting that the PhC resonances might be useful

for sensing applications. This isotropic property of the resonance is

further proof of the connection between the resonance and isotropic

negative refractive index behavior in Figure 1c.

Characterizing the medium response by a generalized dielectric

function e v,kð Þ, i.e., using a spatial dispersion approach, the isotropic

behavior of this portion of the spectrum is equivalent to a simple k2

dependence: e v,kð Þ~e vð Þzak2. This characteristic has been shown

to be equivalent to a description in terms of eeff and meff, where

1=meff vð Þ~1{v2a vð Þ.19

Ellipsometric analysis of the silicon-on-insulator sample yields the

optical constants and thickness of the top PhC layer of the sample.20

We consider a non-local homogenization, as successfully applied by

Vynck et al.,21 on a model proposed by Silveirinha.22 The sketch of the

multilayer sample and the results of the fit analysis are shown in

Figure 3. In this analysis, the sample was treated as a multilayer system

by imposing the order and the material of the layers. A fit of the y and

D spectra yields information for both the structure and single PhC
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Figure 1 The scanning electron microscope image of the PhC is shown in (a) with the corresponding dispersion relation given in (b) and (c). The red line corresponds to

the light line in air (or vacuum). The coupling between the incident wave in air and inside the PhC occurs when the dispersion relation intersects the light line, as shown

in (b) for a normalized frequency vn50.305 at a resonant wavelength l51.55 mm for the TM-polarized incident light. PhC, photonic crystal; TM, transverse magnetic.
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layer at approximately 1.55 mm. The PhC structure was modeled by

three layers: (i) the top 30 nm was modeled as a generic Lorentz

oscillator, equation (2), for transverse magnetic polarization or as

an Si–air mix (46.23% Si and 53.77% air) for transverse electric polar-

ization; (ii) 1.47 mm of the Si–air mixture; and (iii) 160 nm of pure Si

corresponding to the under-etch of the PhC. The PhC structure was

then modeled to reside on the 870 nm silicon dioxide layer on the

crystalline Si wafer. The layered structure model is sketched in

Figure 3b, and the parameters are summarized in Figure 3c, with the

fit parameters indicated by the symbol ‘F’.

e vð Þ~ f v2
0

v2
0{v2zicv

ze? ð2Þ

In equation (2), e? is the high-frequency dielectric constant, v0 is

the resonant frequency and c is the damping constant.

The fit analysis provides a Lorentz oscillator confined in a top surface

layer that is no more than 30 nm thick. The Lorentz parameters are:

f50.40, v050.804 eV, c 520.018 eV and e‘54.24. With these para-

meters, the real portion of the dielectric constant given by equation (2)

shows negative values for wavelengths in the range of negative PhC

behavior (Figure 4). In particular, at l51548.7 nm, e521, which is in

agreement with the PhC design. These results confirm that only a thin

top-surface layer at the air/PhC interface is involved in the resonant

negative refraction behavior of the PhC. These results suggest that a mode

is confined to a thin interface region in strong analogy to SPP modes. A

further analogy with SPP behavior is observed in the asymmetric shape of

the experimental y spectrum, typical of Fano resonance.23

The resonant coupling of light at an incident of 1.55 mm on the PhC

metamaterial at an oblique angle of incidence is due to the momentum

match in the dispersion relation, as shown in Figure 1. The resonance

is confined to a thin top surface layer. We expect the resonance wave-

length to be strongly dependent on the surrounding environment, and

this property suggests that such PhC metamaterial can be used for

sensing applications that are analogous to the plasmonic biosensing,24

with a benefit of having significantly lower signal losses due to the lack

of any metallic components.

CONCLUSIONS

A PhC metamaterial was found to exhibit narrow bandwidth resonant

guided modes in a top surface layer with a thickness of approximately

30 nm. These resonances resemble their plasmonic counterparts. In

the frequency range in which the effective refractive index of the PhC is

negative, the resonances corresponding to these propagating modes

were clearly identified by conventional ellipsometric analysis. This

resonant phenomenon is the dielectric equivalent to Wood anomalies

and is isotropic with respect to PhC orientation, which is in agreement

with the propagation of guided modes in an isotropic negative refrac-

tive index metamaterial.
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Figure 2 Ellipsometric measurements: blue tone lines definey spectra, and red tone lines defineD spectra. The peak iny and the 1806jump in theD spectrum appear

at l051.55 mm for all h angles. Inset: measurement geometry: Q is the angle between the incident wave vector and the normal to the surface in the incident plane; h is

the angle between the incident plane and the C–K symmetry direction (red arrow) in the PhC plane. PhC, photonic crystal.
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Figure 4 Real portion of the dielectric function e v,kð Þ of the Lorentz oscillator.

For l51.5487 mm, e521, which is in agreement with the theoretical model.
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