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Metamaterials composed of metal-dielectric nanostructures can be engineered to have the real part
of the effective refractive index less than unity at optical wavelengths. These materials show
intriguing optical properties including total external reflection. We utilize this effect to design and
analyze slab waveguide structures that guide visible light in an air co200@ American Institute

of Physics[DOI: 10.1063/1.1764596

Optical micro- and nanostructured materials are intrigu-models. Here, we study the possibility of guiding light in an
ing because of their ability to control light in unconventional air core by the effect of TER from ULIMs.
ways. Among these are photonic crystals and metamaterials, TER occurs when light propagating in vacuum is inci-
which have potential applications in integrated photonics. dent on a medium with a refractive index less than unity at

Metamaterials are an extension of the concept of artifian angle exceeding the critical angle defined by Snell’s Law.
cial dielectrics, which were already designed in the 1940s fofl his effect is very well known for x rays incident on planar
microwave frequenciesThey typically consist of periodic interfaces at grazing angles. In the x-ray regime, the index of
structures of a guest material embedded in a host materigiefraction is expressed in the form=1-46+ix where, typi-
Metamaterials derive their properties from the subwavecally, §~10"°and«x=~10". For angles exceeding the critical
length structure of its component materials in a similar wayangle, as defined for the lossless case, the refracted waves are
as homogeneous dielectrics derive their optical propertie§ihomogeneous, the refracted angle is very closerj2
from the nanometer-scale structure of their atoms. When th@nd the reflectivity is very close to unityMetamaterials, in
wavelength of the field interacting with the structure is muchcntrast, can be engineered to exhibit TER at visible wave-
longer than the unit-cell dimensions, the metamaterial can b€Ngths with the real part of the refractive index well below
treated as a homogeneous dielectric with macroscopic p&lNity (0<é=1) and a very low loss component as compared

rameters such as electric permittivity, magnetic permeabilityl® bulk metals(x<1). _ S
and an effective refractive index. Waveguide design with ULIMs benefits from their addi-

Lately, several groups have reported physical propemegonal (_jegrees of freedom availab_le for index specificat_io_n.
of metamaterials presenting simultaneous negative permittiy!? Particular, one advantage of using ULIMs is the possibil-
ity and permeability* Waveguides composed of these ity of designing a wgvegwde with a lossless and dispersion-
metamaterials have been studied in the microwave rédion. less core such as air or vacuum. Nevertheless, such a wave-
In these and similar studié€ the metamaterial fills the guide will still have a lossy and dispersive cladding. In what

waveguide core and is assumed to be lossless and homo gll.ows,'we show hOW. to de5|gr] a single mode slab wave-
neous uide with ULIM cladding and minimum loss at wave length

. )\O: 0.5 oum.
In this letter, by contrast, we focus on the use of ™™\ oo the transfer-matrix mettidd 2to calculate the
metamaterials with &Rengs) <1 for the cladding of an . T X i
) . . - effective refractive indexig(\g) of metamaterials of differ-
air-core waveguide operating at visible wavelengths. We als

account for the effects of losses. dispersion. and the metam%m unit cells as a function of silver fill factor. In this letter
o € orlosses, dispersion, ftie use wires with square cross sections instead of cylindrical
terial’'s inherent inhomogeneities.

: wires, as square wires allow for more efficient numerical
In a previous paper, we proposed the use of ultralo

SR . ) V‘fnodeling. Figure 2 shows the effective refractive index as a
refractive-index metamaterial®)LIM ) with the real part of

e ; - function of wire widthb for a square array with unit cedl
the effective index less than unity as a building block for_6q nm.

photonic application%.‘l’he demonstrated metamaterialwas a  Eqor each of thesey values, we used both analytical
two-dimensional square array of cylindrical silver wires em-anq numericaf models to calculate the complex propagation
bedded in an air host medium. The designed ULIM behavedonstantg for a single-mode slab waveguide with a core
on refraction, reflection, and transmission as a low-loss dindex n,,=1 and homogeneous cladding mf=n.. To en-
electric with O<Relneg)<1 for wavelengths between gsyre low-loss single-mode operation, the core width of each
0.45um and 1.2um for light polarized parallel to the wires waveguide was 95% of the single-mode cutoff,,

(see Fig. 1. We determined the effective refractive index =) /2NA, whereNA=/n? —Re(n?) is the numerical aper-
from refraction and reflection calculations using Fresnel fory e

mulae and discussed the effect of total external reflection Figure 3 shows thet power attenuation distance,
(TER) from finite slabs of the metamaterial using numerical - 1/2|m(,3) correspondiﬁg to they; values in Fig. 2. The

dotted curves show the loss of waveguides with homoge-
¥Electronic mail: brian.schwartz@colorado.edu neous claddings calculated both analytically and numerically.
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FIG. 1. Refraction and reflection at the interface of air and a two-
dimensional metamaterial with ultralow effective refractive index. Light is
refracted off the normal to the surface and the refracted waves are inhomo- 301
geneous. In this letter the metamaterial is a square array, with pariofl
silver wires of widthb and the incident light is polarized parallel to the o0t
wires.
: : : : 19 ‘ : : : :
To find the loss of the ULIM waveguidéhe solid curve in 2 025 03 035 04 045 05
Fig. 3), we replaced the hypothetical homogeneous 0 b/a

§Re(ne.ﬁ)Sl dielectric c!ad@ngs Wlt_h t,helr correspondln.g FIG. 3. Power attenuatiodl) at A,=0.5um in single-mode slab
silver-air ULIMs. The excitation electric field for the numeri- yayeguides with a homogeneous ultralow index cladding corresponding to
cally modeled waveguides was the single-mode field profilahe predictechy in Fig. 2 and with metamaterial claddingnit-cell size:
calculated for the corresponding analytical model. We detera=200 nm, wire widthb).

mine?mthe loss using a finite-element Maxwell's equations
solver™to compute the complex propagation constarhat . . . . .
best fits the electric field along the core center. Computin&UIde with metamaterial cladding corresponding lig'a

propagation distance, required fitting the electric field in _0'2(n9“20'87+0'0.06m as shpwn in Fig. 4
the waveguide to an exponentially decaying field. We The metamaterial waveguide has a similar loss charac-

achieved convergence to ¥gusing a waveguide of length teriitics ind. mloge profile as the equivallent \_Nave_guide with
9z, and cladding width of nine periods to contain the most2n NYPothetical homogeneous (Rg) <1 cladding(Fig. 4).

weakly guided modes. Note the good agreement between tHd'€ mode profile depends only slightly on its location rela-
full finite-element calculations and those using effective in-tve t0 the silver wires. Therefore, one can obtain a first
dex values.

While a waveguide with the thinnest wires minimizes
loss?® it maximizes fabrication complexity, which is driven
by wire cross section and cladding thicknésamber of pe-
riods required to guide the wayeé\s shown in Fig. 2, as the
wire width decreasesi approaches unityn.— 1). There-
fore, the less lossy waveguide modes are weakly guided and
more periods of the metamaterial are required to contain
them without radiation losses.

Among the metamaterial-cladding geometries consid-

analytical, homogeneous cladding
—— numerical, field between wires
numerical, field on wires

—_

normalized ETE
o o
[e)) 0]

ered in Fig. 3, we investigated the performance of a wave- 04
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8‘.2 0.25 0.3 0.35 0.4 0.45 0.5 FIG. 4. (a) Comparison of mode profile®,=0.5 um) in slab waveguide
b/a with core widthd.,=0.48 um. The metamaterial cladding is a square array

of b=40 nm square silver wires in @=200 nm unit cell while the homo-
FIG. 2. Refractive indexreal and imaginary pan®f the metamaterial as a geneous cladding has Rg) <1 corresponding to the metamaterial’s effec-
function of wire widthb as predicted by its angle-dependent reflectivity. tive refractive index at\, (b) Electric field (TE) of the metamaterial-

Unit-cell size:a=200 nm,A\,=0.5 pm. cladding waveguide mode.
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design using the effective index values without need tdion and bending diameter. Therefore, tapered designs where
model the full nanostructured metal-dielectric waveguidethe confinement is increased as the waveguide approaches a
This represents a significant advantage in terms of computdsend can be envisioned and are currently under investigation.
tion and modeling time. Note that ULIM waveguides can be designed using con-

It is worth comparing the performance of ULIM ventional methods and tabulated values of the effective in-
waveguides to that of other types of waveguides, such adex. Rigorous electromagnetic methods are needed only in
metal waveguides, standard dielectric waveguides, and phake final stage of optimization. However, as opposed to con-
tonic crystal waveguides. ventional waveguides, ULIM waveguides can have an air

We first compare the attenuation of the ULIM wave- core.
guide with a hollow-metallic waveguide. Silver is best for an In conclusion, we have demonstrated the possibility of
air-core slab waveguide with metal cladding because it haguiding light in air by TER using metamaterials with low
relatively low losses at visible wavelengths. =500 nm, refractive index. The design of air-core metamaterial-
its refractive index igpg=0.13+2.9, which corresponds to cladding waveguides involves the consideration of several
a maximum single-mode core width df,=250 nm. The TE tradeoffs. The examples presented show that the flexibility in
rlnode in a silver waveguide witti=0.95,, is attenuated by the specification of the effective properties of a metamaterial
5 before it propagates eight wavelengths. As shown in Fig. 3ppens up opportunities for device applications.
thei power attenuation for the metamaterial waveguide is . .
more than seven times lower than an optimized waveguide 1€ @uthors would like to thank Alan R. Mickelson and
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