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ABSTRA CT

A novel approach to making a material with negative index of refraction in the infrared fre-
quencyband is described. Materials with negative dielectric permittivit y ! are utilized in this
approach. Thosecould be either plasmonic(metals) or polaritonic (semiconductors)in nature.
A sub-wavelength plasmoniccrystal (SPC), with the period much smaller than the wavelength
of light, consistingof nearly-touching metallic cylinders is shown to support waveswith negative
group velocity. The usageof such wavesfor sub-wavelength resolution imaging is demonstrated
in a numerical double-slit experiment. Another application of the negative-epsilonmaterials
is laser-driven near Þeld nanolithography. Any plasmonic or polaritonic material with nega-
tiv e ! = ! ! d sandwiched between dielectric layers with ! d > 0 can be used to signiÞcantly
decreasethe feature size. It is shown that a thin slab of SiC is capableof focusing the mid-
IR radiation of a CO2 laser to several hundred nanometers,thus paving the way for a new
nano-lithographic technique: Phonon EnhancedNear Field Lithography in Infrared (PENFIL).
Although an essentially near-Þelde!ect, this resolution enhancement can be quantiÞed using
far-Þeldmeasurements. Numerical simulations supporting such experiments are presented.

1. INTR ODUCTION

The wave nature of light placesa stringent limit, known as the Abbe resolution limit, 1 on the
resolution of a microscope: the minimal feature sizethat can be detectedby any conventional
(far-Þeld) optical system,with acceptanceangle " , immersedin a host medium with dielectric
permittivit y ! h, is " = 1.22#/ (2

"
! h sin" ), where # is the wavelength of light. While resolu-

tion can be enhancedbeyond the canonical#/ 2 limit by using high-! h materials (as it is done
in liquid or solid immersion microscopy2), the truly impressive gains in resolution may require
unconventional materials and approaches. Oneexampleof such meta-materialsare the so-called
double-negative (or Óleft-handedÓ)materials.3, 4 The possibility of accessingthe sub-wavelength
resolutionusingthe so-calledÓsuper-lensÓ3, 5 is the most challengingand technologicallyreward-
ing application of the left-handed materials (LHMs). Two approaches to making a ÓperfectÓ
lenshave beenimmediately identiÞed: (i) constructing a composite material with both negative
dielectric permittivit y ! ef f < 0 and magneticpermeability µef f < 0, and (ii) using occurring in
nature non-magneticmaterials with ! < 0 to signiÞcantly enhancenear-Þeldimaging.

There hasbeensigniÞcant theoretical and experimental progressin developingLHMs in the
microwave frequencyrange,whereperiodic structures consistingof metallic wires and split-ring
resonatorsspacedby the period d # # have beendesignedand tested. Making such intricate
sub-wavelength periodic structures in the optical and IR frequencyrangesremainschallenging.
Conventional photonic crystals have beenshown to produceimagesthat still make a signiÞcant
fraction of #/ 2. To make a step in the direction of strongly sub-wavelength resolution, we
demonstrate that a sub-wavelength plasmonic crystal (SPC) supports doubly-negative modes
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(DNMÕs),and can be potentially usedfor making a super-lens. Electromagneticproperties of
SPMs are consideredin Section2.

Planar slabsof materials with ! < 0 can also be usedfor enhancingthe near-Þeldimage.5Ð7

Materials with ! ($) < 0 in a limited frequencyrangeare commonin nature. For example,free
electronsin metals account for their negative dielectric permittivit y: ! $ ! b ! $2

p/$ ($ + i%) < 0
for $ < $p/

"
! b. Here $p is the plasmaelectron frequency, ! d > 0 is the frequency-independent

dielectric contribution of bound electrons,and %is the damping rate. For example, for silver
! b = 5, øh$p = 9.1eV, and øh%= 0.02eV. Another classof the so called polaritonic materials
(SiC, ZnSe,GaP, etc.) exists for which ! < 0 occurs for frequenciesin the far to mid-IR band.
The frequency-dependent dielectric permittivit y of thesecrystals is given by the approximate
formula

! = ! !
$2 ! $2

LO + i#$
$2 ! $2

T O + i#$
, (1)

where $T O and $LO are the frequenciesof the transverse and longitudinal optical phonons,
respectively. The Þnite phonon lifetime is accounted for by the damping constant # in Eq. (1).
For example, for SiC $LO = 972cm" 1, $T O = 796cm" 1, ! ! = 6.5 and # = 5cm" 1. The so
called restrahlen band $T O < $ < $LO for which ! < 0 is typically in mid to far infrared for
polaritonic materials (PMÕs).The low damping rate of optical phononsmakesPMs attractiv e
for developing enhancednear-Þeldlensesin the mid to far-infrared range.

Enhancing the near Þeld image, thereby improving its spatial resolution, is important for
developing new nano-lithographic tools. In Section3 we describe a new nanolithographic tool,
Phonon EnhancedNear Field Infrared Lithography (PENFIL) that utilizes a thin (about 400
nm) Þlm of SiC sandwichedbetweentwo thin layers(about 200nm each) of SiO2. By tuning the
high-power radiation of a CO2 laser to the wavelength (% 11.1µm) for which ! SiC = ! ! SiO2, a
100nmwide slit on the front sideof the SiO2/SiC/SiO 2 sandwich canbe accurately imagedonto
its backsidesideby a laserbeamnormally incident on the front side. A thin layer of thermoresist
deposited on the backside the sandwich can thus be patterned on a 1200-nmscaleusing a high
power CO2 laserbeam. This super-resolutioncorrespondingto #/ 100is accomplishedby a purely
near-Þelde!ect: strong coupling to the broad wavenumber rangeof surfacephonon polaritons
at the SiO2/SiC interface. In Section3 we alsodemonstratehow, by adding an additional set of
narrow slits on the backsideof the SiO2/SiC/SiO 2 sandwich, the transmissioncoe$cient through
the structure can be correlated to the existenceof the above mentioned near-Þelde!ect.

2. ELEC TR OMA GNETIC PROP ERTIES OF SUB-W AVELENGTH
PLASMONIC AND POLARITONIC STR UC TURES

In this Section we demonstrate how electromagneticproperties of periodic two-dimensional
sub-wavelength plasmonic structures consisting of closely-packed inclusions of materials with
negative dielectric permittivit y ! in a dielectric host with positive ! h can be engineeredusing
the concept of multiple electrostatic resonances.Fully electromagneticsolutions of MaxwellÕs
equationsreveal multiple wave propagation bands,with the wavelengthsmuch longer than the
nanostructureperiod. It is shown that someof thesebandsare described using the quasi-static
theory of the e!ective dielectric permittivit y ! qs, and are independent of the nanostructure
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period. An additional propagation band characterized by a negative magnetic permeability
developswhena magneticmoment is inducedin a given nano-particleby its neighbors. Imaging
with sub-wavelength resolution in that band is demonstrated.

Electrostatic resonancesof isolatednanoparticlesoccur whena metallic or dielectric particle
with a negative frequency-dependent dielectric permeability ! ($) < 0 is imbeddedin a dielectric
host (including vacuum) with a positive dielectric permeability ! h > 0. The wavelengths# of
the incident electromagneticradiation that resonatewith a small particle of a characteristic size
d # # depend on the particle shape and the functional dependenceof ! ($). By changing the
shape and internal composition8 of nanoparticlesresonancescan be shifted to the wavelength
optimized for a particular application. Closeproximit y of other small particles canalsostrongly
a!ect the resonances.We explore this proximit y e!ect in order to engineerelectromagnetic
properties of periodic arrays of metallic particles. Becausethe particle size R and separation
d are signiÞcantly smaller than the radiation wavelength in vacuum # $ 2&c/$ , we call these
crystals Sub-wavelength PlasmonicCrystals (SPC).

By numerically solving MaxwellÕsequations,we identify two classesof wavessupported by
an SPC: (a) hybridized Dipole Modes (DM) that are characterized by a quasi-static period-
independent dielectric permittivit y ! qs($), and (b) hybridized Higher-order Multip ole Modes
(HMM) that depend on the crystal period d. Two types of DMÕsare identiÞed: almost dis-
persionless(non-propagating) collective plasmons(CPL) satisfying the $('k) $ $(c)

i dispersion
relation (where$(c)

i aremultiple zerosof ! qs), and propagatingcollective photons(CPH) satisfy-
ing the 'k2c2 = $2! qs($) dispersionrelation. The mean-Þelddielectric permittivit y ! qs calculated
from the quasi-static theory9, 10 is found to be highly accurate in predicting wave propagation
even for SPCswith the period as large as#/ 2&. DM wave propagationbandsare ÓsandwichedÓ
betweenmultiple resonance$(r )

i and the cuto! $(c)
i frequenciesof the SPC.

The newHMM propagationbandsarediscoveredinsidethe frequencyintervalswhere! qs < 0
and, by the mean-Þelddescription, propagation is prohibited. HMM bands should not be
confusedwith the usual high order Brillouin zonesof a photonic crystal becausethe latter do
not satisfy the d # # condition. One HMM band deÞnesthe frequencyrange for which the
sub-wavelengthphotonic crystal behavesasa double-negative metamaterial (DNM) that can be
described by the negative e!ective permittivit y ! ef f < 0 and permeability µef f < 0. Magnetic
properties of the DNM are shown to result from the induced magnetic moment inside each
nanoparticleby high-order multip ole elecctrostaticresonancesof its neighbors. It is shown that
a thin slab of such DNM can be employed as sub-wavelength lens capableof resolving images
of two slits separatedby a distance# #. We will concentrate on two-dimensionalSPCÕsonly.

2.1. Quasi stat ic Descri pt ion of Sub-W avelengt h Plasmoni c Cryst als

As a starting point, considera TM-p olarizedelectromagneticwave, with non-vanishingHz, Ex ,
and Ey components, incident on an isolated dielectric rod (inÞnitely long in the z! direction)
with ! ($) < 0. The incident em wave is strongly scattered by the rod when its frequency$
coincideswith that of the surfaceplasmonfound by solving the nonlinear eigenvalue equation
for Hz:

! '& á
!
! " 1 '& Hz

"
=

$2

c2
Hz, (2)
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Figure 1. Two strongest hybridized electrostatic dipole resonancesof the 2-D square lattice of plas-
monic rods contributing to ! qs: " (r )

1 = 0.38" p (left); " (r )
2 = 0.63" p (right). Shown are the potential

isocontours and the electric Þeldarrows. Spatial dimensionsare measuredin 2c/" p units. SPC param-
eters: d = c/" p and R = 0.45d.

where Hz ' 0 far from the rod. The electric Þeld of the surfacewave is given by 'E('x) =
! i [c/$ ! ('x)]'ez ( '& Hz, where ! ('x) = ! h outside and ! ('x) = ! ($) inside the rod. In what follows
we assumethat the rods are in vacuum, i. e. ! h = 1. Note that the lines Hz = const are the
electric Þeld lines. For a sub-wavelength rod the rhs of Eq. (2) can be neglected. Moreover,
| 'E | ) |H |, and the description using the electrostatic potential ( is appropriate: 'E = ! '& ( .
Hence,two equationsare simultaneously satisÞedfor a sub-wavelength rod:

! '& á
!
! " 1 '& Hz

"
= 0 and ! '& á

!
! '& (

"
= 0. (3)

For a round cylinder of radiusR the surface-wavemultip olesolutionsof the secondof Eqs.(3)
aregivenby ( (m)

out = (r /R )" m exp(im) ) outsideand ( (m)
in = (r /R )m exp(im) ) insidethe cylinder,

and m * 1. The continuity of !* (/* r is satisÞedfor every m * 1 for $(r ) such that ! ($(r ) ) = ! 1.
This degeneracyof the multip ole resonancesis speciÞcto the 2-D lattice of round cylinders.

Note that there is no monopole (m = 0) electrostatic resonance(although there is an elec-
tromagnetic Mie resonancefor rods with a very high positive ! 11) for an isolated cylinder.
Such a resonancewould reveal that the corresponding solution for Hz has an associated az-
imuthal ) -independent current around the cylinder and, thus,a non-vanishingmagneticmoment
M = (1/ 2c)+'r ( 'J , , wherethe averageis taken over the unit cell. However, asshown below, the
octupole(m = 4) electrostaticresonancesin a squarelattice of closely-packedcylindershybridize
in a way of inducing a resonantly excited magnetic moment. This magnetic moment manifests
itself as a negative e!ective permeability µef f of the structure, and an additional propagation
band of DNWÕsin a narrow frequencyrange.

In the rest of the paper we concentrate on a speciÞcSPC: a squarelattice of round (R =
0.45d) plasmoniccylinders with ! ($) = 1 ! $2

p/$ 2 characteristic of collisions-freeelectron gas,
lattice period d = c/$ p. Very similar results are expected for polaritonic rods with ! ($) =
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! ! ($2 ! $2
LO )/ ($2 ! $2

T O), with ! < 0 for $T O < $ < $LO . To this SPC we apply the standard
procedure9, 10 for calculating the quasi-static dielectric permittivit y ! qs($), and later compare
the band structure described by ! qs($) to that obtained by solving the fully-electromagnetic
Eq. 2.

The material-independent ! qs is calculated9, 10 as

! qs = 1 ! p
N#

i =1

Fi

s ! si
, (4)

where, for the plasmonic rods in vacuum, s($) = [1 ! ! ($)]" 1 = $2/$ 2
p, si $ [1 ! ! i ]" 1 is the

iÕthout of N > 1 hybridized dipole resonances,Fi its oscillator strength calculatedbelow, and
p = &R2/d 2. Electrostatic resonancessi are found by solving the eigenvalue equation for the
potential eigenfunctions( i inside a unit cell of the structure:

'& á
$
) ('x) '& ( i

%
= si & 2( i , (5)

where( i satisÞesthe following homogeneousconditionsat the unit boundaries(x, y) = (± d/ 2, ± d/ 2):
(a) ( i and its derivativesare periodic; (b) ( i (x = ± d/ 2) = 0; (c) * y( i (y = ± d/ 2) = 0. Equation
(5) follows from Eq. (3). Physically, theseeigenfunctionsdescribe the electric potential distri-
bution when a vanishing ac voltage (with frequency$ such that ! ($) = ! i ) is applied between
x = ± d/ 2 capacitor plates. The capacitanceof such an imaginary capacitor, equal to the ra-
tio of the charge to the voltage drop, is given by C = ! qsd, and becomesinÞnite accordingto
Eq. (4). Another eigenfunction ÷( i corresponding to the voltage drop betweeny = ± d/ 2 plates
is obtained by a 90! degreespatial rotation of ( i .

Becausethe squarelattice is invariant with respect to the transformations of the C4v point
group,12 all periodic solutions transform according to one of the irreducible representations
(irreps) of C4v: four singlets (commonly labeled as A1, A2, B1, and B2) and one doublet E.
The electrostatic eigenfunctions( i and ÷( i have the symmetry of E. Inside a given rod each
( i can be expandedas the sum of multip oles: ( i (r, ) ) =

& !
l=0 A(2l+1)

i (r /R )2l+1 cos(2l + 1)) . A
straightforward calculation following Ref.10 yields the oscillator strength proportional to the
dipole component of ( i : Fi = (A1

i )2 /
& !

l=0 (2l + 1)
!
A2l+1

i

" 2
. For our structure there are three

signiÞcantly strong hybridized dipole (E! symmetric) resonances: (s1 = 0.1433, F1 = 0.8909),
(s2 = 0.4025, F2 = 0.064), and (s3 = 0.6275, F3 = 0.0366).

The plots of the two lowest resonancesare shown in Fig. 1. The Þrst resonanceis primarily
dipolar (- cos( ) while the secondonehasa signiÞcant sextupolar (- cos3( ) component. Thus,
the closeproximit y of the rodsin the lattice resultsin a stronghybridization of the odd multip oles
with the dipole. Moreover, the hybridized dipole resonances$(r )

1 = 0.38$p, $(r )
2 = 0.63$p, and

$(r )
3 = 0.79$p occur at the frequenciescontrollably di!erent (through the R/d ratio) from that

of an isolated rod, $(r ) = $p/
"

2.

The frequencydependenceof the ! qs for a plasmonicmaterial is plotted in Fig. 2(a). The
vertical lines in Fig. 2(left) are the plasmonicstructure resonanceswhich occur at $(r )

1 = 0.38$p,
$(r )

2 = 0.63$p, and $(r )
3 = 0.79$p. Quasi-static theory predicts no propagation in the region
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Figure 2. (a) Frequencydependenceof the quasi-static dielectric permittivit y ! qs from Eq. (4). Vertical
lines: resonances,horizontal axis intercepts: cuto!s. (b) Collective photons (CPH) supported by
the SPC: theoretical prediction of the quasi-static theory, k = " ! qs" /c (solid lines) and numerical
simulation of Eq. (2) (circles and diamond). Note the backward-wave mode (#" /# k < 0) marked by
diamonds which is not described by the quasi-static theory. SPC parametersas in Fig. 1.

of ! qs < 0. Three frequencies$(c)
i for which ! qs($

(c)
i ) = 0 are called the cuto! frequencies.

From Fig. 2(a), there are four propagation bands (where ! qs > 0) allowed by the quasi-static
theory for $ < $p. The quasi-static theory predicts that this plasmonicSPC acts asan e!ective
medium supporting two types of waves: four collective photons (CPHs) satisfying the |'k|2 =
! qs$2/c 2 dispersion relation (two of which are indicated by a solid line in Fig. 2(b)), and three
non-propagatingcollective plasmons(CPLs) satisfying the $('k) = $(c)

i dispersionrelation (not
shown). Numerical solutionsof the fully electromagneticEq. (2) described below conÞrmthese
conclusions,yet reveal additional modeswhosebehavior is not described by the quasi-static ! qs.

To verify that ! qs is su$cient for accurate description of em wave propagation through
the plasmonic SPC, the fully electromagneticEq. (2) was numerically solved as a nonlinear
eigenvalue equation for $2/$ 2

p for di!erent wavenumbers 'k = 'exk, and the resulting dispersion
relation $(k) plotted in Fig. 2(b) for three propagation bands. Although d = 1/$ p is not
inÞnitesimally small comparedto the radiation wavelength, it is apparent from Fig. 2 that the
numerically calculatedpoints (circles) accurately fall on the solid lines predicted for the CPHÕs
by the scale-independent ! qs. The essentially ßat propagation band $(k) % 0.61$p not shown
in Fig. 2(b) also agreeswith the CPL dispersion relation obtained from ! qs. Therefore, for
several frequency bands, the plasmonic SPC indeed is an e!ective medium described by the
scale-independent ! qs.

2.2. Do ubl y-neg at ive modes and sub-w avelengt h imaging

It can be deducedfrom Fig. 2(b) that there is another propagation band (diamonds) in the fre-
quencyrangefor which no propagationis expecteddueto ! qs < 0. Note that the modeÕsgroupve-
locity vg = * $/* k < 0 opposesits phasevelocity Ðan indication that weÕredealingwith a DNM.
For 'k = 0 this modeÕsHz hasthe symmetryof the A1 irrep of the symmetrygroupC4v, andcanbe
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Figure 3. (a) Magnetic Þeld distribution behind an illuminated periodic slit array, with a six-period
SPC, parametersas in Fig. 1. (b) | $E | in the object plane (solid line); in the imageplane for " 0 = 0.6" p,
without damping (dashedline) and with damping characteristic of silver (dot-dashedline); in the image
plane for " = 0.606" p (dotted line).

expandedinsidea givenplasmonicrod as

Hz(r, ) ) =
& !

k=0 A(4k)
$
I 4k($

"
! !r /c )/I 4k($

"
! !R /c )

%
cos(4k) ),

whereI l is the modiÞedBesselfunction of order l . Becausethere is no dipole component in Hz,
the A1 mode doesnot contribute to the quasi-static permittivit y ! qs. For the SPC at hand, the
largestterm in the expansionis the octupoleterm A(4) , and the next largestis the monopoleterm
A(0) that is responsiblefor the magneticmoment inducedin the photonic structure asexplained
earlier. Therefore, the mode is an HMM, with predominantly m = 4 component. Becauseof
the Þnite magnetic moment, a single quantit y ! qs cannot describe the HMR resonances,and
two frequency-dependent parametersare numerically evaluated: dielectric permittivit y ! ef f and
magneticpermeability µef f . The procedurefor expressingthesee!ectivequantities for a periodic
structure using the cell-averagedelectric and magneticÞeldshasbeendescribed elsewhere.11, 13

For two dimensions,and assumingthat the elementary cell of the SPC is centered at the
origin, we introduce several variablesby averagingHz and 'E over the sidesor the area of the
elementary cell of the photonic crystal: ÷Bz = d" 2 '

dAHz(x, y), ÷Hz = Hz(x = ! d/ 2, y = ! d/ 2),
÷Ey = d" 1 ' + d/ 2

" d/ 2 dy Ey(x = ! d/ 2, y), and ÷Dy = d" 1 ' d/ 2
" d/ 2 dxEy(x, y = ! d/ 2). For 'k = k'ex

MaxwellÕsequations in the integral form becomekcg(kd) ÷Ey = $ ÷Bz and kcg(kd) ÷Hz = $ 'Dy,
in complete correspondencewith MaxwellÕsequations in the medium for which ÷Bz = µef f

÷Hz

and ÷Dy = ! ef f
÷Ey. Dimensionlessfactor g(x) = i [1 ! exp(ix )]/x ' 1 for kd # 1 is the slight

modiÞcation accounting for non-vanishing lattice period.

The magnetic permeability µef f is a!ected becausethe mode carries the electric current
which producesa Þnite magnetic moment. The magnetic nature of the A1 mode is due to
the non-vanishing coe$cient of the monopole A(0) term in the multip ole expansion. The
monopole is responsible for the ) -independent component of the azimuthal electric Þeld E! =
! i [c/$ ! (r )]* r Hz. The corresponding electric current in the negative-! rod given by J! =
! A(0) $/c (1! 1/! )I 1($r /c )/I 0($r /c ) producesa magneticmoment density 'M = (1/ 2c)+'r ( 'e! J! , ,
where the averageis taken over the unit cell, and can be shown to be M = ! (pA0/ 4&)(1 !
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Figure 4. Schematic of an enhancednear-Þeld lens: a thin slab of material with ! % ! 1 is used to
image a narrow (sub-wavelength) slit in a screenilluminated by a long-wavelength laser source.

The e!ective permittivit y and permeability have beencalculatedfor a rangeof wavenumbers
'k = k'ex and the corresponding frequencies$(k). For kd # & it follows from the analyticit y of
$('k) that the frequencydependsonly on |'k| and not on its direction. For k0 = 0.6/d and $0 =
0.6$p (or nef f = ! 1) wenumerically computedthat µef f = ! 2.35and ! ef f = ! 0.427. Therefore,
at this frequencyour SPC is a DNM. Note that the hybridized monopole/octupole resonance
a!ects not only the magneticpermeability of the SPC, but also the dielectric permittivit y: the
mean-Þeldcalculation using Eq. (4) yields ! qs($0) = ! 0.65 that is signiÞcantly di!erent from
! ef f .

DNM-basedßat super-lensescapableof sub-wavelengthimaging have beenproposed.14 The
condition for super-lensingis that the DNM with the dielectric permittivit y ! < 0 is embedded
in a host medium with ! h = ! ! . We have tested a six-period thick plasmonic SPC for the
super-lensinge!ect by embedding it inside the hypothetic host with ! h = 0.55. This particular
choiceof ! ! ef f < ! h < ! ! qs wasnot optimized, and is oneamongthe several that showed super-
lensing. To verify the sub-wavelength resolution, we simulated the distribution of the magnetic
Þeld | 'E | behind a screenwith narrow slits of width " y = #/ 5 separatedby a distance2" y. As
depicted in Fig. 3, where only two slits are shown, a planar wave with frequency$ = 0.6$p is
incident on the screenfrom the left. A six-period long plasmonic SPC of width D = 0.6# is
positionedbetween0 < x < D. The distribution of | 'E | in the x ! y plane is shown in Fig. 3(a).
Also, in Fig. 3(b) | 'E | is plotted in two cross-sections:the object plane right behind the screen
(at x = ! D/ 2 + #/ 10, solid line), and in the imageplane (at x = 3D/ 2 ! #/ 10, dashedline).
Object plane is slightly displacedfrom the screento avoid 'E-Þeldspikesat the slit edges.The
two sub-wavelength slits are clearly resolved. Increasing the incident frequency by just one
percent (outside of the DNM band) results in the completelossof resolution in the imageplane
(dotted line).

While the DNM band for the plasmonicSPCis quite narrow, [$(k = 0)! $(k = &/d )]/$ (k =
0) = 0.055, it is still broader than the collisional linewidth for someplasmonicmaterials. For
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example, for silver ! = ! b ! $2
p/$ ($ + i%), where ! b % 5, $p = 9.1 eV, and %= 0.02 eV.15

Fig. 3(b) (dash-dotted line) conÞrmsthat, although Þnite damping %/$ p = 0.002 reducesthe
Þeld amplitude in the image plane, it does not a!ect the image contrast. The band ßatness
in a plasmonicSPC translates into very sharp excitation resonances,and large enhancements
of the incident Þeld. For example, the very closeproximit y of two ßat propagation bands in
Fig. 3(b) (secondDM and the A1 HMM) canbe exploited for maximizing the structure response
at the incident and Raman-shiftedre-emitted frequencies,which is essential for SERS.Advanced
fabrication techniques(photoelectrochemicaletching of Si followedby autocatalytical deposition
of Au) have beenrecently usedto fabricate gold nanowires16 with monodispersity of about 1%.

3. ENHANC ED NEAR-FIELD IMA GING WITH THIN POLARITONIC SLABS

The principle of enhancednear-Þeldimagingusinga thin slabof a material with negative ! = ! ! d

surroundedby a host material with ! d > 0 is schematically shown in Fig. 4. A sub-wavelength
slit of width " y # # is madeon the front sideof the host material and illuminated by a mid-IR
laser, and is imagedonto the imaging plane behind the Þlm. We envision that the backside of
such a systemis coveredby an organic thermoresistabsorbingmid-IR radiation and responsive
to the elevated temperature causedby the laserabsorption. Resonant excitation of the surface
phononpolaritons enablesoneto preserve the sub-wavelengthsizeof the image.3, 5, 17 Below we
considera practically important caseof using a SiC Þlm for imaging a thin (" y = 200nm) slit
deposited on a low-lossSiO2 host. Laser radiation usedfor imaging is a tunable CO2 laser.

Dielectric permittivities of SiC and SiO2 are plotted as a function of the laserwavelength #
inside the tunabilit y rangeof a CO2 laserin Fig. 5. Dielectric permittivit y of SiC wascomputed
from Eq. (1), and that of SiO2 was interpolated from Ref.18 Accessingthe wavelengthsin the
10.7 < # < 11.4µm range requires using a 13C16O2 gas Þlling. Rapid increasein the real
and imaginary parts of ! = ! 1 + i! 2 of SiC towards the longer wavelengths corresponds to
the transverseoptical phonon resonanceat # % 12.6µm while a similar increaseof ! 1,2 of SiO2

towardsshorter wavelengthscorrespondsto the resonanceat # % 9µm. Fortunately, there exists
a wavelength# % 11µm for which ! SiC

1 = ! ! SiO2
1 = ! 3.76and ! 2 arevery small for both materials.

Dissipation limits the resolution of surfacewave enhancedimaging 5, 7 if |! 2/! 1| ) ! d$2d2/c 2,
where d is the width of the negative ! slab. For the subsequent simulations we choose the
width of the SiC to be d = 400nm,and the opposite limit holds: (! SiO2

2 + ! SiC
2 )/! SiO2

1 = 0.1 but
$2d2/c 2 ( ! SiO2

1 % 0.2. Therefore,the SiC thicknesslimits the resolution.19

Wesimulate the imageformation for the resonant laserwavelength# = 10.97µm. Laserpulse
is incident on a SiO2/SiC/SiO 2 superlensfrom the left. The object is deÞnedby a slit of width
" y = 200 nm placed at x = ! 400 nm as shown in Fig. 6. Periodic boundary conditions are
imposedin y! direction. Essentially , wearemodelinga pepriodic array of nanoslitsseparatedby
a 1.2µm distance. Imageformation on the backsideof the SiO2/SiC/SiO 2 superlensis apparent
from Fig. 6(left). The accuracyof the imageformation is deducedby comparing the squareof
the electric Þeld | 'E |2 near the image plane (at x = ! 380 nm) and at the symmetric location,
asshown in Fig. 6(right). Although the imagedi!ers from the object (e. g., electric Þeldspikes
near the slit are not resolved, and the overall intensity is diminished due to Þnite dissipation),
the overall structure and spatial extent of the Þeld are clearly reproduced. The FWHM of the
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Figure 5. Dielectric permittivities ! = ! 1 + i! 2 of SiO2 and SiC (seelegend) as a function of the laser
wavelength %measuredin microns.

Figure 6. Simulation of the slit image formation on the backside of a SiO2/SiC/SiO 2 superlens for
resonant illumination at %= 10.97µm. (Left) Color plot of the magnetic Þeld |Hz|; isocontours of |Hz|;
arrows: time-averagedPoynting ßux. (Right) Line plots of | $E |2 near the slit plane (x = ! 380nm) and
near the image plane (x = 380 nm). SiO2 regions: ! 400< x < ! 200 nm, SiC region: ! 200< x < 200
nm.

electric Þeldintensity in the imageplaneis calculatedto be 350nm. Another remarkablefeature
of the resonantly drivenSiO2/SiC/SiO 2 superlensis that it is almost reßectionless:the reßection
coe$cient R = 7.8%. Without the superlensR = 12.2% for the samenanoslit array.

3.1. Design of t he pro of-o f-pri nci pl e superl ens exp eri ment s

Several proof-of-principle experiments demonstratingsuperlensingcan be envisioned. The most
straightforward (although technically demanding) demonstration would be to scan the Þeld
proÞlein the imageplaneusing a near-Þeldscanningoptical microscope. Alternativ ely, onecan
deposit a thin layer of thermoresiston the back sideof the superlensand directly carry out the
lithographic step. However, it is highly desirableto Þnd a simple far-Þeld image diagnostics.
In this section we present numerical calculations demonstrating how transmission through a
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Figure 7. Resonant transmission through a double set of nanoslits. CaseI (left): diagnostic slit in
front of the object slit. CaseI I (right): diagnostic slit displacedlaterally by 400nm. Other parameters:
sameas in Fig. 6

doubleset of nanoslits (one set on the front and another on the back sideof the SiO2/SiC/SiO 2

superlens)can serve asa reliable proof of superlensingat # = 10.97µm, and a valuable test bed
for studying the sensitivity of superlensingto the laserwavelength.

We refer to thesetwo setsof slits as the object slits (at x = ! 400 nm) and the diagnostic
slits (at x = ! 400 nm). Two geometric arrangements of the slits were simulated. In CaseI
the diagnosticslit is positioneddirectly opposite the object slit, so that the imageof the object
slit Þts inside the diagnosticslit asshown in Fig. 7 (left). Hence,a relatively high transmission
through the two sets of slits is expected. Indeed, the transmittance is T1 = 44.5%. In Case
II shown in Fig. 7 (right) the diagnostic slit is laterally displaced by 400 nm. As evident
from Fig. 7 (right), the metal screenof the diagnostic grating obscuresthe image of the Þrst
slit. Hence, the expected transmittance is low. Indeed, it is found to be only T2 = 9.7%,
yielding the transmissioncontrast of T1/T 2 = 4.6 for these two cases. Both simualtions were
done for the resonant # = 10.97µm. To demonstrate that such a high transmission contrast
is the consequenceof superlensing, we have carried out transmission simulations for casesI
and II using a di!erent laser wavelength achievable by a CO2 laser, # = 11.262µm. For that
wavelength, ! SiC = ! 6.55+ 0.37i and ! SiO2 = 3.29+ 0.24i , and no superlensinge!ect is expected.
Transmissioncoe$cients for the two casesare T1 = 30% and T2 = 35%, respectively. So,
indeed, the displacement of the diagnostic slit has very little e!ect on transmission in the
absenceof superlensing. This decreasein the transmissioncontrast for the two slit positions
was to be expected. Indeed,when the two setsof slits are separatedby the vacuum region, the
transmissionfor coincident slits (CaseI) is T1 = 77.5% while for the displacedslits T2 = 77.2%.

In conclusion,we have described numerical simulations supporting two possibleimplemen-
tations of a superlenswhich is capableof sub-wavelength resolution. In the Þrst approach we
have constructeda metamaterial that consistsof almost-touching plasmoniccylinders. In a nar-
row range of frequencies,this material supports doubly-negative modesdescribed by negative
permittivit y and permeability. A slab of such material was used to demonstratenumerically
the resolution of two slits of width #/ 5. In the secondapproach, a superlensis constructed as
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a thin layer of SiC sandwiched betweentwo layers of SiO2 dielectric. Formation of an imageof
a sub-micron slit was demonstrated,and the designof possiblefar-Þeld experiments indirectly
proving super-lensingweredescribed.

A CKNO WLEDGMENTS

Useful input from German Geraskin is gratefully acknowledged. This work was supported by
NSF, DOE, and the Presidential Early CareerAward for Scientists and Engineers(PECASE).

REFERENC ES

1. M. Born and E. Wolf, Principles of Optics, PergamonPress,Oxford, Sixth Edition, 1980.
2. S. M. MansÞeldand G. S. Kino Appl. Phys. Lett. 57, p. 2615,1990.
3. J. B. Pendry, ÒNegative refraction makesa perfect lens,ÓPhys. Rev. Lett. 85-88 , pp. 3966Ð3969,

2000.
4. D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-Nasser,and S. Schultz Phys. Rev. Lett. 84,

p. 4184,2000.
5. J. T. Shen and P. M. Platzman, ÒNearÞeld imaging with negative dielectric constant lenses,Ó

Appl. Phys. Lett. 80, p. 3826,2002.
6. N. Fang, Z. Liu, T. J. Yen, and X. Zhang, ÒRegeneratingevanescent wavesfrom a silver superlens,Ó

Opt. Exp. 11, p. 682, 2003.
7. G. Shvets, ÒApplications of surface plasmon and phonon polaritons to developing left-handed

materials and nano-lithography,Ó in Proceedings of SPIE, Plasmonics: Metallic Nanostructures
and Their Optical Properties, 5221, p. 124, 2003.

8. J. B. Jackson, S. L. Westcott, L. R. Hirsch, J. L. West, and N. J. Halas Appl. Phys. Lett. 82,
p. 257, 2003.

9. D. J. Bergman and D. Stroud Solid State Physics 46, p. 147, 1992.
10. M. I. Stockman, S. V. Faleev,and D. J. Bergman Phys. Rev. Lett. 87, p. 167401,2001.
11. S. OÕBrienand J. B. Pendry Journ. Phys. Cond. Matt. 14, p. 4035,2002.
12. G. Y. Lyubarskii, Application of Group Theory in Physics, PergamonPress,New York, 1960.
13. J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, ÒMagnetismfrom conductors and

enhancednonlinear phenomena,ÓIEEE Trans. Micr owaveTheory Tech. 47, p. 2075,1999.
14. J. B. Pendry Phys. Rev. Lett. 85, p. 3966,2000.
15. P. B. Johnsonand R. W. Christy Phys. Rev. B 6, p. 4370,1972.
16. S. Matthias, J. S. K. Nielsch, F. Muller, R. B. Wehrspohn, and U. GoseleAdv. Materials 14,

p. 1618,2002.
17. N. Fang and X. Zhang, ÒImagingproperties of a metamaterial superlens,ÓAppl. Phys. Lett. 82,

p. 161, 2003.
18. E. D. Palik, Handbook of optical constants of solids, Academic Press,Orlando, 1985.
19. R. Merlin, ÒAnalytical solution of the almost-perfect-lensproblem,ÓAppl. Phys. Lett. 84, p. 1290,

2004.

R1.2.12


