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A conventional optical superlens for imaging beyond the diffraction limit produces images only in the near-field
zone of the superlens. In contrast, an optical far-field superlens (FSL) device has a remarkable transmission
property that leads to a one-to-one relationship between the far-field and the near-field angular spectra. This
property makes the device suitable for imaging beyond the diffraction limit from far-field measurement. This
specific FSL is composed of a properly designed periodically corrugated metallic slab-based superlens. Through
the numerical design and parameter study, we show that the transmission property of this FSL is based on a
specific strong-broadband wavenumber excitation of surface-plasmon polaritons supported by the nanostruc-
tured metallic grating. © 2006 Optical Society of America
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1. INTRODUCTION

In a conventional optical imaging system using lenses,
transverse resolution is fundamentally limited by the dif-
fraction limit, which is typically about half the wave-
length of the light with a normal incidence exposure. This
fundamental limit occurs when only propagating waves
radiated by an object are collected, which is the case with
a conventional imaging system using lenses. The key
point in imaging with resolution below the diffraction
limit lies on the collection and detection of both propagat-
ing and evanescent waves radiated by the object in the
near field.! A monochromatic plane wave U in free space
with a refractive index n can be written as U
=U,expli(kx+yz-n2mct/\y)] inside a two-dimensional
system (for the sake of simplicity) where \¢ and ¢ are the
wavelength and speed of the light in vacuum, respec-
tively; and % and vy are the transverse and longitudinal
wavenumbers, respectively, that form the wave vector k
=(k,v) in the (x,z) Cartesian axis. For a plane wave sat-
isfying Maxwell’s equations, transverse and longitudinal
wavenumbers must satisfy k2+y>=n2k3, with ko=2m/),.
Propagating plane waves are characterized by transverse
wavenumbers such that |k| < =nk, letting y be a purely
real number; on the other hand, evanescent waves are
characterized by |k|>nk,, which sets y as a purely imagi-
nary number, leading to a decay of the amplitude along
the z axis. By having larger spatial frequencies than
propagating waves, evanescent waves carry the fine de-
tails of the object with a resolution below the diffraction
limit.

A few years ago2 it was predicted that a simple planar
thin film termed a superlens can be used to produce opti-
cal images with resolution below the diffraction limit. Op-
tical imaging with resolution below the diffraction limit
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using a silver superlens was recently experimentally
demonstrated.>* For instance in Ref. 3, a 120 nm periodic
grating object and a lines object were successfully imaged
75 nm away from the object. The key in superlens imag-
ing is the remarkable ability of a planar superlens to sub-
stantially transport a large bandwidth of evanescent
waves in transmission from the bottom side to the top
side of the slab. This is in contrast with a conventional
lens imaging for which evanescent waves decay before
reaching the image plane. The excitation of surface-
plasmon polaritons (SPP) at both interfaces of an optical
superlens made of a noble metal play a key role in the en-
hancement of evanescent waves.

Although the use of a superlens is very promising for
numerous possible applications, such as ultrahigh-
density optical lithography, subwavelength sensing, nano-
fabrication, and related areas, imaging using the current
superlens is limited in the near-field zone, as demon-
strated in Ref. 5 in the case of a negative-index metama-
terial. In a recent letter and proceedings,®’ we proposed a
theoretical way to overcome this limitation using a new
device termed a far-field superlens (FSL), which is a prop-
erly designed periodically corrugated superlens. In this
paper, we recall the remarkable transmission properties
of the FSL and compare it to a conventional superlens. By
using a FSL positioned in the near field of an object and
by measuring the angular spectrum scattered in the far
field (for instance, using diffraction microscopy®), an im-
age of the object can be reconstructed with ultrahigh reso-
lution below the diffraction limit.

It should be noted that another approach has been
demonstrated that is capable of imaging with resolution
below the diffraction limit using a metallic film® or a
photonic-crystal material.’ In these approaches, surface
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waves generated by an object under illumination above
the interface of the film can be imaged and magnified
with an in-plane lens. In contrast, a FSL projects an im-
age in the far-field, out-of-object plane.

For the self-consistency of this paper, we briefly report
the FSL imaging principles in Section 2. The design and
the main transmission characteristics of an optical FSL
made of silver—glass are developed in Section 3. In Sec-
tion 4 we present the numerical field-image reconstruc-
tion of objects with various near-field distributions from
far-field data transmitted by the FSL. The physical
mechanisms leading to the unique near-field—far-field
angular-spectrum conversion of this FSL optical device
are based on a strong excitation of leaky modes of surface-
plasmon polaritons with a selective and broadband exci-
tation of wavenumbers. Subsequently, the effects of SPP
are computed directly from the field-transmission factor
through the metal nanostructure. This parameter study,
presented in Section 5, gives substantial physical insight
and helps to understand how to design a FSL.

2. FAR-FIELD SUPERLENS IMAGING
THEORY

Imaging below the diffraction limit using a planar super-
lens is limited in the near-field zone of the superlens.5
This limitation is simple to understand; evanescent waves
are enhanced in transmission, as shown in Fig. 1(a), but
remain localized in the near field, meaning that their am-
plitudes decay exponentially in the normal direction of
the superlens, which makes subwavelength imaging in
the far field impossible.

In contrast, a FSL not only substantially enhances eva-
nescent waves but also converts them in transmission
into propagating waves as shown in Fig. 1(b). A FSL is
based on a properly designed periodically corrugated su-

(a) Conventional Superlens  (b) Far-field Superlens (FSL)
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Fig. 1. Transmitted properties of (a) a conventional superlens
versus (b) a FSL. It is assumed that waves are radiated by an
object at z = z;. Incident evanescent waves are enhanced in
transmission through a conventional superlens (a) and still van-
ish quickly in the near-field zone, limiting the imaging ability of
a superlens to the near field. In contrast, a FSL (b) both enhances
and converts the original evanescent waves in propagating
waves. In this latter case, incident propagating waves are com-
paratively transmitted with low amplitude in the far field, and
the main contribution to the far-field angular spectrum is due to
the incident evanescent waves. Using this property, the near-
field angular spectrum can be retrieved from the measurement of
the far-field angular spectrum.

Durant et al.

perlens. Waves radiated by an object are transmitted
through the grating in several orders of diffraction, fol-
lowing the grating law k' =k+ Ap, where k' and % are the
transmitted and incident transverse wavenumbers, re-
spectively; A=27/d is the grating wavenumber, where d
is the periodicity; and p is the diffraction order. We are in-
terested only in waves transmitted in the far field, i.e., far
enough from the FSL and the object plan that the contri-
bution of evanescent waves vanishes completely. Conse-
quently, only transmitted waves with |k'|<nk, should be
considered, where n is the refractive index of a nonab-
sorbing free space in which the far-field measurement
takes place. A subwavelength period is chosen such that
incident propagating waves are transmitted into the far
field only through the order 0 and incident evanescent
waves with positive (negative) transverse wavenumbers
are transmitted in the far field only through the order -1
(order +1). The structure is designed such that incident
evanescent waves are enhanced by taking advantage of
the superlens effect and are also converted into propagat-
ing waves using a highly efficient diffraction process into
the order —1. Comparatively, incident propagating waves
are transmitted through the order 0 with smaller ampli-
tude. As a result, whereas the near-field angular spec-
trum radiated by an object contains both propagating and
evanescent waves, the main contribution of waves trans-
mitted into the far field through the superlens grating
comes from the incident evanescent waves. There is also a
one-to-one relationship between sets of transmitted and
incident transverse wavenumbers. For instance, by mea-
suring the amplitude of a plane wave transmitted in the
far field in a specific direction with a transverse wave
number k', one can deduce unambiguously that the origi-
nal transverse wave number radiated by the object is %
=k’+A. Also, the near-field angular spectrum can be re-
trieved from the far-field angular spectrum if the —1 order
transmission transfer function of the FSL is known.

This one-to-one relationship means that the waves
scattered in the far field provide a unique image of the
evanescent component of the near field of the object. How-
ever, this far-field image is not a direct real-space image
of the near field. But one can imagine an experimental
setup that would form a real-space image, taking advan-
tage of the Fourier transform properties of classical lens
and additional diffractive optics. Without this experimen-
tal scheme, one can still compute a real-space image of
the local field distribution above the object using an in-
verse Fourier transform if both phase and amplitude can
be measured. However, the measurement of both ampli-
tude and phase of the optical signal is a practical diffi-
culty. This problem also occurs in the optical diffraction
microscopy8 (or tomography) where the far-field angular
spectrum must be measured. In Ref. 8 an experimental
setup is proposed in which the angular spectrum is mea-
sured by positioning a CCD camera in the Fourier plane
of a lens, while a reference beam with an oscillating phase
overlaps and interferes with the image. Both phase and
amplitude of the angular spectrum can be measured this
way, so that a real-space image can be deduced from a
simple Fourier transform. This would form the basis of a
powerful imaging method with a resolution well below the
diffraction limit.
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3. DESIGN OF AN OPTICAL FAR-FIELD
SUPERLENS DEVICE

A. Transmission Properties

In this section we describe the design and transmission
behavior of an optical FSL made of silver—glass that sat-
isfies all criteria mentioned in Section 2. The operating
wavelength is 376 nm, and the period d=150 nm sets the
grating wavenumber to be A =2.5k,. A rectangular silver
grating of 55 nm height with a metal-filing ratio f = 0.3 is
supported by a 35 nm thickness silver slab, as shown in
Fig. 2. The choices of the wavelength and the geometric
parameter of this silver grating are detailed in Section 5.
We assume that a cylindrical object positioned below the
superlens in the near-field zone inside the glass is ex-
posed by a p-polarized light, such that we consider a pla-
nar scattering with a wavenumber k=(%,y) in the (x,z)
Cartesian axis and the H field is oriented along the y axis.
The field scattered above the object is described by an an-

gular spectrum of magnetic field noted H 1(k,z), where the
tilde is a notation for the Fourier transform along the x
axis. The angular spectrum transmitted above the FSL

noted Hy(k',z5) is the result of the superposition of inci-

dent waves H 1(k,z) transmitted through all diffraction or-
ders of the grating

400
Hy(k'29) = >, t,(k,)H,(k,,2,), wherek,=Fk' —pA.
e
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In Eq. (1), t,(k) is the p-order field transfer function of the
FSL. Transfer functions were computed by solving nu-
merically Maxwell’s equations from the rigorous coupled-
wave analysis (RCWA)H12 using experimental permittiv-
ity data of glass €,=2.31 and silver'? €4g=-3.16-0.2i. In
this method, in each layer, the permittivity and the elec-
tric and magnetic fields are expanded in series of NV space-
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number. The boundary conditions at the interface of each
layer compose a system of independent equations leading
to a unique solution. This system can be solved using al-
gorithms provided in Refs. 11 and 12, and a good conver-
gence can be obtained with a low N number of modes
when a subwavelength grating is considered. The accu-
racy of the numerical solution obtained with N=51 has
been tested using the theorem of reciprocity of electro-
magnetic waves'#!® and was applied for both propagating
and evanescent waves. Figure 2 shows the transfer func-
tion for p polarization for order O (black curve), —1 (red
curve), and -2 (blue curve). It is clear that |to(k)|<|t_1(k
+A)| and |t_o(k+2A)|<|t_1(k+A)| for positive transverse
wavenumbers of propagating plane waves, which satisfy
the requirement 0 <k <nk,. Larger-order transfer func-
tions are not shown, because their amplitudes are negli-
gible. Because the grating is symmetrical, we have ¢,(k)
=t_,(~k). Consequently, we also have |to(k)|<[t,;(k—A)]
and |t,o(k—2A)|<|t,;(E—A)|, with negative transverse
wavenumbers satisfying —-nky<k<0. As a result, only
one order is kept in the summation of Eq. (1), so this
equation is reduced to

Hy(k' 25)
t(k'+ NH (k' +A,z;) with 0 <k’ <nk,
ta(k' — NH (k' - Ayz;) with —nky<k' <0

(2)

Equation (2) shows that there is a one-to-one relationship
between the near-field angular spectrum below the FSL
and the far-field angular spectrum above the FSL. The

near-field angular spectrum H;(k,z<z;) can be retrieved,
using Eq. (2), from the measurement of both phase and

amplitude of the far-field angular spectrum Hy(k',z>2z5)
and knowing both amplitude and phase of the —1 order
transfer functions (Fig. 2).
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Fig. 2. Final design of a silver FSL working at \y=376 nm, with the following parameters: ¢ = 45 nm, b = 35 nm, ¢ = 55 nm, and d
= 150 nm. Left, the amplitude of the transmission factor through orders p = 0 (black), p = -1 (red), and order p=-2 (blue) from planes
z = z; to z = z, for s (dashed curves) and p (solid curve) polarizations. It can be seen that evanescent waves are transmitted in the far
field with large amplitudes through the order —1, whereas the transmission of incident propagating waves are blocked through the order
0. Right, the phase delay of the transmission through the order -1, revealing a linear dependence with %.
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B. Bandwidth of Measurement
The shift of transverse wavenumber for the conversion of
evanescent into propagating waves is set by the grating
wavenumber, A =2.5k in this example, where the wave-
length is 376 nm and the periodicity is d =150 nm. This is
fundamental for the image-reconstruction processing us-
ing Eq. (2) and sets the bandwidth of measurement of the
angular spectrum. If the far-field angular spectrum can
be measured for £ with a maximum value of £=1.5k, as-
suming an optical system with a numerical aperture NA
=1.5 (i.e., embedded in a medium with a refractive index
n=1.5), the largest £ that can be retrieved is k'=k+A
=(1.5+2.5)kg=4k. By using this specific silver FSL, the
bandwidth of the near-field angular spectrum that can be
measured is Ak=8k,. Consequently, a far-field optical im-
aging could be achieved with an expected resolution Ax
~M\o/8, on the image of the electromagnetic energy distri-
bution using AkAx =2, which is well beyond the diffrac-
tion limit. For comparison, the best resolution that could
be obtained on the image of the electromagnetic energy
distribution with a diffraction-limited classical micro-
scope is Ax=\y/3, with a numerical aperture NA=1.5.

Because this optical FSL is a symmetric grating, we
know that . So by looking at the shape of |t_;(%)| for posi-
tive k, we can deduce that |t_j(k'+A)|=|t,;(k'—A)| for
small £’ €[-0.2;0.2]k, corresponding to waves scattered
in the direction close to the normal incidence. Inside this
small bandwidth &’ €[-0.2;0.2]k, there is an overlap of
waves scattered in the same direction, and this data can-
not be used to retrieve unambiguously the field above the
object below the FSL. In contrast, with £’ >0.2k; and A
=2.5ky, we have [t_i(k'+2.5ky)|> |t (k' —2.5k)|. There-
fore the overlap of waves is negligible when &'>0.2k,
with the respective incident wavenumbers &’ +2.5%k; and
k' —2.5k transmitted in the far field in the same direction
k' through orders —1 and +1.

Assuming that the field transmitted in the far field

ﬁz(k’,z) can be measured in the bandwidth &' e[-1.5;
-0.2]U[0.2;1.5]k, the near-field angular spectrum above

the object H 1(k,2z) can be retrieved in the bandwidth %
e[-4;-2.71U[-1.5;+1.5]U[2.7;4]k,, where the center
part [-1.5;+1.5]k, is assumed to be measured without
the FSL. The field in real space H{(x,z) can then be com-
puted using an inverse Fourier transform, leading to a
resolution Ax=\;/8 using this specific FSL.

4. IMAGING RECONSTRUCTION BEYOND
THE DIFFRACTION LIMIT

This section deals with the real-space imaging reconstruc-
tion of the object. We show that the measurement of far-
field angular spectrum using a FSL can be used to recon-
struct a near-field image of the local field distribution,
with a resolution below the diffraction limit. In practice,
the far-field angular spectrum can be measured at any
large distance (compared with the wavelength) from the
object. It could be measured by imaging the object and the
FSL in the Fourier plan of a classical lens, following, for
instance, the setup proposed in Ref. 8. We first simulate
exactly the forward problem, that is, the computation of
the scattering by an object by itself and when the optical
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FSL is positioned above the object in order to generate the
far-field data that could be measured experimentally.
Then the image retrieval is computed from the direct ana-
Iytic inversion of Eq. (2).

A. Forward Computation: Near-Field to Far-Field
Angular Spectra above the Object with and without a
FSL

Let us consider the case of an object composed by a 40 nm
two-line source of coherent 376 nm wavelength TM waves
separated by a 50 nm gap. A unity value of the H mag-
netic field is assumed on the two-line source and vanished
everywhere else. The optical FSL designed previously (see
Fig. 2) is assumed to be positioned 20 nm above the object.
First, the angular spectrum of the near field scattered by

the two-line source noted H 1(k,z) is computed 20 nm
above the object (right below the silver film interface) us-
ing the rigorous diffraction theory,'® and the result is re-
ported in Fig. 3(a). Whereas the evanescent components
|k|> 1.5k of the spectrum vanished quickly at larger dis-
tances, the propagating components |k|>1.5k, are un-
changed along the propagation, so the amplitude far-field
angular spectrum is exactly the same as the one in near-
field, with |k|<1.5k;. The transmitted far-field angular

spectrum H. o(k’,z) scattered by the FSL is computed rig-
orously by using Eq. (1) and the exact result of the field
transfer functions ¢,(k). The result, reported in Fig. 3(b),
is compared with the scattered angular spectrum in the
far field without the FSL. These two results provide a
complete set of data that simulates a measured signal in
an experiment and are subsequently used as the known
data for the near-field image reconstruction.

B. Near-Field Imaging Reconstruction from the
Far-Field Angular Spectrum

The designed silver FSL processes a unique one-to-one
k' —Fk relation, as shown by Eq. (2). This unique simplic-
ity allows us to use the forward data described in Subsec-
tion 4.A in order to retrieve the near-field angular spec-
trum unambiguously at z=z; just below the FSL. As
mentioned before in Subsection 3.B, the near-field angu-

lar spectrum H;(k,z;) can be retrieved with % e[-4,
-2.71U[2.7,4]ko using Eq. (2) from the measurement of

the far-field angular spectrum data Hy(k') with &' e[
-1.5,-0.2]U[0.2,1.5]k,. The central band [-0.2, +0.2]%,
has been omitted because of an overlap of waves trans-
mitted in the same direction through orders -1 and +1, as
mentioned previously. The near-field angular spectrum is
shown in Fig. 3(c). The propagating components with &

e[-1.5,1.5)k, of H(k,z1) were used to complete the cen-
tral band of the angular spectrum from the far-field data
previously computed without FSL. The real-space field
distribution above the object and below the FSL zy<z
<z; is then obtained by using the rigorous diffraction
theory and applying an inverse Fourier transform. This
result is reported in Fig. 3(d) as the distribution of the
density of electromagnetic energy 5 nm above the object.
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(b) Far-field angular spectrum
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Fig. 3. Two lines of a source object of 40 nm width and 50 nm gap are used for (a), (b) the exact computation of the far-field angular
spectrum and (c) the retrieval of the near-field angular spectrum image and (d) the real space image using a FSL from the far-field data

assuming NA = 1.5.

This result can be compared with the exact distribution
radiated by the two-line source object (in black) obtained
using the rigorous diffraction theory, showing that the
FSL provides a faithful image. We also computed the re-
sult of the diffraction-limited image using values of
Hi(k,z;) with k inside the propagating bandwidth [
-1.5,1.5]kg. The comparison with the diffraction-limited
image clearly shows that the image resolution obtained
using a FSL is far beyond the diffraction limit. Following
exactly the same procedure, we have also computed the
image reconstruction of a nonsymmetrical object com-
posed by a set of 50 nm line source separated by a 30—
80nm gap, as shown in Fig. 4. Note that the values of the
reconstructed local density of energy shown in Figs. 3 and
4 are normalized such that the total densities of energy
integrated along the x axis are the same as the object.
The image reconstructed using the FSL is in good
agreement with the object source distribution. However,
because the band [1.5,2.7]k, is missing for the recon-

struction of the near-field angular spectrum, some arte-
facts might appear for spatial details between 70—125 nm
in the real-space image. If the field distribution scattered
by an object contains nonnegligible angular spectrum
within the bandwidth [1.5,2.7]k, then the field distribu-
tion will not be properly retrieved in real space. This in-
correct reconstruction can happen mainly for periodic or
quasi-periodic objects for which the angular spectrum is
discrete and could be fully contained within the missing
band. For other field distributions like the two-line
source, the angular spectrum is broad enough that a large
part of the spectrum can be retrieved, except the missing
band. The second and third peaks in Fig. 4 of the recon-
structed image are slightly larger than other peaks be-
cause of the missing band, leading to an imperfect recon-
struction. Also, because of this missing band, the
reconstruction of the two-line source separated by a 120
nm gap is much more difficult, as shown in Fig. 4. Never-
theless, even in this difficult case, the FSL provides a bet-
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ter image compared with a diffraction-limited classical
microscope.

5. ROLE OF SURFACE-PLASMON
POLARITONS ON THE TRANSMISSION OF
PROPAGATING AND EVANESCENT
WAVES BY A METAL-DIELECTRIC
FAR-FIELD SUPERLENS

Until this point in this paper, we have discussed only the
transmission properties of a superlens and a FSL in
terms of input—output, without explaining the intrinsic
physics hidden behind these remarkable behaviors. The
superlens theory predicted that a slab of negative-index
material can significantly enhance evanescent waves in
transmission. A full recovery of the Fourier components,
including evanescent waves, can be used for imaging with
resolution well below the diffraction limit. This enhance-
ment can be achieved by excitation of surface-wave reso-
nances, depending on the materials and geometry used. A
superlens can be constructed from metamaterial with ef-
fective negative-index media,'”!® and (dielectric'®?! or
metallic®?) photonic crystals as well as a slab of natural
material>*?2 that supports a surface-wave polariton. The
superlens effect has been reported experimentally for mi-
crowave regime24 using a two-dimensional photonic crys-
tal. Recently, optical superlens imaging has been
demonstrated® experimentally using a silver slab.

In this section, we will discuss the specific case of a FSL
composed of metal and dielectric media. The design of a
FSL is satisfying, since the transmission and conversion
of incident evanescent waves into propagating waves
through a unique negative order of diffraction is very
large, compared with the transmission of incident propa-
gating waves through the order 0. The design of one par-
ticular FSL, as shown in Fig. 2, satisfies the latter re-
quirement, which can be written mathematically as
[tOk)|<|t~1(k+A)|, with 0<k<nk,, as mentioned before.
The FSL is constituted by a silver—glass grating of 55 nm
height, 150 nm periodicity, and a metal filing ratio 0.3,
supported by a 35 nm thickness silver slab. The entire
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sample is covered in both sides by glass. We would like to
answer to the question why such a structure transmits
light strongly in the order -1 for incident evanescent
waves, whereas the transmission of propagating wave in
order 0 is comparatively very small. The role of SPP is
considered first in the case of a planar metal film and sub-
sequently for the case of a metal film periodically corru-
gated.

A. Transmission by a Planar Metal Superlens
(p-Polarization)

At a metal—-dielectric interface, SPPs are the coupling of
p-polarized surface electromagnetic waves with k2>nk
(propagating along the interface) and the induced collec-
tive excitation of free electrons at the boundary. The es-
sential role of SPPs in the enhancement of evanescent
waves in transmission by a planar film made of a noble
metal with Re(e) <0 like silver at optical wavelength has
been clearly established both theoretically and
experimentally.?> 2% A metal film can enhance evanescent
waves in transmission by a resonant p-polarization exci-
tation of SPP at both interfaces, which can couple depend-
ing on the thickness of the slab. We report the H-field
transmission factor in Fig. 5 as function of the optical
wavelength and the transverse incident wavenumber
through a silver film about 35 nm that separates two half-
spaces of glass. The maximum positions of the transmis-
sion factor reveal the excitation of the SPP modes. Two
modes can be distinguished, which we term kg, and %
where kg (M) >k, (o). It is known that the gap &g (\o)
—kg,(N) increases for smaller thickness, and that SPP
with larger & can be excited in transmission for smaller
thickness. The thickness of the film is a very important
criterion if one wants to design a superlens with a
broadband-large enhancement in transmission of evanes-
cent waves. With a silver slab of 35 nm covered by glass,
it can be seen in Fig. 5 that a relatively flat transmission
as a function of £ can be obtained at a wavelength close to
365 nm and below 390 nm. This broadband of % for which
there is an enhancement of evanescent waves is a key
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Fig. 4. Density of electromagnetic energy 5 nm above the object and near-field images retrieved from far-field data assuming NA
= 1.5 with and without FSL. The object is constituted by a set of 50 nm width lines source separated by a 30-120 nm gap. This rigorously
computed result directly demonstrates the imaging resolution below the diffraction limit using a FSL with an arbitrarily shaped object.
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Fig. 5. (Color online) Transmission factor shown through an in-
terface through a silver film of 35 nm thickness in glass as a
function of the optical wavelength and the transverse wavenum-
ber. Two sharp modes of SPP are clearly shown for the large
wavelength at 435 nm. The bandwidth of modes increases for a
wavelength reaching 365 nm, for which resonances are
superimposed.

point for imaging purposes with a superlens. This prop-
erty was largely exploited, as mentioned in Ref. 23, on the
near-field imaging experimental demonstration using a
silver slab superlens.>*

B. Negative Role of SPP on the Far-Field 0-Order
Transmission of a FSL

The comparison of the amplitude transmitted through or-
der 0 of s and p polarizations, plotted in Fig. 2 for propa-
gating waves close to normal incidence k=k’'=0, shows
that the amplitude transmission factor through the FSL
is twice as large with s compared to p polarization. Con-
sequently, the flux transmitted is 4 times larger with s po-
larization. To explain this phenomenon, we can model the
transmission in the forward direction in the order 0, con-
sidering that the amplitude transmitted is due mainly to
the direct transmission of waves (without a multiple-
scattering process), and the sums of waves doubly scat-
tered first in the order +1 of the grating and then scat-
tered back in the original direction using the order -1.
Larger multiple-scattering processes can be negligible.
Incident p-polarized waves that are multiply scattered
can excite several modes of SPP. The excitation of these
SPP modes leads to a field enhancement of surface waves
but also leads to a large increase of the absorption factor.
Because SPPs cannot be excited with an s-polarized field,
no field enhancement due to SPPs can be invoked with s
polarization. From additional calculation (not shown in
this paper) of the total absorption through the FSL, we
found out that the absorption factor is 5 times larger for p
compared with s polarization. This effect was also ob-
served experimentally in the study of the enhanced light
transmission through two-dimensional periodic arrays of
subwavelength holes in a metal film.*® In this experi-
ment, the large transmission factor due to the excitation
of SPPs was systematically followed by a large absorption
factor. Nevertheless, with the optical device studied in
this paper, the transmission factor through order 0 is not
enhanced with p compared with s polarization. But as it
has been described in a theoretical work,?° the excitation
of SPPs in p polarization can lead to a negative role in 0
order transmission by metallic gratings with subwave-
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length slits. We believe that the normal incidence trans-
mission through the FSL is reduced with p compared with
s polarization, because of a larger absorption and a nega-
tive role of SPP in the transmission factor.

C. Role of SPP on the Large-1-Order Transmission with
p-Polarized Waves of FSL

Transfer functions of order —1 for both s (dashed curves)
and p (solid curves) polarizations are plotted in Fig. 2. For
incident evanescent waves with %2> 2k, while the trans-
mitted amplitudes of p-polarized waves are large, the
transmitted-amplitude s-polarized waves are almost
equal to zero. This result clearly shows the fundamental
role of SPP on the large transmission through the diffrac-
tion order -1 of the grating.

Let us now look at the amplitude transmitted through
the silver FSL for p polarization of diffraction order 0 and
-1 as a function \¢ and %, as shown in Fig. 6. It can be
seen that a large transmission through the order -1
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Fig. 6. Transfer function of (a) order 0 and (b) —1 of the silver—
glass grating FSL described in the Fig. 2 caption as a function of
the wavelength, with ¢ = 45 nm, b = 35 nm, ¢ = 55 nm, and d

= 150 nm. The black lines show the area for which waves are
transmitted in the far field. With these parameters, the FSL is
well designed to work with wavelengths between 365 and 390
nm.
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within a large bandwidth of %2 >2k, can be obtained for
wavelengths from 365 to 390 nm. This result is similar to
the case of a simple 35 nm thick silver film, except that
interestingly, at these wavelengths through the diffrac-
tion order O of the FSL, there is no particularly large en-
hancement of evanescent waves for k& >2k,. Actually, a
computation of the field distribution inside the multilayer
grating (result not shown in this paper) suggests that in-
cident evanescent waves are transmitted with large am-
plitude, from the bottom to the top of the 35 nm silver
film. These evanescent waves are in part lost 55 nm above
the slab along the grating area and are in part diffracted
by the grating. Consequently, amplitudes of evanescent
waves transmitted through the order 0 are low just above
the grating at the plane z=z, (where the transmission fac-
tor was defined).

1. Role of the Metal-Film Thickness on the Field
Enhancement

Along the design of the silver FSL at the working wave-
length 376 nm, we found that the optimum thickness of
the silver slab was 35 nm, keeping other size parameters
of the grating unchanged with the grating depth ¢
=55 nm and metal filing ratio f/=0.3. The transfer func-
tions of order 0 and —1 are reported in Fig. 7 as a function
of the silver slab thickness from 0 to 100 nm. A large
transmission in the order -1 is obtained when the silver
film is between 30 and 40 nm thickness, demonstrating
that the large transmission in order —1 could not be built
without the silver slab. There is little doubt that the large
transmission is due to the SPP excitation that builds an
enhancement of evanescent waves before conversion in
propagating waves by scattering in the grating, because
of the following arguments: This enhancement does not
occur with s-polarized waves, and it is known
experimentally® that 35 nm thick silver film used as a su-
perlens has the properties to enhance evanescent waves
with £>2.5k, and A\;=365 nm [see also, for instance, Fig.
5], because of the SPP excitation. However, it is surpris-
ing that the optimum thickness of the silver slab in the
FSL is the same as that for a conventional silver super-
lens. This result is surprising because the dispersion re-
lation of SPP on a simple silver slab is theoretically
known®! to be strongly modified by the presence of rough-
ness, or a grating on top of the slab. It is claimed in Ref.
31 that a small roughness limits the superlens effect, be-
cause evanescent waves are no longer as enhanced. Al-
though it is clear that the SPP modes of a silver film are
modified by the grating, our result shows that a large
bandwidth of evanescent waves can be strongly excited
and transmitted through the order -1 of diffraction.

2. Role of the Metal-Filing Ratio and the Height

of the Grating

We investigate the transmission properties of the silver
FSL as a function of the metal filing ratio of the grating
and the height of the grating, with a constant thickness
b = 35 nm and a constant period d = 150 nm. As shown
in Fig. 8, a large transmission in order -1 for a large
broadband of incident evanescent wave is achieved if the
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Fig. 7. Transfer function of (a) order 0 and (b) order —1 of the
silver—glass FSL at A\y=376 nm as a function of the thickness of
the silver slab with @ = 45 nm, ¢ = 55 nm, and d = 150 nm. A
maximum of transmission through order -1 is found with 30—40
nm of silver slab. The excitation of SPP modes in the slab of sil-
ver at a specific thickness plays a key role in the substantial en-
hancement of evanescent waves that are converted in propagat-
ing waves in the order -1 of the diffraction grating.

filing ratio f is roughly larger than 0.2 and smaller than
0.4 and if the grating depth ¢ is between 30 and 60 nm,
with an optimum at 55 nm.

The excitation of SPP modes in the 35 nm thick silver
film contributes strongly to build the large amplitude of
evanescent waves, but the presence of the grating modi-
fies SPP mode properties into SPP leaky modes, because
evanescent waves are diffracted in the far field by the
grating. The leaky property of these modes reduces the
field enhancement of evanescent waves. The achievement
of a large transmission in the order —1 is obtained if an
enhancement of evanescent waves is built by the silver
slab and if the diffraction process is efficient enough to
convert evanescent waves to propagating waves with
large amplitude. Intuitively, large diffraction efficiencies
would limit the SPP excitation in its role on the evanes-
cent field enhancement, leading to small amplitude trans-
mitted in the order —1. On the other hand, smaller dif-
fraction efficiencies would improve the role of the SPP on
the enhancement of evanescent waves but would decrease
the amplitude transmitted in the order -1. So there
should be an optimum diffraction efficiency that leads to
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the maximum values of |t~1(k)|. The efficiency of the con-
version of evanescent waves into a propagating wave can
be controlled by the metal filing ratio and the grating
depth. Care has to be taken when such a simplified pic-
ture is used, because in general SPP modes in the slab are
modified by the presence of the grating. A simple way is to
consider a grating with a filing ratio small enough so that
SPP modes in the 35 nm silver slab would not be drasti-
cally modified and a large grating depth to enhance the
diffraction efficiency. That is why the small filing ratio f
= 0.3 and a long grating depth ¢ = 55 nm lead to a good
compromise for a large-enough field enhancement and a
large-enough diffraction efficiency to convert evanescent
waves into propagating waves.

D. Spatial-Harmonics Modes Involved in the Far-Field
Superlens Effect

The FSL transfer function for order 0 and order -1 were
obtained with N=51 orders using RCWA. The question
that arises is how many modes are necessary to model the
remarkable transmission behavior of this optical device.
With RCWA, this question can be easily answered by re-
ducing the number of spatial-harmonics modes for which
the field is expanded during the computation. As shown in
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Fig. 8. Amplitude of transmitted waves in diffraction order -1
as a function (a) of the metal filing ratio with b = 35 nm, ¢
= 55 nm, and d = 150 nm and (b) of the grating depth with a
=45nm, b = 35 nm, d = 150 nm.
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Fig. 9. Computed order 0 and -1 transfer functions of the opti-
cal FSL considered, using RCWA with N=51 (solid curves) or N
=5 (dashed curves) spatial-harmonic orders. Interestingly, the
enhancement of evanescent waves and conversion into propagat-
ing waves through the diffraction order —1 can be built, even con-
sidering the low number of spatial-harmonic order.

Fig. 9, using a number of spatial-harmonic modes as low
as N=5, the strong enhancement and conversion in
propagating wave transmission through the diffraction
order —1 can be obtained. With N=5, only waves with
transverse wavenumbers k,=k+nA are considered with
nel[-2,+2] (k is the incident transverse wavenumber).
This result is important for further modeling of the phe-
nomenon; it shows that only small values of transverse
wavenumbers have to be considered involving low orders
of multiple-scattering processes.

6. SUMMARY

Since the first theory? and the recent experimental evi-
dence of optical imaging beyond the diffraction limit using
a superlens,3 imaging has been fundamentally limited to
the near-field zone of the superlens using the conven-
tional scheme. In a previous letter,® a theory was intro-
duced on how to extend the near-field imaging ability be-
yond the diffraction limit of a superlens to the far field. In
this paper we have reviewed the transmission behavior of
this new optical device, termed FSL, which has the capa-
bility to convert the near-field angular spectrum radiated
by an object into a far-field angular spectrum, following a
remarkable one-to-one relationship. This unique trans-
mission property allows a unique imaging reconstruction
from far-field data using a FSL without scanning the sur-
face. Section 5 of the paper introduced the physics in-
volved in the transmission properties of an optical FSL
constituted by metal—-dielectric media. To understand how
to design a FSL made of metal-dielectric, the basic prop-
erties of SPPs in a metallic film were reviewed quickly. In
particular, the control of SPP modes by adjusting the
thickness of a metallic film is important to design a su-
perlens that can enhance a large bandwidth of evanescent
waves. The ability of an optical FSL made of metal—
dielectric grating on top of a metal slab to enhance inci-
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dent evanescent waves and to convert them efficiently
into propagating waves is explained through a parametric
study. By using a grating with a small metal filing ratio,
the optimal thickness for the silver slab of the FSL was
found to be similar to the optimal thickness of a conven-
tional planar superlens. By choosing a grating with a
small filing ratio, although the SPP modes supported by a
pure silver film are modified by the presence of the grat-
ing, the numerical results have shown that a strong en-
hancement of evanescent waves still occurs in the slab,
whereas the grating plays the role of an efficient con-
verter of evanescent waves into propagating waves.
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