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Abstract

Ag/SiOy and Awu/Si multilayer imaging structures are shown to have subwavelength
imaging performance. The influence of the duty cycle is presented. Imaging possibilities
with a slab having isotropic negative effective dielectric constant is also explored. This
system may be worthy of an experimental program to establish that subwavelength resolu-
tion is practical. Success will lead to a new class of imaging, memory, and interconnection
structures.

1 Introduction

Conventional optics suffers from the diffraction limit because only the propagating components
of the plane wave spectrum are available. As a consequence, the spot size is limited to about
one wavelength. There is therefore a link between memory density and wavelength, for example.
Information about the subwavelength features of the object are carried by the evanescent waves,
which decay exponentially. A negative refractive index slab can act as a lens because of negative
refraction, and of particular interest, can amplify the evanescent fields and produce images with
subwavelength features [1, 2, 3, 4]. The primary features which negative index materials (NIMs)
offer are: negative refraction, evanescent field growth, leading to the prospect of subwavelength
imaging, and dispersion. These characteristics, individually and collectively, are important for
imaging and a variety of other optical signal processing applications, in which an incident field
(or set of fields) is transformed in some manner at the output (such as to a subwavelength spot).
While building negative index materials at optical wavelengths will be very challenging, achieving
low-loss structures which perform the aforementioned operations is possible now.

We have shown that a layered metal-insulator stack has the capability of subwavelength imag-
ing [5]. It works because the effective dielectric constant is anisotropic and hence the structure
converts evanescent fields from the source (the object) to propagating wave the multi-layer stack.
In this way, information about the evanescent fields from the source can be conveyed to the im-
age plane. Here we present an investigation of the multilayer Ag-SiO, film system that provides
subwavelength spot resolution.

Photonic crystals have been shown to exhibit negative refraction [6, 7]. However, why con-
strain the problem to be regular (periodic)? In doing so, there are few variables (e.g., material,
period, and duty cycle, as in a photonic crystal) to achieve particular field transformations. We
have shown that irregular structures having many degrees of freedom allow both high perfor-
mance field transformations and new functions [8, 4, 9, 10]. Control over the evanescent fields is
essential in achieving such small focus regions. While the designs require nonlinear optimization,
structures can be achieved which provide NIM features. Another important aspect of the planned



work is to design and build very small elements that function as spectrometers, an extension of
some preliminary work we have done [10].

2 Results

2.1 Metal/Dielectric system (Anisotropic effective dielectric constant)

We explore the near-field imaging properties of a multilayered metal and dielectric system with
an emphasis on the role of the available variables, namely, the duty cycle (D) and the number of
layers. The slab structure we consider is composed of alternating layers of metal and dielectric
and is surrounded by free space, as shown in Figure 1(a). The incident plane is defined as
being at the left side of the slab, with the other side being the transmission plane, which is
also the imaging plane. The total metal thickness divided by the slab thickness gives D. The
metal (relative) dielectric constant is e = ¢ + i€”, with ¢ < 0, and that for the dielectric
€ = € Fiel.

An effective medium dielectric constant can be defined under the quasi-static approximation,
provided that the wavelength is large relative to the period and that there are a sufficient number
of periods. From the spatial average, referring to Figure 1(a), and assuming continuity of the
tangential electric field, €, = (e_D + e, (1 — D)), and from the continuity of the electric flux
density normal to the layers, e;' = (e2'D +¢e;'(1— D)). For the TM field (H,, E,, E.), the
dispersion relation for the anisotropic slab defined by €, and €, is kZ2e; ! + k¢! = k2, where in
free space kf = w?c® = k2+k?, and c is the light speed. For a multi-layer slab of total thickness d,
operating in the effective medium regime, the plane wave transmission coefficient (with exp(iwt))
is

(1 — r¥)exp(—ik.d)

T(ks) 1 — r2exp(—i2k,d)’ (1)

where 7 is the reflection coefficient for the TM mode. A perfect lens has T'(k,) = 1.
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Figure 1: (a) Schematic of a 3-layer metal (gray) / dielectric (white) structure. Metal is placed at the center of
each layer. The transmission spectrum with varying duty cycle for (b) Ag/SiO2 and (¢) Au/Si multilayered slab,
in the effective medium regime. The slab is 400 nm thick, and the free space wavelength is Ag=700 nm. kg is the
free space wave number, and |T'| is the magnitude of the transmission coefficient across the slab.

Figure 1(b) and Fig. 1(c) show the variation of the magnitude of the transmission coefficient
with the duty cycle in the effective medium regime at A\g=700 nm for a 400 nm thick slab
of Ag/SiOy and Au/Si, respectively. With increasing D, the amplitude of |T'| decreases for
propagating fields (k,/ko < 1) but increases for evanescent fields (k,/ky > 1). It is clearly
possible to adjust the parameters of the stack to achieve good magnitude and phase transfer
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Figure 2: The magnitude of total electric field |E| for a wavelength of A\g = 700 nm for a single object of width
0.1X¢. (a) FS is the image obtained after free space propagation over a distance of 400 nm. PS is the propagation
spectrum determined from the object plane-wave expansion with the evanescent field removed, which is the perfect
far-field imaging result with a positive index lens. Variation of the magnitude of total electric field |E| at the
image plane with the duty cycle for a 400 nm thick: (b)Ag/SiO32 slab and (c)Au/Si slab, in the effective medium
regime.

function characteristics. However, one could expect that the optimal design will depend on the
particular object to be imaged.

We consider the example of a TM incident field having H, = 1 within a strip of width 0.1 Ao,
being representative of a small aperture that may be a transmitting source or a feature on a
lithographic mask. This object field is then imaged by means of a multilayer slab structure of
total thickness 400 nm, so the image plane is removed from the object plane by this distance.
An exact analytical solution is possible for this slab geometry. A plane wave expansion was used
to solve for H, in each region, and the electric field E was determined from an inverse Fourier
transform of the plane-wave spectrum for H, (each plane wave component is multiplied by its
respective impedance).

Figure 2 shows the magnitude of the total electric field |E| as a function of position at the
image plane for a wavelength of \y=700 nm. Figure 2(a) gives the result for the propagating
spectrum (PS), which was determined from the object-plane-wave expansion with the evanescent
fields removed, as well as the free space (FS) result for propagation over 400 nm. We consider
these as important reference results. We studied two different metal/dielectric slabs in the
effective medium regime. The result for a Ag/SiO; slab in shown in Fig. 2(b) and that for
a Au/Si slab in Fig. 2(c). As compared to both free space propagation and the propagating
spectrum results, the layered structure can provide an improved image with parameter tuning.
The best full width half maximum (FWHM) images are approximately 0.3\y for Au/Si and
0.9 for Ag/Si0s.

2.2 Negative Isotropic Dielectric Constant

We consider a single slab of material with isotropic € = ¢’ + i€”, and with ¢ < 0. This condition
is satisfied, for example, by metals at optical frequencies. It is possible to synthesize materials
that have these properties, such as mixtures of metals and dielectrics, and fabrication can be
relatively straight forward. This motivates us to evaluate the imaging prospects of a negative
dielectric constant slab.

Figure 3(a) shows the transmission spectrum obtained for three different negative dielectric
constants for Ay = 700 nm and a 400 nm thick slab. For propagating waves (k,/ky < 1),
the amplitude of transmission coefficient decreases with more negative €. The resonant peak
in the evanescent field transfer function can be very prominent and approaches k, = ko with
increasingly negative €. It has also been observed that increasing the slab thickness from 0.4um
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Figure 3: (a) The transmission spectrum (|7']) with varying €’ with Ag = 700 nm and for a 400 nm thick slab. The
magnitude of the total electric field |E| at the transmission plane for a 400 nm thick slab having permittivity for:
(b)e = —0.02 — i0.01, ¢ = —1.0 — 50.01 and (c) e = —2.95 — ¢0.01, for a single object of width 0.1)\.

to 0.6um greatly reduces the overall transmission (|7'| decreases by about a factor of about
1000). Figure 3(b) shows the magnitude of total electric field at the transmission plane for a
400 nm thick slab having € = —0.02 — i0.01 and ¢ = —1.0 — i0.01. Figure 3(c) shows the case
for e = —2.95 — 70.01. The image FWHM for the free space propagation case over 400 nm is
1.4 Ao and with only the propagating spectrum is 0.9 A\g. The image for e = —1.0 — ¢0.01 has a
FWHM of 0.9 A\, which is slightly better than the free space case. While the image resolution
we have achieved thus far is not particularly encouraging, the spatial ripple in Figure 3(c), due
to the resonant spike in Figure 3(a), is interesting.
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