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10.1 INTRODUCTION

In diffractive optics, typical feature sizes are on the order of the wavelength, which is
around 1 pm for visible and near-infrared light. Although nanometer-scale features

beyond classical optics with plasmonics and metamaterials,
One way to take advantage of plasmonic materials is to make waveguides out of
them. In plasmonic waveguides, light propagates as a surface plasmon polariton (SPP)

. Which is nanoscale in size and oscillates at a few hundreds of terahertz. Plasmonic

wavegtiides have the potential to help solve the problem of ever-increasing demand
for smaller and faster communication devices. In the design of our nanosljt lenses,
we utilize the unique dispersion features of plasmonic waveguides.

Among optical metamaterials f1], aunique class of metal—dielectric lamellar struc-
tures called hyperbolic metamaterials (HMMSs) have received much recent attention.
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290 Active and Tuneable Metallic Nanoslit Lenses

An HMM has strong uniaxial anisotropy where the principal elements of the permit-
tivity tensor have opposite signs. Hence, the isofrequency curve of hyperbolic media
is a hyperbola; this is different from an anisotropic dielectric whose dispersion is ellip-
soidal. As a consequence of their hyperbolic dispersion, HMMs theoretically could
possess many unique properties such as unbounded effective refractive index and
super-resolution capabilities. When subwavelength slits are combined with HMM:s,
the diffractive nature becomes drastically different from diffraction in free space. i
For example, inside an HMM, the propagation of diffracted light from a nanoslit F
is highly directional. By utilizing this unique feature, focusing is possible with a
subwavelength spot size [2].
The initial devices based on plasmonics and metamaterials were passive, and thus
their functionalities were determined by the initial designs and the materials. As
these research fields continue to mature, the demands for the devices to be active and
tuneable became much stronger for practical and engineering applications. Therefore, i
we present our results on active nanoslit lenses and tuneable nanoslit lenses in the
following sections. Since plasmonic and metamaterial devices use metals whose
losses are not negligible, it is of critical interest to develop active devices. In our
chapter, we study the possibility of loss compensation of the HMMs by including a
gain medium in the design, When modeling the dispersions of HMMs, we tested four
different methods that are commonly used in the community.
We have organized the chapter in the following way. We begin by presenting our
recent work on planar plasmonic diffractive focusing devices which consist of arrays
of nanoslits milled in gold films [3]. Our planar nanoslit metal lenses work for both
TM and TE polarizations and can emulate both convex and concave conventional
dielectric lenses. We give a brief overview on the experimental characterization and
full-wave numerical simulations of light propagation in the fabricated prototypes.
Next we show that the focusing properties of nanoslit lenses can be externally tuned
by filling the slits with index-changing materials such as a liquid crystal (L.C) material,
Using L.Cs, we can control the focal intensity [4] of the device. With a different index-
changing material, in this case a nonlinear medium, we can shift the focal length [5]
" of the nanoslit lens. Finally, we discuss our work on HMM-assisted nanoslit devices

for subwavelength focusing. A case study on active HMM dispersions is provided
and discussed [6], followed by the numerical simulations of subwavelength diffrac-
tion with active HMMSs 7] and the experimental demonstration of subwavelength
diffraction with a passive HMM [8].

St

10.2 POLARIZATION-SELECTIVE GOLD NANOSLIT LENSES

The performance of diffraction optics can be improved by using noble metals in the
visible spectral range. When light propagates through metallic apertures (e.g., slits,
holes), SPP modes can be generated and used in diffraction lenses. The wavevectors
of the SPP mode depend on the dimensions of the apertures. This allows for very
flexible control over the phase of the outgoing light, and thus makes it possible to
design a focusing device by adjusting the size and the position of the apertures.:
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Recently, a planar metallic lens made of parallel nanoslits milled in a thick metal film
has been proposed [9, 10] and then demonstrated experimentally [11]. This nanoslit

lens can focus an incoming plane wave, similar to the operation of a tradi

dielectric lens. ARSI

In contrast to convex dielectric lenses, however, nanoslit lenses are flat, are scalabl
to the ?r.dcr gf the wavelength, and can be easily integrated for on-chipz,l li C?:'a 3
In addmon,.at is possible to design a nanoslit lens whose depth of focusp f; = IEDS-
as a few micrometers, which is difficult to achieve with a dielectric lens e
these attractive features, planar metallic lenses have been studied extens ;
and some other planar metal lenses based on
However, those devices, including, for example, an array of nanoholes [13, 14]. 4
not modulate the phase front of the transmitted light by varying the dimen,sior}s 0(1‘)"

each aperture individually. This is a signi i
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and these previous metal-based lenses. e our lens design

Due to
s h cen ively [12],
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10.2.1 Design Concept of Gold Nanoslit Lenses
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yze our nanoslit lenses, we considered light propagating in
tal film to act as a wave propagating in a metal-insulator—
(see Fig. 10.1a), where two different modes with distinct
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is the lowest one in the TE polarization (a photonic mode).
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10.1 (a) Schematic image of a MIM waveguide. (b) Relative phases plotted against the width

of the gold parallel-plate wavegui i
ld guide for 531 nm light. The length of the waveguid i
Schematic images of TM- and TE-lenses in TM- and TE-polarized light. SIS B
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Equations 10.1 and 10.2 show the dispersion relations calculated from a boundary
value problem analysis [15] for the plasmonic and photonic modes, respectively:

tanh (k1) = ~sakz [(emk1), ki = VB — eakd, (10.1)
tan (zk1w) = ~ka/ky, ky = \feqkl — B2, (10.2)

Note that k; = /82 — ek? for both Equations 10.1 and 10.2. Also, w is the 2
width of the dielectric core between the two parallel plates, 8 is the propagation
constant, £ and &4 are the permittivities of the cladding metal and the dielectric
core, respectively, and &y = 2 /A is the wavenumber for the free-space wavelength
A. After a wave propagates through a parallel-plate waveguide for a finite distance d,
the relative phase of the outgoing light is ¢ = arg(8d), where ¢ also depends on w,
In Figure 10.1b, the relative phases of the outgoing light are plotted after propagating
through a 600 nm long gold-polymer-gold waveguide, where the permittivity of
gold is taken from Reference 16 and the polymer is polyvinylpyrrolidone (PVPR)
whose refractive index is 1.5. The phase of the plasmonic and photonic modes has
opposite dependencies as we increase the width of the MIM waveguide so that we
can design devices that will focus TM-polarized light (TM-lenses) or TE-polarized
light (TE-lenses).

In a planar TM-lens, the narrowest slit is milled at the center of the lens, while
wider slits are milled farther away from the center, A planar TE-lens has an opposite
design: The narrowest slits are milled at the periphery of the lens, while the widest slit
is milled at the center. Both lenses emulate the behavior of a conventional dielectric
convex lens by modifying the phase front of light wave in a very similar manner,
This happens because the wavefronts of light transmitted from the central slits are .
delayed relative to the wavefronts of light transmitted from the periphery slits. But
when a TM-lens (TE-lens) is illuminated by TE-polarized (TM-polarized) light, the =
transmitted light diverges as if it were passing through a conventional dielectric
concave lens. In this case, the wavefronts of light transmitted from the periphery slits -
are delayed relative to the wavefronts of light transmitted from the central slits, The
polarization-dependent performance characteristics of both lenses are illustrated in.
Figures 10.1¢—10.1f. The recipe for the initial design of the lens was also obtaine
and discussed in Reference 3.

10.2.2 Experimental Demonstration of Gold Nanoslit Lenses

We performed optical experiments to characterize the performance of both TM- and
TE-lenses. The TM- and TE-lenses were milled using a focused ion beam (FIB) inty
600 nm thick gold films deposited on clean glass substrates. The SEM images _

the lenses are shown in Figure 10.2. The length of each nanoslit is 22 pm, and the
widths of the nanoslits vary from 69 (215) to 154 nm (163 nm) for the TM-len;
(TE-lenses). Then, a thin film of PVP was spin-coated onto the samples, ﬁllin&
nanoslits to increase the contrast of the refractive indexes in the MIM slit wavegu
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TM-lens

2 um

FIGURE 10.2 SEM images for the TM-lens (top) and the TE-lens {bottom),

The transmission properties of the samples were measured using a conventional
optical microscope with a 100X objective lens (NA = 0.75, WD. = 0.98 mm).
A schematic setup is shown in Figure 10.3. The stage resolution along the vertical
direction (z-axis) and the depth of focus for the 100X objective lens are less than 1 Hm,
which were sufficient for our measurements. The samples were mounted on the
microscope stage with the film side up and were illuminated from the substrate side
with a linearly polarized, CW laser at 531 nm. The transmission images from the
samples were recorded by a CCD camera by moving the height stage in increments
of 1 um. Note that the focal point of the objective lens and the surface of the sample
are coincidentat z = 0, and x = 0 is the center of the sample. From the obtained
images, 2D maps of the transmitted light were created,
Figures 10.4a~10.4d show the transmitted light irradiance from both the TM-lens
and TE-lens for both TM and TE polarizations. The TM-lens (TE-lens) focuses TM-
polarized (TE-polarized) light, but diverges TE (TM) incident light. These results

Slits

Glass
substrate

LTE
H

E

Laser TH
(531nm)y  E€

nt setup. The distance between the lens and the sample was
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TM-lens TEdens

Experiment

z position (um)

Simulation

8 0 88 0 8-8 0 8-8 0 8
X position (pum)

FIGURE 18.4  Ircadiance of the transmitted light through the nanoslit lenses. (a and b} Measurement
results for the TM-lens; (c and d) measurement results for the TE-lens; (e and ) sirnulations for the
TM-lens; (g and h) simulations for the TE-lens. Incident illumination is TM-polarized for (a), (c), (¢), and
{g) and TE-polarized for (b}, (d), (), and (h). In {a-h), the color scale is normalized to its maximum,

are a clear indication that the lenses, which were designed based on the disper-
sion relations above, do indeed operate as shown in Figure 10.1. The results for
both Jenses obtained from full-wave numerical simulations using commercial finite-
element method (FEM) software (COMSOL Multiphysics) are shown in Figures
10.4e-10.4h. Considering that (i) the recorded images show the average intensity
over the depth of focus of the objective lens and (ii) the two outgoing beams in
Figures 10.4g and 10.4h are not observed experimentally because of the finite field of
view of the objective lens, the corresponding images in Figure 10.4 are in excellent
agreement with the experimental results.

Next, we studied the wavelength-dependent properties of nanoslit lenses. Gold is
dispersive, and thus chromatic aberration should exist, Since the TM-lens and the
TE-lens work similarly, here we limit ourselves to the TM-lens case. In experiments,
we repeated the optical measurement at wavelengths of 476 and 647 nm with TM-
polanized light. In simulations, we calculated the electromagnetic field intensities in
the device for wavelengths of 476 and 647 nm with the same conditions as 531 nm
except for the incident wavelength. The results from the experiments and simulations
are summarized in Figure 10.5. As shown in Figure 10.5, the focus distances become
shorter as the incident wavelength is reduced. Figures 10.5g and 10.5h depict the
cross section of the normalized irradiance at the focal plane heights and the cross
section of the normalized irradiance at x = 0, respectively, proving that a good
quantitative match exists between our experiments and simulations. The widths of
the focal spots are wider in both the x and z directions, which could be due to
imperfection of fabrication. Note that it is possible to make use of this wavelength-

dependent property (i.c., chromatic aberration) as a micro spectrometer to measure the
incident wavelength.
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FIGURE 10.5 Wavelength-dependent irradiance of the transmitted Ij ght through the TM-lens with TM-
polarized light at 467, 531, and 647 nm. (a)—(c) are from the experiments and (d)—(f) are from the FEM
simulations. (g) Cross section at the focus distances for the TM-lens at each wavelength. (h) Cross sections

atx = 0 pum for the TM-lens at each wavelength, In (g) and (h), each curve is normalized to its maximum;
the legend for (g) applies to (h) as well.

10.3 METALLIC NANOSLIT LENSES WITH FOCAL-INTENSITY
TUNEABILITY AND FOCAL LENGTH SHIFTING

The nanoslit lenses shown above are passive devices. By incorporating index-
changing materials into the nanoslits, we can achieve external control over the
focusing properties of the lenses. We chose LCs and a nonlinear semiconductor
material as our index-tuneable materials, We then studied the focusing properties of
the lenses whose slits were filled with these index-changing materials,

10.3.1 Liquid Crystal-Controlled Nanosiit Lenses

In optics, L.Cs are known to exhibit large refractive index changes when their orienta-
tion or phase changes [17]. Typically, the absolute valne of a refractive index change
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is on the order of 0.1. When LCs are in the nematic phase, the orientation of the
LCs can be changed by applying an electric field. Some LC materials have a phase
transition temperature between the nematic and jsotropic states that is close to room
temperature, which makes it easy to control the phase of the LC material.

In our work, we have filled the slits of the nanoslit lenses with LCs in order to
take advantage of their index-changing property. We experimentally show that the
irradiance pattern changes when LCs change their phase from the nematic state to
the isotropic state. These LC-controllable properties are novel features that have not
been demonstrated in any previous work on metatlic lenses [3, 11].

It is important to note that the purpose of using LCs in our work is to alter the
transmission profiles from the nanoslit lenses, while other researchers have used L.Cs 1
to shift the resonance conditions [18—23). The LC used in our study is 5CB (4-cyano-
4'-pentylbiphenyl), which has also been used in Reference 16] The hematic—isotropic
phase transition temperature of SCB is 35°C, which is close to room temperature and
thus makes this LC easy to work with experimentally.

The experimental procedure is quite similar to the previous experiments except all
the measurements were carried out both at room temperature (22°C, RT) and at 42°C
(HT) by heating the microscope stage. More detaiis of the experimental setup can be
found in References 3 and 4.

To verify our experimental results, we conducted full-wave numerical simulations
using a comnmercial FEM software package (COMSOL Multiphysics), The geomet-
rical parameters of the sample were taken from scanning electron microscope (SEM)
images. The permittivity of gold is ~12.8 + 1.12i at 531 nm [16], and the refractive
index of the LCs was taken from Reference 17. When simulating for the RT case,
we assumed that the LC was in the nematic state and that the LC molecules were
aligned perpendicular to the sidewalls of the gold slits [18, 22]. The LC refractive
index tensor was defined as » = diag(1.74, 1.55, 1.55). When simulating for the HT
case, we assumed the LC to be isotropic and defined the refractive index tensor as 5 =
diag(1.6, 1.6, 1.6). The computational domain was truncated by a scattering boundary
condition, and a monochromatic plane wave was incident from the sample/substrate
boundary. The geometry of the model and the orientations of the L.Cs are shown in
Figure 10.6.

Representative SEM images of the fabricated samples are shown in Figure 10.7.
Each slit is 22 um long for both the TM- and TE-lenses. Compared to the wavelength
of the illuminating light, the slits are substantially long, and we therefore assume both
lenses to be essentially two-dimensional. Both lenses are symmetric with respect to
the centerline or center slit. We define the origin of the coordinate at the surface of
the lens at center. The x-axis is perpendicular to the slits, the y-axis is along the slit,
and the z-axis is vertical to the sample.

In Figure 10.8, we plot the irradiance of the transmitted light from the TM-lens.
Figure 10.8a is at RT and Figure 10.8b is at HT. The color scales for both 2D plots
are identical and normalized to the maximum value recorded at HT. It is clearly seen
that the irradiance at HT is higher than the irradiance at RT. The observed change in
irradiance can be attributed to the nematic—isotropic phase change of the L.Cs inside
the slits, Figures 10.8c and 10.8d are the simulation results for TM-lens in the nematic:
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FIGURE 10.6 Simulation setting. (a) Geometry of the simulation (TM-lens) and (b—d)

.LCs modeled in the simulations. The actual tapered shapes of the slits are modeled fro:
images of SEM.
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FIGURE 10,7 SEM images for the TM-lens (top) and the TE-lens (bottom).

z position (um)

x position (um) x position (um)

FIGURE 10.8 Irradiance of the transmitted light through the TM-lens. (a and b) 2D plot of the experi-
mentally measured irradiance at RT (a) and at HT (b). The color scale is normalized to the maximuﬂl of
HT. (c and d) 2D plot of the numerically calculated irradiance in the nematic state (c) and in the isotropic
state (d). The color scale is normalized to the maximum of the isotropic state. P
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z position {jum)

x position (M) x position {pum)

FIGURE 10.9 Irradiance of the transmitted light through the TE-lens, {a and b) 21} plot of the experi-
mentally measured irradiance at RT (a) and at HT (b). The color scale is normalized to the maximum of
HT. {c and d): 2D plot of the numerically calculated irradiance in the nematic state (c) and in the isotropic
state (d). The color scale is normalized to the maximum of the isotropic state,

state and the isotropic state, respectively, By comparing Figures 10.8¢ and 10.8d, it is
obvious that the simulation confirms our experimental results that irradiance is higher
in the isotropic state than in the nematic state. The observed changes in irradiance
can be qualitatively understood by the following reasoning. Consider TM-polarized
light propagating through an MIM waveguide in a plasmonic mode. With a lower
permittivity in the dielectric layer, less field penetrates into the metal, and thus losses
are lower in the metal layer. In our case, when the temperature of the LC rises and the
L.C becomes isotropic, the x-component of the permittivity decreases, which results
in higher transmission.

In Figure 10.9, we show similar irradiance plots for the TE-lens. Figure 10.9a is
at RT and Figure 10.9b is at HT. Similar to the TM-lens case, the irradiance at HT
is higher than the irradiance at RT. We have also carried out numerical simulations
for the TE-lens, the results of which are shown in Figures 10.9¢ and 10.9d. In the
case of TE-polarized light (electric field in the y-direction), the light experiences a
refractive index change of 0.05. Figure 10.9¢ is for the nematic state and Figure 10.9d
is for the isotropic state. From the two 2D plots, we see that the irradiance in the
nematic state is higher than the irradiance in the isotropic state, which agrees well
with our experimental results. For TE-polarized light propagating through an MIM
waveguide in a photonic mede, more of the field is confined to the dielectric layer.
Hence when the y-component of the dielectric’s permittivity increases, the result is
a higher transmission throughput. Thus, heating the LCs to the isotropic state again
increases the transmission in this case. The difference in the transmitted irradiance of
the TE-lens at the two temperatures is smaller compared to the case of the TM-lens.
This is because the relevant refractive index change in the LCs in the TE-lens case i
smaller than the relevant refractive index change in the LCs for the TE-lens.
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FIGURE 10.10 Irradiance along the z-axis for the TM-lens (a) and for the TE-lens (b).

To gain more quantitative insight into the operation of our nanoslit lenses, we
have plotted the transmitted irradiances along the z-axis in Figures 10.10a and 10.10b
for the TM-lens and the TE-lens, respectively. From the experimental results for
the TM-lens, the focal lengths at RT and HT are 4.0 and 4.5 pm, respectively. At
HT, the irradiance at the focus is 2.7 times higher than the irradiance at the focus
at RT. From the simulation results, the focal lengths in the nematic state and the
isotropic state are 4.500 and 4.565 pm, respectively. The simulation results also
show 2.5 times higher irradiance at the focus for the isotropic state compared to the
nematic state. In looking at the experimental results from the TE-lens, we see that
the focal lengths at RT and HT are identical at 4.0 um. The irradiance at focus for the
HT case is 1.3 times higher than the irradiance at focus for RT. The simulation results
show that the focal lengths in the nematic and isotropic states are both 4.129 pm,
while the irradiance in the isotropic state at focus is 1.2 times higher than the irradi-
ance in the nematic state. Considering the resolution of our measurement setup and
the nonuniform distribution of the LCs inside the slits, the experimental results and
the simulation results are in rather good agreement.

We also note that Sanda et al. have reported that the orientation of 5CB, which
is the LCs studied in this paper, is parallel to the gold surface in their studies [24].
Our results can also be used to confirm the assumption of the orthogonal orientation
of LC molecules relative to the wall (indicated as perpendicular in Fig. 10.6). In
order to verify our assumption of the LC orientation, we also simulated a parallel
LC orientation inside the slits (n = diag(1.55, 1.55, 1.74)). The results are included
in Figure 10.10. In the case of the TM-lens, if the parallel orientation of the LCs
is assumed for RT, the ratio of the irradiances at focus in the nematic state and the
isotropic state is 1.35, which does not correspond to our experimental results. In
the case of the TE-lens, the parallel orientation and the perpendicular orientation are
equivalent because of the illumination polarization. Therefore, we conclude that the
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majority of the LC molecules inside the slits are indeed perpendicularly oriented with f
respect to the side walls of the gold slits in the nematic state.

10.3.2 Nonlinear Materials for Controlling Nanoslit Lenses

In this section, we numerically investigate the performance of the nanoslit lens with a
nonlinear material using a recently developed and efficient FEM simulation scheme
[5]. Some of the common semiconductors such as GaAs, Si, and InGaAsP are known
to have high Kerr nonlinearitics on the order of 10712 m%/V? [25]. These materials
are widely used and easy fo handle, and thus they are suitable choices for materials
te be incorporated into our nanoslit lenses.

The simulated device is schematically shown in Figure 10.11 [26] and is concep-
tually similar to the nanoslit lenses above, The device is a 570 nm thick silver siab
with five subwavelength slits distributed evenly from top to bottom and with identical
400 nm offsets between their centers. The sequence of slit widths is 100, 70, 60, 70,
and 100 from one edge of the lens to the other. Note that the slit width sequence is
symmetric about the center slit. The slits are filled with a nonlinear Kerr medium

Eine =100 MV/m  Epo =200 MV/m  Ey,. = 350 MV/m
Al =0.305  Anpa, =0364  An,. = 0.608

FIGURE 10.11 (a} Geometry of a nonlinear focusing device. A 570 nm thick silver film is illuminated
by an 850 nm plane wave moving from left to right through five subwavelength slits (with a 100, 70, 60, 70,
100 nm slit width sequence) distributed evenly from top to bottom with 400 nm center-to-center offsets.
Intensity-dependent refractive indexes at an incident field magnitude of 100 ¢b), 200 (c), and 350 MV/m
(d). Intensity-tuneable focusing at the incident magnitude of 100 (e}, 200 (D), and 350 MV/m (g).
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(with & = 2.25 + i0 and x® = (107® + 10) m®/V2), and the surround medium is air.
The structure is illuminated by a plane wave with a wavelength of 850 nm moving
from left to right (see Fig. 10.11) through the lens structure.

The intensity-tuneable focusing capability of this nanoslit lens enabled through
the use of different SPP modes excited in the structure at different intensities of the
incident light. Figure 10.11a depicts the intensity-tuneable refractive index in the
slits. Figure 10.11b shows the distribution of the nonlinear part of the refractive index
in the slits for an incident £-field magnitude of 100 MV/m. Here the maximum An =
0.305 is obtained inside the central slit, and the widest slits (the 100 nm slits at the top
and bottom) are not activated at this field level. Figure 10.11b shows the evolution of
this process as the incident field magnitude approaches 200 MV/m. The maximum
of An = 0.305 is still achieved in the central slit, but the widest 100 nm slits are
already moderately engaged. Finally, as the incident magnitude reaches 350 MV/m,
as shown in Figure 10.11d, the maximum An = 0.608 is now obtained in the fully
activated widest slits, while the central slit is almost deactivated.

‘The above process resnlts in an intensity-tuneable focusing performance sequen-
tially shown in Figures 10.11e-10.11g as the intensity increases from 100 to
350 MV/m. The constructive interference of the different activated slits moves the
focal point further away from the device as the incident intensity increases.

10.4 LAMELLAR STRUCTURES WITH HYPERBOLIC DISPERSION
ENABLE SUBWAVELENGTH FOCUSING WITH METALLIC NANOSLITS

The nanoslit lenses considered so far focus incident light in the far zone in air;
hence, their spot sizes are limited by the diffraction limit. In this section we show
that nanoslit lenses can go beyond the diffraction limit with the use of HMMs. A
number of researchers have already studied the focusing properties and near-field
distributions or SPPs in order to achieve subwavelength focusing, including the use
of surface plasmon lenses [27] and a near-field plate {28]. Qur work differs from
those methods in that we have dealt with diffracted fields propagating away from the
apertures (slits, holes, etc.).

Two exemplary structures used to design HMMs are metal-dielectric lamellar
composites and metallic nanowires. Between these two structures, planar multitayer
structures are easier to fabricate in samples with sub-micrometer thicknesses, and
hence we have chosen a metal—dielectric multilayer structure for our work. When
the layer thicknesses of the metal and dielectric materials are much smaller than
the free-space wavelength, the effective permittivity of the multilayer structures is
calculated by effective medium theory (EMT) [29]. Depending on the signs of &, and
&;, HMMs can be classified into two groups: transverse positive (TR, e, > 0, ¢, < ()
and transverse negative (TN, &, < 0, &, > 0). In the visible region, it is easy to find
metals and dielectrics for a TN-HMM. Metals could be low-loss noble metals such as
silver or gold, and the dielectric could be silica, alumina, or titanium dioxide. On the

. other hand, finding materials to obtain a TP-HMM in the optical region is not trivial

as noble metals have a negative permittivity that is too large, while the indexes of
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diclectrics are on the order of unity. One combination could be titanium nitride (TIN)
for the metal and aluminum nitride {AIN) for the dielectric [30]. Forming a planar
multilayer structure with thick dielectric layers and ultrathin metal layers [31] is yet
another option.

To begin our analysis, we consider a single nanoslit fens with an HMM-covered
substrate, where diffracted large-wavenumber waves (high-k waves) are allowed to
propagate inside the HMM slab [2]. The propagation direction of high-k waves in an
HMM with negligible losses is approximated as

A — ~ /
tané = S./5, =~/ Rele, |/Re[e.]. (10.3)

where @ 1s the angle from the normal axis, S =(S,. 5.} is the Poynting vector, and
£ = diag(e,, ;) is the permittivity of the HMM. After careful optimization of a given
double-slit design and choosing appropriate materials for the actual planar lamellar
metal-dielectric composite comprising the HMM, the diffracted high-k waves could
form a desired interference field pattern with subwavelength features {2]. When the
design is adjusted such that the maximum field of the pattern occurs at the interface
of the HMM and the substrate, the device could work as a subwavelength probe.

One significant drawback of a passive optical HMM is that the intrinsic loss in the
metal always limits the overall functionality [32,33]. This is a fundamental challenge
in the applications of HMMs, but it can be overcome by including active (gain} media
in the system {34-36). So far, gain media have been experimentally incorporated into
various kinds of plasmonic and metamaterial systems including SPPs {37], localized
SPPs [38], plasmonic waveguides {39], and negative index materials [35]. Incorpo-
rating gain within the multilayer system allows for the compensation of the metallic
loss [40}. In fact, some experiments on metamaterials have even shown complete
loss compensation or even overcompensation [35]. With gain, then, metal-dielectric
HMM applications can be far more robust than with passive HMMs. This section
starts with the modeling of a metal-dielectric HMM for the case when the dielectric
15 an active medium, and we study the dispersion relationship of such a system. Then,
we numerically study the subwavelength diffraction properties of the double slits
with the active HMM. As a preliminary demonstration, we show our experimental
resuits on subwavelength diffraction patterns where the HMM is passive.

10.4.1 Active Lamellar Structures with Hyperbolic Dispersion

The cross section of a binary HMM, which consists of isotrepic metal and dielectric
layers, ts schematically shown in Figure 10.12a. The permittivity and thickness of
each layer are denoted respectively as ; and &;, where j = 1 for the metal layer
and j = 2 for the dielectric layer, and the period of the structure is § = §; - 8;. We
also define a linearly polarized plane wave with the following free-space parameters:
wavelength A, wavenumber ky = 2n /A, and wavevector ky = ky (Rcos@ + §sinf),
where a given angle of incidence € is aligned with the structure (0 < 8 < 7/2). As
discussed above, HMMSs made from thin, alternating layers of a metal and a dielectric
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FIGURE 10.12 () Geometry of a metal-dielectric multilayer composite. The permittivities of the metal
and dielectric layers are denoted, respectively, as £ and &7, and the thicknesses are 81 and &3, All the
layers are parallel to the x—z plane. (b) Extracted imaginary part of the dielectric function of dye-doped

epoxy. Note that the real part of the dielectric function (not shown) is dominated by the permittivity of the
epoxy, which is about 2.72.

can be considered to be metamaterials as long as their periodicity § is significantly
smaller than A or, more precisely, when ko8 < 1.

We consider four different methods to analyze the dispersion relation of the
HMM design above. When studying the dispersion relationships of multilayers, using
T-matrices to form a set of nonlinear equations (NLE) is a rigorous method, and the
resulting solutions are exact [41]. A simpler way is to use the standard EMT (denoted
as EMT, here). The EMT homogenizes the multilayers, thus giving the effective
dielectric constants of the medium as a whole. A more advanced EMT method
(denoted EMT3) [42] takes into account the nonlocal effects that are neglected in
EMT,. With regard to numerical methods, spatial harmonic analysis (SHA) is a
robust method to study periodic systems [43,44]. All the details of the four methods
discussed here are given in the addendum of Reference 6.

We have estimated the properties of metal-dielectric multilayers using the four
methods mentioned above. We take silver as the material in all the metal layers. Note
that thin silver films tend to form islands below 20 nm on a silica surface, which is
not suitable for obtaining a multilayer structure. Recent studies have shown that a
silver film evaporated on a 1 nm thick germanium layer is continuous and smooth
even ata 5 nm Ag thickness [31]. In our calculations, we used realistic values of the
optical properties of the materials; these values are taken from experimental results.
We take the permittivity of silver from Reference 45, which uses a Drude-Lorentz
model with three Lorentz terms. The parameters are fitted using measured data from
Reference 16. The loss factor (a multiple of the collision rate in the Drude term)
is set to 2 in order to take into account the size-dependent sliver loss [31]. Since
annealing can reduce the loss of germanium to negligible levels in the red part of the
spectrum, which is our region of interest, the germanium layer is not modeled in our
simulations. For the active dielectric medium, we take the gain values extracted from

- experimentally measured data of an organic dye (Rh800) mixed in epoxy [35, 46].

Typically, organic dyes mixed with polymers have high gain coefficients and have the
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advantage that they can be incorporated into any arbitrarity shaped spaces [35]. The
refractive index of epoxy is 1.65, and the emission peak of Rh800 occurs at about
720 nm. Because the gain coefficient of a material is proportional to the imaginary
part of the refractive index, we modeled the active dielectric with a complex dielectric
function. The imaginary part of the dielectric function is plotted in Figure 10.12b.
Note that the real part of the dielectric function is not plotted here since it is dominated
by the permittivity of the epoxy and is almost constant in this wavelength range. To
simplify our modeling, we assumed that the active medium was operating in the
saturated regime, and hence we neglected the time dependence of the gain saturation.

As an example of an experimentally feasible system, we take a silver—gain multi-
layer structure consisting of alternating 20 nm thick sitver layers and 40 nm thick gain
layers. In Figure 10.13, we plot the effective anisotropic permittivity of the structure
calculated from the four methods (EMT,, EMT,, NLE, and SHA). The incidence
angle (8) is zero for the plot. Within the plotted wavelength range (650-800 nm),
all four methods show that the multilayer has opposite signs for £, and &,, and the
system therefore exhibits hyperbolic dispersion.

Figure 10.13 also shows that the effective permittivities resulting from NLE and
SHA are perfectly matched in both the x- and y-directions. This is not surprising, as
both methods are aimed at calculating the eigenvalues of the composite layer and
differ only in their numerical realizations. The results from EMT; are very close to
those values. However, there are significant discrepancies between the resulis from
EMT) and those from the other methods. The relative errors are calculated using the
results from SHA as the reference (exact value) using |(€care — espa) /espal x 100%.
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FIGURE 10.13 Wavelength dependence of the effective anisotropic permittivity for the silver—gain
HMM at normal incidence (7 = 0) calculated from EMT) (dashed-dotted ling), EMT3 (dashed line), NLE
(solid line), and SHA {dotted line). Top left panel: the real part of the effective permittivity. Top right: the
imaginary part of the effective permittivity. Bottom panels: relative errors in percent with respect to the
SHA results. Note that the results from NLE and SHA are coincident, and their curves therefore overlap
completely. The real part of permittivity in the y-direction from EMT; overlaps with the NLE and SHA
curves (therefore it is obscured by the NLE and SHA curves and is not seen in the figure), and the rest of
the EMT; curve partially overlaps with the NLE and SHA curves.
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Comparing with EMT,, EMT; is more accurate and has lower error over the calculated
wavelength range (the EMT, error is less than 3% in this case). We also note that
the relative errors of the imaginary parts of the permittivities from both EMT, and
EMT; are higher in the active region, which can be observed from the relative error
plots in Figure 10.13.

If we take a look at the fundamental mode for a TM-polarized wave propagating
in the x direction in the structure, the real part of the modal index, which is A€y, 18
higher than the refractive index of the dielectric in the multilayer. This indicates that
the dominant propagating mode is indeed a plasmonic mode. The imaginary part of
the modal index, which has the same sign as Im(e,), is negative from 700 to 750 nm.
Within this range, the propagating TM wave is loss-free. However, in the x direction,
we can see that the imaginary part of ¢, stays positive, which means that the loss is
not compensated for a TE-polarized wave inside the structure. It is important to point
out that although the loss is not fully compensated in the x direction, it is still lower
than it would be without gain. To achieve loss compensation in both directions in
this type of bilayer metamaterial, we need an enormously large gain coefficient. It is
also worth mentioning that the actual loss might be lower in real structures because
the active medium within the metal-dielectric multilayer structure will give rise to
an effective gain that is much higher than its bulk counterpart. The large value of
gain is due to the local-field enhancement inherent in the plasmonic response of the
structure [35],

In Figure 10.14, we plot the incidence-angle-dependent dispersion relationship
of the silver-gain HMM. The incident wavelength is 720 nm. Here again we see
perfect agreement between the NLE and SHA results. The results from EMT; do
not show any dependence on the angle of incidence. The EMT; results show that
this method can only handle angle-dependent problems in the y-direction, and it has
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FIGURE 10.14 Incidence-angle dependence of the effective anisotropic permittivity for the silver—gain
HMM at a wavelength of 720 nm calculated from EMT; (dashed-dotted line), EMT: (dashed line),
NLE (solid line}, and SHA (dotted ling). Top left panel: real part of the effective permittivity. Top right:
imaginary part of the effective permittivity. Bottom panels: relative errors in percent with respect to the
SHA results. Note that the results from NLE and SHA are coincident, and their curves overlap,
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FIGURE 10.15 Effective anisotropic permittivity for the silver-gain HMM with different metal-layer
thicknesses at a wavelength of 720 nm at normal incidence (8 = 0} calculated from EMT; (dashed-dotted
line), EMT; {dashed line), NLE (solid line), and SHA (dotted line). The volume fraction of the metal layer
{81/5) is kept constant at 0.5. Top left panel: real part of the effective permittivity. Top right: imaginary
part of the effective permittivity. Bottom panels: relative errors in percent with respect (o the SHA results.
Note that the results from NLE and SHA are coincident, and their curves overlap.

nonnegligible error compared to the NLE or SHA results. As shown in Figure 10.14,
the permittivities in the x- and y-directions both show variations on the order of 1 in
this case, which are rather strong changes. Thus, we should use either NLE or SHA
to take into account the angular dependence of the permittivity if we are dealing with
angles away from normal incidence.

Our studies included an analysis of how the effective permittivity changes when
varying the thicknesses of the metal layers. Figure 10.15 shows the calculated effec-
tive anisotropic permittivities when the metal-layer thickness was varied from 5 to
120 nm. The metal volume fraction was kept constant at 0.5 {i.e., §, = 7). From the
plotted curves, we can see that the results from NLE and SHA again show perfect
agreement. The EMT, method does not have any thickness dependence at all, which
could also be concluded from its formula, This method shows a significant amount of
error when the metal-layer thickness is large. For instance, when the metal thickness
reaches 60 nm {corresponding to a period of 120 nm, i.e., A/6), the relative error for
EMT, is greater than 50%. The EMT, method behaves slightly better, but the error
also becomes nonnegligible when the thickness increases.

We also investigated the calculated effective permittivity as a function of the metal
volume fraction (§,/8). The period (8) was kept constant at 60 nm in this case, and
the results are shown in Figure 10.16. As before, we again see that the NLE and SHA
results match perfectly. For EMT,| and EMTj, the results show that, in the x direction,
the error increases as the metal volume fraction decreases. In the y-direction, however,
we see the opposite trend, We observe that, depending on the application, EMT, can
produce substantial errors in both the x- and y-directions of the effective dielectric
function. The EMT; calculation gives more accurate results for major applications.
The NLE and SHA methods are the most accurate for all the cases.
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FIGURE 10.16  Effective anisotropic permittivity for the silver—gain HMM with different metal volume
fractions at a wavelength of 720 nm at rorma! incidence (¢ = 0) calculated from EMT, (dashed-dotted
line), EMT3 (dashed line), NL.E {solid line), and SHA (dotted ling). The period (&) is kept constant at
60 nm. Top left panel; real part of the effective permittivity, Top right: imaginary part of the effective
permittivity. Bollom panels: relative errors in percent with respect to the SHA results. Note that the resuits
from NLE and SHA are coincident, and their curves overlap.

10.4.2 Subwavelength Focusing with Active Lamellar Structures

In this section, we numerically explore the effect of loss compensation with an active
HMM [6). The structure contains a Cr mask layer that is 50 nm thick with two 40 nm
wide slits separated by 250 nm (see Fig. 10.17a). The HMM structure consists of
10 layers of alternating 5 nm thick silver layers and 16 nm thick dye-doped epoxy

2z
HiM/epoxy
interface

3

% = =~w/o gain (b)
g —w/ gainh

8 0.6

o

o
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N

T

E

2 -100 -50 0 50 100
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FIGURE 10.17 (a) Schematic diagram for a double-slit design with silver—dye multilayer structure.
(b) Normalized irradiance at the interface between the silver—dye HMM and the epoxy substrate caleulated
with gain (solid line) and without gain (dashed line). The arrow in (a) shows the position of the interface.
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lavers. This kind of structare is only possible it an elizathin germanium Faver s used
as a wetling layer for cach layer [31]. and muliilayer formation requires a repetition
of deposition and spin-coating [47). The dye used in the simulation is Rh80O0 whose
maximum emission wavelength is at 716 nm, and the parameters are taken from
Reference 35. There is a 16 nm thick dye-doped epoxy layer between the chromium
slit structure and the first layer of silver; this cpoxy material also fills the slits as well.
The subsirate is assumed to be pure epoxy (not doped with dye).

In our simulations, we assumed that the dye was tully saturated when plotting the
active {gain) case. In comparison, we alse simulated the case without gain in which
the epoxy was not doped with dve. At a wavelength of 716 nm. the camponents of
effective permittivity with gain and without gain were about (¢, . ey =(-10.71+
041 6,014 4+ 0.026iy and (£, 6-) = (- 10.71 4+ 0.391, 6.14 - 0.073i). respectively.
The simulated full-width at half-maximums (FWHMs) of the diffraction patterns at
the interflace of the multitayer structure and the substrate are shown in Figure 10.17h,
With gain, the FWHM of the irradiance al the interface was about 47 nm. which is
about A/[5.1f the structure contained no gain, the irradiance al the interface was
reduced, and the FWHM of the ficld iniensity increased to about 54 nm as indicated
by the dashed ling in the figure.

10.4.3 Experimental Demonstration of Subwavelength Diffraction

In this section, we present and discuss our experimental results on subwavelength
diffraction with a nanoslit device. Qur device consists of two metallic slits of sub-
wavelength width placed on top of a planar, lamellar structure of alternating metal
and dielectric tayers. A photolithography approach is employed to provide subwave-
length detection. Our experiments show that light diffracted from a double slit into an
HMM indeed can form a subwavelength pattern in photoresist, which is in contrast
to double-slit diffraction into an ordinary, isotropic medium. .

In our experimental design. we chose silver and silica for the binary lamellar
structure. Such a structure has tow losses in the blue spectral range. The effective
permittivity of our HMM made of equally thick silver and silica layers was caleu-
lated from an EMT analysis [29]. The permittivities of silver and silica were obtained
with spectroscopic ellipsometry. The imaginary part of the permittivity of silver
was found to be 1.7 times larger than the literature value [16]. Hence, the effective
permittivity tensor at 465 nm is diagle,, £.) = diag(—2.78 + 0.221, 631 + 0.150),
and the sofrequency curve is a hyperbola. Using Equation 10.3. the propaga-
tion direction in our silver—sitica HMM is about 34°. Such an oblique beam-
ing angle is preferable to obtain an interference pattern in the HMM. Note that
for hyperiens designs (48, 49|, the propagaticn direction was almost normal (o
the intertace.

In order to fubricate the double slit with an HMM slab, we first deposited a
50 nm thick chromium film on a glass substrate using an electron-beam evaporator.
Then, using FIB milling (Nova 200, FEI), the double-slit design was milled into
the chromium film. A schematic diagram and an SEM image of the double slit are
shown in Figures 10.18a and 10.18b. respectively. The separation of the two slits
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(b)

Si0

FIGURE 10.18 Schematic diagram (a) and a SEM image (b) of the double slit milled in a chromium
film. Sc.hematic diagram of the double slit with a silver—silica lamellar HMM slab (c) and a photoresist
layer spin-coated on a glass substrate (d). Schematic diagram of the double slit with a silver—silica lamellar
H]_VlM slab in contact with a photoresist layer (e) and the double slit with a reference silica slab in contact
with a photoresist layer (f} illuminated by TM-polarized light. Incident and diffracted fields are shown in
red, and the dips created after exposure are illustrated. AFM images after development for the silver—silica

lamellar HMM sample (g) and the silica-layer sample (h). The dimensions of the images in t i
i he x-
600 and 1000 nm for (g) and (h), respectively. # st

was 270 nm, and the width of each slit was 50 nm. In order to fill the slits. we
spin-coated diluted poly(methyl methacrylate) (PMMA) on the chromium ﬁlm.,The
PMMA solution was prepared by further diluting 95S0PMMA A4 (MicroChem Corp.)
wi.th anisole in a 1:4 volume ratio. This gives a final film thickness of 18 nm after
spin-coating at 3000 rpm for 40 s and a soft bake at 185°C for 5 min on a hotplate.
On top of the PMMA layer, we deposited three pairs of alternating silver and silica
layers for a total of six 15 nm thick layers. To have smooth and continuous silver
films, 1 nm thick germanium layers were deposited before each of the silver layers
[31]. Hence, the final structure looks like the images shown in Figure 10.18c, and the
total thickness of the multilayer structure including the PMMA layer was 111 nm.
We also prepared a control sample consisting of a single 110 nm thick layer of silica
instead of the alternating metal-dielectric layers (see Fig. 10.18f).

We used the double-slit HMM samples to expose positive photoresist films (AZ
15183 AZ Electronic Materials) in order to detect the diffraction pattern. The pho-
toresist was spin-coated on a glass substrate (see Fig. 10.18d). The light source used
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for exposing the photoresist was a linearly polarized A/Kr CW laser (42 Series.
Melles Griot} operating at a wavelength of 465 nm, When exposing the sample, the
photorestst was brought into contact with the sample, and the sample was illuminated
from the Cr film side in the TM polarization as shown in Figures 10.18e and 10.[8f,
The subwavelength siits can be assumed to be line sources (or point sources in a
2D cross section), and the arrows in Figures 10.18¢ and 10.18f schernatically show
the light propagation in each structure. As discussed earlier, light propagation inside
an HMM is expected to be directional, while light in a dielectric will propagate in
all directions,

After exposure, the photoresist was developed with AZ developer (AZ Elcctronic
Materials) for 1 min. The dip created by the photolithography exposure process was
scanned by atomic force microscope (AFM, Veeco Dimension 3100 with a high
aspect ratio tip Veeco Nanoprobe Tip TESP-HAR). The AFM scans of the exposed
and developed photoresist layers on the silver-silica lamellar HMM sample and the
reference silica-layer sample are shown in Figure 10.18g and 10.18h, respectively.
It is clear that the dip created by the HMM sample is much narrower compared to
the dip created by the reference silica sampie. This is due to the fact that the high-k
waves propagating in the HMM structure are recovered at the photoresist, leading
to a narrower exposed dip in the PMMA. For the reference silica sampte, however,
the high-k waves are lost because they are evanescent in the isotropic silica material,
and hence the exposed area is larger since only lower-k waves are recovered at the
PMMA interface.

To verify our experimental results on the diffraction of high-k waves inside the
HMM and to optimize the performance of the double-slittHMM device, we have
conducted full-wave FEM simulations using COMSOL Multiphysics with all dimen-
stons taken from the fabricated samples. The permittivities of the materials were
extracted from spectroscopic ellipsometry measurements. The computational domain
was truncated by scattering boundary conditions, and a 465 nm TM-polarized plane
wave (clectric field polarized across the slits, see Fig. 10.18e) was incident from the
top boundary. To directly compare with our experimental resuits, the control structure
with asingle silica layer was simulated as well. The irradiance of the transmitted light
for the silver—silica lamellar HMM and the silica reference slabs is shown in Figures
10.19a and 10.19b, respectively. While the silica slab creates a diffraction-limited
pattern, the HMM directs the diffracted light into a subwavelength-scale spot at the
HMM-substrate interface, due to the directional propagation of high-k waves from
the slits. Note that the HMM pattern is still “diffraction limited” but this limit is much
lower for the hyperbolic media.

For our HMM structure with a relatively large structural period, the limitations of
the EMT approximaticn become significant [6, 50]. One of the indications of that issue
is the beam walk-off parallel to the layer interfaces that we observe in the simulations
(Fig. 10.19a). We would expect some changes in the results when we decrease the
periodof the HMM structure while leaving the effective parameters formally the same.
To investigate this scenario, we simulated a hypothetical HMM structure consisting
of 28 pairs of silver and silica layer with 2 nm layer thicknesses. The total thickness of
the HMM was 112 nm, which is approximately the same as the experimental sample
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FIGURE 10.19  Simulated irradiance through a double-slit structure at a wavelength of 465 nm into a
silver—silica lamellar HMM slab with 15 nm thick layers of silver and silica (a) and in a single layer of
silica (b). The structures in (a) and (b) correspond to the experimentally fabricated samples. (c) Same as
(a) but with 2 nm thick layers of silver and silica and 28 pairs of layers. (d) A semi-infinite silver—silica
HMM slab with 2 nm layer thicknesses. The color scales in (a), (c), and (d) are normalized to each panel’s
peak diffraction irradiance, and the color scale in (b) is same as in (a).

thickness. In this case the distance between the two slits was set to 200 nm to maxi-
mize the irradiance at the center. The calculated irradiance is shown in Figure 10.19c.
Since this structure has a smaller period, its performance is closer to the homo-
geneous effective medium case. Compared to Figure 10.19a, we see more distinct
beaming in Figure 10.19c. In terms of the beam propagation angle, the angles in Fig-
ures 10.19a and 10.19¢ are 51° and 40°, respectively. The structure in Figure 10.19¢
gives a propagation angle that is closer to the angle obtained from Equation 10.3. What
is more important is that the pattern size is significantly decreased, as shown below.
We have also plotted a semi-infinite slab of alternating 2 nm thick silver/silica layers.
These results, plotted in Figure 10.19d, depict the interference of two ideally symmet-
ric diffraction patterns obtained from each slit. Figure 10.19¢, in contrast, illustrates

additional interference with the backscattered field, which destroys the symmetry

of the individual diffraction patterns. These modeling and simulation efforts were

actually performed before the experiments, and the initial EMT-based estimates have

been followed by full-wave modeling to optimize the distance between the slits that

would maximize the center peak intensity.

In Figure 10.20a, we show the AFM scans averaged along the slits for the silver—
silica lamellar HMM sample exposed for 810 min. When the pattern depth in
photoresist is 15 nm, the FWHM of the dip was 83 nm. Longer exposure times
resulted in a deeper profile and a wider FWHM. Thus for exposure depths of 35
and 42 nm, the FWHM values are 105 and 135 nm, respectively. The depth of the
exposure does not increase, but the FWHM continues to increase above a certain
exposure time that depends on the resist extinction and the irradiance. Our results
clearly indicate that planar metal-dielectric lamellar structures have the capability to
transform the diffracted light from the slits into a subwavelength interference spot.
In Figure 10.20b, we show the normalized AFM scans presented in Figure 10.20a
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FIGURE 10.28 (a) Depth profiles from the AFM scans for the silver—silica lamellar HMM sample with
three different depths depending on the exposure conditions. (b) Normalized depth profiles of the HMM
sample shown in (a} and the silica-fayer reference sample. (¢) Simulated irradiances at the slab—substrate
interface for the lamellar HMM slab (Ag/S8i03) and the uniform slab of silica.

as well as those of the silica-layer sample. As the penetration depth (exposure time)
increases, the contrast improves and the FWHM increases. If we were to extrapolate
the experimental profile to even smaller depths, the side lobe peaks would grow
and the central peak would be narrower. The overall depth profile would approach
that of the simulated irradiance just near the resist surface.

Figure 10.20c depicts the irradiances at the interfaces of the layer(s) and the
substrate obtained from the simulations shown in Figure 10.19. The FWHM:s of the
central peaks of the HMM structure and the single silica layer are 45 and 514 nm,
respectively, which agree well with our experimental results. When comparing the
experimental results and the simulations, we need to keep in mind that the tightest
spot occurs at the interface photoresist and the final silica layer for the HMM sample.
As the distance from the interface increases, the peak-to-background ratio becomes
worse. This happens because the photoresist is nat a hyperbolic medium, and therefore
the waves entering the photoresist from the multilayers diverge within a few tens of
nanomelers. Since the depth of the dip is 15 nm even for the shallowest result, it is
natural that the FWHM of the experimentally measured dip is wider than that from
the simulation results of Figure 10.20c. The overall picture approaches the simulated
results if the depth of the dip is shallower. The simulations for the 28-layer structure
show potential for improving the resolution. Indeed, the FWHM of the interference
peak for this short-period structure is only about 22 nm. However, to reach this
resolution, the photoresist quality should be improved. The best available resist at our
wavelength has grains of about 60 nm, which limits the attainable resolution [51].
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10.5 SUMMARY

We have shown that arrays of nanoslits could exhibit unique features with the aid of
plasmonics and metamaterials. By taking advantage of the width-dependent phase
of light exiting the slits, we have designed lenses to focus either TM-polarized or
TE-polarized light. These same lenses act as concave lenses for the orthagonal polar-
ization of incident light. The fabricated lens prototypes were studied experimentally,
and the results were successfully corroborated by numerical simulations. Similar
types of lenses could exhibit tuneability in their focal intensities as well as their focal
lengths when the slits are filled with index-changing materials.

We have also shown that nanoslits with HMMs work as subwavelength focusing
devices, The dispersions of active HMMs were investigated by four different methods,
and our analysis showed loss compensation in one of the permittivity components.
We have considered practical designs for the devices and have numerically shown
that the active HMM can generate a more intense and smaller focus, as small as
A/15. We observed a A /6 diffraction peak from our fabricated sample with a passive
HMM. Devices such as these could work as subwavelength probes, and the pla-

nar and compact design is beneficial for various applications including lithography
and sensing.
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