Imaging visible light using anisotropic
metamaterial slab lens
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Abstract: It has been shown that an anisotropic metamaterial made of
nanowire array can realize negative refraction of light even without a
negative phase index of refraction. Such non-resonant bulk material can be
fabricated by bottom-up electrochemical method. Using this material, we
were able to achieve lensing action with micron-thick slab and demonstrate
imaging of a slit object. The details of the focused light beam in 3-
dimensional space have been mapped with near field scanning optical
microscope (NSOM).
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1. Introduction

The traditional perception of positive index of refraction has been recently shattered by the
introduction of a set of artificial materials with the ability to refract light in anomalous ways.
The routes to such materials include the design of simultaneous existence of negative
permittivity (g) and permeability (u) [1], and a non-magnetic approach which implements the
strong anisotropy of the materials [2-5]. The former approach has so far gained great success
in a broad range of electromagnetic wave frequencies from microwave (GHz) range to
infrared region [6-11]. However, for even higher frequencies, such as visible light, the
requirements of making such metamaterials becomes challenging, as it is difficult to fabricate
deep-subwavelength features (as required by the definition of metamaterials) at large scales.
Another major restriction to this kind of material is the high loss associated with the magnetic
response that typically occurs at the resonance of the metallic structures [12]. Previously, we
have experimentally demonstrated a new approach to achieve the negative refraction from the
artificial anisotropy of metamaterials, which does not require any response or resonance to the
magnetic component of electromagnetic waves [4]. The bottom-up method makes the
fabrication in large scale possible and convenient.

Anisotropy induced negative refraction brings a new perspective to the design of
metamaterials. The new metamaterial was made up of aligned silver nanowires, with diameter
around 50nm and spacing about 110nm, inside porous alumina matrix in a self-organized
hexagonal lattice. At the long wavelength limit, this metamaterial can be characterized as an
effective uniaxial material with effective permittivity parallel to the nanowire being negative,
and that perpendicular to the wire is positive [2,13]. This property extends over a very broad
frequency range, (visible to near-infrared) and results in hyperbolic equifrequency contour
(EFC) for a transverse magnetic (TM)-polarized light in the k,, k, plane (we define z axis
along the nanowires. The light propagates in x-z plane.) Figures 1(a) presents a TM wave
incident from free space and experiences negative refraction in the metamaterial as shown by
the negative direction of Poynting vector S; compared to the incident light. The phase front
still propagates in the positive direction. On the other side the light will also experience
negative refraction when it propagates from the metamaterial into air. This forms a slab lens
as proposed by Vesalago in the 1960’s [14]. Here we report the first experimental observation
of lensing action of such a flat slab of metamaterials. We show that a slit object on the surface
of this metamaterial slab can form an image outside the lens due to the negative refraction.
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Fig. 1. (a) The equifrequency contour (EFC) for a TM-polarized light is hyperbolic in the &y, &,
plane, assuming the light propagation is centered along the wire (the z-axis). The grey circle is
the EFC in air. The tangential component along the metamaterial/air interface is conserved.
The direction change from the Poynting vector S; to S; shows the negative refraction. (b)
Schematic picture showing the principle of imaging by a slab lens made of metamatierial with
negative refraction ability. (c) Scanning electron microscope (SEM) image of the slab lens (top
view). The center to center distance between nanowires is about 110nm in average.

2. Fabrication

The flat slabs of metamaterial for lensing action were fabricated by growing Ag into arrays of
long-range ordered nanochannels in anodic aluminum oxide (AAO) templates. The process
for preparing the substrates has been described previously [15]. Briefly, a finely polished
aluminum foil was first exposed to a 50 keV Ga focused ion beam with a diameter of 10 nm to
form an array of hexagonally closed-packed nano-concaves on its surface. The patterned
substrate was then anodized in 0.3M oxalic acid. The positions of the nanochannels formed in
the anodization are pinned by the nano-concaves, resulting in an array with well defined
lattice spacing (110 nm) and extremely narrow pore size distribution. After removing the
underlying aluminum substrate by a mixture of CuCl, and HCI, the barrier layer at the bottom
of the nanochannels was dissolved in diluted H;PO,. Subsequently, a layer of gold (400 nm)
was deposited onto the bottom side of the free-standing AAO to form electrode, which
facilitates the growth of silver into the nanochannels and the formation of a long-range
ordered array of nanowires [16]. The final step of the process involved chemical mechanical
polishing of the slab’s top surface to ensure its flatness. Figure 1(c) depicts the scanning
electron microscope (SEM) image of the slab lens (top view). Such an array of nanowires
imbedded in the AAO formed a metamaterial slab working at wavelengths down to the visible
range.

3. Experiment

We have used a 4um thick slab with a 600nm wide slit, cut through the gold seed layer, being
the object. The slit was illuminated with a He-Ne laser at 633nm, where the polarization of the
incident light can be selected by a linear polarizer. The transmitted light was mapped by
NSOM in various distances from the output surface, using a tapered optical fiber coated with
chromium as the NSOM tip. An aperture is drilled at the end of the tapered tip for light
collection. A xyz AFM scanner was used to control the tip position so light in any point of
interest in the 3D free space can be detected, which enables us to study the detail of the light
profile at various distances from the output surface of the metamaterial slab. A schematic of
the optical setup is shown in Fig. 2.

Figure 3(a) shows the cross sectional view of the light profile in the plane perpendicular to
the slit. The light distribution in the space has been recovered by combining all the optical
signals obtained by NSOM in each point at different heights. The bottom of the image is the
output surface of the metamaterial slab. The light transmitted through the slit has been spread
out into 1.5um wide at output surface. However, due to the transition from material with
hyperbolic EFC to that with normal dielectric properties, the light divergence inverts into
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convergence at the metamaterial-air interface. Consequently, the 600nm slit is retrieved as an
800nm wide line at the image plane, which is about 1.7um away from the interface. Based on
the focus position, we can estimate an effective (group) index of refraction for the slab lens to
be —2.2. Since the nanowire material shows negative refraction ability over a wide range of
frequencies [4], the lensing phenomena can also be achieved for a broad spectrum.
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Fig. 2. Schematic of the optical set up. The sample was illuminated with a He-Ne laser at
633nm. The polarization of the incident light can be selected by a linear polarizer P. A flip
mirror FM is used to enable the observation of the sample surface using CCD camera through
the microscope objective lens O. The transmitted light was mapped by NSOM in various
distances from the output surface, using a tapered optical fiber coated with chromium as the
NSOM tip. The SEM image of the tip is shown in the up-left inset. A xyz AFM scanner was
used to control the tip position so light in any point of interest in the 3D free space can be
detected. The collected light is transmitted to a photo detector PMT through fiber coupler FC.

Numerical simulations using commercial software (CST Microwave studio) were
conducted to verify the lensing action in the metamaterial slab. The parameters of the
simulated structure are similar to those of the actual material properties with permittivies & =
2.4 for the Al,O; [17,18] and € = —19.4 + 0.7i for Ag ([19,20] at wavelength of 633nm. The
simulation results, shown in Fig. 3(c) reveal a 0.8 um wide focused spot at 2 um distance,
similar to our experimental result. The inset in the picture gives the cross cuts of the intensity
distribution at the focus point. The simulation result is consistent with the experiment. Also
shown in this figure is the light propagating inside the metamaterial slab, which cannot be
detected by the NSOM in our experiment. Incident light from the slit at the bottom gets
diffracted, then re-focused after the refraction at the slab/air interface, just as shown in
Fig. 1(b).

We note that the lensing action presented in this work is diffraction limited. Although the
anisotropic metamaterial has the ability to support the propagation of high k component much
larger than k, (the wave vector of light in free space), those high k components are lost when
the light is coupled back into the air, unlike the designs that enhance the evanescent waves
[21,22]. The propagating light in air can only carry those components that are smaller than kg,
therefore, the focus point is diffraction limited no matter how narrow the original slit is.
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Fig. 3. Cross sectional view of the light profile in the xz plane which is perpendicular to the
slit. y-axis is parallel to the slit. Incident light is propagating in z direction. (a) Focusing of TM
polarized light. The light distribution in the space has been recovered by combining all the
optical signals obtained by NSOM in each point at different heights. The noise level is higher
than for TE wave due to higher loss and less transmission of TM wave comparing to TE wave.
(b) NSOM measurement result of TE polarized light. The beam diverges after passing through
the slab lens. No focusing effect is observed. The interference fringes are different from the
simulation result due to the limitation of sample quality, NSOM resolution and sensitivity.
(c)(d) Numerical simulation results for TM (c) and TE (d) polarized light in the cross sectional
plane using commercial software (CST Microwave Studio). The lower part of (c) and (d) is the
slab lens, where the nanowire array is shown. The upper part is air. The colors from blue to red
in the simulation results represent increasing amplitude of electric component of the waves.
The inset shows the cross cuts of the normalized intensity distribution at the focus point (Blue —
experiment, Red - simulation). The unit of the horizontal axis is micrometer. (a), (b), (c) and
(d) have the same scale bar.

It is worth pointing out that the focusing effect is polarization dependant. Since the
hyperbolic EFC only applies to the TM mode of light, transverse electric (TE) light cannot be
focused by the metamaterial slab in the way described above. As a control experiment, we
have measured TE-polarized wave emerging from the metamaterial slab. The experimental
result is shown in Fig. 3(b) and simulation result shown in Fig. 3(d). The light beam kept
going broader and no focusing effect is observed.
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In summary, we have successfully fabricated a slab lens using anisotropic metamaterial of
nanowires. The imaging and focusing ability of the slab lens at 633nm wavelength has been
demonstrated with the complete mapping of distribution of light in 3D space during the
focusing process. Such a compact slab lens opens new opportunities for various applications
such as imaging and lithography.
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