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Abstract
We demonstrate an approach to realize gradient refractive index transformations in plasmonic sys-
tems by adiabatically tailoring the modal index. This is accomplished through smooth height varia-
tions in a dielectric cladding layer, thus minimizing parasitic scattering and reflections. We exper-
imentally demonstrate this concept by examining plasmonic Luneburg and Eaton lenses.

1. Introduction

Recently, it has been proposed to apply transformation optics to plasmonic systems, aiming to manipu-
late the propagation of surface plasmon polaritons (SPPs) in a prescribed manner [1-3]. While the rig-
orous transformation optics approach requires spatial modulation of both the metal and dielectric, it
was proposed that only transforming the dielectric medium is sufficient to mold the propagation of
SPPs [1,2]. Furthermore, if a prudent transformation scheme is applied the transformed dielectric ma-
terials can be isotropic and non-magnetic [4]. In this case, the local effective index of SPPs is varied
gradually and thus we term the approach gradient index (GRIN) plasmonics.

In this work, we demonstrate plasmonic Luneburg and Eaton lenses as a proof of principle of GRIN
plasmonics [5]. Both lenses require a gradual change of the mode index which in general is difficult to
obtain in traditional optical elements. The plasmonic Luneburg lens is similar to a traditional Lune-
burg lens in that it focuses SPPs to a point on the perimeter of the lens. The concept of the Luneburg
lens was later generalized by Eaton for spherical lenses. Here, we use an Eaton lens formulation result-
ing in a 90° bend of an SPP [6]. We realize both GRIN SPP elements by spatially varying the height of
a thin dielectric (¢ = 2.19) Poly(methyl methacrylate) (PMMA) film on top of a gold surface.

2. Device Design and Realization

Changing the height of a dielectric cladding layer is a simple way 16—
to modify the SPPs effective index [1]. At a wavelength of 810 nm, %15
the effective mode index of SPPs on a gold film can be changed %1.4

from 1.02 to 1.54 as the height of the PMMA increases from zero
to 500 nm (Fig. 1). Once the relationship between the SPP effective
index and the PMMA height is known, the height profile for the
Luneburg lens and Eaton lens can be readily interpolated to satisfy:

n:\/2—(r/R)2 (1)

i)
n=—+,|—1 -1
nr nr (2)

where (1) denotes the index variation for a Luneburg lens and (2) denotes the index variation for an
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Fig. 1: Relationship between
PMMA height and SPP index
at 810 nm.
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Eaton lens which bends light at 90°.

The experimental realization of the spatially varying PMMA height profile was achieved using grey-
scale electron beam lithography (EBL). In this manner, the electron dose is continually varied across
the sample in order to modulate the height of the PMMA layer and thus the mode index of SPPs. Fluo-
rescence imaging and leakage radiation microscopy are applied to characterize the performance of the
lenses.

3. Experimental Validation: Luneburg Lens

To validate the Luneburg lens performance using fluorescent imaging, infrared dye was incorporated
into the PMMA and then spun and baked onto a 200-nm-thick Au film on top of quartz substrate.
Grey-scale EBL exposure was then performed to realize the designed conical height profile as seen in
Fig. 2(a) where an AFM trace across the centreline is shown in Fig. 2(d). Gratings were fabricated to
launch the SPPs and were illuminated with 810 nm light. The fluorescence emitted from the dye (900
nm) was imaged on a silicon CCD camera. Fig. 2(b) shows a fluorescence image for SPPs passing the
Luneburg lens. Since only the fluorescence was imaged the propagation of the SPPs is only visible at
locations with PMMA on the gold surface, namely, in the conical PMMA structure region and behind
the structure where the PMMA was not removed. As the SPPs enter the area of the lens (dotted circle)
they are focused to the opposite circumference of the device as in a conventional Luneburg lens.
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Fig. 2: (a) SEM image of fabricated Luneburg lens. (b) Experimentally measured fluorescence intensity profile

of SPPs passing through the lens. (c) Leaky wave imaging of SPPs passing through the lens. (d) Height profile
across the center-line of the lens.

To further validate the lens performance, leakage wave microscopy was utilized to better visualize
SPP propagation both inside and outside of the lens. In this case, the Luneburg lens was fabricated on
top of 50 nm Au to enable leakage of the SPPs through the substrate. The leakage radiation of the
SPPs into the substrate was collected by an oil immersion objective and imaged to a silicon CCD cam-
era. A typical image recorded for SPPs propagating through a Luneburg lens is shown in Fig. 2(c). The
image exhibits the characteristic fringe pattern due to the interference of the directly transmitted light
and the leakage radiation of the SPPs. Due to the coherence of the laser light, such interference fringes
can give information about the phase evolution of the SPPs while propagating along the surface. As it
can be seen from the image the phase front of the SPPs is flat when launched at the grating in the posi-
tive z direction. The SPP phase front starts curving inside the lens and leads to focusing at the circum-
ference. After passing through the focal position of the lens the SPPs strongly diverge behind the lens
and show the opposite phase front curvature.

3. Experimental Validation: Eaton Lens

Unlike the Luneburg lens, the refractive index of the Eaton lens quickly diverges as the center is ap-
proached. Since the PMMA coating can provide only a limited modal index range for SPPs from 1.02
up to 1.54 we are not able to realize the central part of the Eaton lens. For practical purposes we trun-
cate the index profile at a maximum value of 1.54. A scanning electron microscopy image of the ex-
perimentally realized structure is shown in Fig. 3(a) together with the corresponding cross-section of
the height profile, shown in Fig. 3(d). Although the profile is more complex than the Luneburg lens
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the overall agreement is reasonably good; only the steepest part of the profile shows a small discrep-
ancy from the theoretical model which is likely due to proximity effects during the exposure.
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Fig. 3: (a) SEM image of the fabricated Luneburg lens (b) Simulation of SPP fluorescence intensity upon illumi-
nation of the lens. (c) Experimentally measured fluorescence intensity upon illumination of the device with
SPPs. (d) Measured and theoretical height profile of the SPP Eaton lens.

A numerical simulation of the SPP propagation for the truncated Eaton lens is shown in Fig. 3(b). The
excited SPPs are propagating in the positive z-direction and bend to the right side while passing
through the lens. To extract the influence of the changing field magnitude we calculate the correspond-
ing fluorescence intensity by taking the local thickness of the PMMA into account. Eventually SPPs
leave the structure in the positive x-direction. Due to the inherent propagation loss of the SPPs the
field magnitude decreases during the propagation. The truncation of the index in the center part of the
lens leads to a small deviation from the perfect 90° bend. The SPP induced fluorescence emission in-
tensity from the structure is shown in Fig. 3(c) in which the SPPs are propagating from the bottom in
the positive z-direction and bend inside the Eaton lens to the right side.

4. Conclusion

In summary, we have experimentally demonstrated the feasibility of tailoring the propagation of SPPs
by solely modifying the height of a dielectric cladding layer on top of a metal. Since the topology of
the dielectric structure is slowly varied, this technique avoids optical losses associated with scattering
and reflection from discrete structures. Our approach has the potential to achieve low-loss functional
GRIN plasmonic elements and transformation optics inspired devices with a standard fabrication tech-
nology based on grey-scale electron beam lithography and is fully compatible with active plasmonics.
The loss could be even further reduced by incorporating various gain materials into the dielectric ma-
terial, leading to an increased propagation distance which is highly desired for all-optical devices or
even plasmonic interconnects.
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