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Optical negative index meta-materials (NIMs) that exhibit unique refractive and focusing
properties have recently become a focus of research worldwide. They have opened up
new opportunities in nano-photonics and optical integration. We reported the first
nanoimprint lithography (NIL)' fabricated NIMs at near-IR* and the first optical
modulation of NIMs at near-IR’>. However, they all had the (negative) minimum of the
refractive index (n) located around the wavelength *+=1.7 um instead of the targeted 1.55
pum, which is the most attractive for optical communications. Here, we show results for a
redesigned and newly fabricated “fishnet”-like NIM that exhibits the minimum of index »
at 1.56 um (Figure 1).

The NIMs we studied were based on the Ag/SiO,/Ag “fishnet” tri-layer structure®.
Theoretical design was done with the use of finite difference time domain method
(FDTD). For the fabrication we have used nanoimprint lithography (NIL) and lift-off
processes; the negative index character of the response has been confirmed by spectral
ellipsometry. While the smallest feature in our structure was about 100 nm, which does
not sound very challenging compared to other applications, our studies showed that NIM
fabrication required very tight specifications on the dimensions, both lateral and vertical.
For example, the wavelength spectral location () of the minimum of “»#” changes by
about 10 nm with either a 1 nm metal or a 0.7 nm dielectric layer thickness variation or a
3 nm line width variation (Figures 2 A-C). We also found that the non-vertical sidewall
of the “fishnet” structure due to the lift-off process shifted the spectrum significantly
(Figure 2D), and this geometrical issue has to be factored into the design. That was the
main reason why our previous NIMs performance deviated from the goal of 1.55* m.

The biggest challenge in NIM fabrication came from holding the design
specification over the entire NIL mold, which is made by EBL. On the other hand, the
NIL process used to fabricate the NIM has great repeatability. We hit our design target
by tuning the thicknesses of the stack to compensate for the feature size offsets of the
NIL mold. Other issues, such as line edge roughness, and more details will also be
presented.
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Figure 1. (A) An AFM image of the negative index meta-material. It has an Ag/SiO,/Ag
(B) The refractive index, both real (black) and
imaginary (red) parts, of the metamaterial shown in (A).
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Figure 2. Theoretical results: The position of the minimum “»” corresponding to several
geometric factors: (A) the Ag layer thicknesses, (B) the SiO, layer thickness,

and (C) the line width.

(D) Comparison of the “n
vertical sidewall (red) and a non-vertical sidewall (black).
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of the “fishnet” with a
The non-vertical

sidewall has an aspect ratio of 3:1, which is the same as our lift-off structures.



