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ABSTRACT

Interest in active metamaterial (MM) devices has recently increased due to their potential for
tunable, switchable, and scalable optical responses. More specifically, a dynamic, on-chip
MM polarizer has applications ranging from material characterization to sensing without the
need for cumbersome external filters. This work demonstrates efforts to optimize MM devices
Jfor dynamic polarization filtering by combining elements from split-ring resonators, wire-
pairs, and fishnet patterns. The polarization grid has been designed to operate under an
applied voltage with simulated on/off ratios of 75% and dynamic polarization selectivity of
70%. Samples have been fabricated using epitaxial GaAs on sapphire with various n-type
doping concentrations to approximate electrical tuning.

INTRODUCTION

The first metamaterials, the split ring resonator (SRR), operated exclusively at GHz
frequencies; however, recent research utilizing various micro/nano-fabrication methods
have resulted in metamaterials (MMs) designed to operate at visible and infrared (IR)
frequencies [1-3]. Although there are many MM designs, of particular interest to this
work are the SRR, optical fishnet, and wire-pair metamaterial designs [1,2,4]. These
structures maintain many similarities and difference. For example, incremental
modification of the SRR led to comparison with repeating patterns of nano-bars [4,5].
Nano-bars have since become known as split-wire pairs (SWPs). Like SRRs, SWPs
operate as notch filters with a high transmission window and large absorption at
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resonance [5]. Therefore, the SWPs generally provide polarization sensitivity similar to
metallic gratings typically used in polarization grids [6,7]. Optical fishnets, by
comparison, generate a bandpass resonant response, and utilize two metallic layers with a
dielectric spacer. The thickness of these layers plays a large role in the final response,
and as such require careful design. Repeating patterns of circular or square holes are then
etched through the structure, creating an MM which excels at narrow band transmission
[8.,9].

This work aims to combine these three designs to produce a polarization-dependent
MM response which can lead to photodetector diode-compatible technologies [10, 11],
enabling the creation of a fully chip integrated polarimeter [12]. Specifically, this work
aims to create an MM polarization grid capable of dynamic on/off states, with the
potential monolithic integration of multiple grids for full polarization selectivity. In
order to show the potential for an altered optical response with an applied external
voltage, a thin-film semiconductor is used as the active layer in the unique MM structure.
This structure can then utilize the properties of multiple metamaterials to selectively
filter a single polarization, allowing the orthogonal polarization to pass unhindered,
resulting in potential design for a MM frequency selective dynamic polarizer.

EXPERIMENTAL DETAILS

The optical response of a metamaterial is dependent on its effective permittivity,
and effective permeability [13, 14], which is determined by several design elements. For
example, the effective permeability, x.4 and permittivity, &, of a circular MM SRR can
be given by Equations 1 and 2 [13,14],
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where ¢ is conductivity, w is wave frequency, r is ring radius, a is the MM lattice
constant, w, is the plasma frequency of the metal, and C is the capacitance of the split-
gap. This capacitance is directly related to the conductivity of the split gap (o,). By
modelling the capacitance of the SRR as a parallel-plate capacitor, we see that a large
change in the ratio between voltage and current will result in a change in gap
conductivity, as shown in Equation 3,

/A _ 1l
o=llg=t=7 3)
where J is the current density, £ is the electric field, 4 is the cross-sectional area, and /
is the length. Previous work in the field has utilized a reverse bias Schottky diode to alter
the current to voltage ratio, increasing ¥ much more than 7 [15-20]. However, inspection
of Equation 3 allows for one to also increase / more than V' by applying a forward bias to
the same Schottky diode system and achieve a similar change in gap conductivity. This
work looks to apply the latter method of dynamic switching to create the proposed MM
polarizer.

To achieve polarization selectivity there must be: (1) an independent transmission
characteristic for each incident polarization and (2) an independent resonance near the
same frequency for both orthogonal polarizations. These conditions allow the device to
operate at a single frequency, and when optimized, display near perfect transmission or
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Figure 1. (A) Desired orthogonal optical response of the three incorporated MM designs (inset). (B) Dynamic

device schematic with substrate, GaAs layer, and MM pattern between two contacts.

absorption, Figure la. To satisfy these constraints, elements from three MM structures
were combined; SRRs, SWPs, and optical fishnets, shown in the insert of Figure 1a.

Combining the parallel metallic bands of an SWP, the ring resonator design of
SRR, and the repeating “+” of a fishnet pattern resulted in the MM pattern shown in
Figure 1. A Schottky barrier formed between the metallic pattern and the semiconductor
layer was used to imitate an optical fishnet, with an electrical Schottky barrier replacing
the dielectric barrier. The expected result was an MM resonance from the anisotropic
SRR, high transmission and polarization sensitivity from the SWP, and low transmission
polarization sensitivity from the fishnet pattern. These properties allowed for a high
transmission resonance with one polarization and a high absorption resonance for an
orthogonal polarization. Figure la describes the position of each MM structure in the
polarizer as well as the expected response for the resulting structure. Additionally, this
work separates the results into X and Y polarizations as defined on the axis shown in
Figure 1(b).

The fabricated device uses a sapphire substrate to maximize signal transmittance,
though it was not included in the simulations as it does not impact the specific MM
responses. However, one should note that the sapphire will reduce final transmission by
20% over all operating wavelengths. On top of the sapphire, a layer of epitaxial GaAs
semiconductor layer was simulated as the source of the dynamic response. CST
Microwave Studio was used to simulate and optimize the structure stack prior to device
fabrication, Figure 1b. In the fabricated structure, the thin film GaAs layers were grown
via molecular beam epitaxy; electron beam lithography was used for the MM pattern;
and photolithography was used for the contact pads. All metallizations were performed
with electron beam evaporation.

RESULTS

Semiconductor thickness played a large role in creating the MM polarizer, as seen
when calculating the real and imaginary index of refraction (Equations 4 and 5).

s~ (Lrj—y2_¢2
Im(n) = £Im <C7% (”L] dr d ])> )
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Re(n) = tRe (T + d 5
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Figure 2. (A) Experimental and simulated MM transmission response for X and Y polarized light. The frequency
region of interest is highlighted. (B) Fabrication on bulk n-type GaAs eliminates the MM response.

In these equations, d is the thickness of the MM, £ is the incident wavevector, ¢ is the
normalized transmission coefficient, » is the normalized reflection coefficient, and m is
an integer used to correct branch errors [21]. From these equations, one can see that
under certain i.e. when semiconductor thickness is too large, the effective parameters
approach that of a bulk semiconductor, and not the designed metasurface. However, in
practice, the semiconductor must also be thick enough to allow sufficient induced surface
current and conductivity for electron beam lithography and stable electrical contacts. A
compromise of a 400 nm thick layer of GaAs was used, with a Ti/Au (8nm/92nm) MM
structure.

To determine polarization sensitivity, the structure was exposed to X-polarized
(parallel to MM bar) and Y-polarized (perpendicular to MM bar) light in an FTIR. As
shown in Figure 2a, the resulting structure acts as a static band pass for both
polarizations at 60 THz, the operational frequency range for many IR photodetectors. To
verify that the response is due to the combination GaAs/sapphire substrate, this MM was
also constructed on a 450 pum thick bulk GaAs substrate. In the control substrate there is
a loss of carrier confinement near the surface of the GaAs and an uncoupling of the thin
film MM effect, shown in Figure 2b. The resulting response is similar to that of a
traditional metallic polarization grid.
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Figure 3. Altering the X and Y dimensions of the MM (A),(B) changes the transmission characteristics for the

corresponding orthogonal polarizations (C).
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Figure 4. An increase in carrier concentration will shift resonance and increase/decrease transmission for both Y-
(A) and X-polarized (B) light.

Additionally, altering the MM gap spacing in the X and Y direction uniquely affects
the MM response, as seen in Figure 3. Therefore, each polarization’s resonance
frequency can be adjusted independently by altering these dimensions. When optimized,
this orthogonality can allow for designer regions of unity transmission, effectively
allowing one to increase or decrease the operational frequencies of the filter on demand.

As this structure was designed with the potential ability to operate with an applied
bias, initial work was undertaken to show the effect of increased carrier concentration.
By increasing substrate doping levels, one can approximate the carrier injection observed
through a forward biased Schottky diode. The previously described MM pattern was
fabricated on three GaAs substrates with n-type doping ranging from 1x10' to 1x10"®
Jem®. Experimental results show a lower change in conductivity than expected through
simulation. However, some noticeable changes are observed, such as a shift in resonance
frequency and a decrease in resonance strength for each polarization, shown in Figure 4.

CONCLUSIONS

By implementing a unique combination of traditional MM designs, this work
outlined and tested a unique structure that demonstrated a high transmission notch filter
for Y-polarized light and a low transmission bandpass filter for X-polarized light. The
sapphire/GaAs/metallization stack was confirmed to produce the desired static MM
effect through experimental testing on bulk GaAs, and the static MM structure was
shown to produce 1:1 transmission for both polarizations at a frequency of 61 THz (4.9
um). The potential for conversion to a dynamic MM polarization grid was demonstrated
by increasing GaAs dopant concentration to simulate a forward biased Schottky diode.
The result was a decrease in transmission for the "filtered" polarization and a constant
transmission for the "pass band" polarization. By continuing this work towards
electrically switchable devices, new breakthroughs can lead to photodetectors with on-
chip dynamic polarizing grids, eliminating the need for fixed polarization grids on a pixel
or bulky external polarization filter wheels.
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