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Abstract: Periodic arrays of subwavelength apertures in metal films have
been shown to exhibit strongly enhanced transmission at wavelengths
determined by the periodicity of the film as well as the optical properties of
the metal and surrounding dielectric material. Here we investigate the
coupling between such a grating and a Quantum Cascade Laser. By actively
tuning the optical properties of our grating, we control the coupling of laser
light to the plasmonic structure, switching our grating from a predominantly
transmitting state to a state that allows coupling to propagating surface
waves, which can then be imaged on the metallic surface.
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The optical properties associated with subwavelength corrugations [1,2], apertures [3] or slits
[4] in metallic films have received significant attention, not only for fundamental scientific
investigations, but for applications in display [5], sensing [6], beam steering [7], and on-chip
communication or interconnect technologies [8]. For periodic arrays of subwavelength
apertures, resonant transmission at wavelengths larger than an individual aperture diameter is
observed, a phenomenon labeled Extraordinary Optical Transmission (EOT) [3]. For a broad
range of wavelengths, the coupling of incident radiation to such structures involves the
excitation of surface plasmon polaritons (SPPs) at the metal/dielectric interfaces.

The SPP can be thought of as a collective charge oscillation coupled to electromagnetic
propagating waves. The dispersion relation for these excitations can be found by solving
Maxwell's Equations for surface propagating waves, using the appropriate boundary
conditions. The resulting expression gives the SPP wavevector k,,, as a function of the
excitation frequency (Eq. (1a)), where ¢, and ¢,, are the relative permittivities of the dielectric
material and the metal, respectively.
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In order to couple a free space photon into such a mode, momentum must be conserved.
For periodically modulated metal films, this is achieved by means of a grating wavevector
associated with the periodicity of the film. The resulting expression, for a SPP propagating in
the x-direction only, can be written as shown in Eq. (1b), where a, is the periodicity of the
metal film, m is an integer, and k,y,, is the in-plane momentum component of the total photon
momentum k,;,, for a photon incident upon a plasmonic surface at an angle 6 [2].
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The past decade has seen numerous investigations of the EOT phenomenon, with most
arguing for the SPP as the primary enhanced transmission mechanism [9-14], at least for non-
perfectly conducting metals [15]. Early analytical studies investigated the EOT phenomenon
from a macroscopic mode-expansion approach [9,16], while more recently, multiple groups
have demonstrated microscopic theories for the EOT phenomenon based on the scattering of
excited surface waves from the array of subwavelength apertures, and the interaction of the
scattered waves with light directly transmitted through the apertures [17,18].

Here we investigate the transmission of coherent mid-infrared (mid-IR) radiation through
an EOT structure. The study of transmission through EOT structures typically relies on the
macroscopic response of the grating to incident radiation (measuring transmitted, reflected, or
diffracted light intensity) [19]. However, such experiments cannot differentiate between
directly transmitted light, and light which couples to surface modes and is then re-radiated.
By use of a novel spectral and spatial characterization set-up, we are able to measure not only
direct transmission as a function of wavelength, but also the coupling of the incident radiation
to propagating surface modes on our metal/dielectric interface.

In order to investigate the transmission through, and surface mode propagation on, mid-IR
EOT gratings, the direction of expected propagation must be determined. At normal
incidence, for light polarized in the x-direction, the forward (1,0) and backward (-1,0)
propagating modes are degenerate. However, for 6#0, these two SPP modes split, which is
typically evidenced by a splitting of the primary peak in the grating transmission spectra [20].
Thus, photons resonant with the lower frequency v. peak should couple to SPPs propagating
in the -x direction, while those resonant with the higher frequency v, transmission peak would
be expected to couple to SPPs propagating in the +x direction.
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Fig. 1. (a). QCL emission spectrum (short wavelength-blue, long wavelength-red) and normal
incidence, room temperature (RT) broadband transmission through EOT grating sample
(green). (b) Schematic of dual wavelength QCL, (c) Scanning Electron Micrograph of EOT
grating surface, and (d) diagram of coordinate system used in this work.

For on-chip interconnect or sensing applications, directional control of a propagating
surface excitation would be highly desirable. This could be achieved by switching between
light of frequencies v. and v, to couple to modes propagating in the -x and +x directions,
respectively.  Alternatively, if one could spectrally shift the optical properties of the
plasmonic structure itself, monochromatic light incident upon a metal/dielectric interface
could be directed in opposite directions simply by tuning the plasmonic structure. Recently,
active control of a plasmonic structure has been proposed and achieved [21-23], suggesting
that such directional control of SPPs is feasible. Much of the work on tunable plasmonic
materials has focused on the THz frequency range [24-27], with relatively little effort, thus
far, in the mid-IR spectral range, despite the mid-IR's importance for sensing and beam-
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steering applications. In addition, the long SPP propagation lengths in the mid-IR (100's of
um), makes possible the use of far-field techniques to image the propagating surface waves.
This allows for a clear demonstration of controlled coupling to waves on our active plasmonic
surface, and may also aid in the understanding of the mid-IR EOT process.

The plasmonic structure studied in this work is an EOT grating with its primary peak
(m=1, in Eq. (1b)) transmission at 1053 cm’ (~9.5 um). The grating consists of a thin Ti/Au
(10nm/60nm) film with 1.4 um diameter apertures in a square lattice pattern with periodicity
of 2.8 um (Fig. 1(b)), deposited upon a semi-insulating GaAs wafer. Broadband spectral
characterization of the EOT grating (Fig. 1(a)) was performed using a Bruker V70 Fourier
Transform Infrared (FTIR) spectrometer. Normal incidence transmission for this structure
demonstrates a transmission of 33% at the primary EOT peak (metal covers all but 21% of the
sample surface, indicating that we are operating in the EOT regime). The grating
transmission as a function of incidence angle was also measured. A broadband mid-IR source
was focused on the grating through a wire-grid polarizer passing only horizontally (x)
polarized light, and transmission spectra were collected as a function of sample rotation
around the vertical (y) axis. A clear splitting of the primary transmission peak is seen (Fig.
2(a)), corresponding to lifted degeneracy of the (1,0) and (-1,0) modes resulting from the non-
zero in-plane incident photon momentum.

Control of the spectral properties of the EOT grating was achieved by thermal tuning. An
increase in device temperature results in a linear shift (n:3.255(1+4.5><10’5 T(K) [28]) in the
refractive index of the GaAs substrate, changing the resonant frequency of the plasmonic
structure. The sample was affixed to a temperature-controlled transmission mount and GaAs
band edge photoluminescence was used to calibrate a thermocouple at the base of the sample
to the GaAs/metal interface temperature [21]. The achievable tuning range was measured by
collecting transmission spectra as a function of sample temperature from 25 °C to 235 °C. As
shown in Fig. 2(b), the tuning of the grating results in a 20 cm™ (0.2 um) redshift of the
transmission peak. Peak transmission of the grating decreased by ~30% (from 33% to 23%)
as a result of the heating. We believe this decrease in transmission is due primarily to an
increase in the metal losses at elevated temperatures, as the intrinsic carrier concentration of
GaAs at 500K is not sufficient to result in significant free carrier losses in the substrate [29].

In order to demonstrate control of the coupling of light to propagating surface modes, a
dual wavelength, liquid nitrogen-cooled, quantum cascade laser (QCL), operated pulsed at
80kHz with 100ns, 2.5A pulses, emitting at 1027 cm™ (~9.7 um) and 1725 cm™ (~5.8 pm)
(Fig. 1(a)), was used as the exciting source. The laser's long wavelength line is nearly
resonant with the EOT grating's primary transmission peak, while the 5.8 pm peak is far from
any plasmonic resonance.
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Fig. 2. (a). EOT grating transmission spectra as a function of incidence angle (RT) (b) Normal
incidence EOT transmission for sample temperatures from RT to 235°C (c) Long wavelength
QCL spectra and EOT transmission spectra at RT and 235 °C for 8° angle of incidence.
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Fig. 3. Laser light transmitted through EOT grating as a function of wavenumber (cm™) and
incidence angle for selected polarizations, laser lines, and sample temperatures (a) x-polarized,
long wavelength (LW), RT (b) y-polarized, LW, RT (c) x-polarized, LW, 235°C (d) x-
polarized, short wavelength, RT. The same color limits are used for each contour plot, with I,
corresponding to the maximum transmitted laser intensity in (a). The overlaid spectra show the
laser emission incident on the sample for each polarization and wavelength range plotted.

Transmission spectra for the dual wavelength QCL incident upon the EOT grating were
obtained for incidence angles from 0-12° (rotation about the y-axis), grating temperatures
from 25°C to 235°C, and for both x and y polarized light (as depicted in Fig. 1(d)).
Representative transmission spectra are shown in Fig. 3. At room temperature (RT), the x-
polarized 9.7 pm laser shows clear transmission to incident angles of 10° (Fig. 3(a)), but when
the transmission spectrum of the EOT grating is redshifted, laser transmission cuts off at
approximately 6° (Fig. 3(c)). No dramatic cut-off of transmission as a function of incidence
angle is seen for y-polarized laser light (Fig. 3(b)), as a rotation around the y-axis only
changes the in-plane incident photon momentum in the x-direction. The transmission of the
5.8 um light is significantly weaker than that of the longer wavelength radiation and shows no
dramatic effect in response to sample rotation (Fig. 3(d)). Because this laser line is spectrally
distant from any grating transmission peak, it does not couple to any surface excitation.
While this data demonstrates the ability to tune transmission of the EOT grating, it cannot
provide any direct information on the coupling of the radiation to surface waves.

In order to image the propagation of the surface modes, a razor blade was attached to
motorized translational stage, and aligned to travel across the metal side of the sample. At
each step of the blade along the sample surface, the FTIR collects a separate spectrum f,,(v), at
the blade position x,. Spectra from adjacent steps (f,(v), f,+1 (v)) are then subtracted and a
difference spectra, df,(v), is generated and added to a difference spectra matrix. The
difference spectra collected represent the differential amount of light blocked with each step
of the blade, namely the light transmitted through the grating between blade positions x, and
Xpe1- The 9.7 um laser light is focused onto the EOT surface to a spot size of ~75 um and
transmitted/scattered light as a function of frequency and x-position is measured across the
sample surface.

Control of SPP propagation on the surface should be achievable when a resonant
frequency of the EOT grating can be tuned on and off the QCL laser line. Using the data
from the angle-resolved broadband transmission tuning experiments, it was determined that an
incidence angle of 8° would position the 9.7 um QCL line on the (-1,0) room temperature
EOT transmission peak. Upon tuning, this QCL line would move to sit on the high energy
side of the peak, off of the transmission peak associated with the (-1,0) SPP mode (Fig. 2(c)).

At room temperature, when the long wavelength laser is spectrally aligned with the (-1,0)
transmission peak, no propagation is seen on the sample surface, as evidenced by the isolated
spot in Fig. 4(a). However, as the EOT grating is redshifted, the laser line now lies upon the
high energy side of the (-1,0) peak and a distinct propagation of the incident light is seen,
evidenced by the transmitted/scattered intensity tail extending in the -x direction from the
laser spot. No propagation is detected for y-polarized light (though Fabry-Perot reflections at
x>0 are observed for both laser polarizations at all temperatures).

From the data in Fig. 4, we can estimate a decay length for the propagating excitation of
approximately 384 um. The calculated propagation length for a SPP [30], at this wavelength,
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is ~1000 pm for a Au/GaAs interface, using the complex dielectric Au found in Ref. [31].
This calculated propagation length is for a smooth Au-GaAs surface, though our sample uses
a thin Ti adhesion layer and a periodically perforated metal. While scattering from the
apertures no doubt shortens the propagation length of the excited surface waves, this
scattering is also what allows for the visualization of the wave.
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Fig. 4. Surface contour plots of transmitted light intensity as a function wavenumber (cm™)
and x-position (mm) for (a) x-polarized light incident upon a RT grating (b) y-polarized and (c)
x-polarized light incident upon a shifted (235°C) grating, with (c) showing the SP mode
propagating in the -x direction. The overlaid spectra in (a) and (c) show the EOT transmission
at room and high temperature, respectively. (d) Intensity vs. position plot for 9.7 pm light
incident upon the redshifted grating, with inset showing curve fit to decaying propagation tail.
Fabry-Perot reflections for plots (a)-(c) can be seen on the x>0 side of the laser spot.

The above results indicate that we are able to selectively excite propagating modes on the
sample surface by active control of the EOT grating's optical properties. By studying the
interaction of near-resonant QCL emission with a mid-IR EOT grating, we have demonstrated
the distinct spectral positions of the EOT transmission maxima and the long range propagating
surface modes on these mid-IR structures. In addition, this work demonstrates the feasibility
of directional control of SPPs by use of a tunable plasmonic structure. While we have used
thermal tuning to demonstrate this effect, tuning mechanisms utilizing voltage control of
carrier concentrations at the semiconductor/metal interface hold the promise of much larger
tuning ranges and significantly faster switching. For instance, in the current experiment, a
device tuning range of ~70 cm” would allow the incident QCL light to switch between
coupling to the (-1,0) and (1,0) modes, allowing for the design and fabrication of on-chip
plasmonic routing devices and modulators. With more complex plasmonic structures, a full
and continuous 360° of on-chip directional control may also be feasible.
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