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Abstract

Propagating inhomogeneous electromagnetic waves called surface plasmon polaritons (SPPs)
can be excited by free-space beams on corrugated conducting surfaces at resonance angles
determined by corrugation period, permittivity, and optical frequency. SPPs are coupled to
and co-propagate with surface charge displacements. Complete electrical isolation of
individual conducting corrugations prevents the charge displacement necessary to sustain an
SPP, such that excitation resonances of traveling SPPs are absent. However, SPPs can be
excited via electric induction if a smooth conducting surface exists below and nearby the
isolated conducting corrugations. The dependence of SPP excitation resonances on that
separation is experimentally investigated here at long-wave infrared wavelengths. We find that
excitation resonances for traveling SPPs broaden and disappear as the dielectric’s physical
thickness is increased beyond ~1% of the firee-space wavelength. The resonance line width
increases with refractive index and optical thickness of the dielectric.

INTRODUCTION

Concentration and confinement of electromagnetic fields via excitation of
surface plasmon polaritons (SPP) has well known commercial applications in bio-sensing
[1]. Generally, a coupler is required for free space optical beams to excite SPPs on
conducting surfaces. The coupler used in commercial systems is the Kretschmann prism
[1]. The sensing mechanism is the angular shift of an angularly sharp SPP excitation
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resonance when analyte molecules bind to the surface and change the local refractive
index.

Most commercial systems operate at visible or near-IR optical frequencies, but
there are potential advantages to operating farther into the infrared [2,3]. However, prisms
make poor long-wave-infrared couplers due in part to high indices and dispersion of
suitably-transparent non-hygroscopic materials [3].

Grating couplers comprising corrugated conducting surfaces are well known for
excitation of infrared traveling SPPs [4,5]. Such have been used to excite SPPs for
molecular sensing by out-coupling the traveling SPP at a second grating into a free-space
homogeneous wave, which can be collected by a conventional infrared detector [4]. A
sensor based on changes in SPP-excitation resonance angle, as in commercial biosensors
[1], on a single grating faces the challenge that any surface analyte or flow-confinement
apparatus would interfere with the incident excitation beam. The analyte medium is
usually aqueous, and the transmittance for a double pass through a 1 micron thick layer of
water is only 30% [6]. Similar challenges would face devices that integrate sensors on the
grating coupler.

SPP devices have been proposed that feature gratings in which the conducting
corrugations are electrically isolated from one another and from a conducting ground
plane, with sensors located below the grating [7,8]. The isolation might comprise an
analyte flow channel with sensing based on changes to the resonance angles measured in
reflectance, as in a conventional SPR biosensor [1]. We reported that when individually-
isolated conducting corrugations are deposited on a dielectric substrate without a nearby
continuous conducting surface, no excitation resonances for traveling SPPs are observed
[5]. However, SPPs might be excited on a continuous conducting plane by electric
induction if that plane is sufficiently near to the conducting corrugations.

This paper experimentally investigates the range of separations between grating
bars and ground plane that allow observation of traveling-SPP excitation resonances in the
long-wave infrared (LWIR). We find that the allowable separation is no more than ~1%
of the free space wavelength for a long-wave infrared excitation beam.

We also report that the excitation resonance line width for traveling SPPs
depends on the refractive index of the dielectric that isolates the grating bars from the
continuous ground plane. The experiments are done in the LWIR, a spectral region of
strong dispersion, and this dispersion affects the line width. The line width appears to be
less dependent on dielectric extinction coefficient than on refractive index.

THEORETICAL CONSIDERATIONS

Surface plasmon polaritons (SPP) are inhomogeneous electromagnetic surface
waves that are coupled to charge displacements on a conducting surface. A schematic
polariton dispersion curve [5], frequency wspp vs in-plane wavevector ks, is presented in
Figure 1, lower left. Because the SPP wave must drag along its associated charge
displacement, SPPs propagate more slowly than does a homogeneous plane wave in air,
whose linear dispersion curve for grazing incidence (6 = 90°) with slope c is indicated
Figure 1 (lower left). The slope dwspr/dkx < c gives the group velocity for SPP energy
propagation. The straight line with slope ¢ never crosses the SPP dispersion curve. Thus,
conversion of light to SPP on a smooth conducting surface cannot conserve momentum
hk.

If the conducting surface is corrugated, momentum can be conserved, allowing
SPP excitation, by adding or subtracting integer multiples of grating momentum. Figure
1 shows two light lines with different incidence angles 6 < 90°. Each line has been
horizontally shifted by one unit of grating momentum kg = 27t/p for grating period p. For
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these shifted lines, there are two intersections with the SPP curves, which determine two
SPP excitation resonance frequencies for each of the two incidence angles. There are other
resonances for different positive and negative multiples of kg and for forward and
backward propagating SPPs, but Figure 1 suffices to qualitatively explain the resonances
studied here. For the considered metals and IR wavelengths, our actual operating
conditions are far below the polariton region of the dispersion curve, in comparison to the
schematic, but the general considerations still apply. The equivalent to Figure 1 using
dispersion for actual silver gratings and CO»-laser wavelengths has been presented in [5].
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Figure 1. (left lower) Schematic SPP dispersion curve and various light lines. (left upper) Schematic SPP grating coupler
with insolating dielectric layer. (right) Measured SPP excitation resonances for different dielectric layers, or no dielectric,

and at three different LWIR wavelengths.

Figure 1 upper left presents a schematic of the sample geometry for this paper.
Conducting grating bars are separated by a thin dielectric layer from a smooth conducting
surface. Fields from the polarization in the bars, which is driven by the incident wave, in
principle may excite a polarization of free electrons in the continuous conductor by electric
induction. If traveling SPPs can be excited, they must propagate along the continuous
interface between dielectric and metal ground plane, as shown, so that their associated
surface-charge displacements can co-propagate with the SPP fields. The SPP is
represented schematically by the exponentially decaying fields at the interface between the
dielectric and ground plane.

EXPERIMENTAL DETAILS

The dielectrics investigated were TiO, and SiO, . These were deposited by
electron beam evaporation to a thickness ¢ that ranged from 0 to 640 nm. The grating had
50% duty cycle, its period was 20 pm, and the height of the deposited conducting stripes
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was 1 um [5]. Both stripes and ground plane were aluminum, and the stripes were
patterned by conventional contact photolithography and metal lift-off.

SPP excitation resonances are revealed as angularly narrow dips in the specular
reflection of a suitably-polarized monochromatic beam [5]. Our experiments are
performed using a tunable LWIR beam from a TM-polarized quantum cascade laser
(QCL). The SPP coupler is mounted on the 0 spindle of a motorized 6-26 goniometer, and
an IR detector is mounted on an arm attached to the 26 spindle. The incident QCL beam
was pulsed at 100 kHz with 5% duty cycle, and the detected specular-reflected signal is
synchronously lock-in amplified. The output of the lock-in is recorded as a function of
incident angle using a labview program.

RESULTS

Figure 1 (right) compares angular reflectance spectra at three different
wavelengths and for the two different dielectrics of thickness 40 nm to a spectrum taken
on a sample with no dielectric at all. The strong resonances are due to excitation of
traveling SPPs with one unit of grating momentum. The smaller features are due to SPPs
excited with different units of grating momentum. The position and line shapes of all
observed resonances are theoretically understood [5]. The highest baseline reflectance and
sharpest resonance occurs for the zero-dielectric reference. The lowest baseline
reflectance and broadest resonance occurs for the sample with TiO: dielectric.
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Figure 2. (left) Resonance dependence on thickness of dielectric, TiOx (left) and SiO, (right).

Figure 2 presents angular reflectance spectra for three different LWIR
wavelengths and three different dielectric thicknesses. Results for TiO2- and SiO»-based
devices are plotted in the left and right parts of Figure 2, respectively. To better reveal the
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difference in line shapes, the SiO2 data are normalized to their peak values. Resonance
lines broaden with increasing dielectric thickness for all three wavelengths. For the
thinnest TiO2 sample, the resonance clearly sharpens with increasing wavelength. For SiO2
samples the wavelength dependence is non-monotonic. Note that for samples with 40 nm
of dielectric, resonances at all wavelengths for TiO2 devices are broader than those of SiO2
devices. For samples with 80 nm dielectric, the same holds true except at A = 8.52 pm.

Sharp resonances are better for sensing methodologies based on shifts in
resonance angle at fixed wavelength [1]. Figure 3 (symbols) presents resonance full-width
at half maximum (FWHM) for devices with 20 nm TiO2 and with 40 nm SiO,. These
thicknesses were chosen because the resonances are well defined with similar widths and
line shapes for the two materials. Two samples fabricated in different facilities were
analyzed for SiOa. The gap in the data between 8.5 and 9.5 um wavelength is due to tuning
limitations of the QCL. A smaller gap occurs at 10.1 pm where the resonance of interest
crosses another resonance, so that the FWHM could not be determined. Also plotted as
curves are the refractive index and extinction coefficient spectra for the two dielectrics
from [9], which were obtained from ellipsometry of similarly deposited films.
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Figure 3. Resonance line width and spectrum of optical constants for dielectrics TiO> and SiO».
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DISCUSSION

Figure 2 (right) shows that for SiO: thickness beyond about 100 nm, the
absorption feature is so strongly broadened, that it no longer has the appearance of a
resonance line. Figure 2 (left) shows that for 80 nm TiO: thickness, the resonance is
already strongly broadened. For such resonances, the typical shifts in resonance angle that
enable commercial plasmonic sensors [1], would be difficult to observe. Thus, we may
say that, for SPP grating couplers with corrugations isolated from ground plane by
dielectric, useful excitation resonances for traveling SPPs exist only up to a dielectric
physical thickness of about 1% of the incident wavelength.

For TiO2 the FWHM appears to decrease proportionally to the decrease the index
spectrum in Figure 3. However, the change in FWHM is opposite the small changes in
extinction coefficient, which is close to zero at all the measured wavelengths. The
extinction coefficient for TiO: is also much smaller than that of SiO: in the 8-10 pm
wavelength range, but the FWHM for TiO»-based devices is much larger than that for SiO»-
based devices with the same dielectric thickness. Thus, resonance FWHM seems to be
determined more by the index than by the extinction coefficient.

For SiO2, the dependence of FWHM on wavelength is non-monotonic. Figure 3
shows that any possible correlation with the changes with index is more ambiguous than
it is for TiO»-based samples. There is apparently no correlation with the extinction
coefficient spectrum of SiOa.

It makes sense that resonances should broaden as index increases. A larger index
increases the optical distance between grating and ground plane, which broadens the
resonance in the same way as increasing the physical distance at a given wavelength for a
given dielectric. Increased optical or physical distance both decrease the ability of electric
induction to excite SPPs.

FDTD electrodynamic simulations were performed for the given device structure
as a function of wavelength at fixed angle of incidence for six dielectric thicknesses up to
200 nm [10]. The simulation results agree with corresponding experiments performed
using continuous wavelength sweep of the QCLs. We chose to present here only the subset
of the data for the different configuration of variable angle and fixed wavelength, which is
the most similar to commercial plasmonic sensors [1]. No simulations were performed for
this configuration. However, we have shown elsewhere [11] excellent agreement between
simulation and grating-coupler angular reflectance spectra. The agreement is even better
when actual fabricated grating profiles are used as simulation input, but then the
simulations take longer than is required to make and characterize a physical sample.

The Figure 1 structure is similar to MIM resonators that have been investigated
for the last decade at near-IR [12-19], mid-wave IR [20-28], LWIR [9, 29], THz [30-35],
and microwave wavelengths [36]. We cite here only MIM examples that resemble Figure
1, with continuous ground plane and simple metal patches on the surface, but our
comments apply similarly to numerous examples of more complex MIM structures in the
literature, e.g. [37]. The nature of the traveling-wave SPP excitation resonances
investigated here is very different from the resonances observed in MIM devices. Our
simulated field distribution images for traveling SPPs on grating surfaces [38] and for
standing wave SPPs within MIM structures by ourselves [34] and many others inform and
validate some of the contrasts presented next.

In MIM devices, the resonances are due to standing waves that are highly
localized underneath the metal patches within sub-wavelength dimensions. The
resonances change hardly at all with incidence angles over a wide range. Strong dielectric
dispersion features cause additional resonances to appear [9, 35]. Resonance wavelengths
are several times larger than the lateral dimensions of the top-metal patches. The resonance
wavelengths are independent of periodicity [23, 27-29]. Absorption line widths depend
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weakly on dielectric thickness. Absorption strength is optimized (usually by simulation,
but in one case experimentally for three dielectrics [35]) at dielectric thicknesses from 0.6
to 15% of the resonance wavelength.

The traveling wave SPP resonances observed on the Figure 1 structure differ
dramatically from MIM resonances in a number of ways. The fields of the inhomogeneous
infrared waves extend a considerable distance above the surface in comparison to the
wavelength. The resonance wavelengths are strongly dependent on incidence angle.
Dispersion affects mainly the resonance line width but does not introduce new resonances.
Resonance wavelengths (and angles) are mainly determined by the grating periodicity and
not by the lateral dimensions of the metal stripes. Absorption lines widths broaden rapidly
with increasing (optical and physical) dielectric thickness. Absorption strength is
optimized for a dielectric thickness of zero.

Excitation of traveling SPPs at 15 um wavelength has been reported on a 2D
semiconducting grating separated from a semiconducting ground plane by SiO2 dielectric
of thickness 0.8 um, which is 5% of the free space wavelength [39]. This interpretation
contrasts with the experimental limits determined here. Perhaps the difference is in the
lower plasma frequency of these conductors, which is a question worth systematic
investigation.

A motivation for this work was infrared surface plasmon resonance biosensing.
Only one type exists commercially, from a number of companies, and is in wide use by
biologists [1]. For this type, sensing is based on the shift in a sharp excitation resonance
angle for traveling SPPs. There are many academic (non-commercial) investigations of
proposed infrared biosensors using surfaces with sub-wavelength metal structures that
support localized, non-traveling SPPs, whose resonance wavelengths shift at constant
incidence angle, e.g. [40-42]. These generally ignore the significant practical problems of
exciting through an aqueous medium with interference by flow-channel hardware.

SUMMARY

SPPs can be excited on electrically-discontinuous gratings, provided a
conducting ground plane is sufficiently near the isolated grating bars. The physical
thickness of the isolation dielectric layer needs to be less than 1% of the wavelength to
obtain a surface plasmon resonance excitation that is sufficiently narrow for sensor
methodologies based on a shift in resonance angle at fixed wavelength. The resonance
line width also depends on the optical thickness, i.e. on the refractive index, but the data
do not support a dependence of resonance width on the dielectric extinction coefficient.
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