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The efficient generation of surface plasmons from free-space optical waves is still an open problem in the field.
Here we present a methodology and optimized design for a grating coupler. The photoexcitation of surface plas-
mons at an Ag-SiO, interface is numerically demonstrated to yield a 50% coupling efficiency from a Gaussian
beam into surface plasmon voltages and currents. © 2007 Optical Society of America

OCIS codes: 240.6680, 050.1590, 050.2770.

1. INTRODUCTION

Surface plasmons are optical-frequency, alternating cur-
rents that propagate along the surface of a conductor [1].
These optical frequency surface modes enable metallic
structures to focus light to the nanoscale [2], enabling an
enhancement and confinement of the electric field far be-
yond what is possible in dielectric optics. The tremendous
potential for energy concentration and localization spans
a multitude of disciplines and has the potential to enable
a host of future technologies. For instance, surface-
plasmon-based instrumentation is now commonplace in
chemical spectroscopy and in the detection of trace bio-
logical material through surface-enhanced Raman scat-
tering [3], where Raman enhancements as high as 104
have been reported [4,5]. These astronomical enhance-
ments occur at stochastically located “hot spots” or on
resonances of engineered nanoparticles [6]. The prime
mechanism behind this effect is the coupling of free-space
optical energy to a localized plasmonic standing wave.
However, exploiting these large field enhancements for
many engineering applications requires coupling to a
plasmonic traveling wave. Such applications include
heat-assisted magnetic recording for the next generation
of hard disks [7], near-field lithography [8], and subwave-
length optical circuitry [9]. For these plasmonic devices
the efficient excitation of surface plasmons is critically
important in order to ensure a strong electric field en-
hancement. Indeed, inefficient coupling may even nullify
the electric field enhancement that would otherwise be
obtained by such devices and this critical coupling is still
considered an open problem in nano-optics.

Schemes for the conversion of free-space optical waves
into currents and voltages include coupling by attenuated
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total reflection in prisms, end-fire coupling to plasmonic
waveguides [10,11], and various antenna structures
[12,13]. However, exciting plasmons by attenuated total
reflection requires a dielectric prism, which is a macro-
scopic device and therefore too bulky for most applica-
tions. Efficient end-fire coupling, on the other hand, is
limited in applicability to special waveguide structures
that are not compatible with planar fabrication technolo-
gies. Most optical antenna structures suffer from low ra-
diation resistance, which leads to Ohmic losses as well as
a low directivity radiation pattern that provides a poor
mode match to incident plane waves. The grating coupler
then emerges as a most viable method to efficiently con-
vert laser power to electrical voltages and currents. In-
deed the plasmon grating coupler can be considered a spe-
cial case of antenna, analogous to a periodic antenna
array or a Yagi—Uda antenna [14], which achieve high ef-
ficiencies due to very directive beam formation.

The high directivity of large grating antenna structures
results in efficient coupling because high directivity leads
to a high antenna capture cross section, given by
Cantenna=N2/Q, where () is the acceptance solid angle, and
\ is the vacuum wavelength. Thus the captured power is
P;, =intensity(A\?/Q)), which can be converted to an optical
frequency voltage by the formula V?=P;,R, .4, where R .4
is the antenna radiation resistance, which is typically less
than 50 ohm.

Grating couplers have been employed in previous ex-
perimental work and some rough optimizations have been
implemented [15,16]. However, a thorough effort to opti-
mize a grating coupler has not yet been presented. In this
paper, we present the methodology and design of an opti-
mized grating coupler topology that couples 50% of the
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energy from a 476 nm free-space wavelength incident op-
tical beam into the surface plasmon mode at an Ag—SiOy
interface.

2. MATHEMATICAL FRAMEWORK

The design space of the grating was limited to a one-
dimensional array of rectangular grooves of uniform
depth at an Ag-SiO, interface (Fig. 1). The dielectric con-
stants corresponding to a free-space wavelength of
476 nm were €.=-7.06+:0.27 and ¢.=2.25, for Ag and
SiOg, respectively [2]. The imaginary part of the permit-
tivity of Ag was included to take into account resistive
losses in Ag. The input beam was chosen to be of a Gauss-
ian profile with a FWHM diameter of 1 um and incident
on the grating at a 45° angle. Additionally, we chose to
couple contradirectionally to the surface plasmon mode in
order to eliminate all diffraction orders, leaving only the
specular reflection to be suppressed, and allowing all the
remaining power to be transferred into optical-frequency
surface currents (Fig. 2).

It should be noted that we chose an input beam of rela-
tively small diameter, 1 um. Although a broad area beam
might couple more efficiently to surface plasmons, as in
the Kretschmann configuration, for example, our goal was
for the plasmons to arrive efficiently at a given point
along the metallic surface and then to be used for focus-
ing, local heating, nonlinear optics, or some other local
purpose. If a large diameter input beam had been used,
most of the energy would have been lost in traversing the
diameter of the beam because of a short surface plasmon
propagation length of 2.37 um. For this reason, the input
beam diameter was chosen to be rather small, and in the
end a FWHM of 1 um produced an optimally efficient
grating.

Numerical simulations were obtained using COMSOL,
a finite-element-method (FEM) solver, concentrating on
the transverse magnetic (TM) mode. Perfectly matched
layers, where the imaginary parts of the permittivity and
permeability increase as a cubic power, were used as ab-
sorbing boundaries [2]. Computational instabilities asso-
ciated with the sharp corners on the grating were avoided
by convolving a square-tooth topology with a Gaussian
function of standard deviation 1 nm.

We defined the efficiency of the grating coupler as the
total power of the coupled surface plasmon as it exited the
grating divided by the total power of the input beam. The
power of the coupled surface plasmon was first computed
several micrometers away from the nearest edge of the
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Fig. 1. An input beam with a Gaussian profile strikes the grat-
ing at 45° off incidence and is coupled contradirectionally into the
surface plasmon mode.
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Fig. 2. Wave-vector diagram illustrating how a (-1) grating
wave vector is added to the parallel component of the wave-
vector of the incident beam in order to match the wave vector of
the contradirectionally propagating surface plasmon mode (
-kg,). The advantage of coupling contradirectionally is that only
the specular reflection order (+0) needs to be suppressed.

grating by integrating the value of the Poynting vector
along a line perpendicular to the Ag—SiO, interface; the
power in the plasmon wave at the grating edge was then
calculated using the known decay length of the surface
plasmon. It was specifically this coupled plasmon power
calculated at the edge of the grating that was employed in
the efficiency calculation. The power in the input beam
was computed by simply integrating for the Poynting vec-
tor over the cross section of the beam. For this input
power calculation Ag was replaced with appropriate ab-
sorbing boundaries in order to eliminate backscattering.

3. PROBLEM CHALLENGE

From a mathematical standpoint, converging on an opti-
mal grating topology is nontrivial. This is because of both
the size and complexity of the optimization space.

The expansiveness of the optimization space can be
grasped when one considers that a reasonably efficient to-
pology must be the result of an 18-parameter optimiza-
tion, at the very least. One arrives at this minimum num-
ber of parameters by first considering that the cross
section of the beam requires approximately nine grooves
for correct wave vector matching [1]. This corresponded to
a daunting 18-parameter optimization since each groove
must be characterized by at least its width and spacing.
This overly large optimization space rendered brute force
search and other direct search algorithms [17] completely
ineffective in finding a meaningful optimum.

In addition to the expansiveness of the optimization
space, the unavoidable presence of multipath interference
in electromagnetic wave problems further exacerbated
the task of mathematically searching for an optimum.
Owing to the multipath interference, we found that the
optimization space was studded with numerous local op-
tima. The situation was analogous to that of laser speckle,
where although there is a global maximum at the center
where the laser light is most intense, there also exist nu-
merous local maxima known as speckle surrounding the
center. It is therefore impossible for traditional numerical
methods such as steepest descent or simplex optimization
methods, which converge on local optima, to arrive at the
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global optimum unless by a fortuitous starting point in
the immediate vicinity of the global optimum.

The conclusion of these two observations is that one
can arrive at an optimal topology only if one has an initial
topology that is already quite close to the optimum. The
crux of the problem is therefore in the successful selection
of such an already efficient initial topology.

4. METHODOLOGY

To determine a near-optimal initial topology, a hierarchal
optimization method was used that was repeated over a
range of input beam angles, input beam widths, and
groove depths. First, we started with a grating consisting
of a single groove with strong coupling characteristics
placed at the edge of the space where the grating was to
be constructed, opposite the edge from which the surface
plasmon would exit the grating. Subsequent grooves were
then placed approximately one grating period away by
performing a two-parameter search that determined the
most efficient width and position for such a groove, under
the condition that previously placed grooves remained
fixed. Additional grooves were added sequentially in this
way until the efficiency of the grating could no longer be
improved. Note that the grating design was completely
deterministic after the initial placement of the first
groove, since the successive two-parameter groove optimi-
zation that was used was deterministic as well.

Having produced a reasonably efficient design, the
width and position of each groove was adjusted individu-
ally, starting from the rearmost groove and then moving
forward, using the same two-parameter search as in the
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initial placement phase. Lastly, the grating was fine-
tuned using a generic direct search algorithm in conjunc-
tion with numerical simulation results.

The two-parameter search for each successive groove
consisted of calculating the efficiency of the grating while
varying the location and width of each groove over some
range of values and then selecting the most efficient con-
figuration. However, individually determining the effi-
ciency of every configuration by numerical simulation was
overly tedious computationally. To make the search many
times faster, we modeled the grating as a transmission
line studded with scattering centers [18]. This was accom-
plished by using numerical simulation to tabulate the
scattering parameters of individual grooves of varied
widths and then predicting the strength of the output
plasmon wave by using a simple transfer matrix method
[19].

5. RESULTS

The final grating coupled 50% of the energy from the in-
put beam into the surface plasmon mode (Fig. 3). Its final
optimized structure consisted of a 14-element grating
with a groove depth of 50 nm. The average center-to-
center spacing between grooves was 184 nm, slightly
larger than the expected value of 165nm dictated by
wave-vector matching [1].

Also, the groove width of the optimized grating de-
creased monotonically from 101 to 18 nm from the rear to
the front of the grating, which was precisely dictated by
the need to match the Gaussian profile of the input beam.
To elucidate this further we consider the time-reverse
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Fig. 3. The optimized grating. (a) Finite-element-method simulation of the TM magnetic field. (b) Close-up of a groove showing the
slight rounding of the corners needed to stabilize the FEM simulation. (¢) Diagram of the widths and center-to-center separation dis-

tances of the grooves that form the grating.
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Fig. 4. The diameter of the input beam can be varied substan-
tially without significantly decreasing the efficiency of the
grating.

case where the plasmon propagates to the right, strikes
the front of the grating, and then is coupled to free-space
radiation. In this case, one would expect the front of the
grating to be composed of weak scattering centers and the
middle of the grating to be composed of stronger scatter-
ing centers in order to produce a beam with a Gaussian
profile, since such a beam’s energy is concentrated toward
its center. However, toward the rear of the grating, even
stronger scattering centers are needed, since the strength
of the incoming surface plasmon has also decreased sub-
stantially as well. Thus the rearmost grooves, in order to
produce the desired Gaussian profile, must do their best
to scatter all the remaining surface plasmon mode energy.

To validate our optimized grating, its robustness to
small topological changes was calculated. To this end we
found that the width of any individual groove could be
varied by up to 5 nm without incurring the loss of more
than 5% efficiency. The location of any individual groove
could be shifted by 10 nm and the depth of the grating
could also be varied by 5 nm without losing more than 5%
efficiency as well. Also, we found that the use of a Gauss-
ian apodization function with a standard deviation either
twice or half that of the original would not result in a loss
of more than 5% efficiency either. These robustness calcu-
lations confirmed that our topology was indeed a valid,
physical optimum, and not a mere computational artifact.

The sensitivity of the grating to changes in the width,
alignment, and angle of the incoming beam was also cal-
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Fig. 5. The efficiency of the optimized grating decreases rapidly
with even small variations in the angle of the incident beam.
This is expected due to the high directivity of the grating coupler
acting as an antenna array.
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culated. Figure 4 shows that the grating was relatively in-
sensitive to the diameter of the beam in that the grating
remained more than 45% efficient whether the beam
width was narrowed to 0.6 um or widened to 1.3 um. In
addition to being insensitive to the width of the beam, we
found that the grating was also insensitive to the align-
ment of the beam since a shift of up to 200 nm in the cen-
ter position of the beam would not result in an efficiency
below 45%. Finally, because a grating is equivalent to a
highly directive antenna array, we expected and found an
extreme sensitivity to the incident beam angle. Figure 5
shows that the beam angle could not deviate more than 2°
if we wished to maintain an efficiency greater than 45%.

6. CONCLUSION

We have presented a grating coupler topology optimiza-
tion that couples 50% of the energy from a 1 um diameter
beam (FWHM) at A\=476 nm free-space wavelength, into
surface currents and voltages at an Ag—SiO, interface.
The angle of incidence was chosen to be 45°, and chosen to
couple into the surface plasmon mode contradirectionally.
We note the difficulty caused by multiple optimization pa-
rameters as well as multipath in electromagnetic optimi-
zation, and we present an optimization routine that over-
comes these problems. Also, we show that our design
approach is robust to topological variations as well as to
significant changes in the beam diameter and alignment.
We verify that the grating is highly directive, as expected.
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