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Surface plasmon (SP) excitation on an extended thin metal
film via a miniature nanoparticle-enhanced grating coupler is
studied experimentally using leakage radiation spectroscopy.
A universally applicable method for determining the effi-
ciency of free-space SP excitation is developed, and the effi-
ciency of the coupler is determined. Two distinct grating ex-

1 Introduction The field of integrated surface plas-
mon (SP) nanophotonics continues to develop rapidly due
to the considerable advantages of SPs over traditional inte-
grated photonic structures. The high degree of confinement
of SPs at a single interface allows for various easily-
fabricated single-interface waveguide designs [1-4]. Di-
electric loaded SP waveguides [1] represent a promising
approach, allowing for the development of SP based opti-
cal interconnects on standard silicon integrated circuits. To
communicate with densely integrated plasmonic compo-
nents, there is a need for a compact structure for coupling
to SPs, and a corresponding need for a method for deter-
mining the coupling efficiency of any such structures.

Here we study a nanoparticle enhanced grating coupler
for exciting SPs on a nearby metal film. We use a broadly
applicable method to determine the absolute wavelength
dependent coupling efficiency of the miniature coupler,
and demonstrate the presence of both grating-mediated and
particle resonance mediated SP excitation.

2 Theory We consider a 3-layer system extended infi-
nitely in the x,y-plane consisting of a central metal layer of
thickness d surrounded by transparent semi-infinite cover
and substrate layers. SPs are excited on the cover—metal
interface via a nanostructured array illuminated from the

citation modes are observed, as well as a particle-mediated
excitation mode. The maximum observed coupling efficiency
of the structure was approximately 3.5% at 615 nm and
670 nm, corresponding to the two grating modes of the struc-
ture.
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top, and the refractive index of the substrate is chosen to be
higher than that of the cover layer. Under these conditions,
SPs at the top interface can generate leakage radiation (LR)
in the substrate at a well-defined angle.

The SP excitation efficiency 7sp by the array is defined
as the ratio of the total power Pgp ., coupled into SPs prop-
agating away from the array to the total power incident on
the coupling structure Pj,.. The total power deposited into
propagating SPs is dissipated either radiatively or non-
radiatively, giving Psp ot = Psp,rad T Psp,i Where Pgp raq is the
power of the SP dissipated radiatively via LR into the sub-
strate, and Psp; is the power of the SP dissipated via intrin-
sic losses in the metal (non-radiative losses). In steady
state, the power ratio of the radiative and intrinsic dissipa-
tion of the SP power is equal to the ratio of the dissipation
rates: Pspi/Psprag = Ii/17.q. Here 1,4 is the radiative decay
rate of the SP amplitude determined by the film thickness
and the surrounding refractive indices, and /; is the intrin-
sic decay rate of the SP amplitude. Note that /7 is related to
but not equal to the electron scattering rate in the metal.
Together, these considerations lead to the relation 7gp =
(Psp.rad/Pinc) * (1 + (£3i/11aq))- The ratio I7/1 1,4 for a smooth
thin metal film on a dielectric substrate can be calculated
analytically starting from the complex SP wavevector
k, =k, + ik of a two-layer semi-infinite cover—metal in-
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terface. One can obtain an expression for the complex
change in the SP wavevector (Ak,) when the metal thick-
ness is reduced in the presence of a dielectric substrate [5];
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where &, and & are the complex dielectric constants of the
metal film and the cover layer respectively, and 7. is the
electric field amplitude reflection coefficient of the sub-
strate—metal interface for TM-polarized light incident on
the metal from the substrate side. Since &, is proportional
to 73, and Aky' is proportional to the added radiative damp-
ing 11,4, we have I3/1 1,4 = kl'/Ak]. Based on the thus ob-
tained values for /i//;,q we can now determine the fre-
quency dependent coupling efficiency 7sp by measuring
Pgprag and Py. The frequency-dependent SP excitation ef-
ficiency can therefore be obtained through a simple com-
parison of the measured radiated and transmitted power,
combined with an either calculated or measured transmis-
sivity and the analytically calculated SP wavevectors.

3 Experimental A 5nm Cr adhesion layer was de-
posited onto the glass substrate, followed by thermal
evaporation of a 55nm Au layer and plasma-enhanced
chemical vapor deposition of a 30 nm SiO, spacer layer.
Nanoparticle arrays were fabricated on the SiO, spacer
layer using standard electron-beam lithography techniques.
The nanoparticles were designed to be 35nm thick,
130 nm long in the x-direction, and 50 nm wide in the y-
direction, resulting in an in-plane aspect ratio (AR =
length/width) of 2.6. A 5 nm Cr wetting layer was used to
promote adhesion to the SiO, spacer layer. The particles had
a constant center-to-center spacing in the x- and y-directions
of 600 nm and 280 nm respectively. The array contains 20
and 54 periods in the x- and y-direction respectively, giv-
ing an array size of approximately 10 pm x 15 pm.

A sketch of the measurement setup is shown in Fig. 1.
The sample was top-illuminated using a standard halogen
light source, via a condenser of numerical aperture (N.A.)
0.15. The incident light was polarized along the x-direction
before entering the condenser, leading to grating mediated

i illumination
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Figure 1 (online colour at: www.pss-rapid.com) Schematic of
the experimental setup, showing the collection of leakage radia-
tion using an oil immersion objective.

leakage
radiation
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Figure 2 (online color at: www.pss-rapid.com) (a) Leakage ra-
diation image of SPs excited by the array. (b) Spectral image of
the leakage radiation collected from the area between the vertical
solid lines in (a). The horizontal dashed lines mark the location of
the edges of the array.

excitation of SPs propagating in the x-direction. The gen-
erated LR was collected with a 60x oil immersion objec-
tive with a N.A. of 1.25 using index matching oil (n =
1.516) between the substrate and the objective (dark blue
region in Fig. 1). The zero order transmission (gray arrow
in Fig. 1) was blocked, allowing the selective imaging of
LR generated by propagating SPs. For spectral analysis the
collected LR was projected onto the entrance slit of an im-
aging spectrometer (Horiba Jobin Yvon iHR-320). Spectra
were recorded using a Si charge coupled device and cor-
rected for the detector dark current. The entrance slit width
was set to 50 um, resulting in a spectral resolution of 7 nm.

4 Results and discussion Figure 2a shows an image
of the collected LR, recorded using a digital camera. The
dashed rectangle marks the location of the array. SPs can
be seen propagating in the positive and negative x-direc-
tions. The image collection region for spectral analysis is
shown schematically by the solid lines in Fig. 2a. Figure
2b shows the obtained spatially resolved LR spectrum. The
vertical direction in the image corresponds to the position
along the direction of SP propagation (x-direction) on the
same scale as Fig. 2a. The color represents the intensity of
the LR at each wavelength and spatial coordinate. The
dashed horizontal lines mark the edges of the array.

The radiated LR signal S;r was measured by spatially
integrating the signal corresponding to SPs propagating
away from the array, corresponding to the regions above
and below the dashed lines in Fig. 2b. The transmitted sig-
nal St through an unpatterned region of the deposited Au
film was collected over an area equal to the array size (area
between the solid and dashed lines in Fig. 2a) using the
same detection parameters as used for Spg. Figure 3a
shows the resulting ratio S z/St. Since both S;r and St con-
tain the illumination spectrum and the wavelength depend-
ent detector sensitivity, we obtain S;r/St = Psp a/Pr With
Pr the transmitted power through an Au coated area
equivalent to the array size.
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Figure 3 (a) Leakage radiation spectrum normalized to the film
transmission, (b) transmissivity of the Au film, (c) calculated ra-
tio 13/1 1,4, and (d) wavelength dependent SP coupling efficiency.

Figure 3b shows the obtained transmissivity of the un-
patterned film given by T'= (1 — R) St/Ss, where R, = 0.04
is the reflectivity of the uncoated glass substrate and S; is
the transmitted signal through the substrate measured in an
uncoated and unpatterned region of the sample. Figure 3c
shows the wavelength dependent ratio 77//,4 calculated
based on Eq. (1) in combination with literature values for

the material properties [6] and the known layer thicknesses.

Note that scattering of SPs by film roughness was ne-
glected in this analysis. To account for the 30 nm SiO,
spacer layer, an effective dielectric function & = 1.05 was
used for the cover layer in the calculations of Ak,. The bot-
tom 5 nm Cr adhesion layer was replaced in the calculation
by an additional 5 nm of Au.

Figure 3d shows the obtained spectral coupling effi-
ciency 7sp of the nanoparticle grating coupler using the
values of Pgpad/Pr, T, Ii/1 104, and using Pr= Pj,. X T. Two
main peaks are observed in the efficiency of SP excitation.
Based on the grating spacing and the SP dispersion, it is
expected that under normal plane-wave illumination SPs
excited by each row of particles will interfere construc-
tively with the SPs excited by neighboring rows for a free-
space wavelength of approximately 630 nm. The two main
peaks in the efficiency lie above and below the expected
wavelength of the grating resonance. A previous study [7]
of NP arrays near a thick metal film has shown that these
two peaks correspond to grating modes excited by the x-
and z-polarization components of the illumination, and are
a consequence of convergent illumination. N.A. dependent
measurements (not shown) suggest that the peak near
670 nm corresponds to the z-polarized grating mode, and
the peak near 615 nm corresponds to the x-polarized grat-
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ing mode. In addition to the two grating related SP excita-
tion peaks, a broad and weak peak is observed at approxi-
mately 770 nm. Excitation of SPs at wavelengths this far
from grating resonance seems counter-intuitive, since no
constructive addition of SP amplitude is possible. However,
individual Au nanoparticles support a dipolar plasmon
resonance, which for isolated ellipsoidal Au nanoparticles
of this aspect ratio is predicted to occur at 592 nm in air,
and at 727 nm in SiO, based on literature dielectric func-
tions. The relatively large size of the particles will lead to a
red-shift of the resonance, and interaction with the metal
surface will lead to an additional red-shift due to the exci-
tation of an oscillatory image charge distribution [8]. We
therefore attribute the peak at 770 nm to the particle reso-
nance enhanced excitation of SPs by the rows of particles
near the edge of the array.

The maximum efficiency of the structure of ~3.5% ob-
served in Fig. 3d occurs at the two grating resonances.
Note that this figure indicates the useful excited SP power,
i.e. it does not include any SP power dissipated within the
excitation structure. This efficiency represents a lower
limit on the achievable coupling efficiency since the illu-
mination N.A. was not optimized for this specific structure.

5 Conclusion The wavelength dependent surface
plasmon excitation efficiency of a miniature nanoparticle
enhanced grating coupler was determined using spatially
resolved leakage radiation spectroscopy. A broadly appli-
cable method for determining the wavelength dependent
efficiency of a plasmon coupler exciting propagating SPs
on a thin metal film was developed. The maximum ob-
served surface plasmon coupling efficiency was 3.5%.
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