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We describe the simultaneous excitation and direct far-field imaging of the scattering from surface
plasmon polariton modes in a two-dimensional metallic hole array grating. Conditions for the
coupling and imaging are discussed, where the coupling is shown to be consistent with both
measured and calculated dispersion relations. Excitation is accomplished at several different
wavelengths sfrom 1.31 to 1.57mmd, incidence angles, and grating periods, enabling the
observation of a number of distinct modes with various in-plane wave vectors. ©2005 American
Institute of Physics. fDOI: 10.1063/1.1883334g

Surface plasmon polaritonssSPPsd have been exten-
sively studied for several decades.1 There has been a variety
of recent work that, among other things, has explored their
potential for building various integrated optical devices.2,3

The intrinsic mode confinement, due to their surface nature,
may have potential advantages for building subdiffraction
limited waveguides4 and in facilitating full three-dimensional
optical confinement.5,6 Further interest has been sparked by
the observation that SPP waves can enhance the transmit-
tance through optically thick metallic films with subwave-
length features.7–10 The radiated diffraction pattern can also
be controlled by the excited SPPs.11 There are a number of
fundamental issues still being addressed in the attempt to
make practical SPP optical elements. Because of the surface
nature of the SPP wave, it is not typically possible to observe
them directly in the far field. Imaging can be accomplished
in a variety of ways including near-field probing,12–14 fluo-
rescence imaging,15 light scattering from surface
roughness,16,17 and, more recently, Fourier domain observa-
tions of scattering in a grating array.18 While it is well known
that a grating can overcome a momentum mismatch for the
excitation of SPPs,1 they have not been used to enable im-
aging in the far field from partially scattered SPPs with an
appreciable propagation length. One plausible explanation is
that much of the work described thus far has been done at
visible wavelengthssor l, ,1 mmd. The damping of propa-
gating SPP waves decreases dramatically from the visible
portion of the spectrum into the near infrared,1,2,19 leading to
several advantageous properties of SPPs at these wave-
lengths. In this letter, we describe techniques for the simul-
taneous excitation and imaging of various SPP modes in a
two-dimensionals2Dd periodic hole array, and show that
these features are consistent with the dispersion relation for
SPPs on a periodically modulated surface. In addition, we
directly demonstrate coupling to a number of distinct modes
in 2D lattices at near-infraredsfrom 1.31 to 1.57mmd wave-
lengths.

Samples were prepared as follows: Quartz glass sub-
strates were first cleaned, and a thins,2 nmd Ni adhesion
layer was deposited followed by approximately 35 nm of
gold. Inclusion of this adhesion layer affects the SPP modes

at this interfacesstronger damping, in particulard, modifying
those that would otherwise exist at the glass–gold
interface;20,21 we will therefore refer, instead, to a glass-
metal sGMd interface. A mask was then formed using
electron-beam direct writing, and the desired pattern—
circular holes, of approximately 400 nm diameter, in square
arrays of 80mm with a hole perioda varying from 1.0 to
2.6 mm in increments of 0.1mm—was then transferred to
the metal film via wet chemical etching. Samples were char-
acterized optically using two illumination procedures:s1d A
collimated broadband light source was used for measure-
ments of the zero-order transmittance as a function of wave-
length and incidence anglesrefered to hereafter as “spectral
measurements”d, and s2d a focused laser beam of varying
frequency was used to excite and image the grating scattered
leakage from propagating SPPs. For the spectral measure-
ments, illumination from the lamp is collimated, polarized,
and the central portion of the array is imaged onto the input
slit of a monochromator, which scans a fixed spectral range
from 1000 nm to 1700 nm. An InGaAs focal plane array was
used for imaging and alignment. The sample was first
aligned normal to the beam axis, while the polar anglesi.e.,
angle of incidenced was increased to 20° in increments of 2°.
The measured zero-order transverse magneticsTMd si.e.,
electric field in the plane of incidenced transmittance is
shown in Fig. 1 in linear gray scale as a function of fre-
quency and incident wave vector. These data and measure-
ment are similar to that shown in Ghaemiet al.,8 and Barnes
et al.,10 though it is important to note that the films measured
here are much thinner. The measured transmittance for a
number of samples with various periods has been normalized
by the hole area per unit cell, and combined to give a full
perspective on the SPP excitation conditions for our entire
sample and characterization space. The spectra are domi-
nated by transmittance dips at the various SPP excitation
conditions, which appear as the set of dark stripes. These
major features of the dispersion map are well described by
the relation:1,7,8 kSPP=ki± iGx± jGy, where kSPP is the SPP
wave vector,ki is the in-plane component of the incident
electromagnetic wave vector, andGx andGy are the recipro-
cal lattice vectors in thex andy directions, respectively. Dis-
persion curves are calculated for the air-metalsAM d and GM
interfaces, shown in Fig. 1s+aki /2p directiond, and followadElectronic mail: ktetz@ece.ucsd.edu
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the SPP features for all of the data on the normalized fre-
quency scale quite well. Only those modes that are effi-
ciently excited—and therefore appear as spectral features in
these data—are shownfi.e., si , jd=s0,1d type modes and
higher-order GM modes have been omittedg. Specifically, we
see that thes±1,0d SPP modes of the AM and GM interfaces,
as well as thes±1, ±1d of the AM interface appear under
these conditions. The relatively weak coupling to the GM
interface scompared to the AM sided is likely due to the
damping from the nickel adhesion layer, where thes±1,0d
order is observable in the spectrum but thes±1, ±1d trait
appears barely discernible. More rigorous methods18,22,23are
required to theoretically determine the relative strength of
the coupling as well as the absolute spectral shape of the
various bound and propagating diffraction orders. Also
sketched in Fig. 1 is the angular spectrum for the excitation
with the single frequency sources, defined by the Gaussian
spectrum of the incident laser beam, and the angular band-
width of the MO.

For the laser illumination, a microscope objectivesMOd
with relatively low numerical aperturesNAd=0.25 was used
to focus the beam to a spot of,10 mm on the sample, and
another MOsNA=0.25d and lenssf =125 mmd pair was used
to image the array under observation. In addition, a
polarizer-analyzer pair is used to control the polarization
state of the excitation field and the field in the image plane,
as described in detail shortly. This apparatus is similar to that
illustrated in Altewischeret al.,18 except that the detector
array is at an image plane rather than a Fourier transform
plane, and is sketched in Fig. 2.

Scattering from SPPs observed under various conditions
is shown in Fig. 3swith each period to wavelength ratio

labeled as an arrow at the corresponding frequency in Fig. 1d.
At these positions, when the phase matching conditions are
satisfied, an exponentially decaying SPP mode is excited in a
direction dictated by the resultant SPPk vector. This is seen
as crossed lobes extending out from the center of the illumi-
nation spot. In Figs. 3sad and 3sbd, the excitation and imaging
conditions are identical; however, in Fig. 3sad, the polarizer
and analyzer are parallel at 45°fthe s1,1d directiondg. In Fig.
3sbd, the analyzer is instead rotated to −45°, which effec-
tively nulls the uncoupled, zero-order transmitted beam.18

Note that Figs. 3sad and 3sbd correspond to excitation of
s±2,0d, s0, ±2d modes, and, although weak, are readily ob-
servable. This is in contrast to the spectral data, where the
excitation of these modes is below the signal-to-noise ratio
for our setupsFig. 1d. Figures 3scd–3sfd each show images
for other experimental conditions: Figs. 3scd and 3sdd corre-
spond to excitation ofs±1, ±1d-type modes at different fre-
quencies sin different hole arraysd; Fig. 3sed shows
s±1,0d ,s0, ±1d excitation; Fig. 3sfd shows an image when
there is no excitation—the intersection of the angular inten-
sity profile and the period-to-wavelength ratio do not lead to
excitation of any mode with appreciable efficiency. Note also

FIG. 1. Spectral measurements of TM polarized zero-order transmittance
stransverse electric data not shownd for cubic arrays of holes in a thin gold
film on a glass substrate. Data from several arrays with different periodsa
have been combined for these composite intensity images, where the stitch-
ing frequencies appear as horizontal black linessidentical data are also
replicated foraki/2p,0 for viewingd. The transmittance has been normal-
ized by the hole area per unit cell, and the intensity range is from 0sdarkd to
1.1 slightd. On the right halfs+aki/2pd, the calculated SPP dispersion curves
for AM s-d and GMs--d interfaces are seen as white lines. Arrows on the left
indicate the position on normalized frequency axis where single frequency
laser measurementssshown in Fig. 3d occur. Also sketchedsdotted white
linesd is the angular spectrum and relative intensity for the incident beam of
Fig. 3, with a NA of 0.25.

FIG. 2. Schematic of SPP imaging configuration. Illumination on a given
sample is from a focused laserswith a microscope objective, MOd. The
resulting SPP mode is then imaged on to an InGaAs camera array via a 4F
imaging systemsMO and Lensd. For the case shown, the incident polariza-
tion at 45° is decomposed into two orthogonal components which excite
s1,0d-type SPP modes which propagate along the grating surface and rera-
diate in both the forward and backward directions with the illustrated polar-
ization. The radiation is then polarized at −45° to obtain the field in the
image plane.

FIG. 3. SPPs observed in various hole arrays. Inset is the relative polarizer
ssolidd and analyzersdashedd orientation for each image. Intensity scales for
sad andsbd are identical, whilescd–sfd have been adjusted to observe the full
SPP extent. Also inset insfd is a distance bar valid for all optical images, and
a scanning electron microscope image that shows a representative array and
the hole orientation relative to the optical images. The respective hole period
a and free-space laser wavelengthl are sin mmd: sad and sbd a=2.60, l
=1.31; scd a=2.20,l=1.52; sdd a=1.80,l=1.31; sed a=1.60,l=1.57; and
sfd a=2.20,l=1.52.
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that Fig. 3sfd is at a position of maximum transmittance at
zero-polar angle, and we clearly see that excitation of propa-
gating SPPs do not enhance that transmittance for our thin
films. The SPPs in all cases can only be observed to propa-
gate to the end of the grating, although they assuredly con-
tinue on the unmodulated surface.13,14

Of particular interest is the SPP propagation length,
which, for this case of a grating-modulated surface, is depen-
dent upon both the radiative decay as well as the material
damping.1 The radiative decay of the SPPs must be small
enough to observe the spreading of the field over these rela-
tively large distancessseveral tens ofmmd. For a wavelength
of 1.31mm, we measure a 1/e decay length of 22±3 and
15±2 mm for the s+2,0d and s±1, ±1d modes, respectively
sby exciting near the edge of the array, and fitting an expo-
nential curve to a Gaussian fit of the image cross sections
averaged over all four directionsd. Similarly, the s±1, ±1d
mode at 1.52mm decays in 26±3mm, while the s±1,0d
mode at 1.57mm propagates 14±3mm. These data may be
compared to the estimated decay value for an unperforated
infinite AM interface of 140mm sat 1.31mmd or 200mm sat
,1.55mmd—or, perhaps more appropriately, with the anti-
symmetric SPP mode of a finite thickness gold film24 which
predicts 23 and 32mm, respectively, for the same wave-
lengths. These values are only marginally less than the
40 mm seen for a planar gold surface17 at a 0.8mm wave-
length despite the relatively strong radiative damping.

In conclusion, we have demonstrated the coupling to
SPP modes in a cubic array of holes and the direct observa-
tion of leakage radiation from such arrays. A wide variety of
propagating waves, with different frequencies and in-plane
wave vectors can be excited and observed for various sample
geometries and under variable excitation conditions. Such
techniques may prove useful for investigating the properties
of SPP waves for a variety of applications and in interfacing
with various nanoplasmonic devices.
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