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Excitation and direct imaging of surface plasmon polariton modes
in a two-dimensional grating
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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 (from 1.31 to 1.57um), incidence angles, and grating periods, enabling the
observation of a number of distinct modes with various in-plane wave vecto20® American
Institute of Physic§ DOI: 10.1063/1.1883334

Surface plasmon polariton€SPP$ have been exten- at this interfacgstronger damping, in particulamodifying
sively studied for several decade$here has been a variety those that would otherwise exist at the glass—gold
of recent work that, among other things, has explored theimterface?*?* we will therefore refer, instead, to a glass-
potential for building various integrated optical devié€s. metal (GM) interface. A mask was then formed using
The intrinsic mode confinement, due to their surface natureglectron-beam direct writing, and the desired pattern—
may have potential advantages for building subdiffractioncircular holes, of approximately 400 nm diameter, in square
limited waveguideband in facilitating full three-dimensional arrays of 80um with a hole perioda varying from 1.0 to
optical confinement® Further interest has been sparked by2.6 pm in increments of 0.um—was then transferred to
the observation that SPP waves can enhance the transmihe metal film via wet chemical etching. Samples were char-
tance through_optically thick metallic films with subwave- acterized optically using two illumination procedurés) A
length feature$-™ The radiated diffraction pattern can also collimated broadband light source was used for measure-
be controlled by the excited SPPsThere are a number of ments of the zero-order transmittance as a function of wave-
fundamental issues still being addressed in the attempt tiength and incidence angleefered to hereafter as “spectral
make practical SPP optical elements. Because of the surfaggeasurements” and (2) a focused laser beam of varying
nature of the SPP wave, it is not typically possible to observérequency was used to excite and image the grating scattered
them directly in the far field. Imaging can be accomplishedieakage from propagating SPPs. For the spectral measure-
in a variety of ways including near-field probing;**fluo-  ments, illumination from the lamp is collimated, polarized,
rescence _imaginy, light scattering from surface and the central portion of the array is imaged onto the input
roughness®*’ and, more recently, Fourier domain observa-sjit of a monochromator, which scans a fixed spectral range
tions of scattering in a grating arrajWhile it is well known  from 1000 nm to 1700 nm. An InGaAs focal plane array was
that a grating can overcome a momentum mismatch for thgsed for imaging and alignment. The sample was first
excitation of SPP%,they have not been used to enable im-galigned normal to the beam axis, while the polar angke,
aging in the far field from partially scattered SPPs with angngle of incidencewas increased to 20° in increments of 2°.
appreciable propagation length. One plausible explanation ishe measured zero-order transverse magn@id) (i.e.,
that much of the work described thus far has been done afjectric field in the plane of incidengeransmittance is
visible wavelengthgor A < ~1 um). The damping of propa-  shown in Fig. 1 in linear gray scale as a function of fre-
gating SPP waves decreases dramatically from the visiblguency and incident wave vector. These data and measure-
portion of the spectrum into the near infrare,*leading to  ment are similar to that shown in Ghaeetial,® and Barnes
several advantageous properties of SPPs at these wavgra),'®though it is important to note that the films measured
lengths. In this letter, we describe techniques for the simuliere are much thinner. The measured transmittance for a
taneous excitation and imaging of various SPP modes in g mper of samples with various periods has been normalized
two-dimensional(2D) periodic hole array, and show that py the hole area per unit cell, and combined to give a full
these features are consistent with the dispersion relation fQfarspective on the SPP excitation conditions for our entire
SPPs on a periodically modulated surface. In addition, Weample and characterization space. The spectra are domi-
directly demonstrate coupling to a number of distinct modesyated by transmittance dips at the various SPP excitation
in 2D lattices at near-infraredrom 1.31 to 1.57um) wave-  conditions, which appear as the set of dark stripes. These
lengths. major features of the dispersion map are well described by

Samples were prepared as foII_ows: Qua_rtz glas_s SUBthe relationt kspr=K £iG,+|G,, Whereksppis the SPP
strates were first cleaned, and a titin2 nm) Ni adhesion 5,0 vector,k, is the in-plane component of the incident
layer was deposited followed by approximately 35 nm ofg|ecromagnetic wave vector, atj andG, are the recipro-
gold. Inclusion of this adhesion layer affects the SPP modegg| |attice vectors in the andy directions, respectively. Dis-
persion curves are calculated for the air-métd) and GM
dElectronic mail: ktetz@ece.ucsd.edu interfaces, shown in Fig. t+ak/27 direction), and follow
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FIG. 2. Schematic of SPP imaging configuration. lllumination on a given
sample is from a focused laséwith a microscope objective, MO The
resulting SPP mode is then imaged on to an InGaAs camera array ¥a a 4
imaging system{MO and Len$. For the case shown, the incident polariza-
tion at 45° is decomposed into two orthogonal components which excite
(1,0-type SPP modes which propagate along the grating surface and rera-
diate in both the forward and backward directions with the illustrated polar-
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akﬂf 21 ization. The radiation is then polarized at -45° to obtain the field in the
image plane.

FIG. 1. Spectral measurements of TM polarized zero-order transmittance
(transverse electric data not showfar cubic arrays of holes in a thin gold ) o
film on a glass substrate. Data from several arrays with different pesiods labeled as an arrow at the corresponding frequency in Fig. 1

_have been cqmbined for these gomposite inter_ls_ity images, where the stitcit these positions, when the phase matching conditions are
e o ey e rosamiones v b v SaUsied, an exponentially decaying SPP mode is excited n
ized by the hole‘ area per unit cell, and the intensity range is frédatk to direction dictated by the ,reSUItant SRRector. This is Se_en .
1.1(light). On the right half{+ak,/2), the calculated SPP dispersion curves S crossed lobes extending out from the center of the illumi-
for AM (-) and GM(--) interfaces are seen as white lines. Arrows on the left nation spot. In Figs. @) and 3b), the excitation and imaging
indicate the position on nor‘mali‘zed frequency axis where single fre_quencx;onditions are identical; however, in Fig(aB the polarizer
I_aser 'measuremen(shown in Fig. 3 occeur. AIso_sketchetﬂ(_jotFed white Pnd analyzer are paraIIeI at 4Bhe (1’1) directior’)]. In Fig.
lineg) is the angular spectrum and relative intensity for the incident beam o .. o .
Fig. 3, with a NA of 0.25. 3(b), the analyzer is instead rotated to —45 ,'WhICh effec-
tively nulls the uncoupled, zero-order transmitted bé&m.
Note that Figs. @& and 3b) correspond to excitation of
the SPP features for all of the data on the normalized fretx2,0), (0, +2) modes, and, although weak, are readily ob-
guency scale quite well. Only those modes that are effiservable. This is in contrast to the spectral data, where the
ciently excited—and therefore appear as spectral features #xcitation of these modes is below the signal-to-noise ratio
these data—are showfi.e., (i,j)=(0,1) type modes and for our setup(Fig. 1). Figures 3c)-3(f) each show images
higher-order GM modes have been omifte8pecifically, we  for other experimental conditions: Figs.cBand 3d) corre-
see that thé+1,0) SPP modes of the AM and GM interfaces, spond to excitation of+1, +1)-type modes at different fre-
as well as the(+1,+1) of the AM interface appear under quencies (in different hole arrays Fig. 3€) shows
these conditions. The relatively weak coupling to the GM(£1,0),(0, 1) excitation; Fig. &) shows an image when
interface (compared to the AM sideis likely due to the there is no excitation—the intersection of the angular inten-
damping from the nickel adhesion layer, where tié ,0) sity profile and the period-to-wavelength ratio do not lead to
order is observable in the spectrum but t#d, +1) trait ~ €xcitation of any mode with appreciable efficiency. Note also
appears barely discernible. More rigorous methbtis®*are
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 objecti#O)
with relatively low numerical aperturéNA)=0.25 was used
to focus the beam to a spot 6f10 um on the sample, and
another MO(NA=0.25) and lengf=125 mn) pair was used
to image the array under observation. In addition, a
polarlzer-analyzgr 'palr' is used to (_:omr,OI the, pOI"j’u’lzatlonFlG. 3. SPPs observed in various hole arrays. Inset is the relative polarizer
state of the excitation field and the field in the image plane solig) and analyzetdashesiorientation for each image. Intensity scales for
as described in detail shortly. This apparatus is similar to thaga) and(b) are identical, whil€c)—(f) have been adjusted to observe the full
illustrated in Altewischeret al,,18 except that the detector SPP extent. Also inset iff) is a distance bar valid for all optical images, and

array is at an image pIane rather than a Fourier transfomiscanning_ elect_ron micr_oscope image that shows a represen_tative array and
lane. and is sketched in Fig. 2 the hole orientation relative to the optical images. The respective hole period
p ! . g. < . .. aand free-space laser wavelengthare (in um): (a) and (b) a=2.60, A
Scattering from SPPs observed under various conditions 31:(c) a=2.20,,=1.52;(d) a=1.80,A=1.31:(¢) a=1.60,\=1.57: and
is shown in Fig. 3(with each period to wavelength ratio (f) a=2.20,A=1.52.
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