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Two-dimensional control of surface plasmons and directional beaming from arrays
of subwavelength apertures
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We demonstrate two-dimensional control of coherent modes of surface plaggRris a metallic array of
subwavelength apertures. SP mode intensity and propagation direction is manipulated by varying the wave-
length, incidence angle, and polarization of the excitation photons. We also demonstrate directional beaming of
light from this device. Finite-difference-time-domain simulations of the SP modes closely resemble the obser-
vations by near-field scanning optical microscopy. Calculated SP coupling efficiencies and transmission are
also presented.
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Recent works on extraordinary optical transmissfomnd  tures, rests on XY Zpiezoscanning stage, and is illuminated
light beaming in sub-wavelength periodically structured from below with a Ti:Sapphire laser. The expanded 10 mm
metal films suggest a direction for fabricating optical devicesvide laser beam is focused with a 300 mm lens on to the
that operate below the diffraction limit and utilize the coher-array of holes, resulting in &3pread in the incidence angle
ent fluctuations of surface bound electron charges known agvavelength resonance broadens by about 10 AMNSOM
surface plasmon&P). Significant advances in this area may fiber tip (no metallic coatinyis maintained in contact with
be possible if SPs can be controllably converted to and fronthe sample. Since the tip is within the decay length of the
free-space photons, and if their surface propagation can hgyanescent SP field, the field can be converted into light that
intentionally directed in two dimension&D). propagates down the fibeThe photon counting rate is then

Control of SPs can be achieved through adjustment of théhe measure of the evanescent field strength at the metal
excitation parameters, periodicity of the structure, and disurface. Figure @) shows a surface plot of the field intensity
electric properties of the interface, so that a resonant coudistribution over the gold film when the resonant excitation
pling condition results in propagation in a given direction condition
[Fig. 1(b)]. For a metal-dielectric interface the frequency of (-2;0) is met. A long straight SP mode emerges from the
SP oscillations is tied to the wave vectt®” by k"  hole array in agreement with this resonance. Also shown is
=w/c\(en(®) - €9)/ (em(w) + €g), Where ex(w) and 5 are the  the exponential decay of this mode. The data is the intensity
dielectric functions of the metal and dielectfi€or photons integrated over the width of the mode. The @blid line)
in a dielectrick’=w/ce; sin 6, wherek?=2/\ sin 6 is the
in-plane component with wavelengthand incidence angle a'm ot ek b. w4 LA o
0 [Fig. 2A@)]. If a 2D periodic array of apertures is intro- ¢ P 7
duced, conservation of energy and quasimomentum can b -Cxo 7 sp
satisfied ifkSP=k{+mG,£nG,, where G;=27/g; (i=1,2). .
This condition determines the allowed SP modes denotec v
here agm;n) [Fig. 1]. G \ /

In this Report, we demonstrate that SPs can form coheren 3
modes whose intensity and 2D propagation direction can be o
manipulated by varying the wavelength, incidence angle, ana
polarization of the excitation light. We also demonstrate the FIG. 1. (Color onling (a) Dispersion curves for SPs and photons

reverse conversion of SPs back into light and observe d'r_ec('light) with kg. The dashed line represents the limiting case for

tional beaming. We apply the finite-difference-time-domainpnotons g=90°, which has maximum in-plane momentum. The pe-
(FDTD) method to simulate the electromagnetic fields pro-jggic structure of the nanoarray allows excitation of SPs when the
duced in this experiment. The simulations bear close resemnomentum difference is equal to an integer multipleGof(b) In
blance to the observations with the propagation of SP modeg,o dimensions, SPs can be excited in a given direction by appro-
apparent. priately selecting the frequeney and angled of incident light. The

To image the SP modes we employ a near-field scanningrossed circle represents the origin of the reciprocal lattice and
optical microscopgNSOM-100 by Nanonics Imaging Ltd., small circles represent the vertices. Excitation occurs vki&rcan
Jerusalem, Isrep[Fig. 2@)]. The sample, a gold film on a connect the origin ok? with one of the reciprocal lattice vertices,
fused silica substrate with an array of subwavelength apei-e., when the dashed circle crosses a vertex.
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FIG. 3. (Color onling 2D control of SP modes is achieved by

FIG. 2. (Color onling (a) The sample rests on top of the NSOM Varying the laser wavelength [(@) versus(b)], incidence angley
piezostage. Laser wavelength, angle, and polarization can be variéf?) Versus(d) versus(g)], or polarization[(b) versus(c)]. Vector
to achieve 2D control over SPs. The hole array consists of periodig's""Pgr‘f"mS represent calc_ulatedowave-vector coupling conditions with
perforations created by a focused ion beam in a 150 nm Au filmk~ [light gray (blue onling], k, [dark gray(red onling], and G
deposited onto a transparent 0.16 mm thick fused silica substraf®/@cK. Solid, dashed, and dotted lines represent decreasing SP
with a 5 nm adhesion layer of Ti. Inset: SEM image of a section of Mde intensity. Images are normalized by their peak intensity and
the 6x 7 array of ~200 nm holes(a,=840 anda,=950 nm). SP saturated 50%. The sample is rotated ¢py5 to eliminate sym-
intensity on the Au surface is measured by counting photons tha'etrical coupling conditions. SP modes coming from the lower
couple into a 200-nm-aperture optical fib@s) NSOM image dem- parts of images are from nearby arrays on the same sagepknd
onstrating a SP mode created by a nanoarray. The region of higﬂ) repn_asen_t 2D c_u_ts, taken 50 nm above the surf_ace,_of calculated
intensity corresponds to photons from the array of holes. Excitatior; 0 10 field intensities after 53 and 63 fs propagation time, respec-
wavelengthh =760 nm, incidence anglé=50°; coupling condition ~ tiVely. (N) shows SP coupling efficiencigsame conditions ag)]
is (-2:0). Also shown is the intensity integrated over the width of Predicted by FDTD calculations as a function of array hole
the mode with an exponential fidecay length 19+m) (Ref. 7. diameter.

gives a decay length of 19+2m with a background of 8% H at the current time from the values at the two previous
of the maximum signal. The background may be due to dime steps of the cullt equation is used. The simulations are
free space beam parallel to the surface and oscillations due tarried out at fixed frequencies, either corresponding to the
interference with the SP. wavelengths examined in this experiment or those where the

We model the electromagnetic fields by the FDTD SP modes are resonant. An incident wave is turned on over
method. The code used here employs a nonstandard finiten periods, and the simulation is run long enough for a
difference (NSFD) algorithn®® that is similar to the Yee steady-state solution to be developessually 10-20 addi-
algorithm'© but with more accuracy on a coar$e-\/10) tional period$. Mur absorbing boundary conditions are em-
grid.* The Yee and the NSFD algorithms were modified forployed, and the incident-wave-scattered wave formalism de-
stability for negativee and positive conductivityr encoun-  scribed by Taflov¥ is used. Since the field transmission is
tered for SP frequencié$.The heart of the method is to relatively small above the metal, the reflected field from the
replace in the regions of negativethe Maxwell curl equa- numerical boundary is very small and does not affect the
tion for H with its frequency domain analog.e., JE/dt  simulation of SPs. In the present calculation we use a uni-
——iwE), but retain the time-dependent form of the curl form spatial grid withAx=Ay=Az=50 nm. The time step is
equation forE as well as the time stepping features of theAt=7/120, wherer is the period, which is sufficient for nu-
Yee algorithm'® To retain the time-updating feature of the merical stability and fields that are accurate to the 2—5 %
curl equation foH, a second-order accurate extrapolation oflevel.

033404-2



BRIEF REPORTS PHYSICAL REVIEW B0, 033404(2004)

b —_— Y
. 10 um X
0 kHz 400 kHz 800 kHz
Z=10.57 um NSOM
2\180 -
[ =1 4
§ O
[7] "
Lao
% Z=7.10um NSOM
& !
=0
100 200 300 400 500
Hole diameter (nm)
Z=4.05um FDTD Z=3.64um NSOM

FIG. 4. (Color onling Conversion of SPs into free-space photfrenditions as in Fig. @)]. () Surface of constant light intensity in the
space above the array. The tip is held at consfapositions forXY scans. The isosurface shown corresponds to a photon counting rate of
46 kHz. The laser beam illuminating the sample from the negatisiele excites SPs via array coupling. Two SP mo¢&s; 1) and(-2;0),
run along the air-gold interface; their evanescent fields are confined to a small volume above the surface. Two propagating beams, labeled
A and B, emerge out of the array as SPs are converted back into photons via array coupling. Inset: illustration of in-coupling and
out-coupling conditions. SP mode 2;0) is produced wheikSP= k2+ 2G. Light beams A and B have in-plane components of wave-vectors
kf:kSP+G and kE:kSF’+ 2G, and absolute values of wave-vectés=kB=27/\. Data were not corrected for anisotropy from the tip’s
acceptance angléb) ThreeZ-cuts show beam A in the center and B moving to the right. Also from FDTD calculatidisw of field
intensity (after 38 fs propagation timend light transmission versus hole diameter.

In this work we focus on varying the excitation param- tions comparable to those examined(a and (b) [(0;-1)
eters:4,\, and polarization. We keep the angle between theand(-2;0) modes, respectivelyThe calculations were car-
light incidence plane and array axié,[Fig. 2a)], constant, ried out for free standing Au films. Frante) clearly shows
although in principle it can be used as an gdditional paraMhe propagation of théd;—1) SP mode in the same direction
eter. Figures @-3(g) provide a demonstration of SP mode 55 ang similar features to, the experimentally observed SP.
switching. Frameb) has a pronounced straight2;0) mode  \ye 4150 simulated the fields for an unrotated sampla at
and a weaker, slightly off-resonance, diagof@l-1) mode.  —gg7 nm  which, employing the measured dielectric
By keeping ¢ constant and decreasing we increase both  ;onqant7 should be the resonant frequency to create de-

SP 0 .

.k and kxhand are sblf tg .tu;n thé:j—Z,O) n:]ode (_)ﬁfand generatg0;1) and(0;—-1) modes for a 50incidence angle.
mcrclea?e the Ztre;gt ko ﬂﬁf_ ,_d) m(;)g ©, azs o(\;vn n Orgme Both of these modes are observed in the simulation, whereas
(@. In frame(d), A is kept fixed and is reduced, i.ek, is the SP observations in frames and(e) show the efficacy of

decreased whil&SP remains constant, which turns off the : A >
straight mode while keeping the diagonal mode at nearly th altering the frequency and incidence conditions to select the

same strength. Note that, as predicted by the coupling coi—o’_l) mpde. The S|mula_t|on_ in(f) is for an unrotated
dition calculations, the angle of th®:-1) mode with re- sample W|_th)\:752 nm, wh|<:6h is the resonant frequency for
spect to theX axis is modified compared to frames and ~ ¢=50° using the measuree® Again, the SP mode clearly
(b). By increasingé, on the other hand, we can turn both @PPears, with its features, especially the convergence qf two
modes off, as in frameg). Finally, the polarization provides Submodes about 10m after the nanoarray, resembling Figs.
an additional parameter for SP control. If the incident lase(b) and 3b). The utility of the FDTD method in predicting
polarization is rotated fromp to s, then the momentum con- and analyzing SP modes is thus confirmed. For the same
servation condition does not change. However, the electrigonditions as in(f), frame (h) shows the SP coupling effi-
field vectorE of the incident light is now perpendicular to ciency predicted by FDTD calculations as a function of hole
the direction of propagation of the-2;0) mode. Since SPs diameter for arrays in a 150 nm thick Au film. The coupling
are longitudinal electron density waves, excitation in the di-efficiency is calculated by integrating the Poynting vector
rection perpendicular t& does not occur, as in frame).  component in the direction of the SP propagatinover the
Figure 3 demonstrates that by varying the excitation paramrormal(y-z) plane, and taking its ratio to trecomponent of
eters in a fairly narrow interval we are able to turn SP modeghe incident Poynting vector integrated over the area of the
on or off, or modify their strength and direction. It is impor- holes. Since this ratio varies with the efficiency plotted in
tant to note that SP mode switching is not limited to the casefig. 3(h) is the maximum in the region of the SP’s—typically
illustrated here: Fig. (b) suggests a wide variety of possible 1-2 um past the end of the array. When normalized to the
switching configurations and exit angles. Such a degree direa of the holes there is a resonant efficiency of almost 20%
control is particular to 2D surface structures, and is not posfor diameter 300 nm at 50°. This type of maximum, attrib-
sible when SPs are excited using zero- or one-dimensionaited to Fabry-Pérot resonances, has also been seen in simu-
structureg*1° lations of transmission through single holés.

Frames(e) and (f) of Fig. 3 give the calculated FDTD To fulfil the potential for miniaturization of optical de-
field intensities 50 nm above the surface for incident condivices, the details of the conversion of light to SP modes and
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back to light again from structures designed for SP maniputhis integrated quantity does not appreciably changeeso-
lation must be understood. To gain insight into the light in-nance similar to that in Fig.(B) is seen at 300 nm hole
tensity distribution near the surface, we set our scanningiameter.

stage to hold the tip at a fixed heighbove the surface. By The method presented for 2D control of SP mode propa-

T L . Ogation directions and intensities is a step toward complex
map out the volume distribution of light intensity above the

array, as shown in Fig. 4. We observe two SP modes prop£lasmon-based photonic devices. Combining it with other
gatiné along the surfécé, and two out-of-plane beams O?nethods of adjusting light-plasmon coupling, such as coating

light, labeled A and B. Since the apertures are too small td€ surI?ce with a variable layer of d'8|eCtHC'“q“'d_
allow direct light transmission, we attribute the beams toCrystals;® or nonlinear optical materigl may allow addi-
SP-to-light conversion on the air-metal interface. Beam Bfional degrees of control of SP mode propagation using elec-
emerges at an angle equal to the angle of incidehokthe  tronic and optical methods. Placing additional arrays on lines
excitation laser, representing zero-order diffraction, i.e., thef SP mode propagation may allow localized, directional out-
conversion condition that is identical to the plasmon excitacoupling of light at points away from the excitation spot;
tion condition. Beam A is first-order diffracted, i.e., the con-thus fast and complex microscale optical routers and
version condition differs from the excitation condition by switches may be constructed using simple focused-ion beam
one G-vector. This measurement confirms the highly direc-or lithographic fabrication techniques. Adding mirrd?g?
tional nature of free-space light from subwavelength aperienses® beamsplitters, interferometed, or plasmon
tures down to a few microns away from the surface, suggeswaveguided* are other ways to guide SPs. In addition, the
ing exciting possibilities in photonic device miniaturization. local density of electromagnetic energy in SP modes may be

The frame in Fig. &) labeled FDTD gives the calculated orders of magnitude greater than in the excitation laser beam,
results for a scan at 4.0bm above the surface. The scan especially if the SP modes are focused using lenses or mir-
shows evidence of the A and B free-space beams and closetgrs. These intense fields can be used for controlled spectro-
resembles the fine structure of the experimental scan. Thecopic surface-enhanced Raman scattering studies of single
transmission efficiency, also shown in Figb¥ is calculated molecules? and allow fabrication of highly sensitive chemi-
as in Fig. 3h), except that the SP Poynting vector is replacedcal and biological sensors. As an inverse problem, SP diffrac-
by the z-component of the Poynting vector and this is inte-tion can be used for recognition of periodic structures on
grated over the-y plane 2um above the filmabove which  surfaces.
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