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Surface-plasmon-enhanced transmission through metallic gratings
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In a recent paper Ebbesen al. [Nature 391, 667 (1998] reported on extraordinary optical transmission
through hole arrays in metallic films. They suggested an enhancement of the transmission by surface plasmons.
Using the Chandezon method, we have performed numerical calculations for the transmission through silver
gratings with very small slits. Our results agree qualitatively with Ebbesen’s measurements. By evaluating the
near field in the media above and below the metal we can verify that the astonishingly high transmission
maxima indeed correspond to the excitation of surface plasmons on either side of the metal.
[S0163-18298)02847-1

I. INTRODUCTION of incidence corresponding to the transmission maxima we
find the enhanced field strength of the surface plasmon on
In a recent paper Ebbesehal report on optical trans- either side of the grating.
mission experiments on arrays of subwavelength cylindrical
hqle§ in me_te_lllic films. They found extraordinary high trans- Il FAR EIELD SPECTRA
mission efficiencies compared to standard aperture theory.
The positions of the transmission maxima in wavelength and The combination of the Chandezon method with the point
angle of incidence as well as the fact that Ge films with holematching method allows us to model the electrodynamic re-
arrays show no enhanced transmission suggest that the trargonse of the grating profile shown in the inset of Fig. 1. In
mission enhancement is due to the Coup”ng Of ||ght W|tha” the fO”OWing calculations the thickness of the silver film
surface plasmons. ish=200 nm and the grating periodds=900 nm. The flat
We have performed far and near field calculations forPart of the grating wires is 77% of the period, but the actual
arrays of narrow slits and can confirm the high transmissiorg/it: where the metal thickness is equal to zero, is only 3% of
efficiencies. In particular, our near field calculations givetn® Period. As dielectric constante=1 for air, e=2 for
us detailed insight into the enhancement effect. This i@_lass, and an experimentally determined fit funcigh) for
actually beyond the paper of Ebbesanal! and may be of S|_IV(_er have b(_eer) used. (denotes the wavglength of the ra-
quite general interest since there is currently great interest iﬂ'at'on)' The incident plane wave i polarized for the re-

the optical properties of microstructur&€ Although there is sults s_hown_ n this paper. The same calculations with an
s-polarized incident wave lead to structureless, nearly flat

alrgady a Iong_tlrfldlltlon' in the investigation of structured me'spectra with no peaks of enhanced transmission.
tallic systems ! this field of research has attracted recent In analoav to Ebbeserfsia. 1. our Fid. 1 Shows trans-
interest. There are two principle aspects under which the . . ay Li g'.d’ f g:" S £ th
interaction of a microstructure with light is studied: On themlsglonfspectrr? at nt;)rma |nC|dePce orr] ! “T“'”?‘J'O” N bt ?1
one hand, in media with a periodicity in the order of the Iightgrz[(':rt'?a r%rgr; eaf’eu Sﬁi)arfﬁumed ron;atkse ):;15?122' I:nd ot
wavelength energy gaps open up in the dispersion reIatioRp: 963 nm. In analo P o Ebbesenps Fias. 3 and 4. we plot
for the propagation of light. On the other hand, microstruc- ' 9y gs. ' P
tures such as apertures smaller than the wavelength of light

may lead to a localization of electromagnetic fields, over- i ;

coming the diffraction limit of conventional optics. These § ; incident light

two phenomena offer the possibility of controlling the opti- €, ,,| i d-soonm _ glass

cal properties of structured materials with the aim of appli- £ I noz 7\__In- 200nm / \silver

cation in novel photonic devices. 90 15l |_ \ air
We have calculated the zeroth order transmission through§ | AR

slit arrays by combining the Chandezon metidd with a ke 10l '- + (incident light)

point matching method We consider slit arrays instead of §

arrays of cylindrical holes to keep the model two dimen- 2, .|

sional. The Chandezon method was originally designed for

modulation gratings and has already been used to study the 49l . . . :

dispersion of surface plasmons on gratifity¥:}’Despite the 800 1000 1200 1200 100 1800 2000
somewhat different structure we model, our results for the
zeroth order transmission efficiencies are in good qualitative
agreement with Ebbesen’s experimental findihgse Chan- FIG. 1. Zero-order transmission spectra of a slit array for normal
dezon method has the advantage that it also allows us t@cidence ¢=0°). Solid line: incident light from substrate side,
evaluate the near fiefd.Although slit arrays are the extreme dashed line: incident light from air side. The inset shows the shape
case of modulation gratings, for the wavelengths and anglesnd dimensions of the slit array.
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FIG. 2. Zero-order transmission spectra for 0° and = 5° for riod in glass and air for normal incidencé@£0°) from glass side.
incident light from the substrate sidgnse) Squares: Dispersion of (a) A=1325 nm(silver-glass-plasmadn(b) A =963 nm(silver-air-
the transmission peaks for angles upéte 25° plotted against the  plasmon.
wave vectok,= (w/c)*siné. Lines: Dispersion relation for surface
plasmons on flat metal-air and metal-glass surfaces backfolded infoath. For each of the two peaks in Fig. 1 the situation is
the first Brillouin zone. different for the two curves insofar as the plasmon is on the

) o i _illumination side of the grating for one curve and on the
spectra for different angles of incidence and the dispersion ofansmission side for the other. The peak at963 nm

the peak positions in our Fig. 2. The transmission maximasilyer-air-plasmop is slightly shifted in the wavelength
are easily associated with surface plasmons. We recognizgnen the direction of the illumination is changed. This could
the steeper branches of the silver-air-plasmon beginning #e due to the fact that there is only the zeroth transmission
1.30 eV as well as the flatter branches of the silver-glasSprqer in air for illumination from the glass side whereas for
plasmon beginning at 0.94 and 1.70 eV; these branches ariggmination from the air side there already exist the two first
from backfolding of the plasmon dispersion of a flat silver gifraction orders in glass. We have performed transmission
surface byn=1 orn=2 reciprocal lattice vectors. The grat- eyperiments on periodically modulated silver films and ob-

ing coupler accounts for the shiftk,=n*27%/900 nm in  tained transmission spectra that are not absolutely identical
the lateral momentum. Anticrossing is observed#Z#tCc  tor both directions of the light.

=0.7 eV, hw=1.4 eV, andik,c=0.3 eV,Aw=1.6 eV,
indicagtgnlg8 the photonic bandgap effect of the pe_riodic Ill. NEAR FIELD DISTRIBUTION
array>>° At ak,c=0.3 eV, hw=1.6 eV the coupling
even occurs between modes on different sides of the With our method we now have the possibility to investi-
grating? The lines in the inset are the dispersion relations forgate in detail the origin of the transmission enhancement. In
surface plasmons on flat metal-air and metal-glass surfacd€g. 3 we plot the near fields in glass and air corresponding
backfolded into the first Brillouin zone. They do not differ to the two transmission maxima of Fig. 1 fet=0°. The
much from the light lines in the energy region shown. Forintensities have been normalized to the intensity of the in-
the lower branches the transmission peaks follow the dispecoming plane wave. Indeed, in Figs@Band 3b) we find
sion for surface plasmons on flat surfaces, whereas the highstrong field enhancements on the glass and on the air side of
branches become significantly flatter for our high amplitudethe metal, respectively, indicating the excitation of surface
grating. plasmons. In both cases the highest field strengths on the air
The transmission is of the order of 10% for the two peaksside are obtained at the edges of the holes, but surprisingly
in Fig. 1. If we normalize this to the width of the slits, which the field strength is quite low inside the holes. This holds
is about 3% of the period, we get an enhancement of thérue for transmission maxima at any angle of incidence and
transmission of roughly 3. Ebbesetal® get transmission of any order, and it is in contrast to Ebbesér’suggestion
enhancements of about 2 from the spectrum in their Fig. 1that there is a microcavity effect and strong scattering in the
But as the walls of our slits are assumed to be not absolutelljoles. Nevertheless, the light is transferred through the holes
vertical, the “effective” slit width is likely to be a little as indicated by the field enhancements at the edges and the
greater than 3% of the period. much lower field strengths at the metal-air interface towards
The two transmission spectra in Fig. 1 for illumination of the middle of the grating wires. Even in the case of the
the grating from different sides are very similar, but they aresilver-air-plasmon, where the surface plasmon is not on the
not identical. Ebbesent all? got exactly identical spectra illumination side, but on the transmission side of the grating,
regardless of whether their sample was illuminated from théhe field strength at the metal-air-interface decreases consid-
glass or the air side. It is astonishing that this holds true foerably in the middle of the grating wires. And after all, the
antidot arrays, but it need not generally be the case. As for 200 nm metal film is too thick for direct transmission or
grating besides the incident beam and the zeroth order transurface plasmon excitation in an attenuated total reflection
mission beam there are diffraction orders, measuring the zesonfiguration®***°anyway.
roth order transmission for illumination from different sides  In Fig. 4 we plot the intensity of the electric field on the
of the sample is not equivalent to simply reversing the lightair side up to a distance of 3tm from the grating to study
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FIG. 5. Normalized field intensitiefleft vertical axig along
one grating period at 3um to the air side of the grating. Solid
line: A=1325 nm (silver-glass-plasmgn Dashed-dotted line:
A=963 nm (silver-air-plasmon Dashed line:A=1240 nm (no
plasmon. Dotted line: grating profildright vertical axis.

roth diffraction order. As transmission mechanism, however,
the near field plots suggest that the surface plasmons “creep
up” the walls of the holeband round the corners rather than
scattering in the holes.

FIG. 4. Normalized near field intensities for normal incidence
from the glass side as in Fig. 3, plotted for3m on the air side(a)
A=1325 nm (silver-glass-plasmgn (b) A=963 nm (silver-air-

plasmon.

IV. CONCLUSIONS

We have presented numerical calculations for the optical
transmission through metallic slit gratings, and we found the

the transition from the near to the far field. The intensitySame extraordinary transmission through very small holes
scale has been cut at 0.75 to show the small scale structuréélich Ebbeseret al.? observed for two-dimensional hole
further away from the metal-air-interface. Cross sections ofifrays in metal films. Evaluation of the near field clearly
the transmitted fields are plotted in Fig. 5. For the wave-shows that the light is coupled via surface plasmons.
lengths corresponding to the transmission peaks of Fig. 1, the
far field has two characteristic features: a double maximum
at the position of the hole edges and a clearly enhanced value
over the rest of the grating period. The field strength is much We thank C. Rea for introducing us to the Chandezon
lower for a wavelength at which there is very little transmis-method, and S. Tode and D. Schumacher for discussions. We
sion. Of course, the grating is needed to couple the surfacénank the Deutsche ForschungsgemeinsctiaRG) for fi-
plasmons with purely inplane momentum to light of the ze-nancial support under Grant No. DFG He1938/2-2.
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