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Localized Surface Plasmons In
Lamellar Metallic Gratings

F. J. Garta-Vidal, J. @inchez-Dehesa, A. Dechelette, E. Bustarret, dpdz-Ros,
T. Fournier, and B. Pannetier

Abstract—Surface electromagnetic modes of lamellar metallic ~ On the other hand, since the emergence of the concept of
gratings made of gold are analyzed both theoretically and exper- photonic crystals in the last 1980’s, there is a renewed interest
imentally in the 0.2-1.0 eV spectral range forp-polarized light. in the study of these metallic gratings as examples of one-

For deep enough grooves, we show how waveguide resonances,. . e . .
that show no dispersion with parallel momemtum appear in dimensional (1-D) periodic dielectric media [9]. Very recently

the photonic band structure of these surface plasmons. In these there have been different theoretical studies of the excitation of
resonances the electric field is highly localized inside the grooveswaveguide resonances in zero-order metal sinusoidal gratings

and is almost zero in all other regions. We also illustrate the 10] [11] in which photon energy is highly concentrated in
existence of hybrid modes, combination of standing waves with the arooves

propagatin_g s_un‘ace plasm_on polariton_s. Experimental evidenqe | 9 hi N | | h | . .
of the excitation of both kind of localized surface plasmons is N this article, we analyze the electromagnetic properties

given for lamellar gratings of period 3.5 um with grooves 0.5xm of metallic reflection gratings with deep rectangular cross

wide and 0.6 xm deep. sections. We will show how for gratings with very narrow
Index Terms—Localization of light, metallic gratings, surface and deep enough grooves, localized waveguide resonances
plasmons. can appear in the photonic band structure of the surface

electromagnetic excitations. Also due to the coupling of these
modes with propagating SPP’s, new hybrid modes are present
|. INTRODUCTION in the photonic spectrum. In both cases, its excitation by

p-polarized light results in a strong localization and large
N 1902, Wood [1] reported the appearance of remarka fihancement of the incoming electric field. Experimental

apsorp_t|||on anon:jalfs n tlhe. rege?.tar?ceNspect.ral of mtilta idence of the excitation of both kind of localized surface
gratings illuminated byp-polarized light. Now it Is we plasmons by incident plane waves is given by analyzing the

established [2] that thesg anomalle? st_e m fr_om the exmtaﬂg ecular reflectance spectrum of lamellar gratings of period
of surface plasmon polaritons (SPP’s) in which the energy 5 um made of gold
: .

concentrated on the metallic surface and is flowing paralle In Fig. 1(a) we show a schematic picture of metallic re-

to '?ﬁ \;Vhefn t:\he surf?fce cor)r(uigiagorr: 'Sd genrtllde, thr?l sp(ra]cttr ction gratings under study with a definition of the different
posttion of these surtace excitations -depends only o g rameters involved: period of the gratimg width of the

dieletric constant of the metal and the period of the grating,
foovesa, and depth of the grooves The measured samples
But when the grooves are deep enough, surface plasmgns -
were prepared on the surface of a silicon wafer by stan-

localized in grooves of prominent shape can also be excit . .
by the incident light. These plasmon modes are qualitativeifélrd photolithography or by eleptron beam lithography. After_
velopment of a negative resist, the sample was etched in

different from propagative SPP’s. The relation of these surfagi\:6 plasma down to the desired depth. The resist mask was
electromagnetic modes with nonlinear optical effects observed ’

in certain rough surfaces has been studied during the Igupseque_ntly removed by reaf:_tlve fon etching in an oxygen
sma. Finally the structured silicon surface was metallized by

twenty years, mainly in connection with the sun‘ace-enhanct | i f d 1 Th bstrat tated
Raman effect [3]-[7]. However, until very recently [8] no ermal evaporation ot a goid layer. The substrale was rotate

experimental evidence of these surface shape resonancesd'fg g the evaporation in order to coat both the hattom and

. : . the walls of the grooves and the average gold layer is about
optical frequencies was given.
P g g 100 nm thick. With the standard photolithography technique,
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to gain physical insight about the problem of the scattering of

plane waves with lamellar metallic gratings of deep grooves.
Within the modal expansion, thecomponent of the mag-

netic field in region | [see Fig. 1(a)] can be written as

Region I superposition of plane and evanescent waves
¥ > HI(.’L' 7) _ eikg (sin 8z —cos 8z)
| . y\Th2) =
h Region 11 +oo ‘ bs
+ Y pbolnmra (g
E n=—oo
A
—Ta T4 > where ko = (27/)) is the free space wavenumber, is

the amplitude of the:uth reflected diffraction order ang, =
sin@ + (nA/d). In region Il the amplitude of the fundamental
eigenmode inside the grooves is just given by

cikoh 1—~2)1/2 _
< + ( ’Yo) 7

A= ———
® 7 2Dsinkoh (1—~312 49

) sin c(kovoa/2)
@)

wheresin ¢(s) = sing/y andn = /2. For the calcu-
lations presented in this communication we have used the
dielectric functions of gold as tabulated in [14].

The denominator D can be expressed

cot(koh) — ni ia = [sinc(koyna/2)]?
D=—7"—-Q0+m4 >, L2 g
-1 S =22+
PB1 EVAP E (3)
4649P X20.0K 1.580»+rm
(b) The specular reflection coefficieny depends on the ampli-
Fig. 1. (a) A schematic view of the metallic gratings under study with thgude of the fundamental elgenmo%
definition of the different parameters involved: period of the gratingidth of 2V1/2 ik
the grooves:, and depth of them. The angle of incidence of thepolarized .. _ (1—)""— +2i(1+ n) EAO ¢ sin c(koyoa/2) )
light is 6. (b) A scanning electron micrograph of a sample that consists (1 —~32)1/2 4y d (1—)Y2 49
of a metallic grating with parameterg: = 1.75 um, h = 1.0 pym and (4)

a = 0.3 pm.
As it can be seen by the dependenceAyf with D and
c?. A Fourier transform spectrometer was used to measure with A4 in (2)—(4), the reflectance properties of these
the reflectance of these samples using a flat surface of glthellar gratings is completely governed by the behavior of
as a reference. denominatorD. We have found a close relation between
dips in the specular reflectance curves (associatted to surface
Il. THEORETICAL METHOD excitations) and zeros of the real part bf Therefore, by
. . analyzing the zeros of(D) we are able to study in a
In order to analyze the electromagnetic properties of these °~ . .
v%ry simple way the surface electromagnetic resonances (i.e.,

lamellar metallic gratings we hav vel n roxim . - .
amellar metallic gratings we have developed an appro atgurface plasmons) of these metallic gratings that can be excited

modal method. We incorporate two main simplifications tBy incident plane waves. Moreover, by varying the angle of

th_e exact modal_ approach_ reported b_y Shengal .[12]' incidence,f, we can calculate thphotonic band structuref
First, as we are interested in the near infrared region of the
. ; ese surface modes.
electromagnetic spectrum (0.2-1.0 eV), surface impedance
boundary conditions (SIBC) are imposed on the metallic
surfaces, except on the vertical walls of the grooves that
are assumed to be perfect metal surfaces. Second, as the Fig. 2 we show the photonic band structure calculated as
wavelength of light is much larger than the lateral dimensiomxplained above for the case= 3.5 ym, a = 0.5 um, and
of the grooves, we only consider the fundamental eigenmodle= 0.6 um, that corresponds to one of our prepared samples.
in the modal expansion of the electromagnetic field inside tte this figure we also show the photonic band structure for
grooves. The validity of these two simplifications is testethe caseh — 0 for comparison, in which surface modes are
by comparing the results obtained with this simplified mod@ist SPP’s. As it can be seen in this figure, the main effect
method with the ones calculated with a numerical transfassociated to the presence of the grooves is the appearance
matrix formalism [13]. The good agreement obtained betweei a broad photonic band gap between the first and second
the two methods for the range of parameters used in this wdrinds. Within this band gap a new electromagnetic mode that
allow us to apply our faster simplified modal method in ordeshows little dispersion with parallel momentum emerges. This

Ill. RESULTS AND DISCUSSION
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Fig. 3. Experimental (dotted line) and theoretical calculations (modal expan-
sion: dashed line, transfer matrix: full line) of the specular reflectance as a
function of the photon energy of gold gratings with the same parameters of
Fig. 2. The angle of incidence is 21

0 1 2 3 4
Parallel momentum (in units of w/d)

12
Fig. 2. Photonic band structure (black dots) of the surface modes of the

metallic gratings with parametersi = 3.5 pgm, a = 0.5 pm, and
h = 0.6 pm, calculated by looking at the zeros &f(D). In the same
figure we show the spectral positions of SPP’s fior-~ 0 (gray dots) and a
straight line that corresponds to an angle of incidemice; 21°.

new surface mode is a waveguide resonance in which the
electromagnetic field is highly localized inside the grooves
as it has been recently reported in [8]. As commented aboveg
the excitation of these surface electromagnetic modes can b&
detected in our samples by looking at the dips of the specular@ 06 -
reflectance spectrum. In Fig. 3 we show the experimental“é
specular reflectance of our sample (dotted line) as a function o
the photon energy of the incoming p-polarized plane wave with g4 -
angle of incidence equal to 21Also in this figure we present
the corresponding theoretical calculations with two different
methods: our simplified modal method (dashed line) and the
more exactransfer matrix formalisnjl3] (full line). First, it is
worth commenting the good agreement obtained between the
two theoretical curves, confirming the validity of our simplified

02 r

1 L

method. Second, the theoretical calculations account for the 0, B o '“3
basic features of the experimental curves. The first narrow Parallel momentum (in units of /d)

dip located atFE = 0.25 eV corresponds to the excitation
of a electromagnetic mode that belongs to the first bag
(see Fig. 2) and in principle it should have a SPP charactéw inset we show in detail the spectral region close to the band gap between

Flgg. 4. Photonic band structure (black dots) of the surface modes of metallic
tings with parametergt = 1.75 um, a = 0.3 pm, andh = 1.0 gm. In

However although its energetic position almost coincides witff first and second SPP bands.

the spectral position of the corresponding SPP mode, this

resonance already presents a hybrid character, combinationhef upper region of the grooves and the its enhancement with
SPP with a waveguide resonance of the grooves. This madspect to the incident one is around 100.

presents a very high intensity of tiiefield at the upper corners  Using the same techniques described at the beginning of
of the grooves (around 300 times larger than the intensity thfis communication, we have been able to prepare samples of
the incoming photon). The broader dip locatedFats 0.37 periodd = 1.75 um, with very narrow and deep grooves£

eV is associated to the waveguide resonance appearing withis zm andh = 1.0 um). In Fig. 4 we show the theoretical
the photonic band gap (see Fig. 2). The intensity offEHfeeld photonic bands of the surface modes for this structure. As
is highly localized inside the grooves and is practically zem difference with the band structure shown in Fig. 2, when
in all other regions [8]. The maximum intensity appears igrooves are deep enough, the first standing waveguide mode
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place them in the grooves and then sending light of appropriate
frequency. It is worth commenting that associated to this flat
band located at' = 0.266 eV there is a infiniteset of localized
resonancesone for each groove and not only one localized
mode associated to a defect in a periodic structure.
For the same set of parametés= 1.75 um, a = 0.3 pm,
andh = 1 pm) it is also interesting to analyze the frequency
region close to the very narrow gap appearing between the
first and second SPP bands, showed in the inset of Fig. 4. In
@) Fig. 5(b), we show a picture of thefield link to the excitation
of a surface plasmon by normal incident radiation of energy
E = 0.693 eV, that corresponds to the lower energy branch
of the band gap. Surprisingly, this mode presents a hybrid
character, with some characteristics of a SPP mode and others
of a standing wave. Apparently there is a strong hybridization
between the two SPP modes and a waveguide resonance
located atE = 0.86 eV (see, for example, the anticrossing
occurring between this waveguide resonance and the higher
energy branch of the gap), resulting in the appearance of
hybrid modes. The intensity of tHe field in this hybrid mode
(F = 0.693 eV) is very high both inside the grooves and
Fig. 5. Detailed pictures of thE-fields in three unit cells of gold gratings !n the h.onzomal metallic surf_aC(_a. The. maximum intensity
with grooves0.3 m wide, 1.0 #m deep and1.75 um separated, for two 1S 400 times larger than the incident light. The reason for
different values of the photon energy: @)= 0.266 eV, that corresponds to this very large enhancement of tiiefield can be found by
the excitation of a waveguide resonance andApy= 0.693 eV, that is link  analy7ing (5) because this relation also holds for this kind of
to the excitation of a hybrid mode (see text). ; . . .
hybrid modes. But as a difference with waveguide resonances,
sinkoh is no longer close to 1 and depending on the ratio
of the grooves has lower energy than SPP’s and thereforé, &\, A, can be extremely large. These hybrid modes are
flat band link to this localized mode appears in the photonguite similar to sharp surface plasmons recently reported for
spectrum below all SPP lines. A detailed picture of Ehiield deep sinusiodal gratings [15] and we strongly believe that
link to the excitation of this waveguide resonanée=€ 0.266 surface electromagnetic modes of a nature similar to these
eV) at normal incidence is displayed in Fig. 5(a). As clearlyhodified SPP’s are responsible for the extraordinary optical
seen in this figure, only the vertical walls of the grooves playansmission recently observed by Ebbes¢ml. in metallic
an active role in the scattering process. The incident ligptates with holes much smaller than the wavelength [16].
is inducing an alternating dipole at the metallic surfaces of
the grooves, and due to the proximity of the two surfaées,
field is greatly enhanced. For this range of frequencies, the IV. SUMMARY
value of theE field enhancement associated to the excitation_In summary we have analyzed surface electromagnetic

of these waveguide resonances depends basically on the rgfigyes of jamellar metallic gratings that have very narrow

a/d: when wavelength of light is greater than the period qf;,ves much smaller than wavelength of incident light. We
the grating(A > d) and hence much greater than the width Qe developed an approximated modal method in order to
the grooves(A > a), imaginary part of the denominator atgy gy the photonic band structure of these surface excitations.
the frequencies wher&(D) = 0 is justa/d (_by assuming \ve have identified two kinds of localized surface plasmons:
perfect metal surfaces, = 0). Then, the amplitude of th& waveguide resonances in whidh field is highly localized
field inside the groovegdo) is simply: inside the grooves and hybrid modes, combination of standing-
d  eikoh wave modes and surface plasmon polaritons. In this last case,
(5) thereis a strong localization of light both inside the grooves
and in the horizontal metallic surface between them. By
as the condition of waveguide excitation is close@koh =  analyzing experimental reflectance spectra, we have detected
0, then the enhancement of the intensity of théield inside the presence of these two kinds of localized surface plasmons

the grooves is justd/a)” times the intensity of the incomingin metallic gratings of period 3.5wm with grooves 0.5:m
photon. Hence, for channels of nanometric dimensions (thgide and 0.6m deep.

could be made today with edge tecnology), extremely high
electric fields could be obtained if the depth of the grooves is
properly chosen. Then these lamellar metallic gratings with
very narrow and deep enough grooves could be used torhe authors would like to thank J. L. Tholence for encour-
analyze nonlinear effects or to study spectroscopic propertegement, and to T. Crozes for help and advice in the sample
of individual molecules by using, for example, a STM tip t@reparation. They also wish to thank D. Lafont and D. Mariolle
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