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In this paper we show how the optical properties of a metallic film can be tailored by one-dimensional
periodically nanostructuring it which, in turn modifies the surface plasmon properties. The interaction of light
with the surface plasmons can be used for two apparently opposite effects: trapping incident radiation into
small volumes(in reflection gratings and transmitting light very efficientlfin transmission gratings A
physical picture of the mechanisms involved, as well as dependences of the transmission and reflection spectra
on wavelength, absorption and geometrical parameters of the grating, are provided.
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[. INTRODUCTION smooth metallic gratings illuminated kpfpolarized light €
field perpendicular to the gratihgThese anomalies were
The dielectric response of a metal is mainly governed bydefinitely associated by Fano to the excitation of SPP’s.
its free electron plasma. Within the Drude formalism, theMany years ago, Hessel and Olifgublished a key paper
frequency ()-dependent dielectric constant of a metal canabout the optical anomalies of metallic gratings. They found

be written as two different types of anomalies: one attributed to the usual
) propagating SPP’s already mentioned, and another one, spe-

e(w)=1— @p 1) cific of deep gratings and associated to standing waves, with

o(w+iy)’ a photon energy highly concentrated inside the grooves. The

relation of the EM resonances appearing in deep reflection
gratings with nonlinear optical effects observed in certain
rough surfaces has been studied during the last 20 years,
aﬁ]iainly in connection with the surface enhanced Raman

of [¢(w)] is negative and, therefore, a metal behaves as Bffect® Experimental evidence for the existence of these lo-

photonic insulator. A negative has another important con- . : :
) . L : . calized modes at optical frequencies has been reported
sequence: a metal-dielectric interface is decorated with sur-

7
face electromagneti&M) modes called surface plasmon po- recently.

laritons (SPP'3.! The dispersion relation of these modes, for Additi_onally, the eme'rgence of the concept_ of photoniq
a flat interface, is given by crystals in the late 1980’s has sprung new studies of metallic

gratings, as examples of 1D periodic dielectric médidso
w \/W very recently, several theoretical studies have appeared on
Ky(w)=—=\/——F, 2 the excitation of waveguide resonances in zero-order metal
c Ve(w)+ey . . . L . .
sinusoidal grating$ similar to the ones observed in gratings
wherek, is the momentum in a directiofx) parallel to the ~ With rectangular grooves.
interface, c is the speed of light in vacuum, angj is the On the other hand, transmission gratings have not re-
dielectric constant of the dielectric medium. ceived so much attention, although some theoretical works
As it has been described in many papetsere is no have appeared in the pdSt* However, since extraordinary
crossing between the SPP dispersion relafieg. (2)] and  optical transmission through a 2D hole array perforated on a
the light cone; therefore, SPP’s on a flat metal surface cannanetallic film was first reported four years atfothere has
be excited by an incident plane wave. However, if the metalbeen a renewed interest in analyzing the transmission prop-
dielectric interface is periodically modulated, the folding of erties of arrays of slits, that is, the 1D version of the structure
SPP bands allows SPP’s to be excited by external radiatiorstudied by Ebbesen’s group. Schroter and Heitrtaand
The aim of this paper is to show how a metal structuredTreacy tried to fit the experiments on 2D hole arrays by
with a one-dimensiona(1D) periodic modulation can be analyzing 1D slit arrays with the same set of parameters.
used for two opposite purposes: trapping incident radiatiotHowever, the comparison between transmission properties of
into very small volumes in reflection gratings with very nar- slit and hole arrays has a very limited value, as there is a
row grooves[see Fig. 1a)] or transmitting light very effi- fundamental difference between them: in a slit waveguide
ciently in transmission gratings of very narrow sfisge Fig. there is always a propagating mode inside the channel, while
1(b)]. We will show how both phenomena are linked to thein a hole waveguide there is a cutoff frequency and all modes
excitation of surface plasmons. are evanescent fgroughly) hole diameters smaller than half
Already in 1902, Wootl reported the appearance of re- a wavelength. Therefore, wave propagation through the
markable absorption anomalies in the reflectance spectra sfructure is radically different for those two systems.

wherew, is the plasma frequendyypically around 10 eV,
v is the absorption, and stands for the frequency. For
frequencies smaller than the plasma frequency the real p
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FIG. 2. Specular reflectance curves vs enefigyeV) of an

FIG. 1. Schematic view of the two types of nanostructured met_incomingp—polar.ized plane wave impinging at normal incidence on
als studied in this paper@ Reflection gratings with periodi, a reflection grating W'Fh parametext=1.75 um, a=0.3 pm, and
grooves widtha and deptth. (b) 1D arrays of narrow slits of width h_: 1.0 pm. Dashed line corr_esponds_to the theoretlcal_ curve ob-
a separated by a distande Metal thickness in this configuration is tained with th? transfer r_natnx formallsm Whefea? full line is the
h. In both cases we analyze the optical response of these systemsr{‘?)smt of applying a quasianalytical modal expansion, as described

p-polarized light. in the text.

lated, its effect being reflected through a modification of the
By analyzing the dependence of the transmission propemoundary conditions. Also, given that we are going to con-

ties of arrays of slits with metal thickness, Pombal™  sider geometrical arrangements of grooves or slits where the
found that this kind of structures can be highly transmissive'horizontal” metal-dielectric interface is much larger than
at certain wavelengths, larger than the period of the gratingthe vertical one, we further simplify the model by assuming
Two types of transmission resonances were reported in thighat the vertical walls of the grooves or slits are perfect metal
theoretical work: coupled SPP’s on both horizontal surfacesyrfaces. Relaxing this approximation would not change the
of the metallic grating, and cavity modes located inside thEphysics, its main effect being just a small increase of the
slits. Recently, it was predictétthat these cavity resonances absorption by the metal. Second, as the wavelength of light
are also present in a single narrow slit in a perfect metalis much larger than the lateral dimensions of the apertures,
Subsequent theoretical studies of the complex band structuige only consider the fundamental eigenmode in the modal
of transmission gratingéhave also revealed the presence ofexpansion of the EM fields inside the grooves or slits. This is
these two different types of resonances: coupled SPP’s arjdstified because, in this regime, the fundamental mode is a
cavity modes. Very recently, experiments in arrays of submilpropagating one and dominates the transmission as all other
limeter slits have found enhanced transmission at certain mimodes are evanescent. Considering more eigenmodes would,
crowave frequencies, through the resonant excitation of cavat most, slightly shift the frequency of the transmission fea-
ity modes:® tures. The quasianalytical model is more convenient for un-

derstanding the transmission properties, specially after mak-

ing the cited approximations, which render the model largely

Il. THEORETICAL FORMALISMS analytically tractgble._ In order to further justify the validity
of these approximations and to evaluate the accuracy ob-
In order to analyze the EM interaction of reflection andtained by the modal expansion method, we show in Fig. 2 the

transmission gratings with external radiation we apply twocomparison of specular reflectance curves for a reflection
different theoretical frameworks(i) A transfer matrix grating, for the case g¥-polarized incident radiation imping-
formalism?® with adaptable meshé8which is necessary in ing at normal incidence, obtained by both transfer matrix and
order to be able to take into account the variation of EMmodal expansion methods. The chosen paraméiershe
fields at different lengthscales, typical of metallodielectricrange of what we are going to consider in this pa@eed
structures. This method vyields virtually exact results, once=1.75um, a=0.3 um, andh=1.0 um [see Fig. 1a) for
convergence is obtainedi) A quasianalytical modal expan- definitiong. The dielectric constant of the metal is assumed
sion, as described in Ref. 21, with two main simplifications:to be Drude-like [see Eq.(1)] with w,=9eV and y
first, as we are interested in the optical response of a metal at 0.1 eV. As clearly seen in the figure, specular reflectance
frequencies well below its plasma frequency, surface impedspectra present dips for certain frequencies. These features
ance boundary conditions are imposed on the metallic surare associated with the excitation of surface plasmons in the
faces. In this way, fields inside the metal need not be calcustructure and will be analyzed in detail in Sec. lll. The agree-
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Iy ing from region Il bounces back at the II-lll interface with
1A |t pll 1 T T*c21 amplitudepg or transmits to region Il with amplitude?S.
Given all these coefficients, the reflection and/or transmis-
%le T l pL sion coefficients for the real three-region system can be eas-
(a) I (Grooves pR h

| T ily calculated summing up all multiple scattering processes,

x the only additional ingredient needed is the phase accumu-

I (Metal) lated by the EM field when traveling inside region Il. For the
fundamental mode in 1D waveguides, this phase is“®&xp
wherek, coincides with the wavevector modulus in vacuum
andz is the distance traveled. The final result is

Ty
I(Ain) | Tpll l T TTZ] " exPikoh R 21
(b) I (Stits) ¥ T2 | TPR Tvpt i ro=pit+ e 3)
1 (A) %23 for the specular reflection coefficieng, and
L2exgkon 723
ltO OZW (4)

FIG. 3. Schematic definitions of the different scattering coeffi-for the zero-order transmission coefficient. If a multimode
cients of the two independent two-region systems appearitg)in  €xpansion of the fields inside the slits were considered, very
reflection gratings anéb) transmission gratingésee the tejt similar matricial expressions would be applicable.

All the “two-region” scattering magnitudes appearing in
ment between both methods is quite good; therefore, fronboth Egs.(3) and(4) can be calculated straightforwardly by
now on, as we are mainly interested in understanding th@ist applying boundary conditions for electric and magnetic
fundamental optical properties of these systems, we onl§ields on the different interfaces. For the case in which the
show results obtained with the quasianalytical modal expandielectric in regions | and Il and the nonmetallic part of
sion. region Il are all the same, with a dielectric constant equal to

As previously stated, calculating the transmission or re-unity (the symmetric configurationwe find the expressions
flection amplitudes in the modal expansion method is a

simple exercise of matching fields at different interfaces. 15 2Scosa 1 5
Both reflection and transmission gratings are systems which T S cosa+Zgl+(1-Zg)f’

can be decomposed in three different regions: the incident

dielectric regionregion ), the metal plus slits regiofregion cosa—Zs 2SySy(1—Zg)cosa 1

I1); and a third region, which is a semi-infinite metal in the  p''= - 5 F
case of reflection gratings and a semi-infinite dielectric in the cosa+Zs (cosa+Zg) 1+(1-2y)

case of transmission gratings. This means that the matching (6)
has to be done at two interfaces. However, for the systems

we are considering, it is convenient to obtain the scattering pt=— 1-(A+2ZJf )
coefficients in the three-region system from the scattering 1+(1-Zgf"

coefficients of two independent two-region systems: the I-II

and the II-Ill systems, in which all regions are taken as semi- 1 25, 1

infinite (even region Il. We define the scattering coefficients T cosa+Zg 1+(1—-Zg)f’ ®

in the two-region systems as folloigee Fig. 3 to follow the

definitions: In the I-1l system, an incident plane wave com- where « is the angle of incidence anfs=e(w) 2 is the

ing from region | reflects, when reaching the I-1l interface, metal impedance. With respect to the other two-region scat-
with probability amplitudep®* or transmits through the inter- tering coefficients, which contain all the difference between
face with amplituder'?. The propagating mode inside the transmission and reflection gratings, for the symmetric con-
grooves(the only one considered in this casgpproaching figuration we find,pR=p" and 72°= 7% for transmission
the II-1 interface coming from region I, reflects with ampli- gratings, whereas in the case of reflection gratip@s[ (1
tude pb, or transmits to region | with amplitude?’. Actu- —Zg)/(1+Zg)]~1 andr>*=0.

ally, p** and 7! would be vectors, given that the final state  FunctionsS, andS,, with integern, are essentially over-
could be any of the diffraction orders. In this paper we arelap functions between the incoming plane wave and the fun-
mainly interested in scattering properties for wavelengthsiamental eigenmode inside region I,

larger than the lattice parameter, where only the zero diffrac-

tion order is propagating. Therefore, in order to calculate the sinkyy,al2

total reflectance or transmittance, only the zero-order coeffi- " koynal2 ©
cients are needed and these are the ones the definitions are

referring to. In the 1I-1ll system, the propagating mode com-with S,=(a/d)S, and y, = sina+(2mn/kyd).
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FIG. 4. Modulus ofr;, (probability amplitude for a normal in-
cidentp-polarized plane wave for being transmitted when reaching
the I-ll interface. 71, is shown for three different values of the slits
width (a) as a function of the wavelengilin units of d, which is
d=1.75um in this casgfor a normal incident plane wave.

Functionf plays a key role in all scattering magnitudes,
and can be written up as

xS

=2 o (10
n=e (1= )P+ Zg

. . . . . ) 0.5
A crucial point, which will strongly influence reflection

and transmission properties, is thats singular when (1
— y2)Y2_, — 74, which is just the condition of SPP existence
on a flat metal surface.

Before analyzing the properties of reflection and transmis-
sion gratings, we show the dependence with wavelength of
the “two-region” scattering coefficients. Figure 4 shows the  FIG. 5. Behavior ofR (modulus ofp", in the upper pangland
dependence of |74 with wavelength of incoming 6 (phase op", in the lower panelvs the wavelengtkin units ofd)
p-polarized light, for normal incidence. The grating period isof a propagating mode inside region Il impinging the Il-I interface.
d=1.75um, and several values @ ranging from 0.05 to Both magnitudes are displayed for different valuesaaind, as in
0.30um, are represented. As in Fig. 2,,=9eV andy  Previous cases/=1.75um.
=0.1 eV. As seen in this figure, the transmission amplitude
through the I-1l interface is practically zero at SPP locationshescent channels is infinitat the SPP conditignthis chan-
for normal incidence Xspp~d,d/2,d/3,...). The other nel sh.ortcuts transmission into region I, producing perfect
transmission magnitude<® and 72! appearing in Eq(8) are  reflection due to current conservation.
also antiresonant at the SPP condition.

As a difference with the transmission magnitudg's,is
resonant at the SPP condition: in H@) for f—o, pt~1. Ill. REFLECTION GRATINGS
Figure 5 shows the modulus et (R) in panel(a), and its ) ) , ,
phase ¢) in panel(b), as a function of wavelength for the First we analyze the case cL)f reflegctmn grat|ngs_W|th very
same set of parameters of Fig. 4. B&and @ are singular at Narow grooves. If we rewritp=Re€", and neglecting the
the SPP conditions: in the case 6fthere is a phase jump unimportant scattering phase .at mterfgce [I-111, which is vir-
from  to 27 when approaching SPP locations: these jumpdt@!ly 27, the specular reflection amplitudg [see Eq.(3)]
are more abrupt when the width of the slits tends to zeroCan be expressed as
Other interesting point is th& approaches unity at the same X Koh 21
SPP location. This result can be understood as follows: from o1, T Zexp?or
Eq. (10), functionf can be interpreted as the total “conduc- fo=pt 1-Rexpg?R D
tance” (inverse of impedangeof region | which is the sum
of the conductances associated with all possible channels aathere ¢ is the sum of Eyh plus 6, which is the change in
ing in parallel. When the conductance of one of these evathe phase of a propagating mode after reflecting on the Il-I

-
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02 S - FIG. 7. (Color) Detailed pictures of th& field over three peri-
=2 T (i) ods of reflection gratings with geometrical parameteds
=1.75um, a=0.3um, and h=1.0um. The magnitude dis-
O played in color scale is the square root of the intensity of the ®tal
\f G field normalized to the incoming field. The two figures corre-
: spond to the two resonances appearing in the corresponding reflec-
T ‘ ‘ ‘ tance spectrum(see Fig. & (@ Ag=1.8um and (b) Ay
0o.s 1.2 2.8 =4.6 um.

6 2 . 24
waveiength in units of d
FIG. 6. Total phasesr [panel(a)] and specular reflectance spec- from h=0.2 to 1.0um). For small values oh [see, for
tra [panel (b)] as a function of wavelength for a normal incident example,h=0.2 um, curve (i)], total phase is essentially

plane wave impinging reflection gratings with=1.75um anda  equal to the scattering phasé)( Therefore, the condition
=0.3um for different grooves depthsti) h=0.2um, (i) h  4_.=2nx occurs very close to the SPP condition. Accord-

=0.4 um, (i) h=0.6 um, (iv) h=0.8 um, and(v) h=1.0um.  jngly, specular reflectance spectrum shows a dip at a wave-
In panel(b) each curve is s_hlfted by 1 with respect to the previous length close to the SPP location. Whhris increased, the
one for a better visualization. condition ¢g=2n7 occurs at longer wavelengths and, ac-

cordingly, the dip in the reflectance redshiftee curves for

interface. In order to distinguish it fromkgh that is the h=0.4 and 0.6um in Fig. 6).
phase accumulated when traveling inside the waveguide, let If we consider even deeper grooves, there is a critical
us call 6 the “scattering phase.” An interesting result is that thickness [for this particular set of parameters fdn
the absorption properties of reflection gratings are com=0.8 um; see curvdiv) in Fig. 6] from which there are two
pletely governed by the total phagg;,: whenevergr is an  wavelengths fulfilling ¢=2n7 and the reflectance shows
integer times zr, there is a constructive interference be-two EM resonances: one located at a wavelength close to the
tween all partial reflected waves that tend to capél pro-  SPP condition, and another one at a much longer wavelength.
voking a dip inrq, indication that some energy is absorbed The locations of these cavity resonancea atd can be eas-
by the system, as there is no channel for transmission in thidy calculated by realizing that, for this range of frequencies,
geometry. 06—, and then the conditionbg=2n= is equivalent to

In order to illustrate this result, Fig. 6 shows the relationsink;h=1. If h is further increased, more cavity resonances
betweeng and the specular reflectanded|?) as a function  will fit inside region II, as recently reported in very deep
of wavelength, for reflection gratings witth=21.75um, a sinusoidal gratings.
=0.3 um, and several values of grooves deplth (anging There is another interesting feature of these EM reso-
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nances: associated with the absorption of light, and as a re- d eikoh

sult of the excitation of these modes by external light, high Ao™ 3 Sirkap Eine (12)
focusing of light orE field enhancement in very small vol- 0

umes appears, which could have applications in nonlineawvhereE;, . is the amplitude of the incoming plane wave.
optics or in serface enhanced Raman scattering. This focus- For cavity resonances\é&d), sinkh=1, giving an en-

ing is illustrated in Fig. 7, which show&-field pictures cor- hancement of th&-field intensity inside the grooves that is
responding to the two EM resonances obtained for the casaroportional to @/a)?. This enhancement is even larger for
d=1.75um, a=0.3 um andh=1.0 um: one resonance is resonances located near the SPP condition, as in this case
located at\ =1.8 um (very near to the SPP conditipand  sinkgh<<1. Moreover, if the period of the grating) is tuned

the other one at =4.6 um. The magnitude displayed in this to twice the depth of the grooved), then sikh—0 and
figure is the square root of the ratio between the intensity oficcording to Eq(12), extremely high electric fields associ-
total E field and the intensity of the incoming field. As ated to the excitation of these surface plasmons could be
clearly seen in the figure, the resonance of longer wavelengtbbtained. In this particular case, tiefield enhancement

is a cavity mode in which th& field is highly concentrated would only be limited by absorption.

inside the grooveg$with an E-field intensity enhancement of The photonic band structur@nergy versus momentym
around 100) whereas in the upper céskorter wavelength of these surface plasmon resonances can be calculated by
resonanckg the intensity is an hybrid between that of a cavity varying the angle of incidencen{ and analyzing when the
mode and of a SPP, for which the energy is located on theondition ¢g=2n occurs. In Fig. 8 we show the resulting
outmost surface. In this last case, the intensity enhancemehband structure fod=1.75um, a=0.3 um, and for differ-

is even larger, of around 400. In general, Eéeld intensity  ent values ofh: (8) h=0.05um, (b) h=0.2um, (c) h
enhancement at resonance is basically controlled by the ratie 0.6 um, and(d) h=1.0 um. For small values oh [see
d/a. It can be shown that fox>d, the amplitude of th&€  Fig. 8@a)], the effect of the grooves on the SPP bands is just

field inside the groovesA{) is simply the appearance of minigaps locatedkgt 0 andk,=m/d.
1.2 - (a) 12 - (b)
\ _______b________‘_ww
E 08 - 08 ///
B —
P "-—.‘_\“
2 T
L
0.4 04 |-
light line light line
% 02 04 06 08 1 % 02 04 06 08 1 FIG. 8. Photonic band structui®lack dots
K, (in units of 1/d) K, (in units of 7/d) of the surface pla§mo.ns assoqated t_o the EM
resonances appearing in reflection gratings of pe-
riod d=1.75um, a=0.3um and different
120 (o) 120 () groove depths(a) h=0.05um, (b) h=0.2 um,
\ (¢) h=0.6 um, and(d) h=1.0 um.
o L L sesmsnssissmessrssrsermsssermsesssenenssereant
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FIG. 9. Total phase)t in panel(a) and zero-order transmittance
spectra in panelb) as a function of wavelength for a normal inci-  F|G. 10. Zero-order transmittance spectra as a function of wave-
dent p-polarized plane wave impinging on transmission gratingsiength for a normal incidenp-polarized plane wave impinging on
with d=1.75um anda=0.3 um, for different thicknessesi) h  transmission gratings witti=1.75 um anda=0.3 xm, and differ-
=0.2 um, (i) h=0.4 um, (iii) h=0.6 um, and(iv) h=0.8 um. ent thicknesses, ranging from=1.0 to 1.6um in panel(a) and

o from h=2.0 to 3.5um in panel(b).
For deeper grooveh& 0.2 wm), the perturbation is greater:

the gap between the second and third bands has increasgflaround 0.4 eV. Note that for this case, the third and fourth
notably (note that the lower branch near the gapkgt0  bands are almost identical to the SPP bands because, as op-
corresponds to the dip in the reflectance curve observed ifosed to the case shown in Figbg they do not mix with

Fig. 6) and the fourth SPP band has changed radically fromhe very low energy cavity mode. For very deep reflection
the almost flat surfaceshallow groovepcase. This major gratings [h=1.0 um; see Fig. &l)], the photonic band
change is due to the fact that this band is quite close iBtructure of the surface plasmons is just a combination of
energy to the lowest energy cavity mode of a single groovgiat bands, associated with cavity resonances, and bands with
of h=0.2 um that is located at 1.55 eV. Further increas@in pasically SPP character.

provokes the energy lowering of these cavity resonances and,

associated with this, the appearance of flat bands showing

very little dispersion with parallel momentum. This implies IV. TRANSMISSION GRATINGS

that absorption of energy by these EM resonances is almost

independent on the angle of incidence, feature which could Now we discuss transmission properties of an array of
be useful in some optical devices. Aoe=0.6 um [see Fig. slits [see Fig. 1)]. As previously stated, we are mainly in-
8(c)], the corresponding cavity mode is located Bt terested in the cask>d, for which only the zero-order
=0.52 eV and this mode is the origin of the flat band presentransmission coefficient, [see Eq.(4)] contributes to the

155412-7



F. J. GARCA-VIDAL AND L. MARTI N-MORENO PHYSICAL REVIEW B66, 155412 (2002

T
1777 5 ree]
—— y=0.00 8V ( a) / W‘;ﬁ;ﬁg;:
s 72001 OV . /{;ﬁ/// 17
08 |----40.10eV P E (A
A e M&g\mm
Q AR
AN
g \ ! i AR AT
= > DoDreoom] bl
L £ LA LA
g oo ] Wi
: il
/
5 MR ‘Q\‘\\\(\\" :
£oul IR
L -
= }:::‘C\FQ\
Q a2
N e s
02r 7 77;’7;’;/ s aaaeaee———]
e il
RNV, /‘//44//’///////////‘;/
[t
0 . -‘ ‘ ‘ \ L
1 1.01 1.02 1.03 1.04 1.05 &&“&&&5‘:‘:\
. . o e A\ \\&illh\\\‘\‘“
wavelength in units of d _ ) . -t
| f ik
VA
17777
X \\\\(\(\(\(\((\(\(\{
3 NNRK
— =000V \ ARRN
oo y=0.01 6V “\\\&\&\QQQQQ
——-- y=0.10 eV S
—-— y=050eV RN
Q
S
5
g ,,,,, AR i
g ,,,,,,,,,,,,,,,,,,,,, Aty 1) e
B wi e
b ,,,,,,,,,,, ANNN ; 17 ata
Boal ANl \& 100
? “““““““““ é//////
o |\ 4L A R e
1+ (N N e
8 ,,,,,,,, “%N“VNM._ﬁ,Hﬁ,Hﬁ,RH,m.
_____ 4 | \NVAV«QWNAH‘ﬁ.ﬁ._~v~.H‘ﬁ‘
,,,,, ! Weee——
,,,,, e AN
,,,,,,,,,, ISSNNRCCEE

0 .
1.4 1.5 1.6 17 1.8

wavelength in units of d

e

RN )
ceaaaait e

P ces

FIG. 11. Zero-order transmittance spectra as a function of wave- T Y T
length for a normal incidenp-polarized plane wave impinging on L \\\\\\\\\E{: ;//Z::;,._____
transmission gratings withd=1.75um, a=03um, and h {-ees waw éf//ﬂﬂ
=1.2 um for different values ofy, ranging from y=0 to y e ”",* hq

_____________ N\

=0.5 eV. Each panel shows the behavior as a function of dampinc
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transmitted current. For a symmetric situatiop™¢ p* (b)
=Ré? t, can be written as

FIG. 12. Poynting vector§=EXH) for a slit array withd

rH2expkoh 723 =1.75um and a=0.3um, for two different cases:(a) h
0= Lo (13 =0.4 um for A\=1.84 um, which is the resonant wavelength for
1-Roexp?T this casdsee Fig. ®)], and(b) h=1.2 um for the resonant wave-

where 723= 721 given by Eq.(8), and the total phaser lengthA =3.0 um, that is linked to the excitation of a cavity mode

—2koh+26. As in the case of absorption in reflection grat- [58€ Fig- 1®8]. In this picture, light is impinging the 1D array of

ings, transmission properties of a 1D array of slits are comS''ts from the right.

pletely governed bypr. Given that for narrow slitiR~1,  and transmissiofas in a Fabry-Perot interferometés illus-
whenevergy is an integer times 2 the denominator of Eq. trated in Fig. 9, which displays; (upper panéland |to|2
(13) is resonant and, accordingly, there is a peak in the trangiower panel as a function of wavelength of the incoming
mittance spectrum. This close relation between total phasgormal incidentp-polarized plane wave, for the cases d
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=1.75um and a=0.3 um and for differentvalues of the Going back to 1D slit arrays, it is worth analyzing the
metal thickness .hin contrast to reflection gratings, where linewidths of the two types of resonandesupled SPP’s and
considering absorption is essentiatherwiser,=1 for all ~ cavity modej it can be demonstrated that the linewidths of
A>d, due to current Conservatihnransmission spectra in these resonances are |nverse|y proportlonal to the derivative
transmission gratings present structure even for lossless metf ¢ with respect ton. As seen in Fig. @), the scattering

als. In order to analyze this structure, we start by neglectin%’hase does not change much with wavelength, except close
damping processes in the metal, i.¢=0. For thin metal © the SPP location, where it presents a very abrupt deriva-
films (see the panel fon=0.2 um), ¢1~26, and then the tive [a footprint of the behavior of the scattering phase versus
spectral location of the transmission resonaficavhich the ~ Wavelength; see Fig.(5)]. This explains why the linewidth
transmittance is 100%) is near the SPP locati@member of the resonance widens as its wavelength location moves
that the scattering phase changes byclose to the SPP aWway from the SPP location. Linewidths also provide infor-
wavelength. Whenh is increased, the conditiopi;=2n is mation about the sensitivity of these resonances to the pres-
fulfilled at longer wavelengths and, correspondingly, the€NC€ Of damping processes in the metal: coupled SPP's reso-
resonance redshiftésee case$i=0.4—0.6um in Fig. 9. nances will be extremely sensitive t¢ [its associated
This resonance also exhibits a perfect transmittance. Considfansmittance is strongly reduced pss increased, as shown
ering thicker metal films, there is a critical widthh ( n Flg 11(3.)], whereas cavity resonances are very insensitive
—0.8 um, for this set of parametersfor which the condi- (© ¥ [see Fig. 1], and then can lead to almost perfect

tion ¢+=2n is satisfied at two different wavelengths. Cor- transmittance f‘?f ree}hstlc values Qf_ . .
respondingly the transmittance spectrum shows two peaks, a In order to vllsuahze_the transmission process associated
very narrow one located near the SPP condition and anoth&¥ith the excitation of different EM resonances of arrays of
(much broaderone at around 1& These two resonances, SItS: Fig. 12 shows the Poynting vectd8<ExH) for an
appearing in thé1=0.8 um case, illustrate the two different 2@y Of slits withd=1.75,m anda=0.3 um, for two dif-
mechanisms that can lead to almost perfect transmittance &rent cases(@ h=0.4 um for A=1.84 um which is the
light in 1D arrays of slits, first reported in Ref. 15: excitation '¢Sonant wavelength for this cafsee Fig. )], and(b) h

of coupled SPP’s on both surfaces of the metallic gratings™ 1-2 #M for the resonant wavelengi=3.0 um (see Fig.
(\~d) and cavity resonances\>d). Other authorssee 10). Panel(a) shows how the transmission process is accom-
Collin et al*”) preferred to identify them as horizontal and panied by the excitation of SPP’s on both horizontal surfaces

vertical surface-plasmon resonances, respectively. In angnd, accordingly, the flow of energy is mainly along the
case, there is not always a clear distinction between thed@®tal-vacuum interfaces. In the situation depicted in panel
two ways of transferring light from the upper surface to the!P): the system acts as like a funnel collecting all the energy
lower one: whenh is further increasedsee Fig. 1(s), h  IMPinging the structure and then “squeezing” it through the
=1.0—1.6um), the resonance located near the SPP locatio lits. In both cases, the transmission process is accompanied
for h=0.8 um moves to longer wavelengths, its character?Y @ high focusing of thé field: in case(@) focusing occurs

changing continuously, and becoming more like a cavit)Pn_gothhthi_rfaces' whereas in ca® the focusing occurs
resonance for deeper gratings. In the limit of very deep trangn'S!de the slits. e
In conclusion we have shown how, by periodically nano-

mission gratings I{>d), many different transmission reso- . ;
nances appedsee Fig. 1(b)], associated with the excitation structurlng a mgtal surface, thg resultlng surface p_Iasmons
an be tailored in order to modify the optical properties of a

of several cavity modes inside the slits. This behavior ha$ ; . ;
etallic slab. By cutting very narrow and deep grooves in a

been recently observed experimentally in transmission graf31 liic film it | b f light i I
ings built in the millimeter regimé® metallic film it is possible to focus light into very smal

At this point it is interesting to compare transmission volumes for certain frequencies. As a result of this focusing,

properties of 1D array of slits with the extraordinary optical the E figld s s?rongly enhance_d, this enhancing capabillity
transmission observed in 2D hole arra§As commented depending b_aswally on the ratio betvyeen the groove width
and the grating period. The frequencies of the surface plas-
is that in this last case there is always a propagating mod®'ON resonances that are responsible for this effect can also
inside the channel. Therefore, light inside the slits can travelPe tuned %’ cr;]oosmg the f'?ppropnate set of geomltl'-,jtrlclalbpa—
back and forth between the two interfaces and the constru¢@Meters. On the contrary, it we want to use a metallic slab as
filter, the idea is to create a 1D array of narrow slits on the

tive interference between all partial transmitted waves ca . F i I hs th il be hiahl
lead to transmission resonances, in a way very much simildi - FOr certain wavelengths the system will be highly trans-
issive and, as in the previous case, this ability is linked to

to a conventional Fabry-Perot interferometer. However, i L .
e excitation of surface plasmons, which are able to collect

2D hole arrays this process cannot occur because all Wavélg

inside the holes are evanescent. As discussed in Ref. 22, tl%OSt of the incoming energy and to reemit it in the forward

enhancement of transmission in hole arrays is due to tunnefj-'reCt'on' Also these transmission capabilities can be con-

ing through the surface plasmons formed on each metaF—rO”ed by geometry(period, slits width, and metal thick-

dielectric interface. For thin films, both surface plasmons™®S%
interact leading to resonant transmission through “surface
plasmon molecule” levels, whereas for thick enough films
optical tunneling is sequential through two isolated surface We acknowledge financial support from the Spanish
plasmons. CICYT under Contract No. BFM2000-1319-C02.
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