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Coupled surface plasmon polaritons on thin metal slabs corrugated on both surfaces
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A modelling study of the effect of coupled surface plasmon polarit&@®P$ on the optical response of a
thin metal film corrugated on both surfaces is presented. Initially the case of conformally corrugated metal
films (the corrugations on each surface are identical and in phase with eachisthensidered. Sinusoidal
structures, and those having an additional first harmorkig¢(®herek, is the grating vectgrcomponent, are
investigated. This B component opens up significant band gaps in the SPP dispersion curves, and also causes
anticrossing behavior between the long range SPPs and short range SPPs. It is shown that this anticrossing, and
the band gap, have a common explanation. Following this, nonconformally corrugated films are examined, and
strongly enhanced resonant transmission is shown to occur, which can be almost independent of the in-plane
wave vector. The results presented show that, though the enhanced transmission through hole arrays which has
provoked extensive recent investigation is of great interest from a physics viewpoint, other structures which
exhibit enhanced transmission may provide more benefits, including higher transmission, for some

applications.
DOI: 10.1103/PhysRevB.70.045421 PACS nunier73.20.Mf, 42.70.Qs, 78.66.Bz, 41.20.Jb
[. INTRODUCTION SPP is beyond the maximum wave vector available to inci-

Interest in enhanced transmission of radiation througtf!ent light. Also, a SPP can only be excited with TM polar-
metal films has increased in recent years due to the discover#€d light, since an orthogonal component of tdield of
of unexpectedly high transmission of light through optically the incident light at the surface is required to excite the sur-
thick metal films perforated with arrays of hofe$This en- ~ face charge density oscillation. In this work the case of pe-
hanced transmission through hole arrays has been attributé@dically corrugated metal films are explored, since, above a
to the excitation of surface plasmon polaritof@P3$ on  cut-off wavelength this corrugation allows the SPP to be di-
either side of the metal film coupling together through therectly radiatively excited. The TM polarized light is incident
holes®* Work has also been performed on thick metal filmsin the classical mount where the plane of incidence contains
perforated with periodic arrays of slits, where unusually highthe grating vectotis perpendicular to the grating grooyes
transmission also occufs’ If a thin metal film (<100 nm is bounded by dielectrics

Enhanced transmission has also been observed througtith identical dielectric functions the SPPs on the two inter-
corrugated optically thin metal filmg<100 nm thick. This  faces will be excited at the same frequeltiy a given wave
can occur whether the dielectrics bounding the metal film areecton, and in this case the SPPs on the two interfaces
dissimilar, in which case the two different SPPs on eithercouple together to form two coupled SPPs described as the
surface may separately increase the transmission under céeng range SPP(LRSPBP and the short range SPP
tain circumstance®? or if they are identical, in which case (SRSPR.}?-6The difference in nature of these two coupled
coupled SPPs may enhance the transmis$idttowever, no  SPP modes arises from the fact that they have different sur-
extensive study into this enhanced transmission via the excface charge density distributions. The LRSPP has a charge
tation of coupled SPPs has been performed, and it is this thalistribution which is antisymmetric between the top and bot-
is the focus of the present paper. The case of coupled SPRam surfaceqin other words if there is a positive charge
excited on thin metal films which are corrugated on bothdensity on the top surface there is a corresponding negative
sides is considered here, and the optical response of thesbarge density on the bottom surfaceConversely, the
structures are obtained through theoretical modelling. ParSRSPP has a charge distribution which is symmetric between
ticular emphasis is paid to the effect of the phase between thibe top and bottom surfacéa positive charge density on the
two corrugations, since some similarities with the results obtop surface has a corresponding positive charge density on
tained for the transmission through metal slits may be evithe bottom surface Due to these different surface charge
dent(in the case of the two corrugations being in antiphase density distributions, and associated electromagnetic fields,

A SPP is a longitudinal surface charge density oscillatiorthe two modes have different energies, and are therefore ex-
coupled to EM fields, which may be excited at the interfacecited at different frequencies of incident ligtfor a given
between a metal and a dielectticThe fields of the SPP in-plane wave vector
decay exponentially into both bounding media, although due If the film is corrugated then not only does radiative cou-
to the high negative permittivity of the metal they decay farpling to the mode become allowed but the added complexi-
more rapidly into the metal than into the dielectric. A SPPties of coupling simultaneously to both surfaces, as well as
may not be optically excited at a planar metal surface bythe potential for grating-induced band-splitting, arises.
incident plane waves without some method of increasing the The work contained in this paper is split into two main
wave vector of the incident light since the wave vector of thesections. In the first section a conformally corrugated metal
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film is examined in which the corrugations on the two inter-with the bounding dielectrics described s 1.0 for all the
faces are identical and in phase with each other, and in theodelling in this paper.
second section nonconformally corrugated metal films are

explored. Here the profiles of the two corrugations are iden- |jj. COUPLED SPPs ON CONFORMALLY MODULATED

tical, but the corrugation on the lowéransmitting interface THIN METAL SLABS
is phase shifted with respect to the corrugation on the top ) _ _
interface. In both cases a sinusoidal corrugation, with grating A. Sinusoidal corrugations

vector kg, is investigated before the effect of an additional  The dispersion relation of coupled SPPs on a planar metal
first harmonic, Ry, component in the grating profile is con- slab shows a splitting of the single planar-interface SPP dis-
sidered. Thus, the profile describing the structures is givepersion curve into two separate dispersion curves, which take
by a similar form to the single metal/dielectric interface case,
_ . . but with the LRSPP curve shifted up in frequendgr a
£ =2 sinlkgx + ¢) + @, sin(2kgx + ¢ £ 7/2) + d, given in-plane wave vectyrand the SRSPP curve shifted
) ) down in frequencyfor a given in-plane wave vectpiWhen
{o(X) = g sin(kyx) + @, Sin(2kgx + 7/2), a corrugation is added to the surfaces these two curves are
where Z,(x) and Z,(x) are the profiles of the topincideny  folded back into the region aé-k space available to incident
and bottontransmitting surfaces, respectively, with the two "adiation(diffractive coupling, and these coupled SPPs may
surfaces being separated by an average thickteBsr each  then be excited by incident light.

of the structures investigated the valuesdopg,, a, and the The size of the splitting between the LRSPP and the
sign of the=/2 phase shift of the R component are de- SRSPP is predominantly determined by the thickness of the

scribed where necessary. When apvalue is given for a metal slab. This is shown in Fig. 1, in which the zeroth order

structure the profile is purely sinusoidal. reflection, transmissiorflog scalg, and absorption of the
system are given as a function of frequency and slab thick-
Il. COMPUTATIONAL METHOD ness for light normally incidentk,=0) upon a thin silver

) _ slab, with both surfaces corrugated identically with a 10 nm
The method used in the computer code for the modellinggmplitude, 400 nm pitch, sinusoid.

in this pape;7i§ based upon that originally proposed by Chan- At |arge slab thicknes$>100 nm the two branches of
dezonet al,™" in which a nonorthogonal curvilinear coordi- {he coupled SPPs converge to the frequency at which the first
nate transformation is used to map the grating profile onto @rger SPP would occur on a single interface silver grating
flat plane. This enables easier matching of the tangenth,{aving the same parametex&or a 400 nm pitch grating

components of the fields at the boundaries, from which g \yould be expected that the first order SPP would occur,
scattering matrix for the system is obtained. From this, th§y, normal incidence. at approximately 420 nm, 6r
fields in the two media are determined, and the reflection and. 7 1« 104 Hz). As the slab thickness is reduced it is clear

transmission coefficients for the various orders calculatedy, 5t the LRSPP approaches the diffracted order light (ate
The absorption in the metal can then be calculated as the-7 5y 104 Hz) asymptotically, and that the SRSPP rapidly
total incident intensity minus the sum of the intensities of all,gqces in frequency.

the propagating diffracted orders. It is also possible to com- | reflection both the SRSPP and the LRSPP are shown as
pute the dispersion of any surface modes by identifyingeflectivity minima. This is not surprising since the predomi-
peaks in the scattering matrix as a function of frequency anfant mechanism leading to this feature is reradiation of the
in-plane wave ve_ctor..Thls .enables the d|spe_r3|on of the&spps from the corrugation on the top surfseattering
modes to be obtained in regions @fk, space which would  from the bottom surface will be limited due to attenuation
not be possible by investigating the reflectivity from a SUr-through the silver slab The field distributions at the top
face due to the fact that it is not dependent upon the couplingface for the SRSPP and LRSPP are very similar, and they
of the surface mode to incident radiation. This method hagyi result in reflectivity minima since the reradiated light is
been reported in more detail elsewhétgs has the exten- j, antiphase with the specularly reflected light the same

sion which allows the investigation of multilayer and multi- \yay a5 is well known for a single interface metal/dielectric
shape structures. grating?).

In the following work the permittivity of the metal grat- In transmission, the resultant zeroth order transmitted

ings is modelled as that of silver, being described by polyfie|gs will comprise a combination of directly transmitted
nomials fitted to experimentally derived valé®®r both the  Jor0th order light with diffracted reradiation from the

real and imaginary parts of the permittivity, charges on the lower surface. Now, because of the anti-
€, = — 255.3185 + 1.986% 107130 — 6.0794X 10 w2 symmetric charge distribution for the LRSPP, and the sym-
metric charge distribution of the SRSPP, the surface fields for

+8.3810% 10*0° - 4.3004x 10 *w*, the two modes at the lower surface have a relative phase
difference of 180°. Consequently reradiation from the lower

& =83.2575 - 1.327X 10 Bw + 9.0474x 10 Xw? surface has a 180° phase difference for the two modes. Be-

_ 44 3 60 4 _ cause of this, excitation of the two modes will have a differ-
3.2880x 10w+ 6.6591x 10 7w~ 7.0893 ent effect on the zeroth order transmitted intensities. This can
X 10 "®w® + 3.0913x 10 %%0° be seen from Fig. (b), where the feature due to the SRSPP

045421-2



COUPLED SURFACE PLASMON POLARITONS ON THIN. PHYSICAL REVIEW B 70, 045421(2004)

e

‘ 7
40 60 & 700

Frequercy (10°Hz)

FIG. 1. The optical response
as a function of frequency and

v o 0 Py Y w ) ) slab thickness fok,=0 on a con-
(a) St Thickress (mmy) (b) Siab Thickness () formal, sinusoidally corrugated,
silver slab of 10 nm amplitude
and 400 nm pitch, in the classical
mount. (a) Reflectivity, (b) trans-
missivity (log scalg, and (c)

N
S

¥
0N absorption.
e
g a
& g4
7 40 &0 8 7z
(c) Slat Thickreess ()

is evident as a transmission minimum followed by a maxi-process from the fundamentg component also has a small

mum (with increasing frequengywhereas the LRSPP shows effecf), and it is this crossing point which will be considered

a transmission maximum followed by a minimum. in this paper. For the other crossing points it is higher har-
In Fig. 2 the zeroth order reflection, transmission, andmonics(or multiple scattering from lower harmonijcahich

absorption of the system together with the mode dispersio@iive rise to the band gaps. .

(obtained from the scattering matrigese shown as a func- It is important to note at this point that there are two

tion of frequency and in-plane wave vector. The slab thick-different symmetries of the surface charge densities dis-

ness is fixed at 30 nm, with the rest of the parameters dekuUssed in this paper. Previously, when the differences be-

scribing the system being the same as for Fig. 1. tween the surface charge density distributions were discussed

This figure confirms the previous comments regarding th or the LRSPP and SRSPP, the symmetry d|f_'f_erences b?"
form of the dispersion curve of the long range and shortVEEN the two modes corresponded to the positions of their
range SPPs on a conformally corrugated thin metal slab. urface charge density maxima on either side of the thin

etal slab. In the case of discussing the energies of the band
also shqws that the.fo.m.‘ of thg feat”f@’?h.ether they are edges on either side of a band gap the symmetry refers to the
reflectivity or transmissivity maxima or minimds the same

. position of their surface charge density maxima on either
for all values of the in-plane wave vector. side of the grating peaks. These two solutions in the latter
case(for normally incident light correspond to the surface
charge density maxima of the standing wave states occurring
at either the midpoints between the maxima and minima of

If a first harmonic is added to the grating profile the situ-the overall grating profiléthe antisymmetric cageor at the
ation becomes more complicated. When higher harmonicpeaks and troughs of the overall grating proftlee symmet-
are added to the grating profile on a single interfaceric case.
dielectric/metal grating, band gaps open in the SPP disper- The different energies at the band edges are due to the
sion curves at the points at which the different branches oflifferent positions of the surface charge density maxima with
the curves cros%: The size of the band gaps are predomi-respect to the B component of the grating profile, with the
nantly determined by the amplitude of the higher harmonicsigher energy band edge having its surface charge density
since it is the first order scattering of the SPP from thesenaxima at the troughs of thekgcomponent, and the lower
which is mainly responsible for their existence, although secenergy band edge having its surface charge density maxima
ond or even third order scattering from the fundamental mayocated at the peaks of thek@componen?.1 Depending on
be significant for very deep gratings. For normally incidentthe relative phase of thekg component with respect to the
light there are then two energies for the SPP, and these cofindamentaky, component the high-energy band edge can be
respond to the two possible standing wave SPP solutionsither the symmetric or antisymmetric surface charge density
with symmetric or antisymmetric surface charge density disdistribution relative to the fundamenti] component of the
tributions on either side of the grating peaks. For the lowesgrating profile(for a nonblazed grating profile
energy crossing point at normal incidence it is thg @om- If the Fourier series description of the grating profile is a
ponent in the description of the grating profile which pre-sine series then for an unblazed grating the phase ofkpe 2
dominantly gives rise to the band gépough a two scatter component must be £90° with respect to the fundamekqtal

B. Sinusoidal corrugations with an additional Z, component
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FIG. 2. The optical response of the same system as described for Blge film thickness is 30 nimas a function of frequency and

in-plane wave vectoKa) The dispersion of the modes obtained from the scattering mat(iwethe reflection(c) the transmission, anl)
the absorption of the system.

component. If the B component is +90° out of phase with the single interface SPP. The band-splitting associated with
the k, component the high-energy solution is the symmetricthe %, component results in two bands for large slab thick-
surface charge density distributioon either side of the fun- ness In Fig. 83). It must be noted here that standing wave
damentalk, component grating peakswhereas the low- states only arise whek=Nk,/2 (for example at normal in-
energy solution is the antisymmetric surface charge densitgidence, as considered hgr8etween these points the SPP
distribution(on either side of the fundamentg] component on a single interface structure is not a standing wave and so
grating peakg The reverse is the case if th&;Zomponent the surface charge density maxima are no longer confined to
is —90° out of phase with thk, component. It is only the specific regions of the grating profile. The SPP dispersion
antisymmetric surface charge density distribution which maycurve on the single interface structure has fields with a peri-
couple to the incident lightdue to the orientation of the odicity of \,/2 at the lowest frequency crossing point at
E-field of the normally incident light with respect to the sur- normal incidence, with subsequent higher frequency normal
face charge densities of the SPBnd therefore only one of incidence crossing points having periodicity)qf/ 2n, where
the band edges may be coupled to in each case. n is an integer corresponding to which crossing point is be-
For an optically thin metal filmwhere the thickness is ing considered(for example the second lowest frequency
less than approximately 80 nnthese band gaps are also normal incidence crossing point has a periodicityAgf4).
opened in the coupled SPP dispersion curves. In Fig. 3 simiAt the first Brillouin zone(BZ) boundary(at k,=ky/2) the
lar plots to those in Fig. 1 are shown, but in this case there ifowest frequency crossing point has field with a periodicity
a 5 nm amplitude & component +90° out of phase with the of Ay, with subsequent higher frequency crossing points hav-
fundamentak, componentof amplitude 10 nmin the grat-  ing a periodicity of\4/(2n—1). In regions between these BZ
ing profiles(the profile of both surfaces is the same as theboundaries the fields of the SPP change their periodicity be-
top interface shown in Fig. 7. tween that occurring at one BZ boundary and that at the
In the case of a purely sinusoidal grating profile on a thickother. When considering the thin slab structure the two
metal slab there is a single SPP mode, which is identical teaoupled SPP solutionghe LRSPP and SRSPkmave the
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FIG. 3. The optical response of the same system as Fig. 1, but with an additional 5 nm amgitadm@onent+90° out of phase with
theky componentin the grating profile description, as a function of frequency and slab thick@She position of the modes in frequency
obtained from the scattering matricéb) the reflectivity, andc) the transmissivitylog scalg of the system.

same periodicities at the BZ boundaries as do the SPPs onvéhere the dispersion curves are shown for slab thickness of
single interface structure. Similarly their periodicities change70 nm, 50 nm, and 30 nm.
in the region between the BZ boundaries where they are no From Fig. 4 it is clear that, for a 70 nm thick metal slab,
longer standing wave modes. Therefore, the arguments cothere is anticrossing between the LRSPP and the SRSPP very
cerning the surface charge density distributions of the stanc:lose to the position of the band gap. In fact, because this
ing wave modes at normal incidence are not valid for finiteanticrossing is so close to the band gap, the modes around
values ofk,. However, since the dispersion of the coupledthis point must be considered as having mixed SRSPP and
SPPs varies smoothly between the two BZ boundarids at LRSPP character. For decreasing slab thickness the anti-
=0 andk,=k,/2 the frequency at the BZ boundaries of the crossing occurs further from thg=0 axis, so that the two
two coupled modes is clearly evidenced at all valueg,0of modes ak,=0 become more LRSPP and SRSPP in character
From Fig. 3 it is apparent that at lower slab thickness thehe thinner the slab becomes. This leads to the conclusion
LRSPP and SRSPP evolve directly from the high and lowthat, when the slab thickness is made large enough such that
energy edges of the band gap, respectively. This is a soméhe SRSPP and LRSPP overlie each other, the anticrossing
what surprising evolution since the positions of the surfacenccurs at the position of the band gap and that in this case the
charge maxima on the upper surface for the SRSPP anghnd gap and anticrossing processes are the same.
LRSPP are identical, whereas those of the high and low- For a single interface grating with &gcomponent the
energy band edges are not. coupling to the modes for normally incident light depends
To understand why these modes evolve as they do it isipon the phase of thekg component with respect to theg
useful to investigate the dispersion curves of the SPPs of theomponent, with coupling only possible to the mode with an
system for different slab thickness. This is shown in Fig. 4,antisymmetric charge distribution on either side of a grating
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FIG. 4. The band structure of the SPPs of the sydigimained from the scattering matrigder the same structure as for Fig. 3 but for
different slab thicknesga) d=70 nm,(b) d=50 nm, andc) d=30 nm.

peak. The same is true of the coupled SPP modes, and themgsrmal incidence are shown for the case shown in Fig. 3, for
fore, when the grating slab thickness is relatively large and slab thickness of 30 nm. The positions of maximum sur-
the coupled SPP modes are largely similar to the single inface charge density occur at the minimum positionsl pfon
terface SPP, only one band edge is coupled to. As the laydhe surfacgsince theH andE fields of the SPPs are 90° out
thickness is decreased, so that the modes become mo®&phase with each other. Therefore, since these occur on the
LRSPP and SRSPP like, coupling to both modes becomejdes of the grating grooves, the positions of maximum sur-
possible. face charge density on the top surface occur at the peaks of
The reason that both standing wave modes can be coupld@® %y component and the positions of maximum surface
to at normal incidence for lower slab thickness is that the twd-harge density on the bottom surface occur at the troughs of
solutions for the two coupled LRSPPs and SRS@Rssym- the X, component. Since both possible solutions for the two

metric and antisymmetric surface charge distributions on eicoupled modes will experience the same influence from the

. . : 2kq component of the grating profile, and any energy differ-
ther side of the peaksoverlie each other in energfand ence between them will be due to thig;Zomponent, both

thergfore freque_nQyThis qverLying |n energy arises bgcause LRSPP modes and both SRSPP modes will have the same
the Io'ght on thg incident S'Q'e sees” &gcomponent with a energy. The higher energy mode in Fig. 3 would, therefore,
+90° phase difference with respect to tkg component, e eynected to show no coupling for large slab thickriass
whereas the light transmitted through the structure “sees” & geen in Fig. @)], but would show coupling for lower slab
2k, component with a —90° phase difference with respect tqhjckness. The opposite is true if thigZomponent is —90°

the ky component. For the standing wave modes excited &yt of phase with thé&,, component, and the LRSPP could be
normal incidence on this system the charge distributions o@oupled to for any slab thicknesgsoting that the describer
the two sides of the structure occur in the troughs of tke 2 | RSPP becomes meaningless beyond a slab thickness of ap-
component on one surface, and on the peaks of kge@m-  proximately 80 nm, since the nature of the mode changes
ponent on the other surface. This is clearly shown in Fig. Swith increased thickness to become the single interface SPP
where theH, component of the field&he z direction is into  band edgg whereas the SRSPP could only be coupled to for
the page of the two modes which may be coupled to atlower slab thickness.
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creased. Also to be noted is the change in coupling strength
to the modes as this phase difference is changed.

In order to understand the reduction in the excitation fre-
quency of the SRSPP as a function of the phase difference
between the corrugations, it is necessary to consider the ef-
fective thickness of silver which the evanescently decaying
fields of the SPPs experience. For the conformal structure the
thickness of the silver film is constant across a period of the
grating and hence the surface charges on the top surface
always experience the same thickness of silver. However, for
the antiphase structure the surface charges near the troughs
experience a smaller thickness of silver than those towards
the peaks. Due to the fact that the fields associated with the
surface charge density distribution on the top surface expo-
nentially decay through the silver film, the resulting effect is
100 that for the antiphase structure the total field at the bottom

: ; surface due to the overall surface charge density distribution
at the top surface is greater than that for the conformally
corrugated structure. Therefore if, as is the case here, the
corrugation amplitude is of the order of the film thickness,
the SRSPP experiences an effectively thinner silver film
when the corrugations are in antiphase. Figufe) $hows
that the frequency at which the SRSPP on a conformal struc-
ture is excited reduces with the silver film thickness. Since,
for the antiphase structure, the SRSPP experiences an effec-
tively thinner silver film thickness, it is excited at a lower
frequency than for the conformally corrugated structure.

) 0 10 20 30 40 S0 60 70 80 The change in the coupling strength to the two coupled

Xy SPP modes as a function of the phase difference between the

FIG. 5. H, profiles for normal incidence of the long ranga corrugations on the two surfaces can best be understood by

and short rangéo) surface plasmon modes which can be excited oncons"derIng a simple analogy to the COUP'ed SPF_) system. If
a conformal grating structure with akg@component. The modes two pendulums are connected together with a spring and one
correspond to those shown in Fig. 3, with a metal slab thickness of driven harmonically there are two possible steady state

iy

00 200 00 400 A0 600 A0 80
(a) x(mm)

yinm

30 nm. solutions: one in which the two pendulums oscillate in phase,
and one in which they oscillate out of phase. These two
IV. COUPLED SPPs ON THIN METAL SLABS solutions are analogous to the SRSPP and LRSPP on the thin
IN A NONCONFORMAL GEOMETRY metal slab systems, except that in this case the system is
_ ) _ more complicated since the charge distributions on either
A. Sinusoidal corrugations side of the metal slathe two pendulums in the analogyan

In this section the case of a thin metal slab bounded byoth be driven(by the reflected and transmitted diffracted
dielectrics with identical dielectric functionén this case orderg. The total transmitted diffracted order field of a cor-
air), and corrugated with grating structures on both surfacesugated thin metal slab in a conformal geometry is nearly
but with a phase difference between the two gratings is conzero since the transmitted diffracted orders created at the two
sidered. Particular attention is paid to the case where thiterfaces cancél Therefore, the conformal geometry corre-
lower corrugation(on the transmission side of the strucfure sponds to the case where the charge distribution on only the
is in antiphase with the upper corrugatigon the incident incident interface is driven. When the phase of the bottom
side of the structune surface corrugation is changed with respect to the corruga-

The case where the two corrugations are perfectly sinution on the top(incideny surface the total transmitted dif-
soidal is initially considered. In Fig. 6 the zeroth order re-fracted order fields are no longer zero, resulting in the charge
flectivity, transmissivity, and absorption of the system aredistributions on both interfaces being driven. The total trans-
shown for a 30 nm thick silver slab corrugated on both surmitted diffracted order fields are at a maximum at a phase
faces by a 400 nm pitch, 10 nm amplitude, sinusoidal gratdifference between the two corrugations of approximately
ing, as a function of frequency and phase difference betweeh80° (with some small change due to the thickness of the
the corrugations on the two interfaces. metal slab.

Before considering the optical response of the system The coupling strength of the incident light to the SRSPP
shown in Fig. 6 it is useful to examine the absorption. Theincreases with increasing phase difference between the two
maximum in the absorption occurs at the frequency at whickcorrugations, while the coupling strength to the LRSPP de-
the coupled SPPs are excited. It is clear from Fig) éhat creases. This can be explained by considering the phase of
the excitation frequency of the SRSPP reduces as the phatiee transmitted diffracted order with respect to the charge
difference between the corrugations on each surface is imsscillations of the coupled SPPs on the bottom interface.
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This is analogous to the phase of the driving force on thehe X, component for the lower interface to be 180° out of
second pendulum being different to the phase of acceleratiophase with the B, component on the top interface. The re-
of the second pendulum. If the driving force on the secondsulting structure is shown in Fig. 7. These structures are
pendulum is in phase with the acceleration the couplingsimilar to those studied by Taet al?2in which a silver film
strength will be increased, whereas if it is out of phase thavas corrugated on both surfaces by Gaussian grooves of op-
coupling strength will be decreased. Since the charge distrPOsite signs. Very high transmission was found to occur in
butions on the bottom interface of the thin metal slab for thethis case. .

SRSPP and LRSPP are out of phase with each other this A Plot of the band structure, and of the reflectivity and
means that the coupling strength to one of the modes will b ansmissivity of the zeroth .order for normally incident light
increased with an increase in the transmitted diffracted orde lrom the structure schematically shown in Fig. 7 as a func-

|

whereas the coupling strength to the other mode mode wiflo" Of frequency and slab thickness is shown in Figite
be reduced. gratings have a 10 nm amplituég component, a 5 nmkg

component, and a pitch of 400 nm
It is clear from Fig. 8a) that the dispersion of the modes
is very different to that of the conformal case havinglg 2
componeniFig. 4). In that case there were two modes evi-
The effect of adding ak component to the grating pro- dent: one which corresponded to the LRSRich devel-
file will now be considered for an anti-symmetric corrugatedoped from the high-energy branch of the SPP dispersion
structure(the mirror plane occurring at the center of the thin curve for large slab thicknegsand one which corresponded
slab. The modelling presented is for the case where te 2 to the SRSPRwhich developed from the low-energy branch
component on the top interface is +90° out of phase with thef the SPP dispersion curve for large slab thickielssFig.
ky componentithe differences in the optical response of the7, however, there are now four different modes evid@mt
structure when the phase is —90° are also explairtéidce it ~ fact for low slab thickness there are five since the second
iS an antisymmetric structure that is of interest this requiresrder SRSPP has reduced in frequency to just below the two

B. Sinusoidal corrugations with an additional Z, component
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first order LRSPPs Two of these correspond to LRSPPs and
two to SRSPPs, and these develop from both the high and
low-energy band edges of the band gap of the SPP dispersion
curve at large slab thickness.

In the conformal case the two LRSPP solutions, and the
two SRSPP solutions, had the same energy, and therefore
they overlaid each other in the plots of Fig. 4. For this new
structure this is no longer the case since the surface charge
distributions of the standing wave LRSPP and SRSPP with
their maximum surface charge densities at the maxima and
minima of thek,; component of the grating profile have a
different thickness of metal between them than do the solu-
tions with maximum surface charge densities at the mid-
points between the maxima and minima of Kygomponent.
Therefore, the two LRSPP and SRSPP modes have different
energies and occur at different frequencies for low slab thick-
ness. Schematic diagrams of the distributions of the surface

FIG. 7. Schematic of the structure being investigated. There is &harge density maxima for these four possible standing wave

10 nm amplitudeky component, and a 5 nm amplitudggZompo-

modes(for normal incidencgare shown in Fig. 9.

nent. The grating pitch is 400 nm. In this case the average film The H, component of the fields of these four modes for

thickness is 50 nm.
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the structure shown in Fig. 7 with a slab thickness of 70 nm
are shown in Fig. 10, with the thickness chosen so that all
four modes could be excited, and distinguished from one
another, at near normal incidence. As with the field profiles
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FIG. 8. The band structur@), reflectivity (b), and transmissivityc) (log scalg of the zeroth order, for normally incident light as a
function of frequency and slab thickness for the structure shown in Fig. 7.
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FIG. 9. Schematics showing the positions of maximum surface charge density of the four possible standing wave coupled SPP modes for
normal incidence that may be excited on the struct{@eThe LRSPP from the high energy band edgg,the LRSPP from the low energy
band edge(c) the SRSPP from the high energy band edge, @ndhe SRSPP from the low energy band edge.

presented in Fig. 5 the positions of the surface charge densigensity distribution of the coupled SPP mode on the(inp
maxima occur at the points on the surface where khe cidend surface corrugation is excited by the reflected dif-
component has its minima. Since only the two of thesefracted order and “sees” &gcomponent which is +90° out
modes which have their surface charge density maxima off phase with thé; component. The bottom surface charge
the sides of the grating ridges can be coupled to at normdalensity of the coupled SPP mode is excited by the transmit-
incidence the field profiles have been generated for an incit€d diffracted order which, even though thie; Zomponent
dent wave vector of R/k,=0.05. It is clear that the two field 9“ the" grating is —90° out of phase W'tf‘ thg component,
profiles corresponding to the modes with their surface charge>€€S” the X, component as being +90° out of phasece
density maxima on the sides of the grating ridd&gs. the transmitted diffracted order becomes evanescent from the

; transmission side of the structure it experiences an identical
10(b) and 1@d)] behave as would be expected, with the long X X
- : .~ surface as does the reflected diffracted order on the reflection
range mode having stronger coupling through the metal f|In"r:‘ide of the structune The standing wave LRSPP with sur-
tsrllf:?ag:eecshhaorgera(ljlgniigorcri;x-irnﬁz g{?hr;]o;:;k\;vgﬁg ?r?)\(,egéze ace charge density maxima on both surfaces occurring at the
the structurgFigs. 1Qa) and 10c)] have very different field Beaks and troughs of thg, component has its electric field

; . 3 ) AN maxima at the troughs of thek2 component on both sur-
profiles on their two interfaces. The field distribution on thefaces. For a single interface gerlﬁing this would correspond to

bottom interface is as would be expected from the schematig, o high-energy band edge of the band gap at normal inci-
of the surface charge density maxima shown in Fig. 9, howgence. Correspondingly, the LRSPP with surface charge den-
ever on the top surface the fields are significantly perturbedity maxima on both surfaces at the midpoints between the
because the mode may only be coupled to at nonzero anglegaxima and minima of thi, component has its electric field
of incidence, nevertheless the stronger coupling of the longnaxima at the peaks of thégcomponent on both surfaces,
range mode through the metal slab is still evident. and this would correspond to the low-energy band edge of
Whereas on the conformal structure the two short rangéhe band gap at normal incidence for a single interface grat-
SPPs develop from the same band edge, on this structure oimgy. Therefore, it is apparent that the two possible LRSPP
short range SPP develops from the low energy band edge amdodes develop from the two band edges of the band gap as
one develops from the high energy band edge. The same ike slab thickness is reduced. The same arguments are true
true of the two long range SPP modes. The surface charder the two SRSPP modes.
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FIG. 10. Field profilegH, wherez is into the paggof the four possible first order SPP modes excitable on the structure shown in Fig.
7, but with an average thickness of 80 nm, that can be excited on this structue fey=2.05.(a) The LRSPP developing from the high
energy band edgéh) the LRSPP developing from the low energy band edgehe SRSPP developing from the high energy band edge, and
(d) the SRSPP developing from the low energy band edge.

It is clear from the reflectivity and transmissivity plots in respect to the fundamenta] component it is only the lower
Fig. 8 that coupling only occurs to the LRSPP and SRSPRnergy LRSPP and SRSPP which are coupled to for normally
developing from the low-energy band edge at large slalincident light(k,=0). As the thickness of the film is reduced
thickness(with the shape of the resonance features havingFigs. 11b)-11(d)] the SRSPP moves away from tkif-
the same forms as those described in the previous section féracted light line and the LRSPP moves toward thaif-
antiphase sinusoidally corrugated systemsis is because it fracted light line.
is only the standing wave modes which have their surface An interesting point to note is the different rate at which
charge density maxima at the midpoints between the maximthe two SRSPP¢originating from the high and low-energy
and minima of the&k; component of the grating profile which band edgesmove away from thediffracted light line for
may be coupled to. normally incident light. The SRSPP which develops from the

If the phase of the &, component on the top surfa¢e-  low-energy band edge reduces in frequency more rapidly
membering that theky component on the bottom surface hasthan the SRSPP which develops from the high-energy band
the opposite signis —90° rather than +90°, then the LRSPP edge. The same is true for the SRSPPs occurring at the Bril-
and SRSPP modes developing from the high-energy baniduin zone boundary dt,=ky/2. This is due to the fact that,
edge at large slab thickness will be coupled to rather thaffor the phase difference between theand %y components
those from the low-energy band edge. If the phase is 0° thestudied here, the SRSPP developing from the low energy
all four modes will be coupled. band edge has its surface charge density maxima at the peaks

In Fig. 11 the zero-order reflectivity as a function of fre- and troughs of the structure, where the exponentially decay-
quency and in-plane wave vector is presented for the samiag fields within the metal experience an effectively much
structure(shown in Fig. 7, for four different film thick-  thinner metal film than does the SRSPP developing from the
nesses: 80 nn\), 50 nm(b), 40 nm(c), and 30 nm(d). high energy band edge which has its surface charge density

In Fig. 11(a) there is only a small splitting of the SPP maxima on the sides of the grooves. The different rate at
dispersion curves into the LRSPP and SRSPP. Due to thghich the excitation frequencies of the two SRSP®Eich
phase of the & component of the grating profile with develop from the two band edge®duce causes the SRSPP
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FIG. 11. The reflectivity as a function of frequency and in-plane wave vector for the same system described for Fig. 7, and for film
thickness of(a) 80 nm,(b) 50 nm,(c) 40 nm, and(d) 30 nm.

which develops from the low-energy band edge at normatransmission should only be compared to the transmission off
incidence to reduce in frequency more rapidly than theresonance, where the transmission is almost zero. Therefore,
SRSPP which develops from the high-energy band edge #@he enhancement factor for this transmission due to the exci-
the Brillouin zone boundary. This is the cause of the verytation of the coupled SPP is very large indeed.
flat-banded reflectivity minimum evident in Fig. (AL

In Fig. 12 similar plots to those in Fig. 11 are shown, but
in this case it is the transmission rather than the reflectivity
which is plotted. The dispersion of these modes is the same In this paper a thin metal slab corrugated on both surfaces
as for those in Fig. 11, but transmission maxima are nowand bounded by dielectrics with identical dielectric functions
evident when the SPPs are excited. In the case of the 30 nivas been investigated. For such a system coupled SPP modes
thick film [Fig. 11(d)] this has resulted in a very flat and (the LRSPP and SRSPPan be excited, and their nature, and
strong (>80%) transmission band. This is much strongertheir effect on the optical response, has been explored for a
than the transmission through the conformally corrugatedrariety of structures.
structures. It is important to note that, since this transmission Initially, the simple case of a conformally corrugated
band is extremely flat over the full range of possible in-planestructure(identical sinusoidal corrugations on the two sur-
wave vectors, the same frequency of light will have its transfaceg was discussed. Following this it was found that, when
mission enhanced by the coupled SPPs for all incidena small X, component is added to the grating profile, anti-
angles. However, it must be noted that the flat-banding of therossing between the LRSPP and SRSPP modes occurs in the
transmission maxima only occurs when the thickness of theispersion curves. With increasing slab thickness this anti-
silver film at the minima of the grating grooves approachesrossing becomes the same as the band gaps observed on
zero. It should also be noted that since the silver film issingle interface gratings, with the LRSPP developing from
effectively thinner than the average thicknébgcause the the high-energy band edge, and the SRSPP developing from
strong evanescent fields are located in the grooves of thiéhe low-energy band edge.
grating where the thickness is very smalis large transmis- The case where the two corrugations on each surface are
sion may be expected. However, it is clear that this is onlynonconformal has also been considered. For purely sinu-
true when the SPP mode is excited, and so this increasembidal corrugations the coupling strength to the two coupled

V. SUMMARY
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FIG. 12. The transmissivity as a function of frequency and in-plane wave vector for the same system described for Fig. 7, and for film
thickness of(a) 80 nm,(b) 50 nm,(c) 40 nm, and(d) 30 nm.

SPP modes alters as a function of the phase difference b&iis case a strong transmissior80%) band, which is al-
tween the two corrugations. This has been shown to be dugost independent of the angle of incidence, can occur due to
to a change in the magnitude of the transmitted diffractednhe excitation of a SRSPP.

order as a function of this phase difference. The SRSPP

mode couples more strongly to the incident radiation with

increasing phase difference between the two corrugations,

whereas the LRSPP couples more weakly. The effect of add- ACKNOWLEDGMENTS
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