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Ridge-enhanced optical transmission through a continuous metal film
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Optical transmission through a continuowgthout holes metal film with a periodic structure of metal or
dielectric ridges on one or both interfaces was numerically studied. The dependencies of the transmission on
the ridge width and height as well as the ridge arrangements on the opposite interfaces were investigated in
weak- and strong-coupling regimes. The transmission enhancement was shown to depend on the relative
position of the ridge gratings on the opposite interfaces of a film, confirming the role of resonant tunneling
processes involving states of the surface polariton Bloch modes.
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Optical transmission of metal films with periodic arrays of ridges. However, the discussed transmission mechanisms are
holes or slits has recently been intensively studiddThe  valid for any angle of incidence.
different, sometimes contradictory mechanisms of the trans- Numerical modeling was performed using differential
mission enhancement have been proposed and are being deethod with theR algorithm taking into account the Li
bated invoking Surface-p|a5mon po|aritd®3p’9, different remarkst>*3The latter two modifications allow modeling of
types of waveguiding modes in holes or slits, localized plasdeep gratings. The electromagnetic field above and below the
mons, and various combinations of the ab8vE.One of the ~ Structure was presented as an expansion over the Rayleigh
proposed mechanisms relies on the resonant tunneling dyaves. The structure under consideration is considered as
light via states of localized surface plasmons in narrowthree zones: two modulated zor(éise gratings of the ridges
grooved or surface-plasmon polariton Bloch waves excited@nd one homogeneous lay@ne continuous metal filim The
on the periodically nanostructured film interfadé8. The ~ complex amplitudes of the Rayleigh waves are obtained by
tunneling does not require any apertures in a metal film sincéolving the propagation equations with the boundary condi-
the resonant energy transfer can occur directly through Hons at the interfaces.
continuous film. However, in the presence of holes in a film First we have studied the optical properties of a free
this effect can be hidden because of the other mechanisnganding metal film in air with the metal ridges of width
being directly related to the holes, and its contribution to=D/2 on both film interfaces. The two sets of ridges can be
overall transmission and its dependence on the structure ptaterally shifted with respect to each other. The shift is de-
rameters have not been clarified yet. scribed by the phase difference between the gratidgs:

In this paper we present numerical studies of optical=2mdX/D, where dx is the distance between the ridge
transmission through a continuo(sithout hole$, optically ~ edges of the gratings on the opposite interfaég. 1). Re-
thick metal film with ridge gratings on one or both film in- flection, absorption, and transmission of such metal struc-
terfaces. In the optimal conditions, the resonant transmissiot¥res depend on the phase difference between the gratings. In
through such a film at the wavelengths of surface polaritorll cases it is easy to identify the spectral ranges with sup-
Bloch modes can be enhanced by more than 100 times corfressed reflection and corresponding to it strong absorption
pared to the transmission of a smooth film of the same ave@nd transmissioiiFig. 2). These spectral ranges correspond
age thickness. Dielectric ridges on the metal film can providd0 the excitation of one or another surface-plasmon polariton
even higher transmission enhancement. This transmissigiiode on the film interfaces for which the diffraction grating
occurs due to the resonant tunneling via surface-plasmon pgrovides conservation of wave vector needed for light cou-
laritons excited on periodically structured interfaces and ca®ling to SPP’s.
be controlled by adjusting the relative position of the ridges Relatively thick films exhibit only one peak in reflection/
on the opposite interfaces. absorption in the spectral range corresponding to the lowest

We have studied a one-dimensional gratifig. 1) con-
sisting of a silver film of thicknessl with a periodic set of y D d
rectangular ridges is the grating periodd is the ridge L M "
width, andh is the ridge height Since there are no apertures x! ] I | I [ {h
in a film, all effects related to one or another mechanism of H
light transmission directly through the slits are absent, and .
the resonant tunneling through a metal film is the only N | l | | [ th
mechanism responsible for the enhanced transmission. In all d; “d
calculations below, the structure is illuminated at normal in-
cidence with light polarized perpendicularly to the grating FIG. 1. Geometry of a structured film.
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modes. Moreover, this is accompanied by a complex inter-
play between symmetry of the SPP modes related to the film
mode structure and the Bloch mode symmetry. This is espe-
cially evident in the SPP band-edge shift in the casg

=q for which the structure can be seen as a locally
.3 “smooth” one, and the symmetridong-wavelength mode

0 50 580 S0 800 is much less influenced by the grating structliggs.
2(b,d)]. This can be understood taking into account that there
is no variation of the local metal thickness in such a

Reflection & Absorption

g structuret’
£ 0.021 02 At the resonant SPP mode wavelengths, the reflection of
E o] b the structure is small, while there is a strong absorption due
/\ to the Ohm losses in metal. At the same time a significant
O~ 500~ 5a0 =0 o0 580 200~ Bo0' - 50~ Be0i 580 © 600 transmission is observed exceeding the transmission of a
Wavelength (nm) Wavelength (nm) smooth film of the same thickness by more than two orders

) _ o . of magnitude. Although the total average thickness of the
FIG. 2. (Color onling Reflection(solid lineg, absorption(dot- eta) structure does not depend on the phase difference be-
ted lineg, and transmission spectra of the silver film with the silver tween the gratings, the relative position of the ridges signifi-
ridges @=250 nm and> =500 nm) on both film interfacessa),((_:) cantly modifies the, transmission enhancement.
I;O:S;igg ZTtE: Z?a?i?égb)i’;&d;z;j&;% h;;i r;r/nz (Tg:ﬁer)elgtr"\ée The enhanced optical transmission through apertureless
A¢= (red. The absorption spectra ar’e shown only fo,r thé metal films has been recently modeled in the case of deep
: gratings for which it is related to tunneling via localized

=0 grating configuration. The reflection spectra for different grat- . 7
ing configurations are indistinguishable (@. Arrows indicate the surface plasmons in the deep groovesor weakly corru-

excitation resonance of the SPP propagating on the smooth surfag@t€d films the enhancement was predicted considering pho-
of a thick film. ton tunneling via surface-plasmon polariton states on one or

both film interfaces? In the latter case which is appropriate

(first) diffraction order of light coupling to the SPP modes on for a structure embedded ina symmetrlc environment so that
the grating, while thinner films have two different peaks re-theé SPP modes on both film interfaces occur at the same
lated to the film SPP modes. At normal incidence these Sppavelength, the efficiency of tunneling depends on the spa-
modes are the standing Bloch wavés0) corresponding fual overlagpmg of the SPP Bloch modes on the opposite
to the bottom edge of the second band géye top edge of interfaces:
this band gap corresponds to nonradiative SPP mode at nor- 5
mal incidence; it results in the double peaks of transmission, _ EWEE
reflection, and absorption at oblique illuminatidA For a T fo dXJ+x [BseESeldy. @
relatively thick metal film, the interaction between the SPP )
modes on the opposite film interfaces is weak and the poswhere EQL(x,y) is the surface polariton field on the inter-
tion of the resonances observed in reflection, absorption, arfdcesi=1 and 2, and the integration along the surfage (
transmission corresponds well to the band-gap edge whictlirection is performed over the grating period. The integral
lies on the long-wavelength side of the SPP resonance onralated to this lateral overlapping depends on the phase dif-
smooth surfacéFig. 2). Variation of the relative position of ference between the gratings since they determine the SPP
the gratings on the opposite interfaces does not have a sifjeld distribution along a periodically structured surfate.
nificant effect on the spectral position of the SPP mdéég. ~ Strongest lateral overlapping is achieved in the cAsg
2(a)] but significantly influences the peak transmission of the=0 corresponding to the strongest transmission enhance-
structure[Fig. 2(c)]. ment in a weak-coupling reginféig. 2(c)]. In this case the

In the case of a thin metal film with a strong coupling SPP fields on the opposite interfaces are symmetric with re-
between SPP modes on the opposite interfaces, the situatispect to the film. With the increase of the phase difference
is more complex. The strong coupling between the SPRnd thus mismatch in the field distributions of the SPP modes
modes on the different interfaces of a thin film leads to aon the opposite interfaces, the transmission decreases reach-
significant modification of the SPP dispersion relati&hs®  ing minimum atA ¢= 7/2. However further increase of the
First, one should consider a formation of the film SPP modeghase difference between the gratings leads to the increase of
resulting in splitting of the degenerated SPP frequencies anithe transmission probably due to the increase of the overlap
appearance of the two SPP modes: a long-wavelength modie a y direction. In a strong-coupling reginj€ig. 2(d)], the
(compared to SPP on a thick-film surfaseith a symmetric  strongest enhancement is observea ét= 7 for which the
distribution of the electric field in the film and the short- symmetry considerations discussed above provide most fa-
wavelength mode with an antisymmetric field distributf6n. vorable conditions[Eq. (1)] for antisymmetric SPP film
The latter mode has a longer propagation range and thusodes in which energy is accumulated more effectively.
stronger field enhancement associated with it, compared to a The role of these effects is clearly seen in the dependen-
symmetric SPP modg-ig. 2(b)]. On the periodically struc- cies of the transmission on width and height of the ridges
tured metal film these two modes form two sets of the Bloch(Figs. 3 and %4 The optimal ridge width is approximately a
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FIG. 3. Depen_denmes of the resonan_t wavelength OT the en- FIG. 5. (Color online Reflection(black), absorption(blue), and
h_anced_ transmlsspn and the peak transmittance on the width of trﬂaansmissior(reu) spectra of the silver film with the silver ridges on
silver ridges(cf. Fig. 2). The structure parameters a, (c) D one of the film interfaces{a) the smooth interface is illuminated
=500 nm, H=100 nm, h=20 nm, A¢=0 f’md, (b), (d) D and(b) the structured interface is illuminated. The structure param-
=500 nm,H =40, h=20 nm,A =0, symmetridcircles and an- o104 ared =500 nm, d=250 nm, H=40 nm, andh=20 nm cf.
tisymmetric (squares film SPP modes. Triangles ifa) show the Figs. 2b) and 20)]. ’ ' '
transmittance of a smooth silver film normalized on an average film
thickness at the wavelengths corresponding to the resonant waveadiative losses due to SPP coupling to photons increase with
lengths in(c). the ridge height. The competition between these processes

leads to the maximum observed in Fig. 4. Similar behavior is

half of the grating period that provides most effective forma-Observed in the strong-coupling regime. The width and
tion of the SPP Bloch modes and overlapping conditi@gs ~ height of the ridges on the opposite film interfaces can be
(1)]. With the increase of the ridge height the resonant wavechosen independently as long as the resonant conditions are
length (and thus the band-gap edgshifts in the long- Satisfied. In general, the ridge parameters on the illuminated
wavelength range as is expected, however the overall tranditerface of the film are more important for absorption of
mittance decreases after reaching maximum. The optimdight in the structure. o

ridge height which depends on the structure parameters is Even if only one interface is periodically structured, trans-
determined by a trade-off between the SPP excitation effimission of the metal film is significantly enhanced. In a
ciency, the SPP field overlap, and the SPP radiative losse§trong-coupling regime, a periodic structure on one of the
For small ridge heights, the coupling of photons to Sppnterfaces iS enough to provide the SPP Bloch'mc.)de excita-
Bloch modes is low. With the increase of the ridge height,ion related to the film SPP modes. The transmission of such
they-direction overlap of the SPP modes decreases since ttfdructures does not depend on whether smooth or structured

the structures of different parameters the zero-order trans-

mission spectra can be different depending on the illumi-

is'o J—— @ nated side, however the total transmission is always the
§4-°' /' "n same) At the same time, absorption of the structure strongly
£3.01 / '\-\_ depends on the illuminated side: efficient absorption is ob-
€207 u \'\.\. served if the ridges are illuminated but absorption is low if
= 401 / the smooth surface is illuminated. This behavior is obvious if
8ol ment i i i : i one considers the transmission mechanism described above.
Zess ] = The SPP tunne_llng _propabnnﬁEq._(l)] obviously doe_s not
250 - depend on the illumination conditions. At the same time, the
i545_ /.,-/ absorption which is related to the Ohm losses during SPP
2 e10] /_,r' propagation on a metal surface depends on the efficiency of
85351 " the SPP excitation which is stronger when a structured inter-
Tsao] "E-m_g " ) face is illuminated.
gsst——T 7T T T T T The electromagnetic field distribution of the transmitted
g ° ° 10 B2 2 %040 light above a smooth interface indeed reveals periodic struc-

Ridge height ; S .
'dge height (nm) ture of the tunnel-coupled transmitted figllig. 6). As is

expected, the near-field is strongest in the transmission reso-
nance corresponding to an antisymmetric short-wavelength
SPP mode and much smaller at off-resonance and for sym-
metric SPP mode wavelengths. In the case of a symmetric

FIG. 4. Dependencies of the peak transmitta@end the reso-
nant wavelength of the enhanced transmisglmron the height of
the silver ridges. The structure parameters Bre500 nm, d
=250 nm,H=100 nm, andA ¢=0.
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FIG. 6. (Color online The intensity distributions of the electro- é 004]
magnetic field over a flat surface of the structure corresponding tog , ;. x10
different transmission resonances in Figh)5 A =520 nm(a) and = 1
A =550 nm(b). The position of the ridges on the opposite interface  0.00 v T Y T v T v T v
500 520 540 560 580 600

is shown.
Wavelength (nm)

SPP mode, the electric field extends significantly in the metal FIG. 7. (Color onling Reflection(solid lines, absorption(dot-
fiim and thus is Subjected to strong losses |eading to thé?d lines, and transmission spectra of the silver film with the di-
relatively small near-field intensity. electric ridges §=2.4) on both film interfaces. The structure pa-
Coupling of light to the SPP modes and respective tunneltameters ared =500, d=250 nm, H=100, andh=20 nm. The
ing through a metal film require any kind of periodic modu- "élative position of the gratings i$=0 (black, A¢=m/2 (blue),
lation of the surface. Dielectric ridges on a smooth metal fiIm‘an_A(;f’:”_(re@' Tf.he ab_sorptlon spectra are shown only for the
can also play this role providing the modulation not only of 2 ¢ =0 grating configuration.
topographical profile but also the boundary conditions. Com-
pared to the case of the ridges made of the same metal as the

film, the spectral behavior of the SPP modes in the case of In conclusion, I'g.ht t“r!”e"”g via SPP modes through an
dielectric ridges is more complex since the SPP's can existPertureless metal film with the ridge gratings has been stud-

on dielectric/metal as well as air/metal regions of the struci®d i weak- and strong-coupling regimes. This mechanism

tured metal surface. At the same time, the observed transmi@/©Vides a significant enhancement of the light transmission
sion enhancemer(Fig. 7) is even higher than for metallic through a metal film W|th_the_ metal and dielectric ridge
ridges since the SPP Bloch modes exist directly on thétructures on one or both film interfaces and can be used to
“smooth” metal film interface, increasing thg direction  efficiently control the optical properties of the continuous
overlapping compared to the case of metallic ridges when th&etal films governed by surface-plasmon polaritons. The
SPP’s more strongly follow the structure profile. For a 100similar effects of SPP-enhanced transmission through a con-
nm silver film the transmission can be more than three timegnuous metal film have been observed and described in the
higher with TiO, ridges than with silver ridges. The trans- case of randomly rough interfaces where their efficiency is
mission behavior with the relative shift of the gratings is much smaller than in periodic structures due to less effective
similar as for metallic ridges confirming the role of the SPPSPP excitatiort®

Bloch mode overlap as discussed above.
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