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Abstract: Using a rigorous electromagnetic analysis of two-dimensional (or 
crossed) gratings, we account, in a first step, for the enhanced transmission 
of a sub-wavelength hole array pierced inside a metallic film, when 
plasmons are simultaneously excited at both interfaces of the film. 
Replacing the hole array by a continuous metallic film, we then show that 
resonant extraordinary transmission can still occur, provided the film is 
modulated. The modulation may be produced in both a one-dimensional and 
a two dimensional geometry either by periodic surface deformation or by 
adding an array of high index pillars. Transmittivity higher than 80% is 
found when surface plasmons are excited at both interfaces, in a symmetric 
configuration.   
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1. Introduction 

The paper by Ebbesens et al.,1 announcing transmission through sub-wavelength hole arrays 
much larger than what is predicted by standard aperture theory, stimulated a great amount of 
interest in the scientific community. Many authors2-9 tried to contribute to the explanation of 
the unexpected phenomenon. Most of them related the extraordinary transmission to the 
excitation of delocalized2,4,5 or localized6,7 surface plasmons. One of them3 proposed an 
explanation in terms of dynamical diffraction and in a more recent contribution8 recognized 
that the coherent dynamical diffraction explanation “inherently includes surface plasmons,” so 
that the distinction between the two explanations becomes merely a matter of semantics. 
Another explanation9 was based on Fabry-Pérot resonances combined with diffraction, which 
could result in a possibility to have surface plasmons playing a negative role in the 
transmission process. However, due to the complexity of the problem, all authors of Refs. [2-
9] used a one-dimensional model (i.e., a grating) to simulate the hole array. We showed10 that 
such a simplification introduces an efficient channel for light transmission in lamellar gratings 
which does not exist for hole arrays. The two-dimensional (2D) electromagnetic analysis that 
we developed to study the Ebbesen’s experiment was able to account for the effect in a 
quantitative way. Moreover, we were able to establish that the observed extraordinary 
transmission is linked with the resonant excitation of surface plasmons at the lower interface 
between the metal and glass substrate.  We identified what channel10,11 inside the sub-
wavelength holes is responsible for such an excitation. The necessity of developing a 2-D 
analysis for explaining the extraordinary optical transmission through subwavelength hole 
arrays was fully demonstrated in recent contributions12,13. The authors studied in detail the 
role played by the coupling of surface plasmons at the two interfaces of the film12, as well as 
the light localization13 that results from the process. 

Here, in a first step, we apply the same analysis to a symmetrical situation in which 
superstrate and substrate have the same refractive index, so that plasmons at both sides of the 
metallic film can be excited simultaneously. Recent experiments14 have shown that this 
simultaneous excitation boosts again the extraordinary transmission, a fact that our model 
fully confirms. In a second step, we show that the extraordinary transmission does not 
necessarily require the existence of holes. Continuous metallic thin films with constant 
thickness may give similar extraordinary transmission, provided they are modulated in order 
to be able to excite surface plasmons. This is not at all surprising if we keep in mind the great 
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amount of work done to explain various enhanced nonlinear effects linked to the resonant 
excitation of surface plasmons along metallic gratings 

15. Since the beginning of the 1980s, the 
rigorous electromagnetic theory of gratings was used in order to explain the surface-enhanced 
Raman scattering and it was found that the reflected field intensity near the surface of low-
modulated metallic gratings could be increased by more than two orders of magnitude16. 
Similar results are obtained for the transmitted field intensity17. Recently18, this phenomenon 
has been called “plasmon enhanced tunneling of light.” However, in Refs. [15-18], a one-
dimensional model was used. It is thus interesting to study if such predictions hold for a two-
dimensional case. Our work points out the unexpected result that pillars play a role similar to 
that of holes. 

2. Extraordinary optical transmission through hole arrays linked with simultaneous 
excitation of surface plasmons at both sides 

A recent experiment14 has improved the initial device of Ebbesen et al.1 using a superstrate 
with a refractive index that can be tuned close to that of the substrate. The transmission 
through the hole array, which was already extraordinarily high in the initial experiment1, was 
then enhanced even further, by more than an order of magnitude. The effect was explained in 
terms of a Fabry-Perot resonator in which evanescent waves undergo multiple reflections, 
with reflection coefficients greater than unity14.  Moreover, the study pointed out the fact that 
the transmission enhancement occurs even for a single hole surrounded by a periodic surface 
structure.  

In this section, we will show that the rigorous electromagnetic theory of crossed gratings 
fully accounts for all observed results. To that end, we consider a 2D hole array consisting of 
square holes with dimension 0.2 µm periodically pierced through a gold film with 0.25 µm 
thickness. The x and z period are 0.6 µm, while Oy is the axis normal to the film. The array is 
lit under normal incidence with the incident field vector parallel to the Ox axis that is also 
parallel to a side of the square holes. The substrate is glass, with refractive index 1.5199; the 
refractive index of gold as a function of wavelength is interpolated between the data given in 
the American Institute of Physics Handbook.19 The superstrate and the holes are filled with an 
index-matching fluid witch provides an index of 1.5297, i.e., close to that of the substrate. 

As previously mentioned,11 we are using a numerical implementation of the Fourier-modal 
theory extended to crossed gratings by Li.20 The geometry is simplified by assuming squares 
instead of circular holes. Due to the invariance of the hole section in the y-direction, the 
permittivity is also y-independent and its 2D Fourier components have to be computed once 
only. The code includes all recent developments in grating theory, i.e., the S-matrix 
propagation algorithm,21,22 which avoids numerical contamination by growing exponential 
functions, and the fast-Fourier factorisation.22 The theory reduces the integration of Maxwell 
equations to the integration of a linear system of differential equations dF / dy = M(y) F(y), 
where F is a vector made of blocks x z x z[E ], [E ], [H ], and [H ] , each block having as elements 
the Fourier components of the corresponding function, and M is a known matrix. For the 
special geometry that we consider here, M is y-independent, and the linear systems can be 
integrated via an eigenvalue-eigenvector technique. We are then able to determine the field 
everywhere in space without introducing any approximation other than those introduced by 
the numerical calculations (round-off errors, truncation errors).  

Figure 1 shows the zero-order transmitted efficiency (or transmittance) of the above-
described 2D array (dashed line) , as function of wavelength λ . For a particular wavelength 
close to 0.97µm, the transmittivity culminates to about 0.30. The location of the peak closely 
agrees with the one observed in the experiment14, although the hole geometry is somehow 
different, and the value of the refractive index of gold is not provided in the corresponding 
paper14. Moreover, the height of the peak (30%) is much higher than what we found in our 
preceding study10 (about 2%) in which the superstrate was vacuum, so that a plasmon was 
only excited at the lower (metal-glass) interface of the film. In order to optimize the coupling 
between the two surface plasmons at both sides of the film, we then choose as refractive index 
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of the superstrate exactly the same index as for the substrate (full line). The maximum was 
again increased by about 2%, although in the dashed line situation the two indices only 
differed by 0.01. The conclusion is that the macroscopic, rigorous electromagnetic theory of 
crossed gratings fully accounts for the exceptional enhancement of transmittance linked with 
the coupling of the two surface plasmon waves at each side of the film. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Transmittance as a function of wavelength in micrometers 
 

3. Extraordinary transmission through continuous metallic thin films linked with 
plasmon excitation 

Having verified that the electromagnetic theory of crossed gratings is able to account for 
exceptional transmission linked with plasmon excitation, we apply it to continuous metallic 
thin films, in order to demonstrate the possibility of enhanced transmission in the absence of 
holes.  

Metallic layers with a periodically modulated surfaces have been extensively studied 
theoretically and experimentally since 1980s. Plasmon coupling at the two interfaces of the 
film can be made by using the grating periodicity. Anomalies in reflectivity and transmittivity 
have been observed18,23-25, however not so well-pronounced as for hole gratings. 
Unfortunately, many authors used arbitrary units to present their data, so that it is difficult to 
draw direct conclusions. As already discussed, the other possibility to directly couple the 
surface plasmons is to use identical material as substrate and superstrate. In that case the 
modulation (one- or two-dimensional) serves to only excite the coupled plasmons. 

We start with a one dimensional sinusoidal modulated thin silver film, with period 0.9µm, 
groove depth h, vertical thickness 0.14 µm. The refractive index of silver is 0.1 + i 8.94, while 
both the superstrate and the substrate have refractive index 1.5. The grating is lit under TM 
polarization and normal incidence. Figure 2 shows the transmittivity as a function of 
wavelength (in microns) for several values of groove depth h in the vicinity of the surface-
plasmon resonance. An optimal groove depth close to 0.02µm exists, for which the peak 
transmittance approaches 6% while it is less than 0.1% far from the plasmon resonance. The 
extraordinary transmittance becomes even more spectacular if the film thickness is reduced 
from 0.14 µm to 0.07µm, as it occurs in Fig. 3. Although the attenuation length of silver is 
large enough so that the usual (off-resonance) transmittivity of such a plane film is still less 
than 0.1%, when modulated with a groove depth close to 0.05µm, the transmittance reaches 
80% when the plasmon resonance is excited. As it is well-known, in the spectral vicinity of 
the plasmon excitation, light absorption is also enhanced, as observed in Fig. 3 for h = 0.05 
µm. As previously suggested,18 such a continuous, modulated thin film is then able to provide 
a sharp filtering.  
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Fig. 2. Transmittivity as a function of wavelength for a continuous modulated silver film 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3. Same as Fig. 2, but with 0.07µm thickness. The red curve represents the sum of 
reflected and transmitted efficiency 

 
However, it is necessary to remark that for continuous films, the corrugation plays no 

significant role in the light transmission through the film, but only serves as a periodical 
perturbation to ensure the coupling between the incident wave and the plasmons strongly 
coupled at the two interfaces in the symmetrical configuration. To prove this, we present in 
Fig. 4 the maximum transmission data for a symmetrical prism coupler, in which the plasmon 
excitation is due to the higher optical index (1.8) of the prisms below and above the plane 
metallic layer. Each prism is separated from the film surface by a 2 µm thick air gap. 

When compared to grating hole array, high transmittance through continuous films 
requires smaller thickness. This is natural since propagation in silver is attenuated stronger 
than in the holes. Thus increasing the continuous film thickness fastly deteriorates the 
enhanced transmission. Figure 4 presents a comparison between the dependence of the 
maximum transmission T optimized with respect to both λ and h as a function of the layer 
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thickness for layers made of the same material but having different corrugation: plane layer, 
prism coupler, sinusoidal corrugation and grating hole array. The sinusoidal corrugation, 
compared with a plane layer, can enhance the transmission by a factor of 10,000 when two 
plasmons are excited simultaneously on the two layer interfaces, the decay factor inside the 
layer remains the same and equal to 67 µm-1, as determined from the logarithmical slope of 
the dependence. This decay factor of energy corresponds to a twice smaller imaginary part γ  
of the propagation constant of the field in a direction perpendicular to the layer surface, 

33.5γ ≈  µm-1, which is more than three times the corresponding value for a grating hole 

array ( 10≈γ  µm-1), as already discussed in Ref. [11]. This difference can directly be 
observed in the figure.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. Maximum of transmission for a silver layer as a function of the layer thickness for four 
different structures: plane layer (green curve), sinusoidal grating (groove depth h = 18 nm is 
constant for thicknesses greater than 150 nm) with an identical substrate and superstrate 
material (black curve), grating hole array (violet curve),11 and a symmetrical prism coupler 
with 2 µm air gap (blue curve) 

 

Having observed an extraordinary transmittance when two plasmon waves are excited in a 
1D model, we now go back to the crossed-grating situation. We consider a 2D modulated thin 
silver film. The period in x and z directions are equal to a common value d (d = 0.9µm) and 
the film thickness is still 0.07 µm. The crossed grating surface is given by 
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π= , so that the total modulation depth is h. The incidence is normal, with the 

incident electric field parallel to the x or z axis. The refractive indices of both superstrate and 
substrate are 1.5. Figure 5 shows the lines of equal transmittance in the (h, λ) plane around the 
plasmon resonance. There exists an area for 0.1 µm≈h and 1.36 m≈ µλ  in which the 
transmittivity is higher than 80%. This is in a perfect agreement with the 1D analysis and can 
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be easily understood when one knows that for shallow gratings there exists an equivalence 
formula 26 linking classical and crossed grating efficiencies. Thus in the initial experiment of 
Ebbesen et al.1, the existence of holes were not strictly necessary to obtain an extraordinary 
transmission. However, they have two important roles, first, to modulate the film periodically 
with a high contrast in order to allow for plasmon excitation, and, second, to provide a more 
efficient channel for light transmission through the film thickness, as discussed in connection 
with Fig. 4.  

The results of this section suggest that replacing holes by high index pillars should 
produce a similar effect. This idea is investigated in the next section. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5. Light transmission of a two-dimensionally corrugated sinusoidal film as a function of 
the wavelength and the modulation depth. 

 

4. Extraordinary transmission through a plane metallic thin film bounded by periodic 
dielectric pillars 

We now consider a thin silver film with the same 0.07µm thickness as in Section 3. On top 
and bottom of the film we put a 2D periodic array of square pillars of silicon, whose refractive 
index is 3.5. Both periods in x and z directions are equal to d, the pillar height is h and their 
width is a. The cross-section of the 2D array is represented in Fig. 7, which shows that the 
device is symmetrical with respect to the xOz plane in order to obtain simultaneous excitation 
of plasmons at both sides of the silver films. The optogeometrical parameters are the same as 
in Section 3 (d = 0.9 µm, a = 0.2 µm, refractive index of silver: 0.1 + i 8.94). Compared with 
the Ebbesen et al.1 experiments, the holes are replaced by high index pillars with the same 
cross-section. Figure 7 shows the lines of equal transmittivity as a function of the pillar height 
h and wavelength λ when the device is illuminated under normal incidence with the magnetic 
incident field parallel to the z axis. Transmittivity higher than 67% can be achieved.  
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Fig. 6. Schematical representation of a plane metallic layer with a periodical array of dielectric 
pillars 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

Fig.7. Light transmission of a two-dimensional dielectric pillar grating on a plane silver film as 
a function of the wavelength and the pillar height. 
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Compared with Fig. 5, high transmittivity is obtained at the price of higher modulation. This 
is quite natural since the high index pillars provide a lower index contrast than modulating a 
silver film or making holes in a silver flat film. However, it is quite spectacular to obtain such 
a transmittivity of a flat film which, off-plasmon resonance, would have a transmittivity below 
1%. The shift of the peak transmission location, when compared with Fig. 5, is of course 
linked with the modification of the superstrate and substrate mean refractive index when 
introducing the pillars. 

5. Conclusion 

The electromagnetic theory of crossed gratings is fully capable of accounting for the 
extraordinary transmittivity of hole arrays discovered by Ebbesen et al. It takes into account 
plasmon resonance effects in a quantitative way, including the situation in which plasmon 
resonances are simultaneously excited at both faces of the film, which boosts further the 
extraordinary transmission. Using this theory as a tool, we have proved that the presence of 
holes is not necessary, when considering their contribution to create a 2D periodic modulation 
which allows excitation of surface plasmons. Modulating thin silver films, or putting periodic 
pillars on a flat silver film, leads to similar results, i.e., transmittivity higher than 80% at 
particular wavelength at which plasmons are excited at both sides of the film. This had to be 
compared with the transmittivity far from the plasmon resonance, which is less than 1%. 
However, compared with the other possible ways of creating 2D periodicity, the holes have 
two advantages. First, they provide a high refractive index contrast and, second, they 
introduce channels11 in which an evanescent field can propagate with a lower attenuation than 
in the silver film. As a result, the holes allow for high transmission through films thicker than 
the modulated continuous ones. 

Concerning the use of the effect, it was previously established14 that it still exists even for 
a single hole surrounded by a periodic surface structure. This suggested its use to concentrate 
energy into sub-wavelength volumes14 in view of applications to near field microscopy, 
photolithography and non-linear optics. We point out, however, that high electric field 
amplitude exists on the entire film surface, since delocalized surface plasmons are excited, 
and not only at special locations. 
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