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Light transmission by subwavelength annular aperture

arrays in metallic films

F.I. Baida*, D. Van Labeke

We study the spectral response of a metallic film with an engraved 2D periodic structure of annular apertures. We show

that an enhanced transmission can be obtained and can reach 90%. The variation of the spectral response as a function

of the film thickness from 150 nm to a value of 1:8 lm is also studied. We show that a guided mode in the subwavelength 

coaxial structure is responsible for this large transmission. A wavelength cut-off exists. We study the transmission

characteristics on the optical and geometrical parameters of the array (period, coaxial radii, incident polarization

and dielectric constants) using a 3D-FDTD algorithm.
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1. Introduction

Since the publication of Ebbesen et al. [1], many

experimental and theoretical studies were carried

out in order to determine the physical origin of the

extraordinary enhanced transmission reported in

that paper. A circular aperture array in a metallic

film (gold) can lead to a large transmission com-

paring to the hollow-surface to total-surface ratio

(factor 5). Surface plasmon resonances [2–5] or

cavity hole resonances [6–9] have been proposed to

be at the origin of this phenomenon. This trans-

mission enhancement is similar to what is observed

with frequency selective surface (FSS) components

in the spectral region from near-infrared to mi-

crowave wavelengths [10,11 and references there-

in]. Those components are intended for a broad

domain of applications such as Fabry–P�eerot in-

terferometers, filters, couplers for laser cavity

output or simply as polarizers. Their spectral re-

sponses are directly linked to their geometrical

parameters i.e. their thickness, size, period and

especially their shape. This last point is at the or-

igin of this study. We propose a new structure

showing an interesting spectral response in the

visible range of the spectrum. Indeed, to increase

the transmission of a metal film perforated with
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subwavelength apertures, it is intuitive to consider

a structure that has no cut-off frequency in the

desired spectral field. This property is verified for

the transverse electromagnetic (TEM) mode in a

coaxial waveguide made in perfect metal [12].

Thus, we numerically study, the transmission of

light by a structure made with a grating of annular

apertures instead of a hole grating. Preliminary

results show that such a geometry allows a large

increase of the transmission coefficient.

2. Numerical model and simulations

The principle of the numerical FDTD method

can be found in many textbooks [13,14]. Both the

spatial area and the time interval are discretized.

Our numerical code includes the second order Mur

technique to solve the parasitical reflections at the

edges of the grid [15]. The metal dispersion is taken

into account by using a Drude model to describe

the frequency dependence of the permittivity as in

reference [16].

The object is composed of a periodic array of

annular apertures (see Fig. 1): the external and

internal radii are r1 and r2, respectively. The

thickness of the film is e and the periods are px in

the x-direction and py in the y-direction. The per-

mittivity of the incident medium is e1, e3 for the

transmission medium and e2 for metal. In this

study, both incident and transmission media are

vacuum i.e. e1 ¼ e3 ¼ 1. The dielectric constant of
the in-apertures medium is e0. Its value is set to 1

unless stated otherwise. The illumination is a pulse

plane wave which hits the metallic film at normal

incidence. The pulse is centered at 600 nm and has

a temporal width that corresponds to a wide

spectrum covering all the visible range. The po-

larization is linear and it is described by the angle

W from the x-axis (see Fig. 1).

Fig. 2 shows the spectral responses (efficiency of

the transmitted zero-order) of a silver structure

when r1 ¼ 75 nm, r2 ¼ 50 nm for different thick-

nesses of the metallic film and for px ¼ py ¼
300 nm.

The spectrum in the visible region is principally

composed of two peaks. Their positions and in-

tensities for six metal thicknesses are reported in

Table 1. The position of the red peak ðk2Þ is
practically independent of metal thickness. But its

intensity decreases when e increases. The other

peak ðk1Þ has more interesting behavior: when the

Fig. 1. Schematic of the structure. Annular apertures are made

in a metallic film. r1 is the external radius, r2 is the internal one.

px and py are the periods in x and y directions, respectively. e1; e2
and e3 are the incident, metallic and transmission media per-

mittivity. e is the thickness of the metallic film. The normally

incident plane wave illuminates the structure.

(a)

(b)

(c)

(d)

Fig. 2. Zero-order transmission of a structure made in silver

film. The parameters of the object are (see Fig. 1): r1 ¼ 70 nm,

r2 ¼ 50 nm, px ¼ py ¼ 300 nm, e1 ¼ e3 ¼ 1 and the thickness is
e1 ¼ 150 nm in (a), e2 ¼ 160 nm in (b), e3 ¼ 200 nm in (c) and

e4 ¼ 300 nm in (d). The illumination is made by a x-polarized

plane wave at normal incidence.
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metal thickness is increased, it is shifted toward the

red region but its intensity remains almost con-

stant. A third peak (a doublet k ¼ 491 nm and

k ¼ 502 nm) appears when e ¼ 300 nm.
It is important to notice that the red peak is the

largest wavelength that can be transmitted by the

structure: the transmission efficiency, at normal

incidence, vanishes from k ¼ 1 lm to k ¼ 2:8 lm.

The proposed structure clearly shows a very

high transmission in the visible region which may

be interesting for several applications as filters,

polarizers or resonators especially in nano-optics.

Such a structure with nanometric coaxial apertures

can be routinely fabricated with available tech-

niques like lift-off process [17] or focused ion beam

[5,18]. In the following, we modify some geomet-

rical and optical parameters in order to show their

influence on the transmission spectrum and to try

to interpret it.

3. Discussion

The enhanced transmission of aperture gratings

are often interpreted in terms of surface plasmon

resonance (see [5 and references therein]).

A diffracted wave, resulting from the interaction

of the incident light with the structure, has the

same wave-vector tangential component as that of

the surface plasmon. This leads to the relation [3,5]

k1;3ði; jÞ ¼
px py

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

i2 p2y þ j2 p2xÞ
q

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

e1;3e2

e1;3 þ e2

r

;

where i; j are the integers which define the dif-
fracted order. In our case (px ¼ py ¼ 300 nm),

e1 ¼ e3 ¼ 1 and with silver metal, the previous
equation has no solution for k > 400 nm. As a
consequence, the enhanced transmission of the

coaxial grating cannot be interpreted in terms of

excitation of horizontal surface plasmons.

The results presented in Fig. 2 and Table 1

suggest that the first peak ðk1Þ could correspond to
a cavity resonance as its position is modified with

respect to the metal thickness. When the metal

thickness is increased from 150 to 300 nm, the first

peak is almost proportionally shifted from 514 to

625 nm.

In order to test this assumption, we have stud-

ied the spectral response of a 1:8 lm thickness

coaxial array. The result is presented in Fig. 3.

The spectrum exhibits 14 peaks which, at a first

look, seems compatible with resonance of a longer

cavity. However, Fig. 3 spectrum is not that sim-

ple to be explained. As in the case of a smaller

thickness, there is no transmission above k ’
700 nm.

For a single mode cavity resonance, the en-

hanced transmission is generally described by an

Airy-like equation [5,7]:

t ¼
4s1s2e

jnew=c

1� q1q2e
jnew=c

; ð1Þ

where n is the effective complex index of the guided

mode in the cavities: s1, s2, q1 and q2 are the

transmission and reflection coefficients of the two

cavities’ edges, respectively. Lalanne et al. [7] give

Fig. 3. Spectral response for a 1:8 lm thick silver film. All

other parameters are the same as in Fig. 2(a).

Table 1

Positions and transmission values of the two peaks appearing in

the spectral response of a silver grating for six metal film

thicknesses

e (nm) k1 (nm) E0 ðk1Þ k2 (nm) E0 ðk2Þ

150 514 0.6904 704 0.7883

160 525 0.7077 705 0.7783

170 535 0.7178 705 0.7656

200 563 0.7343 706 0.7253

220 579 0.7378 706 0.7002

300 625 0.7250 707 0.6127

The optical and geometrical parameters are given in Fig. 2.
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the explicit expressions of the parameters of Eq.

(1) in the case of a lamellar 1D metallic grating.

We have not been able to fit the spectrum in

Fig. 3 using Eq. (1) with constant parameters. The

main reasons of the discrepancy are related to the

fact that the free spectral range (FSR) is not con-

stant and it is incompatible with the wavelength

cut-off ðk ’ 700 nmÞ.
In a conventional resonant cavity, without

damping, the spacing between two successive

peaks is related to the FSR ¼ 1=ð2RealðnÞeÞ, where
RealðnÞ is the real part of the effective complex
index ðnÞ of the guided mode. From Fig. 3, an

averaged value of the FSR is obtained from the ten

first peaks position leading to RealðnÞ ’ 3:16. For
such a value of the effective index, the cut-off of a

cavity with e ¼ 1:8 lm will be around

2eRealðnÞ ¼ 11:4 lm. Moreover, the doublets ap-

pearing in Figs. 2(d) and 3 cannot be explained by

a single mode Airy-like equation. There is also a

shoulder in last red peak of the spectrum in Fig. 3,

this shoulder, which is at k ’ 700 nm could cor-

respond to the k2 peak of spectra in Fig. 2. This k2
peak, independent of metal thickness, cannot be

interpreted in term of cavity resonance.

The permittivity of metal plays also a role in the

spectral response of the structure. Indeed, if silver

is replaced by aluminum, the wavelength cut-off is

modified. This effect is similar to what observed in

a resonant cavity when the phase of the reflection

coefficient is modified according to the permittivity

of the metallic mirrors. Fig. 4 shows the zero-order

transmission of an aluminum structure where the

aperture has the same geometrical parameters as in

Fig. 2(c). We note that, for aluminum, the two

peak structure is maintained but it is shifted to-

ward the blue region. The k2 peak is shifted by 130

nm in comparison with silver.

In a coaxial guide made of a perfect metal, the

propagation constants of a TEM mode are inde-

pendent of the guide radii. This is not the case for

TE nor TM modes [12]. Then, it is interesting to

point out the influence of the geometrical shape,

i.e. the radius values, on the spectral response. Fig.

5 shows the zero-order transmission for a struc-

ture, where r1 was increased by 10 nm

(r1 ¼ 85 nm). The thickness is set to e ¼ 200 nm
and all the other parameters are the same as in Fig.

2. We note that the peak structure is shifted to-

ward the blue region of the spectrum by

Dk ’ 39 nm.
Note that, in this case, the maximum of the

transmission is higher than with r1 ¼ 75 nm. It
reaches 90%. This increase in transmission can be

hastily connected to the fact that the hollow-sur-

face on total-surface ratio increases. Indeed, this

assumption is only valid if the size of the hole is

larger than the incident wavelength.

Fig. 4. Spectral response for a structure made in 200 nm alu-

minum thick film. r1 ¼ 75 nm, r2 ¼ 50 nm, px ¼ py ¼ 300 nm,
e1 ¼ e3 ¼ 1. (to be compared with Fig. 2(c)).

Fig. 5. Spectral responses for two different radii of the annular

aperture. The parameters of the object are similar to those of

Fig. 2(c) (see Fig. 1) execpted r1 ¼ 85 nm in solid line and

r1 ¼ 75 nm in dashed line.
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It is also interesting to see what occurs when the

structure period is modified. Fig. 6 shows the

spectral responses of the zero-order transmission

for four annular aperture arrays where, only the

period was modified. The dashed line is the same

curve as in Fig. 2(a). When increasing both x and y

periods (solid line with squares in Fig. 6), the two

peaks are shifted toward the red region. The same

behavior is obtained if we only increase the x-pe-

riod (px ! px þ 50 nm for the dotted line of Fig. 6).
If we only increase the y-period (py ! py þ 50 nm),
the peaks shift along the blue region (solid line in

Fig. 6).

Note that, in all the cases where the periods

increase, the peak intensities decrease. The two

peak structure is also shifted but it is much more

smaller than in the cases of change of radius or

metal permittivity.

All the results presented up to now correspond

to an illumination where the polarization is di-

rected according to x-direction (see Fig. 1).

Therefore, it is interesting to study the effect of the

polarization direction. In Fig. 7, we plot the

spectral responses of the same biperiodic structure

studied in Fig. 2(a) where the polarization of the

incident beam was tilted by an angle W with the x-

axis (see Fig. 1).

As in the case of period change, the modifica-

tion of the polarization direction induces only

small effects on the spectral response: small spec-

tral shifts and intensity variations.

To end this study, we present the influence of

the permittivity of the in-apertures medium �0 on
the spectral response of a silver grating. Fig. 8

show the spectral responses for four different in-

Fig. 7. Zero-order transmission of the same structure studied in

Fig. 2(a) when the polarization of the incident beam varies from

0 to 45� by 15� steps. The transmission increases with W. Note

that, because of the symmetry, the same curve is obtained for

W ¼ 60� and W ¼ 30�.

Fig. 6. Zero-order transmission of a structure made in 150 nm

thick silver film. r1 ¼ 75 nm, r2 ¼ 50 nm, e1 ¼ e3 ¼ 1.

px ¼ py ¼ 400 nm in solid line with squares, py ¼
px þ 50 ¼ 350 nm in solid line, px ¼ py þ 50 ¼ 350 nm in

dotted line and for comparison, px ¼ py ¼ 300 nm in dashed

line.

Fig. 8. Influence of the permittivity of the in-apertures medium

e0 on the spectral response of a the silver array of Fig. 2(a).

Solid line for e0 ¼ 1, dot-dashed line for e0 ¼ 1:2, dashed line

for e0 ¼ 1:5 and dotted line for e0 ¼ 2:25.
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apertures media when the other parameters remain

the same as in Fig. 2(a).

Once more, the two peaks structure is obtained

but large red shifts occur when �0 is increased.
These shifts are accompanied by significant de-

creasing of the intensities. These results are similar

to what was obtained by Krishnan et al. (Fig. 2 of

[5]) in the case of a circular aperture array made in

gold.

4. Conclusion

In conclusion, we have numerically studied the

spectral responses of a subwavelength annular

aperture arrays exhibiting an extraordinary trans-

mission. Several parameters were modified in or-

der to understand the origin of this enhancement.

We demonstrate the presence of guided mode

through the apertures but we are not able to point

out the nature of this mode (is it a TEM one?),

neither how it is created. Many others numerical

simulations will be necessary to completely un-

derstand the phenomenon. Comparisons with

others methods, like modal method [9 and refer-

ences therein], should be useful.

Finally, independently of the interpretation of

the enhanced transmission, it is important to un-

derline that the proposed structure could have very

interesting applications. The calculation of the

near-field above the grating and of the field inside

the cavities is too long to be included in this paper.

We only mention that the field amplitude is very

large and can reach 600 times the incident ampli-

tude. The sensibility of the peaks position with

respect to the cavity index, in addition to the ex-

istence of a very high electric field amplitude, can

lead to interesting phenomena if non-linear mate-

rial is placed in the apertures.
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