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Recently, some kinds of structures have been found to show the property of extraordinary optical transmission (EOT). 

In this paper, we present a novel composite structure based on array of annular apertures (AAA) with compound lattice. 

The lattice includes two kinds of annular apertures with the same outer radius and different inner radii. The transmis-

sion spectrum of this compound periodic AAA can be achieved by adding up the spectra of two corresponding simple 

periodic AAAs, and the transmission shows EOT property. The transmission peaks of this kind of structure can be ad-

justed to desire wavelengths by changing the inner radius of aperture or the index of the dielectric material in the ap-

erture. This structure can be used as a filter with dual pass bands when the difference between inner radii or indices of 

dielectric inside is large enough for two kinds of apertures. 
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According to the principle of light diffraction, when 
wavelength is less than the size of hole, light transmit-
tance is very small. In 1944, Bethe[1] analyzed the trans-
mittance of holes in ideal metal thin film. Transmittance 
of metal holes is proportional to (d/λ)4 (d is diameter of 
metal hole and λ is wavelength of incident light). There-
fore transmittance is almost 0 when the wavelength of 
incident light is much less than the diameter of metal 
hole. And transmittance decreases rapidly with diameter 
of hole decreasing. However, Ebbesen[2] analyzed trans-
mittance of subwavelength metal holes array, and found 
that if the subwavelength metal holes are arranged peri-
odically, the normalized transmittance of single hole is a 
few orders of magnitude larger than Bethe’s calculation 
at certain wavelength. Extraordinary optical transmission 
(EOT) is proposed. Then much effort is put into uncov-
ering the underlying mechanism, and it is acknowledged 
now that the waveguides of aperture play an important 
role on EOT[3-5]. As the waveguide is mainly related to 
the shape of aperture, many kinds of apertures with spe-
cial shapes are proposed, like the annular and the rectan-
gle apertures[6-8]. Compared with the circle and the rec-
tangle apertures, the transmission peaks of the metal film 
perforated with a periodic array of annular apertures are 
stronger and located at longer wavelength. Thus, after 
the array of annular apertures (AAA) was proposed 
firstly by Baida et al[9], many kinds of derived structures 
were presented soon. However, for most of them, the 
arrays of annular apertures are based on simple lattice.  

 

In this paper, we present a novel composite structure 
based on compound lattice and AAA, which can be 
achieved by perforating a compound periodic AAA in 
silver film. The free-stand silver films perforated with 
the simple and the compound array of annular apertures 
are both shown in Fig.1. The simulated structures are 
illuminated by a plane wave in normal incidence, whose 
spectrum is from 400 nm to 1 100 nm, and the polar di-
rection of source is along the x-axis. In Fig.1(b), the 
compound periodic AAA is designed by setting a annular 
aperture at the center of rectangular cell. As shown in the 
figure, there are two kinds of annular apertures labeled as 
A1 and A2, and they have different inner radii and di-
electrics filled in the apertures.  

The optical properties of the compound periodic 
structure are simulated using 3D-FDTD[13-15] algo-
rithm. The spatial mesh steps are set as Δx=Δy=Δz=1 
nm. In the simulation, the periodic boundary condition 
is set at the end in directions of x and y, and the per-
fect match condition is set at the end in direction of z. 
The optical transmissions of three compound periodic 
structures (Ri2=20 nm, 50 nm and 75 nm, Ri2 is the 
inner radius of A2) have been simulated. As shown in 
Fig.2(a), the transmissions of simple periodic structure 
with Ri =20 nm, 50 nm, 75 nm, Ro=100 nm are de-
picted as blue, green and red curves. When we in-
crease the inner radius of annular aperture for simple 
periodic AAA, the peak of transmission shifts towards 
long wavelength.  
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Fig.1 Schematic diagram of the structure (The thick-
ness of the film is 100 nm, and lattice constant of ar-
ray is 400 nm.): (a) Primitive cell of simple periodic 
AAA; (b) Primitive cell of compound periodic AAA, 
which is designed by setting an annular aperture at 
the center of rectangular cell; (c) The silver film per-
forated with compound periodic AAA in the xy cross 
section; (d) The yz cross section with x = 0  

 
(a) 

 
(b) 

Fig.2 Transmissions of simulated structures with dif-
ferent inner radii for annular apertures (Ro = 100 nm, 
dielectric material filled in apertures is air): (a) Simple 
periodic lattice; (b) Compound periodic lattice 

 
The transmissions of the compound periodic structures 

with Ri2=20 nm, 50 nm, 75 nm, Ri1=20 nm, Ro1=Ro2=100 
nm are depicted in Fig.2(b), respectively. As shown with 
the line corresponding to Ri2=75 nm, the transmission of 
compound periodic AAA can be achieved by adding up 
the spectra of the corresponding simple periodic AAA 
(Ri=20 nm and Ri=75 nm), and the transmission peaks are 
almost at the same wavelength with the corresponding 
simple lattice. Fig.2 shows that the transmission spectrum 
of compound periodic structure with Ri2=75 nm contains 
four transmission peaks, λpeak=910 nm, 543 nm, 456 nm 
and 456 nm. However, as the other two lines show, when 
the inner radii of two kinds of annular apertures are close 
to each other (Ri1=20 nm and Ri2=20 nm or 50 nm), the 
peak at short wavelength has a blue shift, and the peak at 
long wavelength has a red shift. We consider that it results 
from the interaction between waveguides in two kinds of 
annular apertures.  

Fig.3 shows the distributions of electric field in xy 
plane at four transmission peaks. For λpeak=910 nm and 
λpeak=456 nm, the strongest electric field is located at A1 
(Ri1=75 nm) as shown in Fig.3(a) and Fig.3(c), respec-
tively. It can be seen that the distribution pattern is 
two-disc type, thus the mode of transmission peak is 
transmission plasma waveguide TE11 mode[10] for A1. 
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However, for λpeak=543 nm and λpeak=413 nm, the strongest 
electric field distributes at A2 (Ri2=20 nm) shown in 
Fig.3(b) and Fig.3(d), thus the transmission mode is TE11 
mode for A2. The wavelength shifts of four transmission 
peaks are Δλ1=910-906=4 nm, Δλ2=543-548=-5 nm, Δλ3= 
456-489=-33 nm，Δλ4=413-412=1 nm. The transmission 
peak positions are in keeping with the corresponding 
transmission peaks of simple lattice structure except 
λpeak=456 nm. Therefore the transmission spectrum can 
be achieved by adding up the spectra of the correspond-
ing simple periodic AAAs. The superposition of com-
pound periodic AAA provides a new technology for the 
design of comb filter and frequency selective surface 
(FSS). 

On the other hand, the transmission peak of compound 
periodic AAA with Ri2=50 nm and Ri2=20 nm has red 
shift or blue shift. Babinet principle[11] indicates that the 
optical property of metal hole and the corresponding 
same size of the metal particles are consistent. If a metal 
subwavelength hole has a transmission peak at wave-
length A, the corresponding metal particles with the same 
size will also have corresponding absorption peaks at A, 
C and P. This theory can be used to explain red shift or 
blue shift in transmission spectrum of compound peri-
odic AAA[11,12]. We consider each hole in metal sub-
wavelength hole array structure as electric dipole. 
Therefore compound periodic AAA contains two couples 
of electric dipoles as the original cell containing two 
kinds of holes. For compound periodic AAA with Ri2=50 
nm, two groups of annular’s internal electric fields are in 
opposite directions. It means two groups of electric di-
poles are in opposite polarization directions. The en-
hancement between two dipoles results in the coupling 
energy between annular waveguides of compound peri-
odic AAA and incident light decreasing, and the coupling 
wavelength is red shift. On the contrary, for compound 
periodic AAA with Ri2=20 nm, two groups of annular’s 
internal electric fields are in the same direction. It means 
two groups of electric dipoles are in the same polariza-
tion direction. The mutual exclusion between two dipoles 
results in the coupling energy increasing, and the cou-
pling wavelength is blue shift. 
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Fig.3 Distributions of electric field in xy plane (z=0, 
Ri2=75 nm) at (a) λpeak=910 nm, (b) λpeak=543 nm, (c) 
λpeak=456 nm, (d) λpeak=413 nm 

 
What’s more, there is another way to change the center 

wavelengths of the peaks, which is to alter the dielectric in 
the annular apertures. We research the compound periodic 
structures, whose primitive cell includes two annular aper-
tures named as A1 and A2, which are filled with different 
dielectric materials. The optical transmissions of three 
compound periodic structures (εd2=1, 2.25 and 4, εd2 is the 
dielectric constant of dielectric material filled in A2) have 
been studied. As shown in Fig.4(a), for the transmission of 
simple periodic structure (Ro=100 nm, Ri=20 nm), with the 
index of the dielectric increasing (nA=1, 1.5, 2.1, εA=nA

2), 
the center wavelength of the peak shifts towards long 
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wavelength. As shown in Fig.4(b), when nd2=1.5 in com-
pound periodic AAA, there is a red shift at λpeak=675 nm, 
and a bule shift at λpeak=548 nm when nd2=1. Transmission 
of compound periodic AAA can be achieved by adding up 
the spectra of the corresponding simple periodic AAAs 
(nd2=2.1, nd1=1), but at λpeak=548 nm, no obvious corre-
sponding relation is presented. It shows that the transmis-
sion spectra of above compound periodic structures are also 
superimposition of transmission spectra of the correspond-
ing simple periodic structures, and the light at different 
peaks also would pass through the structure by different 
channels.  

 

 
(a) 

 
(b) 

Fig.4 Transmissions of simulated structures with dif-
ferent dielectrics in the aperture (Ro=100 nm, Ri=20 
nm): (a) Simple periodic lattice; (b) Compound peri-
odic lattice 

 
Fig.5 shows the electric field distributions in xy plane 

at four transmission peaks. At λpeak=897 nm, the stronger 
electric field distributes in A1, corresponding to TE11 

mode for A1 (Fig.5(a)). At λpeak=573 nm, the stronger 
electric field distributes in A2, corresponding to TE11 

mode for A2 (Fig.5(b)). Nevertheless, at λpeak=500 nm 
and λpeak=439 nm, the strong electric field exists in A1 
and A2. We consider the waveguide coupling between 
two kinds of annular holes may cause the transmission 
peak. 

We can explain the red shift or blue shift with afore-
mentioned electric dipole theory when nd2=1.5 and nd2=1. 

 
(a) 

 
(b) 
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Fig.5 Distributions of electric field in xy plane (z=0, 
nd2=2.1) at (a) λpeak=897 nm, (b) λpeak=553 nm, (c) 
λpeak=500 nm, (d) λpeak=439 nm 
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A large difference between the dielectric constants of 
two annular holes results in an excellent superposition. 
When the dielectric constants of two annular holes are 
close to each other, the strong coupling effect between 
electric dipoles results in red shift or blue shift of compound 
periodic AAA transmission spectrum, corresponding to the 
superposition of two simple periodic AAAs. In addition, 
with dielectric constant increasing, there are obvious 
shifts at main transmission peak and vice transmission 
peak. It may cause overlap of two transmission peaks. 
Thus waveguide mode coupling would lead to a new 
transmission peak. This peak is obviously changed in 
position and intensity, but no content with superposition. 

In this paper, we show that when the difference of in-
ner radius or dielectric constant between two apertures is 
large, the transmission peaks of compound periodic 
structure are almost at the same wavelengths with corre-
sponding simple periodic structures. However, when the 
difference is small, the transmission peaks of the com-
pound periodic structure shift to shorter or longer wave-
length, and this phenomenon results from the interaction 
between apertures. Moreover, for each transmission peak, 
the light will choose corresponding apertures to pass 
through, by which we can separate the light with broad 
spectrum into two light beams with different wave-
lengths and locations. The compound metal subwave-
length annular array structure proposed in our paper as a 
new type of optical structure, with good filtering charac-
teristics, can be used for the design of selective surface 
or comb filter. 
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