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Effects on extraordinary transmission of TE wave through
varying structure of sub-wavelength metallic gratings with-
out host media
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A model of sub-wavelength metallic grating without host media is proposed. Under the excitation of TE polarized light, the
extraordinary transmission is also found, and their transmission energy distributions corresponding to different structural
parameters of this model are calculated systematically by using finite difference time domain (FDTD) method. The influence
of slit width, grating thickness and grating period on the location of transmission peak is obtained. By studying these relations,
it is found that Fabry-Perot-like (FPL) effect of the slit is the main physical reason of this extraordinary transmission. Varying
the slit width can cause the change of reflection phase transition at both ends, and then the characteristics of FPL resonance of
slit cavity are affected. The surface mode of metallic gratings has less effect on the location of transmission peak.
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The important potential applications of sub-wavelength grat-
ings are increasingly realized[1-3]. Consequently, the pheno-
menon of extraordinary transmission through sub-wavelength
metallic gratings has been studied and discussed at home and
abroad in recent years[4-9]. There are two theoretical models
on analyzing the physical nature of extraordinary transmi-
ssion: the surface plasma (SP) model and the Fabry-Perot
(F-P) resonance model[10]. The SP model is only applied to
the situation that incident wave is transverse magnetic (TM)
wave. Ebbesen[11] found in 1998 that when a bunch of paral-
lel light vertically illuminates the metal film with periodic
sub-wavelength hole arrays, the transmission intensity would
increase to dozens of times of theoretical value in some spe-
cific wavelengths[11].

In recent years, the extraordinary transmission of trans-
verse electric (TE) wave has been achieved by adding di-
electric coating on the metallic gratings[12-16]. In order to take
a further study on the physical mechanism of extraordinary
transmission for TE wave, this paper builds a metallic grat-
ing model with the same thickness, different slit widths and

periods to investigate the influence of the structure of metal-
lic gratings on extraordinary transmission, and calculates the
TE field transmission distributions by finite difference time
domain (FDTD) method.

A grating model is built as shown in Fig.1. The slit width
is w=60 nm, period is p=400 nm, silver skin thickness is t=100
nm, and refractive index of dielectric layer filled in slit is
nd=2.5. The incident wave is TE-polarized plane wave, which

Fig.1 Grating model without host media but adding me-
dium in slit
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vertically irradiates the metallic gratings, and the wavelength
ranges from 300 nm to 900 nm.

When the TE wave goes through the slit of the one-di-
mensional sub-wavelength metallic film, FDTD method is
used, all the boundaries to perfectly matched layer trunca-
tion electromagnetic field are set, and the periodic boundary
conditions are set for the light source in y direction to plane
wave source. The relation of the relative permittivity of metal

r and frequency  can be described by the Lorenz-Drude
model[16]:
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where r,  is the relative permittivity at infinite frequency,

m is the plasma frequency, m is the resonance frequency,
and m and Gm are the damping coefficient and the oscillator
strength, respectively. The Ag under the excitation of visible
and near-infrared light is represented by 6 Lorenz dipole
models. In calculation, the frequency-domain function of per-
mittivity is transformed into the time-domain function by
using auxiliary differential equation (ADE) method[17,18], and
the distance between the right surface of the film and obser-
vation surface is set to 1000 nm. The TE mode consists of
Hx, Ey and Hz (Ey along the direction of slit length). In Max-
well equations, the derivative is replaced by the numerical
difference quotient, so the iterative equations are obtained as

                                                      .                                   (4)

In two directions of the x-z surface, the mesh size and the
time step are set to 5 nm and 10-17 s, respectively. The trans-
mission efficiency is defined as the ratio of the energy through
the observation surface to the energy vertically irradiating
the slit per unit time, which can be described by  = U2zS2/
(U1zS1), where U1z and U2z are the z-components of the Poyn-
ting vectors (U=Re(E H*)/2) of the irradiated surface and
the observation surface, respectively, and S1 and S2 are the
areas of the slit and the observation surface, respectively.

Assuming that the slit width is w = 60 nm, period is p =

400 nm, silver skin thickness is t = 100 nm, and the thickness
of dielectric layer filled in slit ranges from 100 nm to 600
nm, the relationship of the far-field transmission wavelength
and transmittance is obtained by calculation, as shown in Fig.2.

Fig.2 Relation between the transmittance and incident wave-
length for different grating thicknesses

For t=100 nm, it can be clearly seen from Fig.2 that there
are two transmission peaks at =351 nm and 489 nm. When
t increases, the peak has a red shift, and new transmission
peaks appear in the high frequency area. The transmittance
of the peak decreases substantially with the increase of grat-
ing thickness. Although the peak has a red shift, the extraor-
dinary transmission does not appear at >550 nm. When the
peak shifts to 550 nm, the intensity of the peak decreases
rapidly, until to zero. In addition, we also find that the differ-
ences between adjacent transmission peak wavelengths un-
der the same structural parameters are equal. All above sug-
gest that under the excitation of the TE wave, the extraordi-
nary transmission exists in the gratings with dielectric filled
in the slit, and the regularity of the phenomenon is obvious,
which is consistent with the previous experimental results[11].

When t=200 nm, there are three transmission peaks. When
=356 nm, 442 nm and 519 nm, the resonance is excited,

and the transmission maximum appears. When =402 nm
and 487 nm, the resonance is not excited, and the transmis-
sion trough appears. When >550 nm, the transmittance of
the grating is almost zero, and =600 nm is selected to rep-
resent this frequency domain.

According to Figs.3 and 4, they show the distributions of
the electromagnetic field amplitudes under above three  con-
ditions respectively. For = 356 nm, 442 nm and 519 nm, the
distribution of optical field in the slit is symmetrical, and the
standing wave is formed. On the contrary, for = 402 nm and
487 nm, the distribution of optical field in the slit is asymme-
tric, and there is no formation of standing wave. According
to Fig.4(c), it illustrates that the optical field energy does not
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From Fig.6, we can clearly see that when the grating pe-
riod changes, the location of the transmission peak is nearly

enter the slit, which is probably due to the cut-off wavelength
existing in grating waveguide for TE polarization.

Fig.3 Optical field distributions of the grating for =356
nm, 442 nm and 519 nm

Fig.4 Optical field distributions of the grating for =402
nm, 487 nm and 600 nm

The results mentioned above strongly suggest that the
optical field within the slit is mainly forward or backward by
a sole transmission mode, and the slit can be seen as an F-P
cavity at this moment. When the standing wave is formed,
the transmission can be enhanced. Consequently, it can ex-
plain the law of spectral distribution along with the change
of grating thickness as shown in Fig.2: the increase of the
grating thickness is equivalent to the increase of the length
of the F-P cavity, the wavelength of the standing wave formed
in the slit can also be increased, and then transmission spec-

Fig.5 Influence of slit width on the transmission spectra

According to Fig.5, it indicates that when the value of slit
width increases, all the transmission peaks shift to the right,
and there is no new peak appearing in the high frequency
area, which is consistent with the experimental results[15,18].
The results mentioned above suggest that when the length of
the slit cavity keeps constant, the change of the slit width
leads to the change of the wavelength of resonance transmi-
ssion, which is caused by the reflection phase transition of
both ends of the slit. The condition of F-P resonance trans-
mission can be described by[19]:

2
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n
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where FP is the resonance wavelength when the standing wave
is formed in the F-P cavity, n is an integer, and  is the re-
flection phase transition at both ends of the slit cavity. When
the slit width increases, the reflection phase transition  also
increases subsequently, which contributes to the increases of

FP and the interval between transmission peaks as well as
the half-wave width of transmission peaks. So Fabry-Perot-
like (FPL) effect of slit plays an important role in extraordi-
nary transmission.

When the grating period p ranges from 400 nm to 600
nm, and the other structural parameters keep constant, the
relations between transmittance and wavelength obtained by
calculation are shown in Fig.6.

trum has a red shift. In addition, varying the grating thick-
ness can cause the formation of standing wave in the high
frequency field. Subsequently, new transmission peaks are
formed.

Fig.5 shows the influence of slit width on the transmis-
sion spectra when t = 100 nm and 200 nm.
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Fig.6 Relation between the transmittance and incident wave-
length for different grating periods

unchanged, which indicates that the period is not the main
factor to determine the position of the transmission peak.
The transmittance in the peak decreases according to the in-
crease of the period, which illustrates that the transmittance
is inversely proportional to the duty ratio of the metallic
gratings. It is similar to the conclusions obtained by previous
experiments[15]. All mentioned above illustrate that the loca-
tion of transmission peak is only related to the size of the
grating slit (grating thickness and slit width), but not to the
surface mode of the metallic gratings; the period is only re-
lated to the transmission intensity, and in extraordinary
transmission, the surface metal of the gratings only plays a
role in collecting energy and converging the energy on the
slit. It is generally believed that the surface current of the
polarized metal and the SP radiation can make the energy
spread on the metal surface. There is no SP produced under
the TE-polarization. Therefore, on the metallic gratings
surface, the surface current excited by the TE wave plays a
role in converging the incident optical energy. Finally, the
light energy is transmitted to the other side of the gratings by
the resonance transmission of the slit cavity, which is consis-
tent with the previous research results on the optical energy
transfer along the metallic gratings surface[20].

Under the excitation of the TE wave, the extraordinary
transmission obviously exists in sub-wavelength metallic grat-
ings without host media. The depth and the width of the slit
cavity of metallic gratings both play a decisive role in the
location of transmission peak, and the FPL effect of the slit
is the physical essence of the extraordinary transmission
through sub-wavelength metallic gratings. The change of the
grating period almost has no influence on the location of the
transmission peak, but has influence on the transmission
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