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Plasmonic interactions between a perforated
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Based on the finite difference time domain method, we investigated theoretically the optical properties and the

plasmonic interactions between a gold film perforated with periodic sub-wavelength holes and a thin gold film. We

showed that the plasmon resonant energies and intensities depend strongly on the thicknesses of the two films and the

lattice constant. Based on the distributions of normal electric field component E, tangential electric field component

E, and total energy, we showed that the optical transmission is due to the collaboration of the localized waveguide

resonance, the surface plasmon resonance and the coupling of the flat-surface plasmon of the two layers.
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1. Introduction

When the electromagnetic wave irradiates on a
metal surface, driven by the high frequency electric
field, free electrons on the metal surface may oscil-
late accordingly. The interaction between the surface
charge oscillation and the electromagnetic field of the
light generates a surface wave known as surface plas-
mon (SP).["2 Plasmon can be excited in the structure
that is built in free-electron-like metal such as Au and
Ag on or near the metal surface, when the light fre-
quency matches the frequency of collective oscillations
of the conduction electrons. Plasmon provides a pow-
erful means of confining light to metal/dielectric in-
terfaces, which in turn can generate intense local elec-
tromagnetic fields and significantly amplify the signal
derived from analysis techniques that rely on light,
such as surface enhanced Raman scattering and neg-
ative refraction.3=® There are also potential appli-
cations in building optical filters and sensors, as well
as ultrasmall waveguides depending on subwavelength
plasmonic structures as potential optical interconnects
in computer chips.[6—*

Plasmonic behaviour is a physical concept that
describes the collective oscillation of conduction elec-

trons in a metal (or a doped semiconductor) and is
known through extensive theoretical and experimen-
tal studies. One outstanding example is the extraor-
dinary transmission of light through a metallic film
perforated by an array of subwavelength holes, which
is attributed to the resonant excitation of surface plas-
mon polaritons set up by the periodicity of the array at

the in-plane metal surfaces. 10~ 13]

It is widely accepted
that this enhanced transmission is due to the resonant
coupling between the incident light and the surface
plasmon excited on the metal-dielectric boundary of
the periodic structure through evanescent wave. Re-
cent explanations for the enhancement phenomenon
are the collaboration of localized waveguide resonance
with surface plasmon resonance.2:14-16]

In this paper, using the finite difference time do-
main (FDTD) method, we investigated the optical
properties of a gold film perforated with periodic ar-
rays of sub-wavelength rectangular holes on top of a
thin gold film (the perforated-film/film system). In
contrast to the periodic arrays of sub-wavelength holes
in a metallic film, the perforated-film/film system
shows more resonant peaks. This means the system we
studied possesses more plasmon resonance modes at

the same time. Moreover, in the perforated-film/film
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system, the transmission spectra show all forbidden
bands between the resonant peaks. It proves that
the system has better filtering and frequency-selecting
characteristics than the monolayer perforated Au film.
Based on the distributions of normal electric field com-
ponent I, tangential electric field component E, and
total energy, we show that these resonant peaks may
be attributed to three different resonant features and
their coupling with each other: one is the localized
waveguide resonance where the air hole can be consid-
ered as a truncated rectangular with both ends open
to free space, the second is the surface plasmon reso-
nance due to the periodicity of arrays, and the third
is the coupling of the flat-surface plasmons of the two
layers.

2. Model and theory

The three-dimensional (3D) finite difference time
domain (FDTD) method'” is employed to simulate
the transmission spectra and the distribution of the
filed intensity of the perforated-film/film system. The
dispersion properties of the metal must be consid-
ered here since the absorption and permittivity of
the metallic material are frequency-dependent. The
Drude model is used to describe the dependence of
the metallic permittivity on the frequency:8:19]

wp
€m(w) =€ <]- - W(W“Fl'}/)> ) (1)

where w is the angular frequency of the incident wave,
go the permittivity of vacuum, w, = 1.374 x 106 1
is the bulk plasma frequency of the gold, and 1/v, =
245 fs represents the damping rate which characterizes
the Ohmic absorption loss.

Light propagation in the metal can be de-
scribed by the Maxwell’s equations, which are coupled
with the oscillations of quasi-free electrons (Drude
model): %]
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where E and H are the electric and magnetic field
vectors, respectively. J is the current density and
equals the time derivative of the metal polarization,
ie, J = OP/Ot. po is the magnetic permeability of
vacuum.

We consider a periodic array of rectangular aper-
tures perforated on a gold film which has the layer
spacing d = 20 nm with the second gold film as
In all
the cases, light is normal-incident to the surface. We

shown schematically in Figs. 1(a) and 1(b).

assume that the upper perforated film’s thickness is
h = 0.08a and the rectangular apertures has the sides
by = 0.792a and b, = 0.176a, where a = 250 nm. In
addition, the lattice constant is ag = a. In Fig. 1(b),
we can see that the input light wave is polarized along
the short edge of the rectangular holes (the y direc-
tion) and propagates along the z direction. Moreover,
periodic boundary conditions are imposed on the four
surfaces in the holes perpendicular to each gold film.
Perfectly matched layers are imposed at the left and
right surfaces of each layer. Geometric variable hy
represents the thickness of the second gold film. We
studied the transmission spectra and energy distribu-
tion when the receiving surface is set at the midpoint
of the perforated-film/film system.

Periodic boundary
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Fig. 1. Schematic illustrations of the perforated-film/film system. (a) Top view of the structure, the rectangular

air-holes of sides b, and b, are perforated on a freestanding gold film of thickness h for upper layer. (b) The yz cross

section of the computational domain consisting of a single unit cell of the double-layer films. A normal incident light

wave polarized along the y direction, periodic boundary conditions are imposed on the four surfaces perpendicular

to the gold film, while perfect matched layers are imposed at the left and right surfaces.
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It is well known that at the interface separating a
metal and a dielectric, the SP mode obeys the follow-
ing dispersion relation:

€1€2
b)
€1+ €2

|k:SP‘ = |k0‘ (3)
where kg, and ko are the surface plasmon wave vec-
tor and the wave vector of the incident light, 1 and &5
are the dielectric constants of the incident medium (air
here) and the metal films, respectively. For the nor-
mal incidence, the wavelengths of the excited surface
plasmon resonance modes are given approximately by
Amax as follows:

ag €1€2

)
vm2+n2\ e1+e

where integers m and n denote the number of half

~

Amax(m» TL)

(4)

wave variations in the x and y directions, respectively,
€1 is the dielectric constant of the interface medium,
and €9 is that of the metal. Therefore, the transmis-
sion peaks can be indexed with integers (m,n) in the
optical spectra.

3. Results and discussion

In Fig. 2, we show the transmission spectra in the
cases of the structure with different hq, the thickness
of the second gold film. In the single-layer gold hole
array transmission spectrum (hy = 0 nm), the two
transmission peaks which correspond to the excitation
of SP modes are observed at 0.424 pym with a trans-
mission of 0.857, and at 0.737 pm with a transmission
of 0.91. The anomalous transmission means that not
only the electromagnetic energy impinging directly on
the hole gets transmitted but also part of the energy
shining on the gold surface is converted into transmis-
sion, and such transmission peaks are attributed to
the surface plasmon at the metal-air interface. How-
ever, the number of transmission peaks increases from
two to four and the intensities of transmission peaks
weaken markedly when we add the second gold film.
The added peaks are attributed to the additional lo-
calized surface plasmon resonance (see Fig. 4) and
the flat-surface plasmons coupling on the perforated-
fim/film interface (see Fig. 6) after adding the second
Au film, see below for further information. The inten-
sities of transmission peaks decrease when the number
of Au layer is increased due to the absorption of Au
and the scattering and reflection.l?”) Furthermore, in
the perforated-film/film system transmission spectra,

there appear some forbidden bands between the reso-
nant peaks. Similarly, almost no light wave can trans-
mit at a wavelength longer than the last peak posi-
tion. Along with the thickness of the second gold film
(h1) increasing, the peaks of the plasmon resonances
all have a slight blueshift and the intensities of peaks
reduced gradually. For example, when the thickness
is increased to h; = 50 nm from h; = 20 nm, the
resonance wavelength near the higher photonic band
edge (shown by vertical dotted line in Fig. 2) is shifted
to 0.764 pm from 0.776 pm and the intensity is weak-
ened to 0.0847 from 0.3447. When the second gold film
thickness is increased, the energy required for driving
the resonant oscillation increased, this phenomenon
In addition, the
transmission bandwidths of the four resonances are

may result in a spectral blueshift.

quite different. The two low-energy (long wavelength)
transmission resonances are always wider than the two
high-energy transmission resonances. More interest-
ingly, from both transmission spectra in Fig. 2 one
can find the cutoff wavelength region around 250 nm
corresponding to Wood’s anomaly which should occur

at wavelength \ = ag.2"

1.0

-—-— h1 =0 nm

———h1=20nm /"

[ )

08¢+t !"i ——h1=30nm,; 1
N h1 = 50 nm/!

Transmission

Wavelength /pum

Fig. 2. The transmittances for the perforated-film/film
system with different second film thickness hy = 0, 20, 30,
and 50 nm.

To reveal the physical mechanism behind the res-
onance peaks, we will discuss the spatial distribu-
tions of mechanism of electric field for the broken line
(h1 = 20 nm) in Fig. 2, in which the resonance peaks
correspond to 0.776 pm, 0.539 pm, 0.448 pm and
0.388 pm in turn from right to left. These modes may
mean many different couplings of surface plasmons,
and we can get more information about the resonant
modes through describing the electric field distribu-
tion. Figures 3(a) and 3(b) show the normal electric
field components E, and tangential electric field com-
ponents I, at wavelength 0.776 pm for the perforated-
film/film system in the y—z plane respectively. Ac-
cording to the boundary condition n-E = o/eg, where
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o is the surface charge density and the normal direc-
tion n = nz, we are able to determine the magni-
tude of surface charges o through detecting |E.|.1?%23]
From Fig. 3(a), we can see the positive and negative
charge densities (labeled with + and —) as measured
by the normal electric field F, tend to accumulate
at the metal corners. Abundant charges is located be-
tween the first perforated film and the second gold film
but there is no charge at the part corresponding to the
hole between the layers. Additionally, charge signs be-
tween the two layers are opposite to the input side of
the first layer. We obtained a periodic distribution of
surface charge which is consistent with the local charge
dipole oscillation in the direction perpendicular to the
long edges of the rectangular air holes. Seemingly, the
hole behaves like a dipole and the “dipole” is flanged
by opposite surface charges and these periodic charges
establish a standing wave resonance in the rectangu-
lar air hole region. The local charge dipole oscillation
is also revealed from the tangential electric field com-
ponent FE, that is entirely localized in the air hole
region (as shown in Fig. 3(b)). E,, which is nearly a
standing wave inside the hole of the first perforated
layer, is negative. The resonance mode at wavelength
0.776 pum originates from the localized surface plasmon
resonance and it does not fell the modulation of the
surface structure periodicity on the zy plane. So each
air hole in the first perforated film can be considered
as a truncated rectangular waveguide with four metal
walls and two sides open to free space. The truncated
waveguide forms a low-quality resonator. It is depen-
dent on the hole shape but almost independent of the
period of the structure.?* Additionally, even if the
gold film is very thin the waveguide resonance exists,

which can be expressed as the Febry-perot effect.[14:2°]

The total energy distribution of the electric and
the magnetic field at wavelength 0.776 pm is obtained
in the yz plane as shown in Fig. 3(c). We can clearly
see that the total energy is mostly concentrated inside
the hole and the layer space. It seems the total energy
distribution in the layer space is larger than that in
the hole, which may be due to the stronger surface

plasmon coupling between the layers.
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Fig. 3. The yz cross section for the amplitude evaluated
at the resonant wavelength 0.776 pum of (a) the normal
electric field component E. distribution, (b) the tangen-
tial electric field component E, distribution, and (c) the
total energy distribution of magnetic and electric fields.

Figures 4(a), 4(b), and 4(c) show the normal elec-
tric field components E,, the tangential electric field
components F,, and the total energy distribution of
the calculation results for magnetic and electric fields
wavelength 0.539 pm for the perforated-film/film sys-
tem in the y—z plane, respectively. There is only one
difference between Fig. 4(a) and Fig. 3(a), that is,
the charge signs between the two layers for the lat-
ter are the same as the input side of the first layer.
The tangential electric field component F, concen-
trates mostly in the hole region whereas almost no £,
energy distributes between the two layers (as shown in
Fig. 4(b)).
reduces gradually from the entrance of the hole and al-

Moreover, the intensity of the E, energy

most vanishes at the rearward of the hole. Eventually,
the total energy distribution at wavelength 0.539 um
(as shown in Fig. 4(c)) is seen to be entirely localized
inside the hole and the two layers, meanwhile the in-
tensity decays gradually from the entrance of the hole
to the space between the two layers. The resonance
peak is located at the wavelength of 0.539 pm, which
also exhibits the dipole oscillation behaviour and can
be attributed to the localized surface plasmon reso-
nance.
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Fig. 4. The yz cross section for the amplitude evaluated
at the resonant wavelength 0.539 pm of (a) the normal
electric field component E, distribution, (b) the tangen-
tial electric field component E, distribution, and (c) the
total energy distribution of magnetic and electric fields.

In Figs. 5(a), 5(b), and 5(c) , we show the nor-
mal electric fields E,, the tangential electric field
components [, and the total energy distributions
at the peak transmission wavelength 0.448 pm. As
was known,!'*25] the surface plasmon mode originates
from the well-recognized surface plasmon structure-
factor-induced resonance effect. The positive and neg-
ative charge densities (labeled with + and —) as mea-
sured by the normal electric field E, can extend to the
metal regions between the holes in Fig. 5(a). However,
the charge densities at the corners are much higher
than that in metal walls regions, which is a typical
edge effect. As can be seen, the signs of charge den-
sities at the entrance of the rectangular hole are the
same as those between the two layers, which is op-
posite to that of Fig. 3(a). Coupling of the surface
charges in the region between the two layers can be
observed. We obtained a periodic distribution of sur-
face charges (labeled with + and —) and such a distri-
bution is consistent with the local charge dipole oscil-
lations that establish a standing wave resonance along
y direction inside the rectangular air hole. The local
charge dipole oscillation is also revealed from the tan-
gential electric field component F,. For the first perfo-

rated layer, I, is seen to be entirely localized around
the two open ends of the nanohole, and it is posi-
tive inside the holes near the entrance interface, while
negative at the exit side. Instructive coupling of the
surface plasmon with different signs is expected. The
tangential electric filed E is localized separately on
the two surfaces, indicating that this resonance mode
is formed due to the well-recognized surface structure
periodicity. The electromagnetic energy simulation re-
sult shown in Fig. 5(c) shows that the total energy is
strongly located between the two layers, however, for
the air hole, intensity of energy is weakened greatly.
One can observe that the energy shown in Fig. 5(c)
is larger than that in other figures, which correspond
to the highest peak of the perforated-film/film system
resonance spectra in Fig. 2.
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Fig. 5. The yz cross section for the amplitude evaluated
at the resonant wavelength 0.448 pm of (a) the normal
electric field component E. distribution, (b) the tangen-
tial electric field component E, distribution, and (c) the
total energy distribution of magnetic and electric fields.

Interestingly, the electric fields and total en-
ergy distributions at the peak resonance wavelength
0.388 um (see Figs. 6(a), 6(b) and 6(c)) are very dif-
ferent from other figures. From Fig. 6(a), it can be
seen that the positive and negative surface charges are
alternately arranged along the metal hole walls down
to the end of the hole. Whereas, there appear pos-
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itive and negative charge groups assembled between
the lower and upper space of the two layers, respec-
tively. This demonstrates that the energy transmits
along the metal hole wall by dipole oscillation. We also
obtained the E, distribution that negative charge lo-
cated inside the air hole and positive-negative charges
alternately located between the spaces of the two lay-
ers, which is just opposite to the E, distribution shown
in Fig. 6(b).
length 0.539 pm is still seen to be localized inside the

The total energy distribution at wave-

hole and the space between two layers, but it seemed
that there is a fraction of energy embedded in the film
which leads to the total energy form barbell shape be-
tween the two layers. This resonance peak may come
from both the flat-surface plasmons on the perforated-
fim/film interface and the strong coupling of the SPs.
From all that discussed above, we can see that the
perforated-film /film system has four plasmon coupling
modes. The localized waveguide resonance and the
well-recognized surface plasmon resonance due to the
periodicity are consistent with the monolayer perfo-
rated metallic film. However, there are also peculiar
coupling modes (localized surface plasmon resonance
and the flat-surface plasmons coupling) corresponding

to the two additional transmission peaks.

The first perforated film thickness h also plays an
important role in determining the plasmon resonance
wavelength of the perforated-film/film system. For the
second gold film with the same thickness h; = 20 nm,
the transmission spectra are shown in Fig. 7 for dif-
ferent first perforated film thickness h = 75, 107 and
200 nm. There still appear four resonance peaks when
the changes are very large. The resonance peak with
the longest wavenumber is blueshifted but the other
three peaks are red-shifted when h increases. Espe-
cially, the transmission peak at around 0.6 pgm has a
larger shift and the intensity reduces and the band-
width increases with h increasing. While the inten-
sities of other resonance peaks basically enhance as
h increases. So, the first perforated film thickness
h strongly affects the characters of the perforated-
film/film system, which results from that the thickness

affects the interactions of the surface plasmons.

10
(c)
+
0
b -
—10

Fig. 6. The yz cross section for the amplitude evaluated

at the resonant wavelength 0.388 pum of (a) the normal
electric field component E. distribution, (b) the tangen-
tial electric field component E, distribution, and (c) the
total energy distribution of magnetic and electric fields.
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Fig. 7. The transmission for the perforated-film/film sys-
tem with different first perforated film thickness h = 75,
107 and 200 nm.

In order to investigate the role of the lattice con-
stants on the transmission spectra, the cases of three
different lattice constants (ag = 0.9a, la and 1.la)
while the other parameters (h = 107 nm, h; = 20 nm)
are fixed, are investigated, and the calculation results
are shown in Fig. 8. All the resonance peaks are red-
shifted obviously, at the same time the intensities of
the peaks are strengthened along with the lattice con-
stant ag increasing. This means that the resonant
excitation modes of surface plasmons become stead-
ier. From Figs. 2, 7 and 8, we can know that the
coupling of SPs strongly depends on the structure of
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the perforated-film/film system, which makes it pos-
sible to adjust the location and quality factor of the
mode, and so on. These features can be applied to
tune electromagnetic wave in sub-wavelength opto-
electronic devices.

------- ap =09 a
0.6 ap=1a
———ap=11a
g "
& 04f :‘. 1
]
(S l|‘ 'j 1
& 02f i Y 1
\ [E
LY r K3
Y AUR] ¢ s\, 1
NN e X o
0 S of ) SN
0.6 0.8 1.0
Wavelength/pm

Fig. 8. Normalized transmission for the perforated-
film/film system with different lattice constants ag = 0.9a,
la and 1.1a.

4. Conclusions

In summary, we have investigated the optical
transmission properties of the perforated-film/film
system. We showed that the plasmon resonance ener-
gies and intensities depend strongly on the thicknesses
of perforated film and the second metallic film and the
lattice constant. The plasmon resonance coupling in-
side and outside the holes enhances the field at two
openings of the hole in the perforated-film/film sys-
tem. Therefore, the plasmonic interactions play an
important role on transmission enhancement through
the perforated-film/film system. The transmission
spectra, charge density, and tangential electric field
of the resonant state are used to characterize the dif-

ferent resonances.
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