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We study the optical transmission through a silver film with subwavelength hole arrays, which
is sandwiched by super-thin SiO, layers. Based on finite-difference time-domain method, optical
transmission and dispersion relation of surface plasmons are obtained. It is shown that surface
plasmons are coherent in the top layer of the sandwich, which affects optical transmission in this
subwavelength system. As a result, transmission, modes can be tuned by changing the thickness
of top layer. Resonant modes are also demonstrated by the electric field distribution. Besides, anti-
resonances induced by Fano interference are also-observed in this system. These properties may
provide a peculiar approach to manipulate the propagation- of -electromagnetic wave in subwave-

length microstructures.
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1. INTRODUCTION

Nanostructured metallic films have shown many fascinat-
ing optical properties in recent years. Since Ebbesen et al.!
reported the extraordinary optical transmission (EOT)
through a two-dimensional (2D) array of sub-wavelength
holes perforated on the silver film, the underlying physics
has been studied in detail and one acceptable mechanism
is that EOT relates to surface plasmons (SPs), which are
waves that propagate along the surface of a conductor. or
doped semi-conductor,> usually a metal. When the inci-
dent light irradiates a metal, due to the interaction between
the light waves and free electrons of the metal, the sur-
face charge oscillates following the electromagnetic fields
of the light and interacts with the electromagnetic fields.
Therefore, there exists the elementary excitation in the
system, so called the surface plasmon polariton (SPP). In
the community of subwavelength optics, the SPP is usu-
ally called the surface plasmons (SPs). There are several
ways to excite SPs, and one of approaches is to perfo-
rate periodic subwavelength holes in the surface of noble
metal.

Nowadays, it has become possible to tailor the SPs by
adjusting the sub-wavelength structures on metal surface,
including altering the type and the thickness of metal, and
the size and geometry of the hole,>'? in order to gener-
ate various novel materials and potential devices, such as
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the left-hand materials.'>'* Assisted by the holes in metal
film, SPs at different metal-dielectric surfaces can couple
with each other. The kind of SPs excited in the system is
determined by the type of the metal-dielectric interface.'
Very recently, we have studied the coupling effects of SPs
in a Ag/SiO, multilayer film and found that the coupling
of - SPs jplays an important role on optical transmission.
And Kubo et al. have investigated the coupling between
an incident light pulse and a SPs mode, and its effect on
the transmission spectra.!® In this work, by introducing an
interference layer on the top of a silver film with sub-
wavelength hole arrays, we try to investigate the coherence
of SPs at the same metal-dielectric interface. The coher-
ence of SPs will influence the optical transmission in the
system.

2. THEORETICAL MODEL

We consider the propagation of electromagnetic wave
through a silver film with subwavelength hole arrays,
which is sandwiched by super-thin SiO, layers. In detail,
a Si0, layer (bottom-layer) is formed on the K9 glass sub-
strate, then a silver film grows on the SiO, bottom-layer.
The silver film is perforated with subwavelength square
holes and the hole is filled in by SiO,. Then an additional
SiO, layer (i.e., a top layer) is coated on the silver film.
In this system, the silver film is sandwiched by two SiO,
layers, therefore, there is only one kind of metal-dielectric
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interface, and the same kind of SPs will be excited at the
interface. We try to study how the super-thin top layer
influences optical transmission in this sandwich.

It is known that, when a beam of incident light is
impinged on the metal dielectric interface, the interaction
between light and the surface plasmon (SP) obeys momen-
tum conservation:'

ky, = kosin 0+ (iG, + jG,) (1)

where %Sp is the wave vector of the SP, 20 sin @ is the

in-plane component of the incident wave vector, éx and
éy are the reciprocal lattice vectors with the same value as
|éx| = |é)| =21/a,, and i, j are both integers. Also we
can write the dispersion relation of SPs at metal-dielectric
interface as following:

€, €
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where g, is the permittivity of the dielectric. Because the
SPs might be coherent in the top dielectric layer and they
could also couple with each other in the sandwich, we use
g, to denote the effective permittivity of the silver film
perforated with square array of subwavelength holes. If
both Egs. (1) and (2) are satisfied, the SPs can be excited
at the interface. When the incident angle is § = 0, we can
obtain the maximum transmission satisfying

2
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Therefore, the transmission peaks can be indexed with
integers (i, j) in the optical spectra. The effective permit-
tivity of the structured metal &, can be obtained from
the reflectivity and transmittivity of light in the metal-
dielectric system.

)

3. RESULTS AND DISCUSSION

Based on the full-vectorial three-dimensional (3D)
finite-difference time-domain (FDTD) method,!” the
transmission spectra of electromagnetic waves through the
sandwich structures can be calculated. For simplicity, we
consider the case when incident light is perpendicular to
the surface of the sandwich. Figures 1(a—d) show the trans-
mission spectra of several sandwiches, where the thickness
of top layer is different. In each case, the thickness of the
silver film is 7,, = 100 nm, the period of the hole array is
a, =600 nm, the length of the square hole is d = 150 nm,
and the bottom layer has a thickness of 7, = 100 nm. Yet
the thickness of the top layer decreases gradually from
t, =120 nm to ¢, = 60 nm. It is obvious that extraordi-
nary optical transmission indeed happens in the sandwich
(as shown in Figs. 1(a—d)). According to Eq. (3), we are
able to label the transmission peaks by using indices (i, j).
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Fig. 1. Transmission spectra of several structured silver films sand-
wiched by SiO, layers, where the top SiO, layer has different thick-
ness f,: (a) £, =120 nm, (b) ¢, = 100 nm, (c) ¢, = 80 nm, (d) ¢, = 60 nm,
respectively. In each case, the thickness of the silver film is 7,, = 100 nm,
the period of the hole array is a, = 600 nm, the length of the square hole
is d = 150 nm, and the bottom layer has a thickness of ¢, = 100 nm. The
incident light is perpendicular to the surface of the sandwich.

Main peaks in Figure 1 are indexed by low integers, such
as 0(1,0), O(1,1), 0(2,0), Q(2,1), and Q(2,2). The
capital letter “Q” in “Q(i, j)” represents the silver-SiO,
interface, which means these resonant modes originate
from the SPs at the silver-SiO, interface. With decreasing
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the thickness of the top layer, both intensity and position
of the resonant mode are strongly influenced. This phe-
nomenon may be understood as following. First, due to
the periodic lattice structure in silver film, the reciprocal
lattice vector provides the additional momentum to excite
the SP modes. Second, the incident light is scattered by the
subwavelength holes. The scattered light is then reflected
by the SiO,-Air interface, and the reflected light regener-
ates SPs at the silver-SiO, interface. The regenerated SPs
may coherence with the SPs produced directly by the inci-
dent light, and finally affects the optical transmission, such
as tuning the intensity of transmission peaks. Third, the
thickness of the top-layer influences the dispersion rela-
tion of SPs at the silver-SiO, interface, which immediately
induces a positional shift of the resonant mode.

Now we consider the coherence of SPs in the top SiO,
layer of the sandwich. When a beam of incident light irra-
diates the sandwich, a SP mode with momentum apl is
generated at the silver-SiO, interface. Simultaneously, the
light is scattered near the square holes at the silver-SiO,
surface. We suppose that the scattered light has a wave
vector k, and the scattering angle is ¢. When, ¢ /is, large
enough, the scattered light will be completely reflected by
the SiO,-Air interface, then the reflected light generates
another SP mode with momentum 7‘;;;1 at the silver-SiO,
interface. The additional optical path of the scattered light
leads to the phase difference between the two SPs modes.
This phase difference can be written as:

Ag =2nk,t,/cos ¢ 4)

where n is the refractive index of SiO,, ¢, is the thickness
of the top SiO, layer coated on the surface of silver film,
and ¢ is the scattering angle. Those two SPs modes jmay
coherence within the top layer, and the coherence'is tuned

by the thickness of the top-layer 7, (as shown in Eq. (4)). '+

As shown in Figures 1(a—d), when we change the;thickness
of the top layer from ¢z, = 120 nm to ¢, = 60 nm, the inten-
sity of resonant mode changes accordingly. Because the
main peaks are indexed, we are able to count the change
of transmittivity for certain single mode. For example, the
resonant mode “Q(2, 1)” has a transmittivity of Ty, ;) =
0.064 when the thickness of the top layer is #, = 120 nm
(as shown in Fig. 1(a)). Once the thickness of the top layer
decreases to ¢, = 60 nm, the transmittivity of this mode
increases up to Ty, ;) = 0.466 (as shown in Fig. 1(d)). But
if we take the resonant mode “Q(2, 0)” as another exam-
ple, we find that its transmittivity is Ty o, = 0.316 when
the thickness of the top layer is ¢, = 120 nm, and T, o =
0.032 when the thickness of the top layer is #, = 60 nm.
Therefore, the coherence of SPs may enhance or weaken
the optical transmission, which depends on the resonant
modes. When the resonant mode is in the visible range,
the coherence of SPs strongly influences the intensity of
the transmission in our system (as shown in Fig. 1). Actu-
ally, the coherence of SPs closely relates to the ratio of
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the top-layer thickness and the wavelength of the resonant
mode, ¢,/A,,., which induces the phase difference between
the coherent SPs modes. On the other hand, the light
scattering also generates a non-resonant mode, and non-
resonant mode may couple with the SPs resonant mode.!®
Thereafter, the transmission presents a characteristic dip,
which originates from the destructive interference effect
between the two kinds of modes. Those anti-resonances
induced by Fano interference are also observed in this sys-
tem, which locates at about 600 nm, and is marked by red
arrows in Figures 1(a)—(b), respectively.

It is interesting to note that the positions of transmis-
sion peaks are sensitive to the thickness of the top SiO,
layer. As the thickness of the top layer decreases, all
these resonant modes have a blue shift more or less. For
example, compare the mode “Q(1, 0)” in Figure 1(a) with
that in Figure 1(d), the position of this resonant mode
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Fig. 2. The dispersion relation of two structured silver films sandwiched
by SiO, layers, where the top layer of SiO, has different thickness f,.
(a) The blue solid curve corresponds to the sandwich with ¢, = 100 nm,
and the red dashed curve corresponds to the sandwich with 7z, = 80 nm.
(b) Enlarged dispersive curves, which shows the SP mode “Q(2, 0).” The
blue curve with hollow square spot corresponds to the sandwich with
t, = 100 nm, and the red curve with hollow circle spot corresponds to
the sandwich with 7, = 80 nm. Aw represents the difference of frequency
for the SP mode “Q(2, 0)” in these two cases.
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moves from 989 nm to 972 nm, which has a blue shift
of Ay 9)=17 nm. Another example is about the mode
“Q(1,1).” When the thickness of the top layer changes
from 120 nm to 60 nm, the position of the mode “Q(1, 1)”
moves from 880 nm to 819 nm, and has a blue shift
of Ay ) =61 nm. For other modes, such as Q(2,0),
0Q(2,1), and Q(2,2), blue shifts indeed occur. We have
also calculated the transmission spectra in a series of sand-
wiches, where the thickness of the top layer is fixed to
t, =100 nm, but the thickness of the bottom layer changes
from 7, = 100 nm to ¢, = co. In those cases, the optical
transmission does not change. It seems that the bottom
layer only provides a silver-SiO, interface for the optical
transmission. Therefore, it is the difference in thickness of
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Fig. 3. The electric field density distribution of the resonant mode
“0(2,0)” in the sandwich with different thickness of the top layer, z,.
(a) t, =120 nm. (b) ¢, = 100 nm, (c) #, = 80 nm, (d) ¢, = 60 nm, respec-
tively. In each case, the incident light is p-polarized, and the electric field
is along the x direction as shown in Figure 3(a).
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the top layer that gives rise to blue shift of the resonant
modes. To demonstrate the blue shift of resonant modes,
we calculate the dispersion relation of SPs in the sandwich
at the visible range. Figures 2(a)—(b) show the dispersion
relation of two sandwiches, where the thickness of the top
layer is t;, = 100 nm and ¢, = 80 nm, respectively. It is
obvious that when the top layer becomes thinner, the dis-
persion relation moves up. It becomes more evident in the
enlarged curves (as shown in Fig. 2(b)). In Figure 2(b),
the vertical line corresponds to the wave vector of the
SP mode “Q(2,0).” When the thickness of the top layer
changes from ¢z, = 100 nm to 7, = 80 nm, and the difference
in frequency for the SP mode “Q(2,0)” is Aw = 22 nm,
which agrees well with the blue shift of transmission peak
labeled by “Q(2,0)” in the optical spectra as shown in
Figures 1(b and c).

In order to show the resonant mode impacted by the top
layer, we calculate the distribution of electric field density
of the,;mode “Q(2, 0)” in several sandwiches. As shown in
Figures 3(a—d), it is obvious that the electric filed is mainly
distributed along the edges of the square hole, which is
perpendicular to the incident electric field. As the thick-
ness of the top layer decreases, the density of electric field
becomes weaker. This result agrees with the variance of
transmittivity for the mode “Q(2,0)” in the transmission
spectra (as shown in Figs. 1(a—d)). This feature implies
that the interference layer, i.e., the top SiO, layer, can
change the distribution of SPs, which definitely influences
the transmission of resonant modes. Thereafter, we can
tune the optical transmission by adjusting the top layer in
above subwavelength sandwich.

4 CONCLUSIONS

To summarized, optical transmission in a nanostructured
silyer film, sandwiched by two SiO, layers, has been inves-

- tig ted. We demonstrate that the SiO, layer covered on

the silver film has an important effect on the transmission
behavior. The super-thin SiO, top layer, which serves as an
interference layer, can lead to the coherence of SPs at the
silver-SiO, interface, and its thickness serves as a phase
factor in the effect of coherence. As a result, both the
transmittivity and the position of the resonant modes can
be tuned by changing the thickness of the SiO, top-layer.
This property may provide a unique approach to manipu-
late the propagation of electromagnetic wave in subwave-
length microstructures.
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