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Tuning of plasmon resonance through gold slit ar-
rays with Y-shaped channels
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Abstract. We propose gold slit arrays with Y-shaped channels and investigate their
transmission properties numacially. Results indicate that the surface plasmon reso-
nance peak value keeps unchanged and the localized waveguide resonance peak red-
shifts and falls obviously when the entrance slit width narrows. However when the
entrance slit becomes extremely small the surface plasmon resonance peak red-shifts
and falls sharply. Furthermore as the slit length increases, firstly the surface plasmon
resonance peak splits into two peaks, the right peak value rise and they slowly con-
verged into one single peak. To understand its physical origin, surface plasmon res-
onance and Fabry-Perot cavity resonance theories are suggested. We simulate their
electric field distributions and find the electric fields become stronger as the slit be-
come narrower or the dielectric constant become smaller. The results may be useful
for the design of frequency-selective sensor and optical devices in the future.
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1 Introduction
Extraordinary optical transmission(EOT) through sub-wavelength hole array perforated
on metal film has inspired great interest since it was first reported by Ebbesen etc[1].

Besides of sub-wavelength hole arrays [2,3], slit and slit array[4-7] are topics of consider-
able fascination to achieve extraordinary high transmission in several applications [8-10],
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including super-lenses, optical filters and microscopy. The initial work owes EOT to sur-
face plasmon, but surface plasmon is not the sole factor contributing to EOT, it even has
a negative influence in some case, like one-dimension metallic gratings [6]. Attention of
EOT is mostly focused on the study of the influence of the shape, size, and periodicity
of the metallic hole or slit array with straight channels [11,12]. Recently, notice has been
taken of a hole or slit with a shaped channel, including a hole array with converging-
diverging shaped channels [13-15], and a single slit with a stepped channel [16]. A slit
or hole with a bent channel has also been researched [17,18]. Investigations of the bent
channel metallic structure are mostly concentrated on the transmission of the structure
as a single waveguide. Transmission properties of the periodic slit or hole arrays with
bent channels [19] have been scarcely studied up to now. So this paper designs gold slit
arrays with Y-shaped channels and investigate its transmission properties numacially.

In this paper, we investigate the transmission properties of the gold slit array with
Y-shaped channel by employing the two-dimensional (2D) finite-difference time-domain
(FDTD) method. The influence of the bent slit geometry parameters on the transmission
spectrum has been discussed in detail. The results obtained here are helpful to design
new sub-wavelength optical devices.

2 Model and simulation method

The analyzed structure is presented in Fig. 1. In our 2D FDTD calculations [20], perfectly
matched layer boundary conditions [21] are used 2250 nm away from the interfaces of the
gold film in the z and -z directions. And periodic boundary conditions are used above
and below the slit due to the periodicity of the structure. We simulate the structure with
a computational window of L, x L, =750 nm x 5250 nm, where the structure in the x
direction is uniform and infinite. The structure is periodic in the y direction, and the
period is p =750 nm. The spatial and temporal steps are set as Ay =Az=23.5 nm and (c
is the velocity of light in vacuum), and we send a Gaussian single pulse of light with a
wide frequency profile. The probe location is set at away from the rear surface of the gold
film, and the transmission spectrum is normalized by the calculation without a metallic
structure.

The incident light impinges on the structure in the z direction with a polarization
along the y direction. A schematic view in the y-z cross section of a lattice of the bent slit
array in a freestanding gold film is shown in Fig. 1. The frequency-dependent permittiv-
ity of the metal is described by the Drude model:
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where w), is the plasma frequency, v is the collision frequency related to energy loss,
and w stands for the frequency. The parameters used in the Drude model for Au are
wp=1.374x10"s"! and y=4.08 x10"3s 1,
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Figure 1: Scheme of a unit cell of the gold film perforated with Y-shaped channels.

3 Results and discussion

In this section, we numacially study the resonance properties of the gold bent slit array. In
the whole paper, the period p and incident angle 6 of the bent slit array are kept constant
as 750 nm and 0° respectively. The slit widths w1, w>, w3, d», metal width and slit lengths
L1, Ly, L3 are used as tuning parameters.The original parameters are set as w1 =wy=w3 =
150 nm, L1 =150 nm, L, =350 nm, L3 =500 nm, d; =200 nm, d, =500 nm.

Firstly we investigate the transmission behaviors of the metal arrays with different
geometry structure parameters. For example we change the entrance slit width w; while
other parameters are fixed. It can be found that when A =0.764xaa(aa is the lattice con-
stant), namely A is about the period length of the structure, its transmission rate is zero,
this phenomenon is called wood abnormity. As reported in Ref. [23], the shorter wave-
length transmission resonance peak is mostly associated with the surface plasmon reso-
nance, and the longer wavelength peak is relative to the localized waveguide resonance
for the periodic metal hole array with straight channel. From Fig. 2(a), we can see the
value and position of surface plasmon resonance peak keep unchanged when the slit
width w; decreases from 300 nm to 50 nm, but its full width at half maximum becomes
narrow. This property can be used to design frequency-selective device to filter narrower
bandwidth light, however when w; becomes extremely small, the peak of surface plas-
mon resonance falls sharply and red-shift swiftly.
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According to Ref. [24, 25], the surface plasmon resonance mode would red-shift
slightly with the decrease of slit width, However, in our simulation the magnitude and
position of surface plasmon resonance almost keep the same when the slit width w; de-
creases in some range. It may be explained that as slit width w; decreases, a resonance
cavity forms in the middle section of the Y-shaped slit, and the light in it reflect and
intensify constantly, which counteracts the energy loss in the left sections of the slit.

On the other hand, the localized waveguide resonance red-shifts and decreases mani-
festly when the width w; becomes very small, for example, when the slit width decreases
from 300 nm to 200 nm or from 200 nm to 100 nm, the resonance peak red-shifts 0.172
nm and 0.236 nm respectively, and the resonance peak value decreases 0.1594 and 0.4307,
respectly.

The localized waveguide resonance mode is characterized by constructive interfer-
ence along the channel between all partial transmitted waves, in the way of the Fabry-
Perot cavity mode [26]. The Fabry-Perot condition can be expressed as follows [27]:

KoRe(n.¢f)l+arg(p) =nm ()

where rho the reflection coefficient of this fundamental mode and 7 is a signed integer.
nesr is the effective refractive index of the fundamental Bloch mode propagating in the
slit, and [ is the slit length. It is demonstrated that the narrower the slit, the stronger the
coupling between the charge densities of the two walls, and the effective refractive index
increases quickly with the decrease of the slit width especially when the slit width is very
small [28]. If 1 is a constant, larger 7, ¢s needs smaller ko or larger wavelength to meet the
Fabry-Perot condition, so the localized waveguide resonance mode will red-shift when
the slit becomes narrower and the mode will red-shift more distinctly when the width w;
is extremely small.

Also we study the transmission behaviors for different exit slit widths w, and w3
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Figure 2: Transmission spectra of the gold film perforated with Y-shaped channels as a function of wavelength
for different entrance slit widths(a) and exit slit widths(b).



348 J.J.Wu,H. J.Li, Y. Zet al. /]J. At. Mol. Sci. 3 (2012) 344-352

shown in Fig. 2(b). As the metal width d; increases, the exit slit widths w, and w3 de-
crease. We find that surface plasmon resonance mode red-shifts and decreases swiftly
when the exit slit width decrease from 200 nm to 100 nm, but when the exit slit width
is smaller than 100 nm, the surface plasmon resonance mode splits and there are many
new resonance modes in shorter wavelength. It is worthy to note that a very broad wave-
length band gap range from 1000 nm to 1500 nm appears when d; =480 nm (black line).
light in this wavelength range can not transmit through the structure. The results can be
applied to design an optical filter or frequency selector in this wavelength range.

The wavelength that corresponds to an in-plane surface plasmon resonance [29] can

be expressed as
A=—rr =1/ S )
ViZ+2V €aten

where p is the grating period, i and j are integers, ¢; and ¢,, are the relative dielectric
£4€

@M s the effective refractive in-
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dex. As the slit width decreases, effective refractive index of the structure increases, so A

becomes larger, which means the surface plasmon resonance mode red-shifts, and when
the effective refractive index of the structure is larger than a certain value, i and j can
have many larger values to satisfy Eq. (3), so the surface plasmon resonance mode splits
and many new resonance modes appear in shorter wavelength.

constants of metal and dielectric respectivelyand
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Figure 3: The spatial distribution of the electronic field component Ex of the model for different exit slit widths.

Also as the exit slit width decreases, the localized waveguide resonance mode red-
shifts obviously, its explanation is similar to that of w; . What interests me is that firstly
the localized waveguide resonance peak rises, and then keeps stable, finally it falls sharply.
In order to shoot light on its physical mechanics, we simulate the electronic field spatial
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distribution corresponding to the localized waveguide resonant peak. On the one hand,
the narrower the exit slit, the stronger the coupling between the charge densities of the
two walls, and the stronger the magnitude of the electronic field. So the localized waveg-
uide resonance peak risesbut on the other hand , when the exit slit becomes narrower,
it restrains the amount of light shoot out, so in a certain scope, the two opposite factors
counteract with each other and the localized waveguide resonance peak keeps stable. But
when the exit slit becomes extremely narrow, the restrain effect plays a predominant role
in the transmission and the peak falls sharply, at this time the electronic field is mainly
distributed in the entrance slit shown in Fig. 3. Areas colored red represents positive field
amplitude, while areas colored blue means negative field amplitude
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Figure 4: Transmission spectrum of the gold film perforated with Y-shaped channels as a function of wavelength
for different slit lengths L.

Also we investigate the transmission property with different entrance slit lengths
shown in Fig. 4 . As the slit length L increases, firstly the surface plasmon resonance
peak splits into two peaks, the right peak value rise and they slowly converged into one
single peak. When slit length increases, it is equivalent that the slit width narrows, then
the effective refractive index increase. According to Eq. (2), the equation meets at the
longer wavelength. Considering thicker metal films, there is a critical width for which
the equation is satisfied at two different wavelengths with different i and j, correspond-
ingly, the surface plasmon resonance peak splits into two peaks, and when the slit length
L; continues to increase, there is only one wavelength that can meet Eq. (2), so the two
peaks slowly converged into one single peak.

Next the transmission property of the structure with different stuffing dielectrics in
the slit is also investigated as shown in Fig. 5. It is obvious that with the increase of the
dielectric constants of the stuffing dielectrics, the surface plasmon resonance peak slowly
red-shifts and falls, also several new high order resonance modes appear in shorter wave-
length and the localized waveguide resonance mode red-shifts more quickly than the
surface plasmon resonance mode .but its peak value keeps the same.

With the increase of the dielectric constant, the free electrons in the dielectrics de-
crease, this leads to the decrease of the surface plasmon in the interface of the mental and
the dielectrics and the near field enhancement effect caused by the surface plasmon reso-
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Figure 5: Transmission spectrum of the gold film with Y-shaped channels as a function of wavelength for
different stuffing dielectrics.
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Figure 6: The spatial distribution of electronic field of the model for different dielectric constants.

nance became weaker, which finally results in the fall of the surface plasmon peak. This
can be proved by the electronic field distribution of the structure with different dielectric
constants shown in Fig. 6. It can be found that as the dielectric constant become larger,
the electric field actually become weaker.

Areas colored red represents positive field amplitude, while areas colored blue means
negative field amplitude. We can see coupled standing wave patterns inside each slit
formed along the longitudinal direction from the field distribution of |E,| in Fig. 6. Sec-
ond, the calculated results of the electric field Ey, distribution in Fig. 6 indicate an alterna-
tion of positive and negative values of E, near the edges of the slit along the x-direction,
which means that the oscillation of the charge density exists. In other words, these pic-
tures indicated that the SP wave really exists and the SP propagating along the grating
surface. We can see that the sign of E, value for each slit at the entrance is the same as that
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at the exit along z direction, while it is opposite for two sides of the entrance or exit. From
the view of the whole grating, we also can consider that there exist dipole, quadrupole,
hexapole and multipole plasmon mode.
According to Eq. (2), as the relative dielectric constant of metal ¢; increases, the ef-

d€m
€4
larger, ko = Z* must be smaller or A larger to meet the equation ,so the peak of localized
waveguide resonance red-shifts.

fective refractive index n, ff increases. When n keeps constant, as ¢; become

4 Conclusions

We propose sub-wavelength mental arrays with Y-shaped channels and simulate their
transmission property by using finite-difference time-domain (FDTD) methods. The in-
fluences of the slit geometry parameters on the transmission spectrum have been investi-
gated in detail. We finf that the surface plasmon resonance peak value keeps unchanged
and the localized waveguide resonance peak red-shifts and falls obviously when the
entrance slit width narrows, however when the entrance slit becomes extremely small
the surface plasmon resonance peak red-shifts and falls sharply. Furthermore as the slit
length increases, firstly the surface plasmon resonance peak splits into two peaks, then
the right peak value rise and they slowly converged into one single peak. To understand
its physical mechanism, surface plasmon resonance and Fabry-Perot cavity resonance
theories are suggested. We simulate their electric field spatial distributions and find the
electric fields become stronger as the slit become narrower or the dielectric constant be-
come smaller.These properties may be helpful for the design of new optical device.
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