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The optical transmittance properties of single-hole arrays and three-hole chain (vertical) arrays with different geo-
metrical parameters were numerically investigated. It was shown that on increasing the vertical distance between
the holes in the hole chain array, the FWHM of the (1,0) resonance mode was decreased and minimum FWHM of
29 nm was obtained for a vertical gap of 48 nm between each side hole. A 1.5-2.0 times larger transmittance
enhancement was observed by varying the incident light polarization from the y axis to the x axis. Furthermore,
it was found that the optical transmittance of the hole chain array in the case of linearly x-axis polarized incident
electromagnetic (EM) field was ~6 times larger than that linearly y-axis polarized incident EM field. © 2013
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1. INTRODUCTION

The optical properties of subwavelength hole structures in no-
ble metal films have been a focus of many research groups
around the world since 1998, when the discovery of extraor-
dinary optical transmission (EOT) was reported by Ebbesen
et al. [1].

Based on Bethe’s [2] formulation in the subwavelength
limit, i.e., 277 < 4, the normalized transmission for a given
hole radius of r and incident electromagnetic (EM) field at
wavelength of 1 is given by
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which predicts a rapid deduction in transmittance intensity on
increasing A.

Although, by using Eq. (1), the transmittance of a subwave-
length hole with radius of 75 nm in 200 nm silver film is pre-
dicted to be of the order of 103, an enhanced transmission of
up to 4% was obtained [1]. This enhancement in transmission
of the subwavelength aperture is attributed to the coupling
and decoupling between resonance evanescent waves [i.e.,
surface plasmons (SPs)] at the metal-dielectric interfaces
and incident EM [1]. The EM field enhancement can be even
greater in a nanostructure where the light is efficiently con-
fined at the subwavelength holes. Such enhancement has al-
lowed potential application in many different areas, such as
sensing [3], integrated nano/microphotonics [4], plasmonic
photolithography [5], fluorescence microscopy [6], surface en-
hanced Raman scattering (SERS) [7], second harmonic gener-
ation (SGH) [8], and supercontinuum generation (SCG) [9].

It is well known that, in the case of a normal incidence EM
field, the maximum transmission wavelength of the square ar-
ray at the metal-dielectric interface is given by [10]
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where ¢, and ¢; are the permittivities of the metal and the
dielectric medium, respectively. The ¢ and j are integers,
and P is the structural periodicity. Therefore, the transmission
peak can be labeled with integers 7 and j in the optical spectra
and strongly depends on the structural periodicity of
the array.

To further optimize the transmission properties, notably the
peak transmission and the narrow spectral linewidth (FWHM)
that is critical for practical application of EOT structures, one
can use more than one subwavelength hole in each unit cell.
Effects of single/multi-subwavelength hole geometries, such
as isolated hole arrays, chains, and array structures, have
been studied by different research groups in recent years
[11,12]. Gao and co-workers [11] investigated the effects of
the incident EM field polarization on different subwavelength
circular hole structures. Based on their investigations, on us-
ing a five-hole chain structure parallel to the electric field of
the incident EM field, the propagating SP mode becomes
broader, followed by a blueshift, compared to an isolated
single-hole structure. However, the transmission spectra of
the five-hole chain subwavelength structure, which is
perpendicular to the electric field of the incident light, is very
similar to the transmission spectrum of a single isolated hole,
except that the electric field is localized and becomes very
strong around each hole.

The transmission properties of double-hole arrays with dif-
ferent gap distances between the holes and different periodic-
ities of the arrays were studied by Gordon et al. [12]. This
study showed that the resonance mode of the double-hole
structure is a localized effect and the maximum of the local
field enhancement does not follow the structural periodicity
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of the array. However, the transmission intensity could be en-
hanced by tuning the structural periodicity of the array to the
localized resonance mode of the double-hole.

The numerical analysis of optical response of nanohole ar-
rays (NHAs) is simplified by considering the infinite and peri-
odic structure. In this case, only EM fields within a unit cell
need to be calculated [13]. Therefore, in this work, we inves-
tigate the influence of the number of subwavelength holes
(single hole and three holes) in a unit cell of an infinite peri-
odic array on the optical transmission spectra. It was reported
that transmission features of NHAs depend only on the hole—
hole distance, the SP mode refractive index, and the in-plane
hole distribution and position [14,15], and that the crucial role
in transmission enhancement is played by SP modes. It should
be mentioned that on using the finite array structure, the ef-
fects of boundary conditions on the transmission spectrum
become more vital than that of the periodicity.

The effects of using an incident EM field at different polar-
izations on the optical properties of the subwavelength hole
array in a metallic thin film supported by silica substrate have
also been studied to identify the optimal geometries and the
incident EM field polarization to obtain high peak transmis-
sion and narrow FWHM. The narrow FWHM and high trans-
mission intensity will increase the sensitivity of the EOT
structure in sensing applications.

2. FDTD FRAMEWORK

Numerical study of subwavelength hole structures in a metal-
lic film has been carried out by a variety of methods, such as
the finite difference time domain (FDTD) method [16], the
multiple-multipole method [17], and Green’s dynamic method
[18]. The FDTD method is faster than the other two methods,
but its applicability is sometimes limited by a requirement of
small grid size to produce rapid spatial variation of EM fields
at metal-dielectric interfaces.

In this work, a series of subwavelength hole structures in
gold thin film supported by silica substrate were studied. The
effects of varying hole radius, number of holes, and EM field
polarization on the optical transmittance properties of the in-
cident EM field through subwavelength hole square arrays
were analyzed by using the 3D full wavevector FDTD method,
which is a reliable method in solving Maxwell’s equations in
dispersive media such as gold and silver. Each medium was
specified by a relative permittivity, ¢(w). For the substrate
layer, permittivity was assumed to be n? and the Lorentz—
Drude model was employed to describe the permittivity of
the gold layer [19,20].

The FDTD was carried out by using the commercial soft-
ware package OptiFDTD 10 from OPTIWAVE Inc. The plane
wave source, subwavelength hole, and monitor were
co-planar with boundary conditions that made them effec-
tively infinite. In this study, a plane wave of linearly polarized
light along the y/x axis (Acenter = 680 nm, time offset of
0.8 x 107!* s, and half-width of 0.1 x 10~4 s) that propagates
along the z axis was used. The simulation background was
taken as air (n = 1.0). The radius of the subwavelength holes
was varied in the range of 50-80 nm, and the structural perio-
dicity was in the range of 400-550 nm. The simulation cell is
P nm x P nm x 700 nm. The periodic boundary condition was
used in the x and y directions and an anisotropic perfect
matching layer was used in the z direction as the absorbing
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Fig. 1. Schematic diagram of the studied unit cells of infinite periodic
arrays of (a) a single subwavelength hole and (b) dissimilar vertical
chain holes with hole depths of 100 nm, structural period of P, and
hole radii of R.

boundary condition. The calculation grid resolution was as
high as 5 nm (grid point-to-point distance) in the simulation
cell. The calculation time was set to 100 fs, with calculation
step size of 0.00834 fs, for a total of about 12,000 time steps per
simulation. The transmission spectra were calculated using an
22—y monitor at 150 nm away from the air/film interface.

3. RESULTS AND DISCUSSION

The excited propagating SP affects the transmission spectra
of the perforated subwavelength holes in a metallic film
and these effects were investigated on different subwave-
length hole structures, as shown in Fig. 1. The FDTD results
for the transmittance spectra of different structures with fixed
hole depth of 100 nm, different periodicities, and different
hole radii are discussed in the following sections.

The optical transmittance behavior of a periodic array
where the unit cell of the array includes dissimilar vertical
chain holes instead of a single hole is the main focus of this
research. A brief review of the optical properties of a single-
hole array is given in Section 3.A. In the second part of this
section, the optical transmission properties of the vertical
chain hole array with similar and dissimilar structures are
studied. A brief comparison between these structures is also
given in this section.
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Fig. 2. FDTD calculated transmission spectrum of single-hole array
of fixed hole depth of 100 nm, different hole radii in the range of 50—
80 nm, and structural periodicity of (a) P = 400 nm, (b) P = 450 nm,
(c) P =500 nm, and (d) P = 550 nm. The incident EM field was po-
larized along y axis.
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Table 1. Resonance Wavelength Position of a Square Single-Hole Array Perforated on the Silica-Supported
Gold Film with Hole Radius of 50 nm, Hole Depth of 100 nm, and Different Structural Periodicities”

Resonance Wavelength (nm)

FDTD Theory (Eq. 2)

Air/Film Film/Sub Air/Film Film/Sub

Period Gold Transmission 0,1 1,1 0,1 1,1 0,1 1,1 0,1 1,1
400 480 370 — 690 593 417 295 662 468
450 480 363 — 746 611 469 332 745 527
500 480 581 — 810 638 521 368 827 585
550 480 615 371 877 669 573 405 910 643

“The incident EM field was linearly polarized along the y axis.

A. Single-Hole Array

In Fig. 2, the optical transmittance spectra of a circular
single-hole array [Fig. 1(a)] of fixed hole depth of 100 nm
and different hole radii in the range of 50-80 nm are compared
at different structural periodicities. As can be seen in this fig-
ure, the transmission intensity was reduced upon increasing
the structural periodicity in the range of 400-550 nm, and the
resonance wavelength was shifted toward a longer wave-
length, as reported elsewhere [15,21].

The maximum optical transmission intensity of 8.3% was
observed at resonance wavelength of 720 nm, hole radius
of 80 nm, and period of 400 nm. The major resonance peaks
were attributed to the direct transmission of the light through
the film surface, which is not related to the subwavelength
hole array properties [22], and to the (1,0) and (1,1) resonance
modes as listed in Table 1. The wavelength of (1,0) and (1,1)
resonances that were given by Eq. (2) are also listed in this
table. As shown in this table, there was a slight difference be-
tween the resonance wavelengths given by Eq. (2) and those
obtained by the FDTD calculation. This could be attributed to
interference between the SP resonance (SPR) evanescent
waves with the transmitted light through the subwavelength
holes [23] and phase shift due to SP scattering by air/hole
and hole/substrate interfaces [24,25].

B. Three-Hole Chain Array

A hole chain (vertical) array was considered as periodic struc-
ture in the x—y plane, where each unit cell contains three holes
along the y axis. Since the coupling of the SPR modes of
adjacent holes is sensitive to the spacing between the
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—— P:550 nm
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Fig. 3. Transmittance spectra of three similar hole chain array of
fixed hole depth of 100 nm, hole radius of 50 nm, and different struc-

tural periodicities. The incident EM field was linearly polarized along
the y axis.

subwavelength holes, the vertical distance between each
hole was kept constant, as shown in Fig. 1(b) (ie., y =
(P -d,-2d,)/6), where P is the structural period, d. and
ds are the central and side hole diameters, respectively. In
such an arrangement [Fig. 1(b)], the location of the two side
holes is not fixed, but the spacing of two adjacent holes is uni-
formly distributed (= 2y). In this study, the vertical and hori-
zontal period were fixed as P. Two different structures, i.e.,
similar (d, = d;) and dissimilar (d, # ds) hole chain arrays,
were considered to study the difference between them. The
central hole radius was chosen as 80 nm, and the two side-
hole radii were varied in the range of 25-80 nm in the dissimi-
lar chain array structures. The central hole radius and the side
hole radii in the similar hole chain arrays were chosen to
be 50 nm.

1. Three Similar Holes Chain Array

The optical transmittance spectra of chain arrays with three
similar holes with differing structural periods in the range
of 400-550 nm and hole radius of 50 nm are compared in
Fig. 3. As can be seen from this figure, the dominant transmis-
sion peaks were attributed to intraband transition, i.e., direct
transmission, of gold film, which occurs regardless of the
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Fig. 4. Transmittance spectra of three-hole chain arrays of fixed hole
depth of 100 nm, different side-hole radii, and structural periodicities
of (&) P=400nm, (b) P =450 nm, (c) P =500nm, and
(d) P = 550 nm. The incident EM field was linearly polarized along
the y axis.
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Table 2. Optical Transmission and Transmittance Enhancement of the (1,0) Peak of the Three-Hole Chain
Array Relative to the Single-Hole Array at Different Structural Periods, R; = 25 nm, R = R, = 80 nm, and
Different Incident EM Field Polarization

T chain Enhancement T chain Enhancement
Period Tsingle y-axis polarized y-axis polarized Tsingle 2-axis polarized x-axis polarized
400 0.083 0.12 1.44 0.083 0.19 2.29
450 0.058 0.085 1.46 0.058 0.13 2.24
500 0.034 0.052 1.53 0.034 0.077 2.26
550 0.017 0.025 1.47 0.017 0.041 2.41

subwavelength hole array structure [26,27]. However, no
evidence of SPR peaks was observed. This is not unexpected
since effectively the array periodicity along the y axis is re-
duced to 2y.

2. Three Dissimilar Holes Chain Array

The optical transmittance spectra of chain arrays with three
dissimilar holes of different structural periods (in the range of
400-550 nm) and different side-hole radii (in the range of 25—
80 nm) are compared in Fig. 4. From this figure, it can be ob-
served that the (1,0) resonance peak intensity was reduced on
increasing the periodicity as expected in the uniform single
subwavelength hole array [28]. This is due to strong confine-
ment of the electric dipole moment at the rim of each hole.
Thus, by increasing the vertical distance, the total electric
field resulting from superposition of the electric fields of all
vertical holes is reduced. This results in weaker coupling be-
tween the total SPR of the vertical holes and thus weaker
Bragg resonance of the (1,0) mode.

From Fig. 4 it is clear that, on increasing the side-hole ra-
dius and thus reducing the vertical distance between the holes
(i.e., ), the EM direct transmission through the film becomes
the dominant feature, while the SPR modes vanished gradu-
ally. This implies that side-hole radius well below 50 nm is de-
sirable for SPR sensing applications.

The reduction in SPR transmission intensity could be attrib-
uted to destructive coupling of the SP modes of the central
hole with the SP modes of the two sideholes, which were
nearly separated [26].

The transmission intensity of the (1,0) resonance mode is
increased when using a dissimilar three-hole chain structure
compared to the single-hole structure, as shown in Table 2.
This table also shows the optical transmittance enhancement,
which is defined as the ratio of the transmittance intensity of
the three-hole chain array with central hole radius of R, to that
of the single-hole array of hole radius of R (here R =R, =
80 nm and R, = 25 nm). The maximum enhancement for a
y-polarized EM field was obtained as 1.53 at periodicity
of 500 nm.

3. Effects of Varying the Incident EM Field Polarization.

It is known that the excitation of the localized SP (LSP) and
propagating SP and their contribution to the transmission in-
tensity of the hole chain array strongly depends on the polari-
zation of the incident EM filed [11]. The optical transmittance
intensities of a dissimilar-holes chain array of different side-
hole radii for a linearly a-polarized incident EM field at differ-
ent structural periodicities are compared in Fig. 5. As can be
seen from this figure, the transmittance intensity of the three-
hole chain array was increased on increasing the radii of the

two side holes compared to those with a linearly y-polarized
incident EM field.

This enhancement in transmission intensity for an x-polar-
ized EM field could be understood by considering the nature
of the SP and LSP excitation and their contribution to the cou-
pling with the incident EM field.

It is known that the SPR mode propagates parallel to the
electric field of the incident EM field [28], and that the SPR
mode couples into and out of the hole at the rim of the sub-
wavelength hole.

In the case of a linearly y polarized incident EM field, the
coupling occurs between the Bragg resonance modes, which
propagate along the x axis, and the SPR modes, which propa-
gate along the y axis, of neighboring holes due to two different
periodicities, one P (along the x axis) and one smaller than P,
i.e., 2y, (along the y axis). However, in the case of a linearly
x-polarized EM field, the SPRs from the hole chain array
propagate along the x axis where the periodicity is P. There-
fore, coupling of the central- and side-hole SPR modes with
the Bragg resonant modes leads to such an enhancement in
the transmission intensity. However, excitation of LSP and,
hence, a strong localized electric field around each hole could
be another reason for such enhancement in transmission in-
tensity [11] as it is reported in Table 2.
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Fig. 5. Transmittance spectra of three-hole chain arrays of fixed hole
depth of 100 nm, different side-hole radii, R, and structural periodic-
ities of (a) P =400 nm, (b) P =450 nm, (c) P =500 nm, and
(d) P = 550 nm. The incident EM field was linearly polarized along
the x axis.
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Fig. 6. FDTD calculated electric profile of the (1,0) resonance mode of three-hole chain arrays at different incident light polarization and structural
periodicities. The top row shows the electric profile of the three-hole chain array of periods of (a) 400 nm, (b) 450 nm, (c¢) 500 nm, and (d) 550 nm
under illumination of an x-polarized EM field. The bottom row is for a y-polarized incident EM field and periods of (e) 400 nm, (f) 450 nm,

(g) 500 nm, and (h) 550 nm.

As can be seen from this table, in the case of an x-polar-
ized incident EM field, the optical transmittance enhance-
ment was roughly 1.5-2.0 times larger than that for
y-polarized incident EM field. In the case of x-polarized in-
cident EM field, the maximum enhancement was recorded
as 2.41 compared to the enhancement of 1.53 for y-polarized
incident EM field. The maximum (minimum) transmission
intensity of 62% (43%) was recorded for side-hole radius
of 65 (80) nm and period of 450 (5650) nm as it is evident

in Fig. 5(b) [Fig. 5(d)].

Table 3. FWHM of the (1,0) Resonance Mode of Three-
Hole Chain Arrays as a Function of Vertical Distance
between Holes (y) at Different Structural Periods®

R, Y FWHM R, Y FWHM
Period (nm) (nm) (nm) (nm) (nm) (nm)
400 25 23.33 b5 50 6.67 175
450 25 31.67 36 55 11.67 92
50 15 75 60 8.33 152
65 5 273 — — —
500 25 40 30 65 13.33 85
50 23.33 41 70 10 121
55 20 48 75 6.67 195
60 16.67 62 80 — —
550 25 48.33 29 65 21.67 40
50 31.67 33 70 18.33 50
55 28.33 35 75 15 72
60 25 37 80 11.67 101

“The incident EM field was linearly polarized along the x axis.

The effects of varying incident EM field polarization from
y-polarized to x-polarized on the electric field profile of the
three-hole chain array of hole radii of R, = 80 nm and R; =
25 nm and different periods (in the range of 400-550 nm)
are compared in Fig. 6. From this figure, it is clear that, in
the case of using a-polarized incident EM field, the electric
field intensity, E, and the dipole moment confinement of
the three-hole chain array were recorded to be higher than
in the case of using y-polarized incident EM field. It is also
clear that, upon increasing the structural periodicity from
400 to 500 nm, the electric field intensity was increased from
18 to 32 V/m and 23 to 72 V/m, respectively for y-polarized
and x-polarized incident EM fields. However, in the three-hole
chain array of period of 550 nm, the electric field intensity was
recorded as 40 and 2.2 V/m, respectively, for x-polarized and
y-polarized incident EM fields.

It was found that, on increasing the side-hole radius and
therefore reducing the vertical distance (y) between each hole
in the unit cell, the FWHM of the (1,0) resonance mode was
increased, as reported in Table 3. This was due to strong cou-
pling of the SPRs of adjacent holes [11]. The minimum FWHM
was calculated as small as 29 nm for a three-hole chain array
of side-hole radius of 25 nm and structural periodicity of
550 nm, which is considered very desirable for SPR device
applications that need high sensitivity.

4. CONCLUSION

The optical transmittance properties of chain arrays with sim-
ilar and dissimilar holes were investigated. Although no SPR
transmission peaks were observed in the similar-hole chain
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array, the SPR was the dominant transmission peak in the
dissimilar-hole structure. It was shown that, on reducing
the vertical distance between the holes in the dissimilar struc-
ture, the linewidth of the (1,0) mode was increased. In addi-
tion, an ~6 times larger optical transmission was recorded on
varying the incident EM field polarization from the y axis to
the x axis. Using array with multiple dissimilar holes that pro-
vides larger transmission intensity and narrower linewidth
suggests promising applications in biosensing and nanopho-
tonics applications, such as nano-optical bandpass filters
and nano-optical switching.
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