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Abstract: Extraordinary optical transmission (EOT) is widely accepted as a resonant
phenomenon. However, the nonresonant EOT phenomenon of subwavelength metallic
nanohole arrays on a metallic thin film is significant for harvesting of broadband light,
confining optical power in small area, and enhancing local electric field. To achieve non-
resonant EOT, a novel paradigm structure comprising periodic diamond-shaped nano-
hole arrays engraved on a thin gold film is proposed. The transmission properties of the
diamond-shaped nanohole arrays are calculated using the finite-element method. Re-
sults show that this paradigm structure facilitates a broadband and enhanced transmis-
sion in the infrared region. In addition, the effects of incident polarization and structural
parameters on the transmission property are also studied.

Index Terms: Extraordinary optical transmission, morphology dependent resonances,
diamond-shaped nanohole arrays.

1. Introduction

In 1998, Ebbesen et al. studied the optical transmission of a metallic film perforated by an array
of sub-wavelength holes. Results showed that surprisingly high transmission can be achieved
for hole arrays, significantly exceeding the percentage of overall area covered with holes,
although the diameter of a single isolated hole is considerably smaller than the wavelength of
incident light. Such a phenomenon has been termed as extraordinary optical transmission
(EOT) [1]. In addition to high transmittance, EOT also offers strongly enhanced localized field.
Therefore, EOT has attracted considerable attention for its close association with sub-wave-
length integrated optics [2], sensors [3], and nonlinear optical effects [4].

Numerous researchers have conducted remarkable investigations to explore the underlying
physical mechanism behind EOT and then designed more efficient sub-wavelength nanohole
structures with higher transmittance [5]-[20]. They found that RAs (sometimes referred to as a
Wood anomaly or Rayleigh-Wood anomaly) play important roles in EOT [21], [22], which is as-
sociated with light diffracted parallel to the grating surface. RAs occur when
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Here, w, ¢, eq, ko, «v, (i, j) are the angular frequency, light speed, the relative permittivity of the di-
electric material, momentum of free-space light, the incident angle, and the order of specific
RAs modes, respectively [23]. When light is incident on an array of sub-wavelength metallic
holes with period constant a, photons can gain additional momentum in integer multiples of
|Gx| = |Gy| = 2n/a. The wavelengths of the RAs occur at the onset of the (i, j) diffraction order,
above which free-space light diffractions are forbidden. Resonant wavelength Aga decreases
with the increased order of (i, ). Besides RAs, EOT is also influenced by surface plasmon polar-
iton (SPP) on the surface of sub-wavelength metallic holes, which are generated under the
Bragg coupling condition [23]

= |kosin o + iGx + jGy|. @)

w EmEd
Cc Em + €q

Here, e, is the relative permittivity of the metal. Other parameters have the same meanings as
those in (1). For metallic holes, localized surface plasmon (LSP) of the sub-wavelength metallic
holes is also important to EOT. For example, an array of holes with acute angles was found to
exhibit a strong EOT effect caused by the LSP [24]. Although RAs are nonresonant spectral fea-
ture, the interaction of RAs with SPPs or LSP on opposite sides of the metal film can lead to
narrower spectral features and sometimes a higher EOT. Unlike the coupling between SPPs at
two surfaces of metallic film, the coupling between RAs and SPPs or LSP only occurs for a
range of film thicknesses [23]. Furthermore, Ruan et al. found that the localized waveguide reso-
nances in the air hole also results in enhanced transmission, where the air hole can be consid-
ered as a section of metallic waveguide with both ends open to free space [8]. When the
structure morphology of array holes is changed, the peaks, called morphology dependent reso-
nances (MDR), are shifted in the transmission spectra [25]. It is manifested by the facts that me-
tallic and non-metallic holes have the same EOT effect when their MDR of the hole are excited
[26]. However, metallic holes can confine and enhance larger electric field on the surface of me-
tallic holes.

The resonant phenomena caused primarily by MDR, SPP, LSP, and localized waveguide res-
onances in the EOT inevitably have a narrow spectral bandwidth. Limited control of the band-
width can be achieved by engineering the interaction between resonances. However, studying
broadband transparency is especially instructive and significant. Broadband transparency has
recently been achieved using a nonresonant approach. For example, researchers obtained
broadband EOT using oblique incidence transverse magnetic (TM) polarization [27], [28]. In ad-
dition, researchers found that larger rectangular apertures connected with smaller apertures
[29], or metallic gratings with tapered slits [30] can also produce broadband EOT.

This study shows that diamond-shaped nanohole arrays operating under normal incidence
can also generate broadband transmission for TM polarized light. The finite element simulation
software COMSOL Multiphysics was used to study numerically the transmittance spectrum be-
tween the wavelength ranges of 0.6 um to 20 um. The simulation results show that the pro-
posed structure not only possesses all the capabilities of EOT, but also achieves a nonresonant
and broadband enhanced transmission in infrared. In addition, the transmission of light also de-
pends on the morphology of the diamond-shaped nanohole. These results can be helpful for de-
signing near-field light harvesting devices with broadband and strong transmission.

2. Structure and Computational Method

The schematic structure of the proposed diamond-shaped nanohole arrays is shown in Fig. 1.
The diamond-shaped nanoholes are engraved on thin gold (Au) films with thickness da,. The
Au film rests on top of a substrate with relative permittivity of ey =2.1025 and thickness
dsup = 200 nm. Except the discussion of the effect of the period on the transmission properties
of the diamond-shaped nanorod arrays, the rectangular lattices of nanohole arrays in the x and
y directions are a = 200 nm and b = 200 nm, respectively. The dimensions of the diamond-shaped
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Fig. 1. (a) Proposed paradigm structure consisting of Au patterned film with thickness da, resting
on a dsyp thick substrate. (b) The unit cell of the structure is magnified and depicted on the right
panel (top view), with the associated geometric features.

Fig. 2. (a) Transmission spectra of the diamond-shaped nanohole arrays irradiated by light with po-
larizations of # = 0°, 30°, 45°, 60°, 90°. Inset figure is the transmittance spectra of the wavelength
ranging from 0.6 um to 2.0 um. (b) Polar plot of the transmittance of the diamond-shaped nanohole
arrays at A = 10 um with different polarizations.

nanohole are shown in the right panel of Fig. 1. The diagonals of the diamond-shaped have a width
L and a height H.

In this paper, the three-dimensional commercial FEM software COMSOL Multiphysics is used
to simulate the transmission properties of the diamond-shaped nanohole arrays, where the
frequency-dependent permittivities of Au are referred to Ref. [31]. In all calculations, light incident
in the z direction with different polarization angles 6 is shown in Fig. 1(b), where 6 is defined as
the angle with respect to the x-direction in the x—y plane.

3. Results and Discussion

Given the anisotropic structure of diamond-shaped nanohole arrays, light incident polarization
would possibly affect their transmission property. To investigate how the polarization of the inci-
dent light influences the transmission properties of diamond-shaped nanohole arrays, the polari-
zation angle @ is increased from 0° to 90° at fixed L = 80 nm, H = 200 nm, and da, = 50 nm as
shown in Fig. 2(a). Inset figure in Fig. 2(a) shows the transmittance spectra of the wavelength
ranging from 0.6 um to 2.0 um. When 6 = 0°, a broadband in the infrared and the high trans-
mission peak of A ~ 0.96 um appear in the transmission spectrum. When 6 = 30°, new peaks
appear around A =~ 0.745 um. With increased 6, the transmittances at the two peaks and the
broadband decreased dramatically. When 6 =90°, two peaks around A~ 0.96 yum and
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Fig. 3. (a)—(d) Contour profiles of the normalized |E,| fields of the diamond-shaped nanohole arrays
at different polarizations at A =10 um. (a) 8 = 0°. (b) 6 = 30°. (c) 6 = 60°. (d) # = 90°. (e) Electric
field amplitude along the diagonal lines (x and y directions) under irradiations at A = 10 um with dif-
ferent polarization angles.

A~ 0.745 um disappear in the transmittance spectrum of the wavelength ranging from 0.6 pum
to 2.0 um. Fig. 2(b) shows the polar plot of the transmittance at A = 10 um with different inci-
dent polarization angles. The maximum transmittance is found to occur at § = 0° and 9§ = 180°
and minimum transmittance at § = 90° and 6 = 270°. Results show good agreement with those
of previous studies [10]. For the arrays of sub-wavelength elliptical holes in a Au film, optical
transmission strongly depends on the incident polarization, and maximum transmittance occurs
when the incident polarization is perpendicular to the major axis of the elliptical hole [10].

From (1) and (2), when light is incident perpendicularly (o« = 0°) and (i,j) = (0,1), RAs modes
and SPPs modes occur in the transmittance spectra of the diamond-shaped nanohole arrays
when

Ara(1,0)=PyZg  and 3)

[ Emed
Aspp(1,0) :P(Re{ p—— ) (4)

According to the (8) and (4), Aga and Aspp increase as the increased period P. When
P =a=200nm and ¢4 = 2.1025 (for the glass substrate of the bottom surface of metal film),
Aga < 0.6 um. When P=a=200 nm and ¢4 =1 (for air of the top surface of metal film),
Aspp < 0.6 um. And the transmittance peaks around A\ ~ 0.745 ym and A\ ~ 0.96 um still ap-
pear when ds,, = 0 nm (not shown). Thus, the transmittance peaks around A\ ~ 0.745 um and
A=~ 0.96 um are not due to the resonances of RAs or SPPs. To further understand the reason
of peaks of A ~ 0.745 um and )\ ~ 0.96 um of diamond-shaped nanohole arrays, we also calcu-
lated the transmission spectra of nonmetal material Si diamond-shaped nanohole arrays at
6 = 0°, 30°, 45°, 60°, and 90°. There are no transmission peaks around A ~ 0.745 ym and A\ ~
0.96 um (not shown). Therefore, the peaks of A ~ 0.745 um and X\ ~ 0.96 um not only related
with morphology but also film materials. Through simulating the electric field distributions at
xy-plane (not shown), it is found that strong electric field enhancements all occur inside the cor-
ners with a smaller corner angle of the diamond-shaped in xy-plane. For the peaks around A =
0.96 um, electric field enhancement distributions are symmetrical due to electron oscillations
along x-direction. When 6 = 0°, 90°, incident electric field is asymmetrical with the diamond-
shaped nanoholes. For the peaks around A\ =~ 0.745 um, electric field distributions are asymmet-
rical and oblique due to electron oscillations along the direction from upper right to lower left.
The electric field spatial distributions (normalized by the incident field amplitude Ep) at A =
10 um were calculated to understand the polarization-dependent transmittance spectra, as
shown in Fig. 3(a)—(d). The structural parameters are the same as those in Fig. 2. When 6 = 0°,
strong electric field enhancements occur inside the corners with a smaller corner angle and
weak electric field enhancements occur inside the corners with larger corner angle of the
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diamond-shaped. With the increase in 6, both the electric field enhancements inside corners
with smaller and larger corner angles decrease dramatically. Fig. 3(e) shows the electric field
amplitude along the diagonal lines under irradiations with different polarization angles. As
shown in Fig. 3(d), the diagonal lines locate at x- and y-directions, respectively. The length of
the diagonal line in y-direction is longer than that of the diagonal line in x-direction. The origin
of x and y locates at the center of the diamond-shaped nanohole. In Fig. 3(e), the curves rang-
ing from ~ —95 nm to ~95 nm denote the electric fields along the diagonal line in y-direction.
The curves ranging from ~ —35 nm to ~35 nm denote the electric fields along the diagonal line
in x-direction. When 6 = 0° and 45°, there are strong electric fields distributed in the corners
with smaller corner angle and weak electric fields distributed in the corners with larger corner
angle. The larger electric field distribution would result in the stronger transmittance in Fig. 2(a).
When light incident with the polarization is perpendicular to the longer axis of the diamond-
shaped nanohole, the resonance in x-direction of the diamond-shaped nanohole is excited by
more light at the smaller angle corner of the diamond-shaped, which results in the maximum
transmission at 6 =0°. When 6 =90°, the electric fields along diagonal lines in x- and
y-direction are weak than those at § = 0° and 45°, which results in smaller transmittance in Fig. 2(a).
These highly enhanced electric fields in the small-gap area of the diamond-shaped would be useful
for optofluidic devices and for the enhancement of nonlinear optical properties [4].

For the irradiation at § = 0°, when the wavelength of incident light is much larger than the pe-
riod of the diamond-shaped nanoholes in x-direction, electrons on metal film congregate to the
corner with smaller corner angle. The formed the strong electron oscillations between the two
sides of the thin slit promote the diffraction effect of nonresonant RAs. In Fig. 3(e), the black line
that ranges from 0 nm to 95 nm is fitted by the equation, electric field amplitude E = 3.39 x
10'°/(106.8. — y). It shows that electric fields distributed in the corners with small corner angle
stronger than larger corner angle. Correspondingly, the width of diamond-shaped nanohole in
x-direction w = 0.8 (100 — y). Because w*E ~ constant, the fitting results denote that there
are same potential differences across the diamond-shaped nanoholes. Larger electric fields oc-
cur around the small corner of the diamond-shaped nanoholes and smaller electric fields occur
around the large corner. The excited energy on the film is confined in small area and more
easily goes through the diamond-shaped nanoholes from the small corner, which is consistent
with previous results of [29].

When H =L =200 nm, the diamond-shaped nanoholes are connected in both x- and
y-direction (a = b =200 nm), resulting in the same transmittance spectra at x-direction polari-
zation incidence and y-direction polarization incidence. Because any incident polarization can
be decomposed into two cases of x-direction and y-direction, the transmittance spectra of
diamond-shaped nanohole arrays at H = L = 200 nm are incident polarization independent.

To investigate how the width L of the diamond-shaped nanohole affects the transmittance
spectrum, L is increased from 40 nm to 200 nm at fixed = 0°, H = 200 nm, and da, = 50 nm.
As shown in Fig. 4, the resonant transmission peaks slightly blue shift due to the decreasing of
the electric oscillation distance in x-direction on metal film as L increases. The evident increase
of the transmittances at the resonant peak and the nonresonant broadband could be attributed
to the increase of area ratio of the nanoholes to the entire surface. As shown in Fig. 3(a), when
6 = 0°, larger transmittances are attributed to the electron resonance in x-direction near the tips
of the smaller corner angle. More electrons are blocked by the diamond-shaped and conse-
quently turn to the tips of the smaller corner angle of the diamond-shaped nanohole with the in-
crease of L, which enhances the electric field distribution in the corners with small corner angle
of the diamond-shaped nanohole.

In addition, to investigate how the height H of the diamond-shaped cavity affects the transmit-
tance spectrum, H is increased from 40 nm to 200 nm at fixed L =80 nm, § = 0°, and dp, =
50 nm. In all calculations, the rectangular lattice in the y direction is fixed at b = 200 nm. Thus,
the adjacent diamond-shaped nanoholes are connected at the tips of the smaller corner angle
when H =200 nm, and the adjacent diamond-shaped nanoholes are disconnected when
H <200 nm. As shown in Fig. 5, when H is decreased from 200 nm to 160 nm, the distance
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Fig. 4. Transmission spectra of the diamond-shaped nanohole arrays with different L.

Fig. 5. Transmission spectra of the diamond-shaped nanohole arrays with different H.

between the tips of the smaller corner angle increased from 0 nm to 40 nm. Moreover, the trans-
mittance at the peak and the broadband decreased dramatically as H decreases. Particularly,
the maximum transmission of the diamond-shaped nanoholes is almost the same as through a
thin gold film without apertures when H <= 120 nm. As discussed previously, at § = 0°, the EOT
of diamond-shaped nanohole arrays can be attributed to the electrons resonance in x-direction
at A =~ 0.96 um and nonresonant RAs on the film at infrared. When H is less than 200 nm, the
adjacent diamond-shaped nanoholes are disconnected. More electrons easily pass through the
space between two adjacent diamond-shaped nanoholes, which result in decreased transmit-
tance as H decreases.

Furthermore, to investigate the effect of the thickness da, of the diamond-shaped nanohole
on the transmittance spectrum, da, is increased from 30 nm to 70 nm, with fixed 6 = 0°,
L =80 nm, and H =200 nm. As shown in Fig. 6, the transmission peak around 0.96 pm slightly
blue shift with the increase of day, which is due to the decrease of the ratio of the dimension in
x-direction to z-direction. It is equivalent to the decreasing of the electric resonant distance in
x-direction on metal film which is consistent with our previous conclusion that the peak is de-
pendent on electric resonance in x-direction. In addition, with the increase of da,, the transmit-
tance obviously decreases at broadband region, which is due to the increase of the loss in the
propagation with the increase of da,.

Finally, to investigate the effect of the period a of the diamond-shaped nanohole on the trans-
mittance spectrum, a is increased from 200 nm to 400 nm, with fixed 6 =0°, L =80 nm,
H =200 nm, and da, =50 nm. As shown in Fig. 7, the transmission peak around 0.96 um
slightly red shift with the increase of a, which is due to the increasing of the electric resonant
distance in x-direction on metal film as an increases. With the increase of a, the transmittance
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Fig. 6. Transmission spectra of the diamond-shaped nanohole arrays with different day.

Fig. 7. Transmission spectra of the diamond-shaped nanohole arrays with different a.

obviously decreases at broadband region, which is due to the increase of the loss in the elec-
tron propagation with the increase of a.

4. Conclusion

In this study, a novel paradigm structure of diamond-shaped nanohole arrays is proposed to re-
alize nonresonant and broadband EOT. The transmittance spectra and the normalized electric
field distribution of the diamond-shaped nanohole arrays are investigated using the finite ele-
ment method. Results show that the transmission properties of the diamond-shaped nanohole
arrays strongly depend on incident polarization. Enhanced and broadband optical transmission
can be achieved when light incident with the polarization is perpendicular to the diamond-
shaped chains. In addition, the structural parameters of the diamond-shaped strongly affect the
transmittance properties. The demonstrated capabilities of the proposed structure can be impor-
tant for broadband light harvesting and nonlinear optical effect enhancement.
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