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Three kinds of 12-fold quasi-periodic subwavelength hole arrays have been designed using the

same dodecahedral supercell arranged with different local rotational symmetries. Fano resonances

associated with spoof surface plasmons in these structures have been studied by far-infrared

transmission measurements. The resonant transmission channels of the lowest-order Fano

resonance mode have been compared directly between these structures, benefitting from constant

non-resonant transmission channel. It is found that the higher is the local rotational symmetry of

the supercell array, the higher the transmission intensity and the narrower the linewidth of the Fano

resonance.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4737178]

Fano resonances1 in plasmonics have attracted much in-

terest because of its underlying physics and potential

applications.2–5 For extraordinary optical transmission

(EOT) through two-dimensional subwavelength hole arrays

in metal films,6 Fano resonances can be identified by their

far-field response, which is characterized by an asymmetric

lineshape, resulting from the coupling between the non-

resonant transmission channel through isolated holes and the

resonant transmission channel mediated by surface plasmon

polaritons (SPPs).7 Due to the important role played by the

hole array in SPP excitation, intensive efforts have been

devoted to investigating the effects of the geometric configu-

ration of the hole array on the resonant transmission channel

of Fano resonances in EOT.8–14 However, it is a challenge to

compare the resonant transmission channels directly between

different geometric configurations while keeping both the

non-resonant transmission channel and the Fano resonance

peak wavelength unchanged. We also notice that previous

research on Fano resonances in EOT mainly focuses on the

visible7,15 and terahertz11,16 regimes. However, the infrared

regime holds significant promise on bio-sensing,17,18 imag-

ing,19,20 and integrating electronic with plasmonic devices

and provides convenience of structure fabrication,21 so it is

of great interest to study Fano resonances in EOT in this

spectral region.

We have designed three kinds of quasi-periodic struc-

tures consisting of identical dodecahedral supercells placed

at the vertices of hexagonal (pattern I), square (pattern II),

and Stampfli22 (pattern III) parent lattices (Figs. 1(a)–1(c)).

The hole diameter d, the density of holes q, the distance

between the nearest-neighbour holes a and the local rota-

tional symmetry order of the hole array n are the same for all

three structures. Meanwhile, the ratio of d to a is properly

chosen, so that the lowest-order Fano resonance mode is

strengthened and other modes are suppressed,11 providing

convenience of Fano lineshape analysis.7,15,16,23 Then, the

influence of the local rotational symmetry of the supercell

array on the resonant transmission channel of the Fano reso-

nance was explored by EOT spectra measurements in the

far-infrared (FIR) regime, where the resonant transmission

channel is assisted by spoof surface plasmons (SSPs),24

instead of SPPs. We find that the structure with higher-order

local rotational symmetry of the supercell array has higher

transmission intensity and narrower linewidth of the Fano

resonance.

A 5-nm-thick Ta adhesion layer and a 100-nm-thick Au

film were successively deposited on a 450-lm-thick Si sub-

strate by magnetron sputtering. Subwavelength hole arrays

were fabricated in metal films using ultraviolet photolithog-

raphy and reactive ion etching, with each hole array occupy-

ing an area of about 7� 7mm2. All the structures mentioned

in this Letter have d ¼ 4 lm and a ¼ 10 lm. For the three

quasi-periodic structures (Figs. 1(a)–1(c)), the distance

between the nearest-neighbor supercells A ¼ sa, where s
¼ 2þ ffiffiffi

3
p

is Dodecanacci number. Shown in Figs. 1(d)–1(f)

are scanning electron microscopy (SEM) images of the three

structures. Figs. 1(g)–1(i) show their corresponding recipro-

cal spaces obtained by two-dimensional fast Fourier trans-

form (2D-FFT) calculations. Well-defined local 12-fold

rotational symmetry of the hole array can be clearly seen,

resulting from the same dodecahedral supercell, in which

separation angles around each hole are multiples of 30�.25

The dodecahedral Brillouin zone defined by the innermost

12 bright spots in the reciprocal space owns a reciprocal vec-

tor close to 2p=a.11,26 Around these main spots, the satellite

ones with much weaker brightness are associated with the re-

ciprocal vectors of the parent lattices.

Normal incident relative transmission spectra TRðkÞ
¼ TAuðkÞ=TSiðkÞ in the FIR regime were obtained using a

Fourier transform infrared spectrometer (DA8, Bomem Inc.),

where TAuðkÞ and TSiðkÞ are the transmission spectra of the

perforated Au film on Si substrate and a bare Si substrate,

respectively. Shown in Fig. 2(a) are the normalized transmis-

sion spectra TNðkÞ ¼ TRðkÞ=f , where f is the fractional hole

area, i.e., the filling factor. The transmission spectra exhibit

obvious EOT resonant behaviors.11 The lowest-order Fanoa)Electronic mail: xgqiu@iphy.ac.cn.
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resonance peak Q1 locates at nearly the same wavelength for

the three structures. For comparison, the transmission spectra

of simple hexagonal (n¼ 6) and simple square (n¼ 4) arrays

of holes were also measured (data not shown here) and the

positions of their lowest-order Fano resonance peaks H1 and

S1 are indicated in Fig. 2(a). It is obvious that in spite of the

same a and d, the simple hexagonal, simple square, and

12-fold quasi-periodic lattices show different wavelengths of

the lowest-order Fano resonance peak (H1 < Q1 < S1), due
to different local rotational symmetries of the hole array.

As shown in Fig. 2(a), the transmission spectra of all

three structures are dominated by the lowest-order SSP

mode, which exhibits typical Fano lineshape. In these three

structures, d and q are equal, leading to an identical filling

factor of 13.54% in our case. Thus, the non-resonant trans-

mission channel can be considered identical for these struc-

tures. As a result, the transmission spectra of all three

structures are superposed on the same background (Fig. 2

(a)). Since the non-resonant transmission channel and the

lowest-order Fano resonance peak wavelength remain

unchanged, the effects of the geometric configuration on the

resonant transmission channels can, therefore, be explored.

In order to make a quantitative comparison, the experimental

transmission spectra are fitted using the Fano resonance

model.1,7 The total transmission TðkÞ of the Fano resonance

peak can be described as

TðkÞ ¼ TBðkÞ þ C
ðk� kR þ qC=2Þ2
ðk� kRÞ2 þ ðC=2Þ2 ; (1)

where TBðkÞ is the background transmission following Bethe

theory,27 C is the non-resonant transmission coefficient, k is

the wavelength of incident light, kR is the resonant wave-

length, q is the asymmetry parameter of the profile, and C is

the linewidth of the Fano resonance peak, which character-

izes the damping of SSPs. In order to obtain TBðkÞ, we fabri-
cated another Au film patterned with randomly distributed

holes (Fig. 2(b)). The transmission spectrum of this sample

was measured (Fig. 2(c)) and used as TBðkÞ in Eq. (1).11,28,29

Since kR ¼ kP � C=2q and C ¼ FP=ð1þ q2Þ can be deduced

from @Fðk ¼ kPÞ=@k ¼ 0 and FP � TðkPÞ � TðkVÞ, respec-
tively, Eq. (1) can be reduced to

FðkÞ � TðkÞ � TBðkÞ

¼ FP

ð1þ q2Þ
½k� kP þ ðqþ 1=qÞC=2�2
ðk� kP þ C=2qÞ2 þ ðC=2Þ2 ; (2)

where FP is the difference of the transmission intensity

between the Fano resonance peak and valley, and kP (kV)
is the Fano resonance peak (valley) wavelength. Since

both FP and kP can be obtained directly from experimental

transmission spectra, only two fitting parameters, q and C,
remains in Eq. (2). The fitted transmission spectra are

FIG. 1. Real and reciprocal spaces of structures. (a)–(c), Schematics of pat-

terns I, II, and III with the hexagonal (a), square (b), and Stampfli (c) parent

lattices (indicated by black thick lines), respectively. In all three structures,

the same dodecahedral supercell as the “unit cell” locates at each vertex of

the parent lattices. a and A (¼að2þ ffiffiffi
3

p Þ) is the distance between the

nearest-neighbour holes and supercells, respectively. (d)–(f) Corresponding

SEM images of structures in (a)–(c). Red circles are guides for the eye, re-

ferring to supercells. (g)–(i) Reciprocal spaces of the three structures in

(a)–(c) by 2D-FFT calculations. The reciprocal vector indicated by the white

arrow is close to 2p=a.

FIG. 2. Experimental transmission spectra. (a) Experimental normal inci-

dent transmission spectra of patterns I (blue), II (red), and III (black), respec-

tively, in the FIR regime. The lowest-order Fano resonance peaks (vertical

lines) are indicated for simple hexagonal (H1), simple square (S1), and

quasi-periodic (Q1) lattices, respectively. (b) SEM image of a randomly dis-

tributed hole array in Au film. (c) Experimental normal incident transmis-

sion spectrum of the structure in (b) in the FIR regime.

FIG. 3. Experimental and fitted transmission spectra. Experimental normal

incident transmission spectra (hollow circles) around the lowest-order Fano

resonance mode and their Fano lineshape fitting results (solid lines) for pat-

terns I (blue), II (red), and III (black).
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plotted in Fig. 3 and the corresponding parameters are

summarized in Table I.

For the lowest-order Fano resonance mode, pattern I

exhibits the highest transmission intensity, followed by pat-

tern II, then pattern III. Meanwhile, the linewidth C of pat-

tern I is the narrowest among these structures, followed by

pattern II, then Pattern III. Since the non-resonant transmis-

sion channel of the Fano resonance is identical for all three

structures, we conclude that pattern I has the strongest reso-

nant transmission channel. Correspondingly, the quality fac-

tor Q ¼ kR=C follows pattern I>II>III. The difference is

due to different local rotational symmetries of the supercell

array of these three structures. When the incident light

impinges on the film, it is scattered by the hole array, excit-

ing SSPs. SSPs propagate along the interface and their inter-

ference assists the resonant transmission channel. However,

SSPs suffer losses from the scattering by the holes, surface

roughness, and grain boundaries,30,31 so not all the holes

contribute to the resonant transmission channel but mainly

those within the span of the SSPs’ propagation length

LSSP.
32,33 This characteristic length can be evaluated as

LSSP ¼ k2R=ð2pneffCÞ,29 where the effective refraction index

neff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
emed=ðem þ edÞ

p
with �m (� 1 for Au in the FIR

regime) and �d (11.9 for Si in the FIR regime) the respective

dielectric constants of the metal and the dielectric. As listed

in Table I, LSSP in all three structures is comparable with A.
In other words, the resonant transmission channel is mainly

influenced by the local geometric configuration of adjacent

supercells. The supercell array in pattern I has a local 6-fold

rotational symmetry, which is higher than the local 4-fold

rotational symmetry of the supercell array in pattern II,

resulting in stronger constructive interference of SSPs in pat-

tern I than in pattern II. As for pattern III, though there are

five nearest neighbors for each supercell, there is no local

rotational symmetry of the supercell array, leading to the

weakest constructive interference of SSPs. Consequently,

pattern III exhibits the lowest transmission intensity and the

broadest linewidth among three structures. Therefore, for dif-

ferent structures with identical local rotational symmetry of

the hole array, higher local rotational symmetry of the super-

cell array leads to stronger constructive interference of SSPs

and, consequently, the higher transmission intensity and nar-

rower linewidth of the Fano resonance.

In conclusion, three 12-fold quasi-periodic structures

characterized by an identical supercell have been designed

with different geometric configurations and their normal

incident transmission spectra in the FIR regime have been

measured. Constant non-resonant transmission channel in

these structures has been realized and resonant transmission

channels have been compared through Fano lineshape analy-

sis. The lowest-order Fano resonance peak wavelength is

governed by both the distance between the nearest-

neighbour holes and the local rotational symmetry of the

hole array. More importantly, structures with higher local

rotational symmetry of the supercell array are found to have

higher transmission intensity and narrower linewidth of the

Fano resonance. Therefore, the resonant transmission chan-

nel of the Fano resonance involving SSPs can be tailored by

changing the rotational symmetry of the supercell array,

while both the non-resonant transmission channel and the

Fano resonance peak wavelength stay the same. Further-

more, although experimental results presented here are in the

FIR regime, our discussions can also be extended down to

the visible and up to THz regimes. We expect our methods

of designing structures and analyzing spectra are useful not

only to reveal underlying physics of Fano resonances in EOT

but also to develop functional plasmonic devices.
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