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We report a kind of subwavelength, compound hole arrays formed by two nested sub-lattices used

to modulate the Fano resonance of spoof surface plasmons (SSPs). Experiments complemented

with numerical simulations show that the asymmetry parameter (q) of the Fano line shape can be

tuned artificially and continuously: the q value experiences a sign reversal and varies linearly with

the variation of hole size. The coupling between different SSP modes of sub-lattices is suggested to

be responsible for the tunability of Fano resonance in the compound hole arrays. VC 2012 American
Institute of Physics. [http://dx.doi.org/10.1063/1.3698117]

Since the discovery of extraordinary optical transmis-

sion (EOT) through subwavelength hole arrays by Ebbesen

et al.,1 extensive studies2–6 have been devoted to investigate

the interaction between light and nanostructures. It is gener-

ally acknowledged that the excitation of surface plasmon

polaritons (SPPs) holds the main physical mechanism re-

sponsible for EOT at higher frequencies, ranging from visi-

ble3 to mid-infrared7 regime. In the past few years,

anomalous transmission phenomena in terahertz8 and micro-

wave9 regime resembling EOT have also been demonstrated.

As we know, due to the extremely low dispersion of SPPs

and weakly confined electromagnetic field in the dielectric,

metals such as gold and silver behave as perfect electric con-

ductors (PECs) in the far-infrared and terahertz regime

which are well below their intrinsic plasma frequencies.10

Nevertheless, Pendry et al. have predicted that by means of

appropriate surface patterning, even structures made on PEC

can sustain confined surface modes,11 dubbed spoof surface

plasmons (SSPs). The existence of SSPs has been verified by

Hibbins et al.,12 extending the SPP-related physics and appli-

cations to lower frequencies.10

The anomalous transmission spectra show typically

asymmetric line shapes, known as Fano resonances.13 Their

steep dispersion is intrinsically sensitive to external changes,

which facilitates various applications such as biochemical

sensing.14 Different kinds of nanostructures have been

shown to exhibit well-defined Fano line shapes15 and the

asymmetry parameter (q) can be tuned by regulating the

external excitations including utilizing symmetry-breaking

nanostructures,16 changing dielectric materials,17 altering the

angle of incidence,18 and so on.19,20 However, most of the

approaches mentioned above focus in the visible or near-

infrared regime where the underneath physics is associated

with the excitation of SPP modes. With the SSP-related

physics and applications inadequately explored, it is of great

interest to extend the asymmetry modulation of Fano reso-

nance to a wider wavelength range. Here a kind of com-

pound hole array formed by two nested sub-lattices was

prepared and characterized experimentally to tune the Fano

line shape of SSP modes in the far-infrared regime. Numeri-

cal simulations using finite element method (FEM) were also

carried out, revealing that the coupling between different

SSP modes of sub-lattices holds the underlying physical

mechanism.

A 100 nm gold film on high-resistance silicon wafer

(dielectric constant e ¼ 11.9) was prepared by magnetron

sputtering. To enhance the adhesion of gold to the silicon

substrate, a thin layer of 5 nm titanium was deposited on the

silicon wafer before the gold sputtering. Subwavelength hole

arrays were fabricated on the gold film using ultraviolet pho-

tolithography followed by reactive ion etching. The square

lattice occupies an area of 7� 7 mm2 with the period

a¼ 20 lm, hole size d¼ 10 lm (denoted by 20 – 10) and its

scanning electron microscope (SEM) image shown in Fig.

1(a). Our samples are illuminated by linearly polarized infra-

red radiation with the electric field pointing along the x

direction (marked by the red arrow in Fig. 1(a)). The zero-

order transmission spectra were obtained using a Fourier

transform infrared spectrometer (ABB BOMEM DA8).

Figure 1(e) shows the normalized transmission spectrum

of the 20 – 10 lattice. The surface modes can be excited at

the metal-dielectric interface, provided that the momentum

matching condition is satisfied:

~ksp ¼ ~kx þ ~K
m;n
; (1)

where ~ksp is the surface plasmon wave vector, ~kx

is the in-plane component of incident wave vector, and ~K
m;n

¼ mð2p=aÞ~x þ nð2p=bÞ~y is the reciprocal lattice vector, with

a, b being the periods along the x, y directions and m, n inte-

gers. Accordingly, the three resonant peaks shown in Fig.

1(e) can be indexed as Si(1,0) mode at 70.9 lm, Si(1,1)

mode at 50.3 lm, and Si(2,0) mode at 34.9 lm, respectively.

Numerical simulations using FEM have been carried out to

further illustrate the resonant features (Fig. 1(i)). Here we

treat gold as PEC, i.e., egold ¼ �1, which is a good approxi-

mation for metal in the far infrared regime. Although the

defects induced by the micro-fabrication process and the

intrinsic polycrystallinity of gold film lead to reduced inten-

sities and broadened line-widths, it can be seen that the main

spectral features are well reproduced. Figs. 1(m)–1(o) showa)xgqiu@aphy.iphy.ac.cn.
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the simulated electric field distributions (jEj2) of the three

SSP modes (marked by the arrows in Fig. 1(i)). The nodal

patterns at near-field can be seen clearly, which demonstrates

the existence of surface confined, SPP-like waves: i.e., the

SSP modes are excited at the interface between PEC and the

silicon substrate.

The transmission profiles of SSP modes can be charac-

terized by the Fano resonance formula,21

T ¼ jtj2 ¼ TBetheðkÞ þ C
ðk� kRes þ qC=2Þ
ðk� kResÞ2 þ ðC=2Þ2

; (2)

where t is the transmission amplitude, TBetheðkÞ is the direct

transmission or referred to as Bethe’s contribution, C is the

non-resonant transmission coefficient, kRes is the resonant

wavelength, q is a dimensionless parameter which describes

the asymmetry profile, and C is the linewidth, respectively.

Generally, the Fano resonance comes from the interference

between a continuum radiative waves and a discrete

non-radiative state, which has been demonstrated in many

physical systems.14 In the realm of plasmonics, both symmet-

rical22,23 and asymmetrical16,24 structures are shown to exhibit

pronounced Fano line shapes. The q value can be influenced

by several factors such as geometrical configuration,25 refrac-

tive index of materials,18 temperature,20 and so on.

In this letter, an alternative method is proposed to modu-

late the Fano line shape of SSP modes. We have designed a

kind of compound hole arrays by nesting the 20 – 10 lattice

with another square lattice with period aS ¼ a=
p

2 ¼ 14.1 lm

(marked by the dashed line in Fig. 1(b)) and smaller hole

sizes dS ¼ 3, 5, 7 lm, respectively (denoted as 14:1� dS with

dS ¼ 3, 5, 7). The coupling effect of different SSP modes of

each lattice may be utilized to tune the Fano line shape of the

compound hole arrays (denoted by 20� 10� dS with the

SEM images shown in Figs. 1(b)–1(d)), for which the trans-

mission behavior were studied both experimentally and

numerically.

The spectrum of the 20� 10� 3 lattice (Fig. 1(f)) basi-

cally resembles that of the 20 – 10 lattice. For the 20� 10�
5 lattice, the intensity of the Si(1,0) and Si(1,1) modes

decreases while that of the Si(2,0) mode increases as com-

pared to the 20� 10� 3 lattice (Fig. 1(g)). As dS increases

to 7 lm, the intensity of the Si(2,0) mode increases drasti-

cally since larger hole size leads to higher transmission back-

ground.26 However, the magnitude of the Si(1,0) and Si(1,1)

modes decrease due to the fact that the SSP modes excited

on the 20 – 10 lattice are suppressed by the introduction of

the 14:1� dS lattice. All the transmission features observed

in the experiments are well reproduced by the numerical sim-

ulations presented in Figs. 1(j)–1(l).

Remarkably, we notice that the Si(1,1) mode of the

20� 10� 7 lattice turns into an anti-resonant dip at

50.3 lm, marked by the red line box in Figs. 1(h) and 1(l).

To characterize the asymmetric line shape of the Fano reso-

nance, we fit the Si(1,1) mode using Eq. (2) for the three

samples, which are shown in Figs. 2(a)–2(c). For the 20�
10� 3 lattice, the long-wavelength wing of the Si(1,1) mode

is relatively steep, in contrast to the flatter short-wavelength

wing on the left of the dip at 47 lm and a similar situation is

observed for the 20� 10� 5 lattice as well. However, the

case of the 20� 10� 7 lattice reverses: the short-

wavelength wing becomes steeper as compared with the

long-wavelength wing on the right of the dip at 50 lm. In

other words, the Fano line shape of the Si(1,1) mode experi-

ences a distinct reversal of the asymmetry, with the q value

(labeled in Fig. 2) varying from positive for the 20� 10� 5

lattice to negative for the 20� 10� 7 lattice. Figs. 2(d)–2(f)

show the simulated profiles of the Si(1,1) mode and fitting

curves for the three samples. Good agreement between ex-

perimental and simulated results is obtained.

In order to demonstrate the evolution of the Si(1,1)

mode profile in details, we have carried out a series of nu-

merical simulations for the 20� 10� dS lattices with dS

ranging from 5 to 8 lm. In Figs. 3(a)–3(e), the results of five

lattices and their fitting curves with Eq. (2) are given, from

which it can be seen that the asymmetric line shape of the

Si(1,1) mode changes gradually with the variation of dS. The

extracted q value follows a good linear relation as dS

increases, evolving from positive (0.81) for the 20� 10� 5

lattice to negative (�1.76) for the 20� 10� 8 lattice and

approaches to zero as dS approximates 6.2 lm, as shown in

Fig. 3(f).

The 20� 10� dS lattice can actually be considered as

the composite of a 20 – 10 lattice nested by a 14:1� dS one:

for each sub-lattice a set of SSP modes can be excited. Not

only that, the SSP modes of different sub-lattices can couple

together provided that they get close enough, giving rise to

the counterintuitive transmission behavior of the compound

hole arrays. According to the Bragg coupling relation of Eq.

(1), the Si(1,1) mode of the 20 – 10 lattice locates nearly at

the same position with the Si(1,0) mode of the 14:1� dS

FIG. 1. SEM images of the samples: (a) 20 – 10, (b) 20 – 10 – 3, (c)

20 – 10 – 5, and (d) 20 – 10 – 7, with the same primary hole size (d¼ 10 lm)

but different interstitial holes (dS ¼0, 3, 5, and 7 lm, respectively). The unit

cell of sub-lattices is marked by dashed lines. (e)–(h) Experimental and

(i)–(l) simulated transmission spectra of the 20� 10� dS lattice. The elec-

tric field distributions (jEj2) for the 20 – 10 lattice at 68.5 lm (m), 48.4 lm

(n), and 34 lm (o) calculated at 10 nm distance from the interface in the sili-

con substrate (color legend not the same).
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lattice. As a consequence, these two adjacent modes may

couple coherently with each other, giving rise to constructive

or destructive interferences at different wavelengths. On the

one hand, the existence of the 14:1� dS lattice can weaken

the coherence between 10 lm holes when dS is large enough,

i.e., >5 lm in our case, reducing the excitation probability of

SSP modes of the 20 – 10 lattice. This is analogous to the

scenario27 where the sign of the asymmetry parameter is

determined by the frequency difference between a discrete

(dark) state and a plasmonic (bright) mode when the cou-

pling strength of photons to the discrete state is relatively

weak. On the other hand, it can be seen in Fig. 4 that the kres

of the Si(1,0) mode for the 14:1� dS lattice red-shifts from

47.9 lm to 48.4 lm as dS increases from 5 lm to 7.5 lm,

since larger hole size increases the cut-off wavelength and

analogous red-shift of kres have been observed in the extraor-

dinary transmission in the visible regime.3,28 So the Si(1,0)

mode of the 14:1� dS lattice passes through the Si(1,1)

mode of the 20 – 10 lattice (kres � 48.1 lm, marked by the

vertical line in Fig. 4) as dS increases. As a consequence, the

phase of the latter mode reverses29 and the q value of the

Fano resonance for the 20� 10� dS lattice flips its sign

from positive to negative, as shown in Fig. 2. A symmetric

dip emerges as dS approximates 6.2 lm, near which the

cross-over between these two modes takes place.

Since both the spectral position and width of Fano pro-

files depend sensitively on the geometric parameters or

dielectric environment, much interest in plasmonic systems

stem from their potential as effective surface plasmon reso-

nance (SPR) sensors. The proposed structure with their

highly tunable and sharp Fano resonances may work as SPR

substrate for chemical or biological sensing not only in the

far infrared but also can be extended to the visible regime

where higher sensitivity can be obtained. Meanwhile, the

drastic change of the asymmetry parameter from positive to

negative can be explored for applications such as optical

switches.14

In conclusion, for the compound hole arrays reported in

this letter, the Fano resonance of SSP modes can be modu-

lated artificially and continuously. The sign of the asymme-

try parameter is determined by the relative position of

FIG. 3. (a)–(e) The simulated transmission spectra (hollow circles) of the

Si(1,1) mode for five 20� 10� dS lattices. The solid lines are fitting curves

according to Eq. (2). (f) The q value variation and linear fitting as a function

of dS for different 20� 10� dS lattices.

FIG. 4. The simulated Si(1,0) mode of the 14:1� dS lattices (dS ¼ 5� 7:5
lm, solid) and the Si(1,1) mode of the 10� 20 lattice (dashed). The inset

shows the schematic geometric configuration of the compound hole array.

The vertical line denotes the kRes of Si(1,1) mode for the 10� 20 lattice.

FIG. 2. Experimental (a)–(c) and simulated (d)–(f)

transmission spectra (hollow circles) of the Si(1,1)

mode for the three compound hole arrays. The solid

lines are fitting curves according to Eq. (2). The

extracted asymmetry parameter q is labelled for each

curve.
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coupled SSP modes of sub-lattices. This kind of structures

may serve as candidates of building blocks for future meta-

materials and hold significant potential in biochemical sens-

ing as well as optical switching applications.
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