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Surface plasmon resonance modes in a two-dimensional gold nanodisk array incorporated with super-lattice de-
fects are investigated in this paper. Both transmission and absorption spectra of the super-lattice metal nanodisk
array are calculated. The transmission spectrum exhibits an asymmetric Fano resonance lineshape and a narrow
linewidth peak between two transmission dips. The electric field and polarization charge distributions at the trans-
mission peak and dip wavelengths are also calculated. It is explained that the surface plasmon resonance modes
associated with the large period nanodisks and small period nanodisks give rise to the Fano resonance lineshape
and the anomalous transmission peak. We also retrieve the effective optical constants of the metal nanodisk array
film. The effective optical constants exhibit strong chromatic dispersion and a small attenuation at the peak trans-
mission wavelength. The strong dispersion and small attenuation can potentially be used for slow light. © 2013
Optical Society of America
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1. INTRODUCTION

Surface plasmon resonance in metallic nanostructures can

produce strong localized electromagnetic field enhancement

[1,2]. The effect of strong local field enhancement has been

extensively investigated for many applications, such as bio-

chemical sensing [3,4], surface-enhanced Raman spectros-

copy [5,6], and photovoltaic solar cells [7]. Recently, it was

reported that the coupling between different metal nano-

structures can give rise to complex hybrid surface plasmon

modes [8–25]. Coupled metal nanostructures, such as hep-

tamer [16–19], quadrumer [20], pentamer [21–23], and other

oligomer structures [24], have been investigated and reported.

In these works, couplings between metal nanostructures

happen mainly within the unit cell. Coupling between metal

nanostructures among different unit cells in large arrays is

also investigated for producing a collective plasmon reso-

nance mode with desirable features such as sharp spectral

linewidth [26,27] and optical impedance matching [28].

However, works on coupling cross unit cells mainly focus

on regularly spaced periodic arrays. More complicated

periodic metal nanostructures have not been investigated.

In this paper, surface plasmon resonance modes in a two-

dimensional (2D) gold nanodisk array incorporating super-

lattice defects are investigated. The nanodisk array with

super-lattice defects is created by periodically removing

every other nanodisk in a regular periodic metal nanodisk

array. Transmission, absorption, and near-field resonance

spectra are calculated using the finite-difference time-domain

(FDTD) technique. A narrow linewidth transmission peak is

observed between two transmission stop-band dips. Also

we retrieve the effective optical constants of the super-lattice

defect gold nanodisk array film using an inversion technique.

Slow light is predicted at the anomalous transmission peak

wavelength.

2. STRUCTURE DESCRIPTION

Figure 1 illustrates 2 × 2 unit cells of the 2D gold nanodisk ar-

ray incorporated with super-lattice defects on a glass sub-

strate. The medium surrounding the metal nanodisk array

is air. In Fig. 1, the unit cell is indicated by the dashed square,

which repeats itself in the x and y directions with the same

period of P � 350 nm. The structure can be thought of as

being created by removing every other nanodisk in a regular

2D periodic nanodisk array. In the super-lattice defect gold

nanodisk array, the diameter of the gold nanodisks is

d � 125 nm, and the height of the gold nanodisks is

t � 30 nm. The nanodisk array is symmetric in the x and y

directions; therefore it is polarization-independent for normal

incidence. By creating super-lattice defects, the nanodisks can

be classified into two groups: nanodisks with the small period

(P∕2) and nanodisks with the large period (P). Without the

super-lattice defects, the array becomes a regular nanodisk

array with only the period of P∕2.

3. RESULTS AND DISCUSSION

We calculate the transmission and absorption spectra of the

nanodisk array with super-lattice defects and also calculate

the transmission and absorption spectra of the single period

nanodisk array without defects using a FDTD numerical sim-

ulation software code developed by Lumerical Solution, Inc.

In the simulations, optical constants of gold nanodisks are

from [29]. The glass substrate is assumed to have an index

of refraction of 1.45. The medium surrounding the metal
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nanodisks above the substrate is air. In the FDTD simulations,

periodic boundary conditions are used in lateral directions to

accommodate the periodicity of the nanodisk array. An opti-

cal plane wave is incident normally to the gold nanodisk array

from the top in the air. The amplitude of the electric field of

the incident optical wave is 1 V∕m. Two optical power mon-

itors are placed above and below the structure to obtain the

transmission and reflection. Perfectly matched layers (PMLs)

are used above and below the structure to ensure no reflec-

tions from the top and bottom boundaries. A 2D field monitor

is placed on the x–y plane 15 nm above the glass substrate

(i.e., the middle plane of the nanodisk layer) to obtain the elec-

tric field and charge distributions. Fine meshes as small as

2 nm are used near the nanodisks to ensure enough resolution

for the field distribution plots.

The calculated transmission and absorption spectra of the

2D gold nanodisk array at normal incidence with the polariza-

tion in the x direction are shown in Fig. 2(a). The transmission

is obtained using a power monitor placed in the transmission

region. The absorption is obtained by subtracting the transmis-

sion and reflection from one. The solid blue line is the trans-

mission versus the wavelength. The dashed red line is the

absorption versus the wavelength. The transmission curve

shows a peak at the 670 nm wavelength and two dips at 617

and 692 nm, respectively. The absorption curve has two peaks

at 604 and 684 nm wavelength, respectively, and exhibits an

asymmetric Fano resonance lineshape. The Fano resonance

lineshape has not been seen in the pentamer [21,23] and quad-

rumer structures [20,23]. For comparison, we calculated the

transmission and absorption spectra of the regular periodic

gold nanodisk array without defects on a glass substrate.

The period of the regular periodic nanodisk array is P∕2.

The results are shown in Fig. 2(b). It is seen that there is a wide

transmission stop-band centered at 618 nm. It can be seen that

the position of transmission dip of the regular array does not

have obvious shift after the 2D super-lattice defects are cre-

ated. Further, we also calculated the transmission and absorp-

tion spectra of a regular periodic gold nanodisk array with the

large period of P. The results are shown in Fig. 2(c). It can be

seen that transmission has a dip at 670 nm and the absorption

has a peak at 669 nm. The strong absorption is due to the

nonlocal scattering Bloch wave coupled surface plasmon

resonance of the gold nanodisks. We also use to a point field

monitor near a nanodisk (10 nmdistance along the x direction)

to monitor the local surface plasmon resonance of the

nanodisk. The near-field resonance exhibits a Fano resonance

lineshape. The Fano resonance lineshape is due to the nonlocal

scattering Bloch wave coupled nanodisk surface plasmon

resonance mode.

Fig. 1. Section with 2 × 2 unit cells of the gold nanodisk array with
super-lattice defects. The square enclosed by the dashed lines is the
unit cell. The void in the center of the unit cell is where a nanodisk is
removed from a regular periodic nanodisk array.

Fig. 2. (a) Transmission spectrum (solid blue line) and absorption
spectrum (red-dashed curve) of the 2D nanodisk array with voids.
(b) Transmission spectrum (solid blue line) and absorption spectrum
(red-dashed line) of the regular 2Dgoldnanodisk arraywithoutdefects.
(c) Transmission spectrum (solid blue line) and absorption spectrum
(red-dashed line) of the regular 2D gold nanodisk array with period of
350 nm.
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To gain physical insight on the resonance behavior of the

complex gold nanodisk array, we use three near-field point

monitorsA, B, andC in the structure as shown in Fig. 1 during

FDTD simulations. These near-field point monitors are

located 10 nm away from the nanodisks on the right-hand side

and 15 nm above the substrate. The amplitudes of the electric

field at these three near-field point monitors are calculated

and plotted as the function of wavelength. The results are

shown in Fig. 3. It can be seen that the electric field at point

monitorA reveals a strong local surface plasmon resonance at

695 nm and a weak surface plasmon resonance at 604 nm. The

electric field at point monitor B reveals a strong local surface

plasmon resonance at 675 nm, which is slightly longer than

the peak transmission wavelength of 670 nm observed in the

transmission. The resonance wavelength blue shift from the

near field to the far field has been explained as being caused

by the radiation damping of the gold nanodisk [30,31]. The

electric field at the point monitor C (the dashed blue curve)

also reveals two local field resonances. One is at 628 nm and

another is at 695 nm. The local field resonance at 695 nm

wavelength contributes to the transmission dip at 692 nm

wavelength, which is blue-shifted from the local field reso-

nance wavelength of 695 nm. The weak local field resonance

at 628 nm contributes to the transmission dip at 617 nm in the

far-field transmission. In Fig. 3, it can be seen that local sur-

face plasmon resonances of nanodisks in the small period

rows exhibit similar asymmetric Fano resonance lineshapes

because they are strongly coupled together through the small

gaps between them and also coupled via nonlocal Bloch

waves between unit cells. The local surface plasmon reso-

nance of nanodisks in the large period rows also exhibits a

Fano resonance lineshape because they are coupled through

nonlocal scattering Bloch waves.

We calculated 2D spatial distributions of the intensity and

the phase of the x component of the electric field (Ex) on a

plane 15 nm above the substrate (i.e., the middle plane of the

nanodisks) at 617, 670, and 692 nm wavelengths, respectively.

Figure 4(a) shows the electric field intensity (jExj2) distribu-

tion at 617 nm wavelength. At this wavelength, gold nanodisks

in the small period (P∕2) rows and the large period (P) rows

are in resonance, indicated by the local field enhancement

near the metal nanodisks. Figure 4(b) shows the phase distri-

bution of the Ex at 617 nm wavelength. It can be seen that the

phase of the Ex component changes dramatically inside the

defect voids of the nanodisk array, indicating that the Ex

component changes direction inside the defect voids. The

Ex component contributed by the small period nanodisks is

in the opposite direction of the Ex component contributed

by the large period nanodisks in the center of voids. In the

center of the defect voids, the Ex component of the small

period nanodisks above and below dominates. Therefore,

reversal of the phase of Ex is seen in the center of the voids.

The transmission spectrum has a broadband dip, which is

due to the collective surface plasmon resonance of the gold

nanodisks in the array.

Figure 5(a) shows the electric field intensity (jExj2) distri-

bution at 670 nm wavelength. It can be clearly seen that at this

wavelength, metal nanodisks in large period rows are in

strong resonance. The metal nanodisks in small period rows

are not in resonance. Figure 5(b) shows the phase distribution

of the Ex component at 670 nm wavelength. It can be seen

that the Ex component in large period rows oscillates out

of the phase of the Ex component in small period rows.

The plasmons of nanodisks in the large period rows and small

period rows oscillate out of phase. This is very much like

the electromagnetically induced transparency phenomenon

discussed in [11]. In the super-lattice defect array, local field

coupling between nanodisks in the small period rows and the

large period rows may exist, which can cause reduction of the

radiation damping loss and the narrow resonance linewidth in

the transmission spectrum. However, we believe the strong

resonance at this wavelength is mainly due to the nonlocal

Fig. 3. Electric field amplitude versus the wavelength at point mon-
itor A (solid black line), point monitor B (dashed red line), and point
monitor C (dashed blue line).

Fig. 4. (a) Electric field intensity distribution and (b) distribution of
phase of Ex component in 2 × 2 unit cells of the nanodisk array with
super-lattice defects at 617 nm wavelength.
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Bloch wave coupling between nanodisks of the large period

because the resonance happens at the resonance wavelength

also seen in Fig. 2(c).

Figure 6(a) shows the electric field intensity distribution at

692 nm wavelength. Figure 6(b) shows the phase distribution

of the Ex component at 692 nm wavelength. The nanodisks in

small period rows exhibit strong resonance and local field en-

hancement. The electric field near the nanodisks in the large

period rows is relatively weak. This indicates that the nano-

disks in the large period rows are far from the resonance

mode. The transmission dip at the 692 nm is mainly caused

by the surface plasmon resonance of metal nanodisks in small

period rows.

We also calculate polarization charge distributions at the

resonance wavelengths. Figure 7(a) shows the polarization

charge distribution in a 2 × 2 unit cell of the nanodisk array

at 617 nm wavelength. Figure 7(b) shows the polarization

charge distribution in a 2 × 2 unit cell at 670 nm wavelength.

Figure 7(c) shows the polarization charge distribution in a 2 ×

2unit cell at 692 nmwavelength. It can be seen that polarization

charge distributions agree well with the near electric field dis-

tributions in Figs. 4–7. At 617 nm, all the electric dipoles oscil-

late relatively in phase. At wavelengths of 670 and 692 nm,

electric dipoles in the small period rows and the large period

rows oscillate in opposite directions, which reduces the radi-

ation loss and gives rise to the narrow linewidth resonance fea-

ture. Although the charge distributions in Figs. 7(b) and 7(c)

are similar to each other, it can be seen from the local surface

plasmon resonancemodes shown inFig. 3 and the intensity and

phase distributions in Figs. 5 and 6 that two resonance modes

produce the narrow linewidth transmission peaked at 670 nm

and the transmission minimum at 692 nm wavelength. The

nanodisk array of the period P∕2 without defects can be

thought of as an effective metal film. By creating supper-lattice

defects, it is equivalent to create holes in the effective

metal film. The narrow linewidth anomalous transmission is

like the extraordinary optical transmission through nanohole

arrays in metal films [32].

To further study the optical properties of the nanodisk

array, we retrieved the effective electric permittivity of the

nanodisk array film using the inversion technique [33,34].

Figure 8 illustrates the effective medium structure where light

is incident to the effective medium layer from the top region

where the index of refraction and the impedance are n0 and

Z0, respectively. The effective index of refraction is n1, and

the effective impedance is Z1 in the effective medium layer.

The effective medium layer is on top of a transparent glass

substrate with the refractive index n2 and impedance Z2. Here

the incident optical wave propagates in the z direction. The

electric field amplitude of the incident optical wave is F .

The thickness of the effective medium film is h. k is the wave

number in free space.

Using the electromagnetic field boundary conditions at the

interface z � 0, we have

F � rF � U � V; (1)

F − rF

Zo

�
U

Z1

−

V

Z1

; (2)

where r is the reflection coefficient. Applying the boundary

conditions at the interface z � h, we have

Fig. 5. (a) Electric field intensity distribution and (b) distribution of
phase of Ex component in 2 × 2 unit cells of the super-lattice defect
nanodisk array at 670 nm wavelength.

Fig. 6. (a) Electric field intensity distribution and (b) distribution of
phase of Ex component in 2 × 2 unit cells of the nanodisk array with
super-lattice defects at 692 nm wavelength.
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Ue−ik0n1h � Veik0n1h � tF; (3)

Ue−ik0n1h

Z1

−

Veik0n1h

Z1

�
tF

Z2

; (4)

where t is the transmission coefficient that can be obtained

from the FDTD numerical simulation. By eliminating U and

V , we get two equations including two unknown parameters

of Z1 and n1:

e−ik0n1h �
�1 − r�∕Zo � �1� r�∕Z1

t�1∕Z2 � 1∕Z1�
; (5)

eik0n1h �
�1 − r�∕Zo − �1� r�∕Z1

t�1∕Z2 − 1∕Z1�
: (6)

From Eqs. (5) and (6), we can get Z1 and the solve for n1:

Z1 � �

������������������������������������

��1� r�2 − t2�Z2
o

��1 − r�2 − t2Z2
o�

s

; (7)

cos�k0n1h�

�
1

2

�

�1− r�∕Zo��1� r�∕Z1

t�1∕Z2�1∕Z1�
�
�1− r�∕Zo − �1� r�∕Z1

t�1∕Z2 −1∕Z1�

�

: (8)

We choose the roots of Eqs. (7) and (8) that have physical

meaning for the passive effective material, i.e., Re�Z1� > 0

and Im�n1� < 0.

Figure 9(a) shows the real and imaginary parts of the effec-

tive electric permittivity retrieved using Eqs. (7) and (8). The

blue solid line is the real part of the electric permittivity versus

Fig. 7. Polarization charge distribution in a 2 × 2 unit cell of the
structure at (a) 617 nm wavelength, (b) 670 nm wavelength, and
(c) 692 nm wavelength.

Fig. 8. Super-lattice nanodisk array effective medium film on a
transparent substrate.

Fig. 9. (a) Effective relative electric permittivity of the nanodisk ar-
ray film: solid blue and dashed red lines are for the real and imaginary
parts of the relative electric permittivity, respectively. (b) Real and
imaginary parts of the effective index of refraction of the super-lattice
gold nanodisk array film.
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the wavelength. The dashed red line is the imaginary part

of the electric permittivity versus the wavelength. A minimum

in the imaginary part of the electric permittivity at 667 nm is

found near the peak transmission wavelength. Strong

dispersion is also found near that wavelength. We plot the

effective index of refraction in Fig. 9(b). The blue solid line

is the real part of the effective index of refraction. The dashed

red line is the imaginary part of the effective index of refrac-

tion. Near the peak transmission wavelength, the effective in-

dex of refraction has a minimum in its imaginary part and a

large chromatic dispersion in its real part. Because of the large

dispersion, the 2D metal nanodisk array structure film can be

potentially used for slow light applications [35]. We calculated

the group velocity at the peak transmission wavelength of

670 nm and found that the group velocity is c∕26, where c

is the speed of light in vacuum.

4. SUMMARY

In this paper, surface plasmon resonance modes of a 2D gold

nanodisk array incorporated with super-lattice defects are in-

vestigated. We calculated the transmission and absorption

spectra of the metal nanodisk array using FDTD numerical

simulations and compared the results with the transmission

and absorption spectra of a regular periodic gold nanodisk

array without supper-lattice defects. A relatively narrow line-

width transmission peak is found between two transmission

dips for the super-lattice nanodisk array. The transmission

and absorption spectra of the nanodisk array with super-

lattice defects exhibit asymmetric Fano resonance lineshapes.

It is explained that nonlocal Bloch wave coupled surface plas-

mon resonance modes of metal nanodisks in the large period

rows and the small period rows give rise to the narrow line-

width transmission peak between two transmission dips. This

coupling is different from the heptamer and pentamer struc-

tures where the coupling happens between the center nano-

dot and the surrounding nanodots within the unit cell. The

strong asymmetric Fano resonance lineshape of the transmis-

sion spectral curve can potentially be used for ultrasensitive

sensing applications. Using the inversion technique, effective

optical constants of the 2D gold nanodisk array nanostructure

film are retrieved. It is found that the nanodisk array effective

film has a large chromatic dispersion at the peak transmission

wavelength. At the peak transmission wavelength, a group

velocity 26 times slower than the speed of light in the vacuum

is predicted.
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