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Abstract The sensitivity is the most important parameter

in the sensing field. Effort was made to study the effect of

gold coating on the sensitivity of rhombic silver nano-

structure array through numerical simulation using the

discrete dipole approximation method. This study shows

that thickness of the gold coating can be varied to tune

the sensitivity of the rhombic silver nanostructure array.

The Au–Ag nanostructure array is found to possess the

maximum refractive index sensitivity of 714 nm/RIU when

thickness of gold is 20 nm, thickness of silver is 25 nm, and

refractive index of the medium is around 1.35. The

condition for achieving the maximum refractive index

sensitivity can be used for detecting many species of

biomolecules and drugs in the future.

Keywords Sensitivity . Rhombic . Spectroscopy . Discrete

dipole approximation

Introduction

Nanostructures of gold have attracted considerable attention

because of their special physical and chemical properties

compared to the bulk counterparts. One of the most

fascinating aspects is their optical properties. On the

nanoscale, many metals, e.g., silver and gold, exhibit strong

absorption in the visible region of the spectrum [1, 2]. The

origin of this absorption is attributed to collective conduc-

tion band electron oscillation in response to the electrical

field of the electromagnetic radiation of light. This optical

absorption leads to surface plasmon, partly because net

charges are displaced transiently on the particle surface

during electron oscillation.

The controllable and tunable optical properties of metal

nanostructures are highly desirable for many applications

that rely on light absorption of metal, including surface

plasmon resonance (SPR) [3, 4], surface-enhanced Raman

scattering [5, 6], sensing [7–10], and imaging [11]. The

high sensitivity to the surrounding medium and ligand

environment has been exploited for biosensing [12].

Adsorbate-induced shift in the SPR band occurs as a result

of the local dielectric environment changes caused by the

adsorbing molecules. The shift itself is not specific to the

chemical or biological species being adsorbed; however,

the specificity desired for biosensing applications may be

achieved by employing surface ligands with the ability to

specifically bind the analyte molecules and eliminating

nonspecific surface adsorption [13].

The sensitivity is the most important parameter in the

sensing field. The shape, material, and the refractive index

around the nanostructure array can change the sensitivity of

the nanobiosensor. In the previous work by Zhu et al. [14],

it is proposed that rhombic hybrid Au–Ag nanostructure

array may be used to avoid oxidation of the silver and to

improve the refractive index sensitivity. The effect of gold

coating on the sensitivity of the rhombic silver nano-

structure array is very important in controlling the optical

properties in many applications. In this paper, we focus on

the effect of gold coating on the sensitivity of the rhombic

silver nanostructure array. The discrete dipole approxima-

tion (DDA) method was used to calculate the sensitivity

when the thickness of the gold coating on the top of the

S. Zhu (*) :W. Zhou

Precision Engineering and Nanotechnology Centre,

School of Mechanical and Aerospace Engineering,

Nanyang Technological University,

Singapore, Singapore 639798

e-mail: slzhu@ntu.edu.sg

W. Zhou

e-mail: wzhou@cantab.net

Plasmonics (2009) 4:303–306

DOI 10.1007/s11468-009-9106-2



rhombic silver nanostructure array changed. The calculated

results show that gold coating has significant effect on the

sensitivity of the rhombic silver nanostructure array, and

the optimal refractive index of the media can be found

simultaneously.

Computational setup

Numerical simulation is performed using the DDA algo-

rithm, which is a powerful numerical method for calculat-

ing scattering and absorption for the targets of arbitrary

structures. The target is represented as a lattice of

polarizable cubic elements (N-point dipoles) whose posi-

tions and polarizabilities are denoted as ri and αi. The

electrodynamics of this array of dipoles in the presence of

an applied plane wave field is then solved exactly. To do

this, the polarization induced in each dipole as a result of

the incident and retarded fields from the other elements can

be expressed as [15, 16]:

Pi ¼ aiEloc;i rið Þ i ¼ 1; 2; :::;N ; ð1Þ

where the local field Eloc(ri) is the sum of the incident and

retarded fields of the other N−1 dipoles. For a given

wavelength λ, the field can be expressed as:

Eloc;iðriÞ ¼ Einc;i þ Eretard;i ¼ E0 exp ikrið Þ �
P

N

j¼1
j6¼i

AijPj

i ¼ 1; 2; :::;N ;

ð2Þ

where E0 and k=2π/λ are the amplitude and wave number

of the incident wave, respectively. The interaction matrix A

is then expressed as:

AijPj ¼
exp ikrijð Þ

rij3
k2rij � rij � Pj

� �

þ
1�ikrij
rij2

� rij
2Pj � 3rij rijPj

� �� �

n o

i ¼ 1; 2; :::;N ; j ¼ 1; 2; :::;N ; j 6¼ ið Þ

ð3Þ

where rij ¼ ri � rj
�

�

�

� is the distance vector from dipole i to

dipole j. Substituting Eq. 2 and Eq. 3 into Eq. 1 and

rearranging Eq. 1, we obtain

a
�1

� �

Pi þ
X

N

j¼1
j 6¼i

AijPj ¼ Einc;i i ¼ 1; 2; :::;N ; ð4Þ

The polarization vectors and electric fields are then

obtained by solving 3N linear equations of the form

A'P ¼ E ð5Þ

where the off diagonal elements of the matrix, Aij′, is the

same as Aij, and the diagonal element of the matrix, Aii′, is

α
-1. After obtaining the polarization vector P, we can

calculate cross section of the extinction as

Cext ¼
4pk

E0j j2

X

N

i¼1

Im Eloc;iPi

� �

ð6Þ

The computer time used in the DDA method is

proportional to the number of the dipoles. Depending on

the error tolerance in the calculation, the typical cube size

required for convergence (for a noble metal particle) is in

the range of 0.5–2 nm, and the method is limited to the

calculation of a particle or a cluster of particles whose total

size is a few hundred nanometers in each dimension. For a

periodic array of particles, the local electric field and

polarization is a periodic function in two dimensions. So we

need to solve the linear equations for a single unit cell only.

But for the sum term in Eq. 2, it is extended to include

periodic replicas of as many cells as the numbers, which is

needed to converge the expansion.

Substrate

Au

Ag z 

x 

y 

Fig. 1 The symmetrical two-dimensional infinite gold-coated rhom-

bic silver nanostructure array
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Fig. 2 Extinction spectra for different effective refractive indexes

mediums; the thickness is 25 nm for silver and 0 nm for gold (i.e., no

Au coating)
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The extended DDA program of calculating extinction

spectra for the two-dimensional infinite arrays is proposed

according to the structure character of the rhombic structure

while the original DDA program can only calculate

extinction spectra of the single particle. The original DDA

program DDSCAT 6.1 is from Draine and Flatau; the

dielectric constants for gold and silver are taken from

Reference [17]. All of our results are calculated by taking

the effective index of medium as the external dielectric

material and the interdipole spacing is set to be 2 nm in our

calculation.

The gold-coated rhombic silver nanostructures are

arranged in the symmetrical two-dimensional infinite arrays

which lie in the y–z-plane, and the incident light, which is

polarized along the y-axis, propagates in the x-direction.

The incident wavelength is varied from 350 to 850 nm. The

infinite rectangular arrays are formed by identical gold-

coated rhombic silver nanostructures with in-plane width of

about 100 nm. The angle between the arrays and underside

is 600, and the period of the gold-coated rhombic silver

nanostructure array is 400 nm (Fig. 1).

Results and discussions

In order to verify the effect of the gold coating on the

sensitivity of the rhombic silver nanostructure array, we

calculated the extinction spectra of the effective refractive

index of the mediums surrounding the Au–Ag nano-

structure array. The refractive index sensitivity is defined

as m=Δλmax/Δn, where Δλmax and Δn denote the peak of
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Fig 3 Extinction spectra for different effective refractive indexes

mediums; the thickness is 25 nm for silver and 5 nm for gold
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Fig. 4 Extinction spectra for different effective refractive indexes

mediums; the thickness is 25 nm for silver and 10 nm for gold
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Fig. 6 Extinction spectra for different effective refractive indexes

mediums; the thickness is 25 nm for silver and 20 nm for gold
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Fig. 5 Extinction spectra for different effective refractive indexes

mediums; the thickness is 25 nm for silver and 15 nm for gold
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the wavelength change and the refractive index change,

respectively.

The thicknesses of the gold coating were varied from 0

to 20 nm, and the out-of-plane height of silver was fixed at

25 nm for calculating the sensitivity. Figures 2, 3, 4, 5, and 6

show the extinction spectra of different effective refractive

indexes mediums surrounding the Au–Ag rhombic nano-

structure array. The refractive indexes of the mediums

are 1.0, 1.05, 1.1, 1.15, 1.2, 1.25, 1.3, 1.35, and 1.4,

respectively. The calculated result shows that the maximum

refractive index sensitivities of the Au–Ag rhombic nano-

structure array with fixed Ag thickness and different Au

thickness are m=Δλmax/Δn=0.02 μm/0.05=0.4 μm/RIU=

400 nm/RIU (Figs. 2, 3, and 5), 600 nm/RIU (Fig. 4), and

714 nm/RIU (Fig. 6).

The calculated result shows that the maximum refractive

index sensitivity of the Au–Ag rhombic nanostructure array

is 400 nm/RIU when the thickness of gold coating is 0, 5,

and 15 nm, respectively. The gold coating has no effect on

the maximum sensitivity of the silver rhombic nano-

structure array. From the calculated results, we can see that

the thickness of the gold coating caused the change of the

intensity of the extinction efficiency. The intensity of

the extinction efficiency decreases when the thickness of

the gold coating increases. From Fig. 4, we apparently find

that the maximum refractive index sensitivity is 600 nm/RIU

when the refractive indexes of the mediums changed from

1.05 to 1.1. This result shows that when the thickness of gold

coating is 10 nm, the structure has very high refractive index

sensitivity from 1.05 to 1.1.

From Fig. 6, we find that the maximum refractive index

sensitivity is 714 nm/RIU when the refractive indexes of

the mediums changed from 1.35 to 1.0. This result shows

that when the thickness of gold coating is 20 nm, the

structure is very sensitivity for the refractive index from

1.35 to 1.0, and the refractive index sensitivity of the gold

coating rhombic silver nanostructure array is higher than

the traditional triangular silver nanostructure array.

Conclusion

Gold coating has significant effect on the sensitivity of the

rhombic silver nanostructure array. The Au–Ag nano-

structure array is found to possess the maximum refractive

index sensitivity of 714 nm/RIU when thickness of gold is

20 nm, thickness of silver is 25 nm, and refractive index of

the medium is around 1.35. The condition for achieving the

maximum refractive index sensitivity can be used for

detecting many species of biomolecules and drugs in the

future.
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