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We propose a two-scale architecture by simultaneously exploiting both the Rayleigh anomaly and localized surface plasmon resonance in colloidal 

directly assembled oligomers to achieve giant field enhancement, overcoming limitations by losses and the intrinsic nonlocality of the dielectric 
response of metal nanoparticles. We show that the total field enhancement in the nanogap hot-spots of this two-scale structure is the product of the 
enhancements of each individual geometrical scale. Under this scheme, chemically assembled metallic oligomers enable strong enhancement of the 
near-field in resultant few-nanometer gaps at their plasmonic resonance. An extra enhancement factor results by combining the plasmonic resonance 
enhancement of these oligomers (nanometer scale) with a Rayleigh anomaly caused by a 1-D periodic set of nanorods (micrometer scale) fabricated 
using a lithographic method. This extra field enhancement cannot be obtained by further reducing the nanoantennas gaps, since they are already in the 
few nm ranges thanks to direct chemical assembly of oligomers. Experimental results verify that surface-enhanced Raman spectroscopy (SERS) 
signal is enhanced by more than one order of magnitude due to the Rayleigh anomaly as compared to the signal taken by using only metallic 
oligomers without periodic nanorods. The proposed two-scale structure could serve as a substrate for different spectroscopy techniques including 
SERS and can improve the sensitivity of spectroscopy for ultrasensitive biomolecule detection and single molecule spectroscopy studies. 

 

1. INTRODUCTION 

Enhancing light-matter interaction has attracted tremendous research 
interest due to the reliance of various applications ranging from sensing 
 [1–4] and solar cells  [5,6] to harmonic generation enhancement  [7–9] 
and perfect lensing [10] on local field enhancement. Owing to this fact, 
metallic nanoparticles have been the focus of attention for their ability 
to provide giant field localization at subwavelength scale thanks to the 
role of surface plasmon polaritons (SPPs). Particularly, nanosphere-
based clusters with nanometer(nm)-sized separation have been used to 
achieve extreme field enhancement between metallic nanoparticles 
 [11–14]. The resonance of these structures can be easily tuned by size, 
shape and the material of the particles [15]. Indeed, the hotspot of the 
field enhancement occurs near sharp corners and tips or between 
nanometer-sized gaps of nanoparticles where the intensity of light is 
enhanced by orders of magnitude  [16]. In order to attain nanoscale gap 
between the nanoparticles in the cluster (down to 1 nm) and avoid 
costly and time consuming lithographic techniques, chemical self-
assembly techniques have been exploited  [17–20]. For example, in 
 [21,22] electrohydrodynamic flow and chemical crosslinking are 
combined to yield gold nanospheres cluster with 0.9 nm sized gaps. 
Although reducing the gap size boosts the field, the field enhancement 
that can be achieved using sub nanometer-sized gap plasmonic particles 
has an ultimate constraint  [23,24]. Strictly speaking, the intrinsic 
nonlocality of the dielectric response of the metal causes this ultimate 
constraint rather than its inherent losses [25–27]. From a physical point 
of view, the charge density is not perfectly restrained on the surface but 
is slightly diffused into the volume of the nanoparticle  [28] which 
restricts the field enhancement. Realization of sensitive sensors requires 
even higher levels of field enhancement than what is currently achieved 
in current plasmonic chemically assembled surfaces. Consequently, it is 
of crucial importance to make use of other pathways along with 
plasmonic resonances to further enhance the field.  

On the other hand, periodic structures provide another avenue to 
tailor light-matter interaction. Specifically, one promising way of 
further enhancing the field and overcoming the aforementioned limit is 
to employ the constructive interference of scattered fields in periodic 
arrays of metallic nanostructures. This interesting phenomenon, also 
known as Rayleigh anomaly, leads to sharp resonant-like peaks in the 
scattering, absorption and emission spectra at the wavelength close to 
the period of the structure. With this goal of combining the capability of 
plasmonic resonances with Rayleigh anomaly, periodic arrays of 
metallic nanoparticles have been used to obtain remarkably narrow 
plasmonic resonance  [29–37] in which the coupling between local 
surface plasmon resonance (LSPR) modes of the metallic nanoparticles 
and the lattice modes of the array has further enhanced the field 
compared to the field enhancement taken of individual metallic 
nanoparticles. However, in order to pattern periodic nanoparticles 
precisely, lithographic techniques need to be used  [34,36] which not 
only are expensive, restrict the size and the shape of individual 
nanoparticles, they also greatly limit the minimum gap spacing in 
nanoantennas. For instance, the gap spacing achieved in  [36] using 
electron beam lithography is 5 nm which restricts getting strong field 
enhancement at the hot-spot of nanoparticles. 

  
In this paper, we introduce an architectural scheme that is 

translatable to large area manufacturing to achieve giant field 
enhancement by combining the Rayleigh anomaly and plasmonic 
resonance of nanoparticles. Compared to previous studies, we use two 
different sets of structures (with two distinct geometrical scales) and 
two different fabrication methods concurrently to realize high 
localization of fields. We refer to it as a “two-scale” method since the 
periodic array of scatterers and the chemically assembled oligomers 
have completely different scales and complementary fabrication 
methods. In the past Rayleigh anomaly has been used either to enhance 
the field in the periodic structure itself or to enhance the field that 
excites lithographically patterned nanoantennas located within the 
periodic array. Instead, working with directly and chemically 



assembled oligomers, as proposed here, allows to achieve nanogaps of 
the order of 1-2 nm [3,17,18,21,22]. Particularly, we use a periodic set 
of metallic nanorods deposited over a substrate along with chemically 
assembled metallic oligomers with nanometer-sized gap, between the 
nanorods (Fig. 1). The period of the nanorods is chosen such that its 
scattering resonance due to Rayleigh anomaly overlaps with the LSPR 
mode of the oligomers. In such a design, when the structure is 
illuminated with an incident wave, the coherent scattering from the 
nanorods (Rayleigh anomaly) boosts the field and transfers energy to 
the LSPR mode of the oligomer nanoantennas (which have nanometer 
gap spacing) that leads to strong field enhancement. Indeed, we prove 
that the field enhancement achieved with this structure is the 
multiplication of that at each individual geometrical scale (nanoscale 
oligomers and microscale rods). Using a rigorous analytical study, we 
find an upper limit for the enhancement achieved from the periodic set 
of nanorods. The deposition of the nanorods can be done using 
lithography or by using the near-field electrospinning (NFES) method 
 [38]. After depositing the nanorods with a suitable period, self-
assembly techniques can be used to form cluster of oligomers with 
reproducible nm-sized gap. Notice that, in our proposed structure, we 
separate the fabrication of the periodic array from the formation of 
clusters of oligomers (which is done by self-assembly). Thus, 
oligomers which provide the field localization in their plasmonic 
resonance are not restricted for their shape or size and the interparticle 
gap spacing can be reduced to 0.9 nm thanks to the self-assembly 
method which leads to giant electric field enhancement. Note that 
despite all the efforts on pushing electron beam lithography into getting 
sub-10 nm gap spacing, still it is extremely difficult and costly to 
pattern nanoantennas with small feature sizes over a large area using 
that technique; this has been the base of our motivation to use chemical 
assembly techniques to reach 1 nanometer size gaps in nanoclusters 
over large surface areas  [17,18,21]. We experimentally verify the 
ability of our structure for field enhancement by exploiting it for 
surface-enhanced Raman spectroscopy (SERS) which is a vibrational 
spectroscopy technique for identification of trace amounts of analytes. 
Approximately, SERS is proportional to the quadratic power of the 
field enhancement, if we assume that the excitation and scattering 
frequencies are close to each other. Therefore, probing SERS 
enhancement is a suitable tool to reveal the usefulness of the proposed 
two-scale structure. One of the most important aspects of our structure 
is that it does not require slow and expensive fabrication methods such 
as electron beam lithography (EBL) and focused ion beam (FIB) since 
the oligomers are formed using colloidal assembly and the nanorods 
can be fabricated using standard optical lithography or nanoimprinting. 
Note that the extra field enhancement obtained in this paper by 
exploiting the Rayleigh anomaly cannot be obtained by further 
reducing the nanoantennas gaps, since they are already in the few nm 
ranges thanks to direct chemical assembly of oligomers.  

 The rest of the paper is organized as follows: first, we analytically 
demonstrate the effect of periodicity on the resonance wavelength of 
individual nanorods. Then we investigate the efficacy of the two-scale 
structure by tuning the nanorods period on boosting the near-field 
enhancement in hot-spot of oligomers. In the end, we illustrate the 
experimental SERS result and compare it with our defined figure of 
merit based on the field enhancement results achieved by full-wave 
simulations. Finally, we will conclude the paper with some remarks.  

2. STATEMENT OF THE PROBLEM   

Our proposed two-scale structure consists of oligomers of 
plasmonics nanospheres with subwavelength diameter and gaps 
directly assembled on a surface in between the nanorords of a one 
dimensional (1-D) periodic array, with period close to the resonance 
wavelength of the oligomers, as shown in Fig. 1(a). As it is well 
established, plasmonic nanospheres arranged as oligomers over a 
surface provide hot-spots for very large electric field in the nanogaps 
due to their plasmonic resonance. As already mentioned, the goal of 
this paper is to combine the plasmonic resonance of the oligomers 
along with the Rayleigh anomaly due to the presence of the periodic 1-
D nanorods to achieve further, as factor, field enhancement compared 
to that of oligomers alone when illuminated with an incident plane 
wave. It is worth mentioning that the resonance frequency of oligomers 
depends on the number, size and the gap between the nanospheres 
which form the oligomers  [3] though it is mainly dictated by the 
polarizability of single nanospheres. On the other hand, the wavelength 
at which the Rayleigh anomaly occurs depends on the period of the 
structure, host medium and angle of incidence. For the purpose of 
evaluating the ability of the two-scale structure in boosting the electric 
field, we define the electric field enhancement (FE) as a figure of merit 
 [3,14,21,39]  

tot

inc
| ( ) |
| ( ) |

FE = E r
E r     (1) 

where tot| ( ) |E r   is the magnitude of the total electric field at location

r , and inc| ( ) |E r  is the magnitude of the incident electric field at the 
same location in the absence of the structure. The FE  indicates the 
ability of a nanoantenna system to enhance the electric field locally 
with respect to the incident illuminating field. Since the sizes of the 1-D 
periodic nanorods and the oligomers are incomparable, for our 
proposed structure, with good approximation we can neglect the back-
coupling from the oligomers to the nanorods and consider the 
plasmonics oligomers excited by the illumination field plus the one 
scattered by the nanorods. Thus, the total field enhancement achieved 
by the two-scale structure ( tFE ) can be approximated with the product 
of field enhancement obtained by the periodic nanorods ( rFE ) and the 
oligomers ( oFE ) individually: 

t r oFE FE FE≈ × .   (2) 
The mechanisms responsible for these two field enhancements are 

distinct: in oligomers, it is the plasmonic resonance whereas in the 1-D 
periodic array of nanorods, the field enhancement is due to the 
Rayleigh anomaly (in  [33] it is referred to as structural resonance).  

Fig. 1(a) illustrates the general two-scale structure which consists of 
colloidal oligomers with random orientations located in between the 
periodic nanorods. In the two-scale structure, as it is shown in Fig. 1(a), 
the colloidal oligomers consist of an arbitrary number of plasmonic 
nanospheres with diameter “ sd ”, gap “ g ” and relative electric 
permittivity “ sε ”. For what matters in this paper when their density is 
not high, these subwavelength oligomers can be considered as isolated 
scatterers by neglecting their mutual electromagnetic couplings. The 
larger scale is made of rods with diameter “ rd ” and relative 
permittivity “ rε ”, have period “ rp ” along the x-direction and are long 
compared to the wavelength so they are considered infinitely long 



along the y-axis. The rods are placed on top of a substrate with 
permittivity “ subε ” under a medium with relative permittivity “ hε ”.  

In this paper, the monochromatic time-harmonic convention
exp( )i tω−  is implicitly assumed and its notation is suppressed in the 
following. In all equations, bold fonts are used for vector quantities in 
phasor domain, and a bar under a bold font is used for dyadic 
quantities. Unit vectors are bold with a hat on top.  

 

FIG. 1. (a) Proposed “two-scale” structure for enhancing the electric field at 
optical frequencies. It is made of oligomers of colloidal plasmonic 
nanospheres assembled within the nanorods of a 1-D periodic array, on top 
of a substrate. (b) Simplified two-scale structure for analytical investigation 
consisting of a representative plasmonic linear trimer in the middle of the 1-
D periodic array of plasmonic nanorods in a homogeneous host medium. 
The orientation of the trimer is parallel to the nanorods axes and to the 
polarization of the incident plane wave. (c) Scanning Electron Microscopy 
(SEM) image of the fabricated structure, which consists of gold oligomers 
placed in between the periodic gold nanorods on the glass substrate. In this 
paper, we investigate the field enhancement in the hot-spots of the 
oligomers. 

3. ANALYTICAL MODEL 

We present an analytical approach to determine the field 
enhancement of our proposed structure. While the method is general, in 
order to simplify the analytic investigation of the two-scale structure, 
we limit our study to linear oligomers of plasmonic nanospheres 
(dimers or trimers) that are placed in between plasmonic nanorods 
inside a homogeneous host medium with permittivity hε  , as shown in 
Fig. 1(b). We consider that the nanorods are periodic along the x-axis 
and are long enough (compared to the wavelength, along the y-axis) so 
in absence of the nanospheres, we presume 0y∂ ∂ =  for any field 
quantity. Furthermore, as mentioned earlier, we consider the oligomers 
in between the nanorods to be subwavelength and separated from each 
other with enough distance. Therefore, we neglect not only the 
coupling among oligomers but also the coupling effect of oligomers on 
the nanorods but not vice-versa, i.e., we will focus on the field scattered 
by the nanorods that excites the oligomers. As previously shown in Eq. 
(2), the total field enhancement is the multiplication of the field 
enhancement caused by the 1-D periodic array of nanorods, i.e., rFE
and the field enhancement produced due to the plasmonic resonance of 

the oligomers, i.e., oFE since the mechanism of each type of field 
enhancement is distinct. We start by obtaining the scattered field from 
the nanorods and then investigate the field enhancement caused by the 
oligomers in the next subsections, respectively. 

A. Enhanced Scattered Electric Field by the Nanorod 
Array 

The goal of this section is to calculate the external electric field at the 
oligomers’ location, which is the summation of the incident field and 
the scattered field from the nanorods. We start our analysis by 
assuming an oblique incident plane wave with transverse electric (TE) 
polarization along y , as noted in Fig. 1(b), as inc

0ˆ( ) x zik x ik zE e e−=E r y 

, where cos( )x hk k ϕ= , sin( )z hk k ϕ= , 0h hk k ε=  is the 

wavenumber of host medium 0 0 0k ω μ ε=  is the wavenumber of 
free space and ϕ  is the angle of incidence with respect to x-axis. Since 
the incident field is polarized along the nanorods axis (the y-direction), 
and the nanorods are long compared to the incident wavelength and 
their diameter is subwavelength, we model each nanorod with an 
induced equivalent electric polarization current nI  along the 
nanorod [40–42]. The induced current of the nth nanorod at location nr  
(nth nanorod’s location) is given by 

loc( )n r r nI Eα= r    (3) 

where loc( )r nE r  is the local electric field at the nth nanorod location 
polarized along y-direction and rα  is the electric polarizability of an 
infinitely long rod with diameter rd  (the cross section area is  

2 4rA dπ= ) defined as  [43,44] 
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Note that since the polarization currents and electric field are all 
along the y-axis, we simplify all the equations to scalar equations. The 
rods are periodic in the x-direction with period of rp , and the location 
of the nth nanorod is 0 ˆn rnp= +r r x  where 0r  denotes the reference rod 
location which we assume to be 0 ˆ ˆ0 0= +r x z . Therefore, the 
corresponding location of the nth nanorod is ˆn rnp=r x . The 

polarization current on the nth nanorod is then 0
x rik np

nI I e= , where 0I  
is the reference current (of the 0th nanorod)  [45]. Thus, the external 
electric field at a general location r  is written as the summation of the 
incident electric field and the scattered field from the 1-D periodic set of 
nanorods as  [46] 

ext inc
0 0( ) ( ) ( , )rE E i I Gωμ ∞= +r r r r    (5) 

where 0( , )r rG∞  is the scalar periodic Green’s function of magnetic 
vector potential with respect to the y-direction. The definition of 
elements of Green’s function is presented in the Methods (A). The 
nanorods’ local field at the reference rod location to be used in Eq. (3) 
is 



 
loc inc

0 0 0 0 0 0( ) ( ) ( , )r r r rrE E i I Gωμ ∞= +
(

.    (6) 
Note that in the definition of local field (Eq.(6)), the contribution 

from the reference nanorod itself should be removed  [45] and the value 
of the “regularized” scalar periodic Green’s function 0 0( , )G∞ r r

(
 is 

determined by the limit
0

0 0 0 0( , ) lim [ ( , ) ( , )]G G G∞ ∞
→

= −
r r

r r r r r r
(

 , since 

both 0( , )G∞ r r  and 0( , )G r r  are singular at 0=r r , where 0( , )G r r  is 
the two dimensional scalar Green’s function of magnetic vector 
potential as defined in the Methods (A). Substituting loc

0( )rE r  from 
Eq.(6) in Eq.(3), the current along the reference nanorod is found as  

inc
0

0
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( )
1 ( , )

r

r
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(

     (7) 

By substituting Eq. (7) into Eq. (5), one can easily calculate the 
external electric field as a result of incident field and the multiple 
scattering by nanorods at an arbitrary oligomer location. One should 
note, as shown in Methods (B) that the periodic Green’s functions in 

Eq. (7) and Eq. (5) have the terms 2 2
0 ( 2 / )zp h x rk k k p pε π= − + , 

with 0, 1, 2,...p = ± ± , at the denominator. Therefore, when a given 

0zpk ≈  one has 0( , ) zpG B k∞ ≈r r  and 0 0( , ) zpG C k∞ ≈r r
(

. At the 
Rayleigh’s anomaly wavelength (which will be discussed later in Eq. 
(12) with more details), the scalar periodic Green’s function of the 
magnetic vector potential has a “spectral” singularity occurring when 

0zpk =  i.e., when 0( 2 / )x r hk p p kπ ε+ = ± . Thus, we can 
approximate the reference current in Eq. (7) as

( )inc
0 0 0 0 0( ) ( , )I E i Gωμ ∞≈ −r r r

(
. However, ext ( )rE r  in Eq. (5), has 

a finite value i.e., the electric field enhancement of the nanorods 
evaluated in the middle of two nanorods and at / 2rd  distance from 
the substrate is equal to 2 (This issue is investigated comprehensively in 
the Methods (B) by exploiting the Ewald representation of the Green’s 
functions). Hence, the incident field intensity is enhanced by a factor of 
4. Indeed, in the Raman spectroscopy, when the scattered frequency is 
close to the incident one, the maximum SERS intensity enhancement is 
16.  

In the next section, using these external field calculated at the 
location of an arbitrary oligomer, we will find the total electric field at 
the hot-spot of the oligomer.  

B. Total Electric Field at Oligomers’ Hot-spots 

In the previous section we only investigated the field generated by 
the nanorods, however in the two-scale structure discussed in this paper 
we consider an oligomer with subwavelength gap spacing placed 
between two adjacent nanorods. The field calculated in the presence of 
the nanorods in Eq.(5) acts as the external field applied to oligomers. 
We employ the single dipole approximation (SDA) method  [3,47] to 
model each of the M nanospheres of an oligomer. Accordingly, each 
plasmonic nanosphere is modeled with an induced electric dipole 
moment pm , with 1,2,..m M= . Indeed, due to the subwavelength 
size and the material of the nanospheres, we neglect their magnetic 
dipole and quadrupole moments. The induced electric dipole moment 
of the mth nanosphere at location rm  is found as  

loc( )m s s mα=p E r     (8) 
where sα  is the electric polarizability of every nanosphere, assumed to 

be isotropic  [47,48] and loc( )s mE r  is the local electric field at the mth 
nanosphere’s location. The local electric field is the summation of the 
external field given by Eq. (5) and the field scattered by all the other 
nanospheres of the oligomer. Thus, the local electric field at the mth 

nanosphere’s location is given by 

loc ext

1
( ) ( ) ( , ) ( )

M

s m m m l l
l
l m
=
≠

= + ⋅∑E r E r G r r p r

 (9) 
where ( , )m lG r r  is the dipole dyadic Green’s function providing the 
electric field as defined in  [3]. To find the electric dipole moment 

( )lp r  of the mth nanosphere, we combine Eq. (8) and Eq.(9), and solve 
the linear system ( 1,2,...m M= )  [3,49] 

{ext

1
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M
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=

=⋅ = = − ≠∑ IA p r E r A G r r
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The total scattered field by the rods ( ext
rE in Eq. (5)), is polarized 

along the y-axis and acts as the external field for the oligomers and 
therefore extE has nonzero component only in the y-direction. For 
simplicity, for a linear oligomer along the y-direction, the total electric 
field at the hot-spot (interparticle gap of the oligomer) along the y-
direction reads  

ext
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∑
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r r

  (11) 
where ( , )obs mg r r  is the ˆ ˆyy  element of the dipole dyadic Green’s 
function defined in  [3]. By dividing Eq. (11) over the incident electric 
field, we obtain total field enhancement of Eq. (1). 

So far, we have developed a rigorous analytical method to calculate 
the field enhancement of our proposed structure. Using the above 
method, in the next section, we obtain the field enhancement for 
different cases of our proposed two-scale structure. 

4. RESULTS AND DISCUSSION 

A. Rayleigh Anomaly 

Our goal is to exploit the Rayleigh anomaly to enhance local fields 
beyond that which can be achieved solely using LSPR. The Rayleigh 
anomaly arises in a periodic array of scatterers when the wavelength is 
related to the period of structure (as described in Eq. (12)) due to the 
coherent interaction in multiple scattering. This interaction yield a 
geometric sharp “resonance-like” peak which appears when the 
wavelength of the incident light matches the periodicity of the structure 
 [33,50,51]. We can achieve our goal by carefully choosing the period 
of an array of nanorods such that the spectral location of the anomaly is 
commensurate with the plasmonic resonance of oligomers. In this 



system, the nanorods deliver enhanced local field to the plasmonic 
oligomers which then enhance it further. 

The Rayleigh anomaly in periodic structures becomes visible as a 
sudden change of a measurable parameter such as transmission or 
reflection from a surface under the incident wave when the wavelength 
or angle of incidence is varying and happens at the wavelength  [52,53]  

( )1 cos , 1, 2,...r
r h

p p
p

λ ε ϕ= ± − = ± ±
  (12) 

For normal (to the plane of periodicity) angle of incidence and 
assuming the host medium to be the vacuum, a Rayleigh anomaly 
occurs when the wavelength of incident wave matches the array period. 
To demonstrate this phenomenon more clearly, we consider a 1-D 
periodic set of gold nanorods in a homogeneous host medium 
(vacuum), when the structure is excited by a normal plane wave 
polarized along the nanorod, as shown in Fig. 2, and investigate the 
electric field enhancement rFE  for various nanorods diameter and 
periodicity. The electric field enhancement is calculated based on Eq. 
(1), in the middle of the unit cell of a periodic array of gold nanorods. 
We use the Drude model for gold permittivity of the nanorods as in 
 [54]. We consider rods’ diameters of 40 and 80nm and different array 
periods of 545, 633 and 785 nm.   

 

FIG. 2. Electric field enhancement  rFE  achieved in the middle of the unit 
cell of a periodic array of gold nanorods, in a vacuum host medium, when 
the nanorods are excited by normal incidence plane wave polarized along 
the rod axis. (Field is evaluated at a point equidistant from the two adjacent 
rods.) Solid and dashed lines represent the result pertaining to rods’ 
diameter of 40nm and 80 nm respectively. The period of nanorods assumed 
to be 545nm, 633nm and 785 nm, shown with blue, red and green 
respectively. Rayleigh anomaly happens at wavelength equal to the period 
here (normal incidence case), independent of rods diameter. 

As it is clear from Fig. 2, the periodic structure possesses a sharp 
peak at the wavelength that is commensurate to the period of the 
structure when it is illuminated with a normal plane wave polarized 
along the nanorods. Moreover, as discussed in section (3. A) and also in 
Methods (B), the magnitude of the peak is equal to 2, independent of 
the value of the rod diameter and period. This is a striking result since 
for most of the spectroscopy applications, the signal enhancement is 
proportional to the fourth power of electric field enhancement. 
Therefore, spectroscopy signals can be significantly enhanced by 
simply using a two-scale structure. It is worth mentioning that, although 
the diameter of rods does not play any role in determining the anomaly 

frequency when it is subwavelength, larger diameters provide field 
enhancement in wider bandwidth. 

Despite the importance of normal incidence, it is interesting to study 
the effect of the wave incident angle on the frequency and strength of 
the anomaly since in experiments the structure will be excited by a 
Gaussian beam which can be represented as a weighted summation of 
multiple plane waves coming at different angles. To that end, we 
consider a 1-D periodic array of gold nanorods with diameter of 80 nm 
and period of 545 nm, located in a homogeneous host medium 
(vacuum). We assume a plane wave polarized along the rod’s axis, 
arriving at an angle ϕ  with the plane of period, as shown in Fig. 3. We 
calculate the electric field enhancement in the middle of an array unit 
cell, as a function of incident angle and wavelength based on the 
formulation in Section 3. Results in Fig. 3 describe that the maximum 
electric field enhancement is obtained at normal incidence ( 90oϕ = ), 
at the wavelength that matches the period of structure (Rayleigh 
anomaly at 545nm). For other angles of incidence ( 90oϕ ≠  ), the 
structure provides a field that peaks at both larger and smaller 
wavelengths (compared to periodicity) as is also clearly illustrated in 
Eq. (12). A result showing the field enhancement rFE  at any location 
between two contiguous rods, calculated based on full-wave 
simulations, is shown in Methods (B), for the case of a period of rp =
785 nm, at the Rayleigh anomaly wavelength ( r rpλ = ), leading to a 
result in agreement with the green curve in Fig. 2. 

 

FIG. 3. Electric field enhancement rFE  versus wavelength and plane wave 
angle of incidence, calculated in the middle of a unit cell of the array (at the 
same distance from the two nearest nanorods). Gold nanorods have 
diameter 80rd =  nm and period 545rp =  nm, all supposed to be in 
vacuum for simplicity. The Rayleigh anomaly, responsible for the strongest 
enhancement, occurs at the wavelength given by Eq. (12). 

B. Two-scale Structure Field Enhancement 

So far, we have only used the structural field enhancement due to the 
1-D periodic set of gold nanorods. However, the ultimate goal of this 
paper is to combine this coherent kind of enhancement due to the larger 
scale of fabrication with the one caused by gold oligomers’ plasmonic 
resonance In doing so the wavelength of geometric field enhancement 
(i.e., the array’s period) should be tuned close to the localized surface 
plasmon resonance of the oligomers to achieve an even stronger 
electric field than that obtained by the oligomers alone  [3,18]. Fig. 4 
illustrates the electric field enhancement versus wavelength of the 
incident plane wave for a linear trimer of gold nanospheres located in 
the middle of a unit cell of the periodic array of gold nanorods, as 
shown in Fig. 1(b). The maximum electric field enhancement achieved 
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by a linear oligomer occurs if the polarization of incident field is 
parallel to the oligomer axis  [3,14,55]. So, we assume that the trimer 
axis is parallel to the nanorods and also to the polarization of the 
incident plane wave as shown in Fig. 4. We consider two different 
cases for the period rp  of gold nanorods: (i) when the period is far 
from the resonance wavelength of the trimer (Fig. 4(a)) and (ii) when 
the period is the same as the trimer resonance wavelength (Fig. 4(b)). 

In both cases, the diameter of each nanosphere of the trimer and the 
gap spacing between them are fixed as 40sd =  nm and 5g =  nm 
respectively. If we apply the SDA method in Eq. (11) to calculate the 
trimer resonance in the vacuum, the resonance wavelength would be 
496 nm. Therefore, for the first abovementioned case, we choose 

750rp =  nm (this is pretty arbitrary, and we chose this number for the 
period to be far from the trimer’s plasmonic resonance). The zoomed-in 
inset in Fig. 4 (a) shows the nanorods anomaly which happens at the 
wavelength equal to the period. It is clear that since the 1-D periodic set 
of nanorods does not have anomaly at 496 nm, the field enhancement 
of the two-scale structure (rods + trimer) does not differ from the field 
enhancement of the trimer without periodic nanorods. It is also worth 
noting that the field enhancement of the two-scale structure has another 
small peak around the wavelength near to the period of the nanorods. 
This is due to the Rayleigh anomaly. Note that because the plasmonic 
resonance of the trimer does not coincide with the Rayleigh anomaly, 
the total field enhancement is not further boosted in this case. 

In the second case in Fig. 4(b), the period of nanorods is chosen to be 
the same as the trimer resonance wavelength, i.e. 496rp =  nm. As 
Fig. 4(b) illustrates the field enhancement of the two-scale structure has 
only one peak. In this case the field enhancement is approximately 
equal to the product of electric field enhancement achieved by each of 
the two different structures individually as shown in Eq. (2).  

 

FIG. 4. Electric field enhancement versus wavelength of the incident light 
(polarized along the y-axis) obtained using the two-scale method, which 
consists of mixing a gold linear trimer placed in between the 1-D periodic 
array of gold nanorods. The nanorods’ period and the trimer resonance 
plasmonic wavelength are (a) different, and (b) the same. The diameter of 
nanorods and nanospheres, as well as the gap between spheres, are kept 
constant as 80, 40 and 5 nm, respectively. The nanorod array period is

750rp =  nm in the first case (a) and 496rp =  nm in the second one (b). 
In order to achieve maximum field enhancement by the two-scale structure, 

the nanorods period must commensurate with the oligomer’s resonance 
wavelength. 

So far, we have used plane wave excitation as the incident field in 
our analysis. However, in reality, used laser beams possess Gaussian-
like spatial field distribution. In order to study the ability of our 
proposed two-scale structure in further enhancing the field under 
Gaussian beam illumination, we recall that any beam can be 
decomposed into an infinite set of plane waves with different 
amplitudes and angles of incidence. Therefore, we approximate the 
Gaussian beam with a finite set of plane waves ranging from -30 
degrees to 30 degrees from the normal incidence with different 
amplitudes (to mimic the continuous field distribution that make up the 
Gaussian beam) and use our aforementioned analysis of plane waves to 
obtain the field in the presence of the periodic nanorods (note that this is 
a good approximation since the waist of the beam is much larger than 
the wavelength and the weights of plane waves with other angles of 
incidence are negligible). It is important to note that the waist of the 
Gaussian beam 0w   [56] should be chosen large (compared to the 
wavelength) to excite a sufficient number of nanorods (more than 15 
nanorods). To that end, we excite our proposed structure using a 
Gaussian beam with minimum waist 0 4w =  µm (see Fig 5) assuming 
the period of the nanorods to be 496rp =  nm. The diameter of 
nanorods, and diameter and gap spacing of trimer are kept constant as 
the case studied in Fig. 4(b) as 80 nm, 40 nm and 5 nm, respectively. 
Note that since the waist of the Gaussian beam is large compared to the 
wavelength, the weight of the normal plane wave and of plane waves 
with incidence angles close to normal incidence are larger than that 
relative to other angles in forming the Gaussian beam. Therefore, we 
do not expect the results of the field enhancement due to the Rayleigh 
anomaly to be drastically different from the results of normal incidence 
illumination. We mainly expect a broadening of the peak when varying 
wavelength, i.e., a wider bandwidth of field enhancement caused by the 
array of rods. However, as results clearly illustrate, the peak of the field 
enhancement for the Gaussian beam is slightly smaller than that of a 
plane wave in Fig. 2, since for this scenario the power of the beam is 
distributed over different angles. Besides, in this case, there are two 
peaks (see the green line) which do not happen at the period of the 
nanorods. To provide the reason for this behavior, note that as Fig. (3) 
illustrates, when the wavelength of the incident light matches the 
period, field enhancement peaks at normal incidence, however, for 
larger and smaller wavelengths, the field enhancement peaks at two 
oblique angles. Therefore, for wavelengths close to (and not equal to) 
the period of the nanorods, the field enhancement peaks.  

 

FIG. 5. Electric field enhancement versus wavelength of an incident field (a 
Gaussian beam), generated by: a 1-D periodic array of gold nanorods (green 
line), a hot-spot of an individual gold trimer (red line), and a hot-spot of a 
trimer located in between the array of nanorods – the two-scale structure 
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(blue line). The hot-spot is in the middle of a gap between two nanospheres 
of the trimer. The simulation is obtained assuming: the diameter of gold 
nanorods, the diameter of nanospheres, the gap spacing between 
nanospheres, and the period of the nanorod array are kept constant as 80 
nm, 40 nm, 5 nm, and 496 nm, respectively. As one observes, the idea of 
two-scale structure is not limited only to the plane wave excitation and 
works well even with Gaussian-beam excitation. 

 The capability of obtaining large field enhancement has been 
extensively utilized in SERS spectroscopy  [13] to detect trace amount 
of biochemical analytes  [57]. Here we demonstrate that our two-scale 
structure is suitable for this particular and important application. In Fig. 
6 we consider a 1-D periodic set of gold nanorods on a glass substrate 
with the vacuum above. SERS involves at least two wavelengths in the 
measurement process, the incident field – here 785 nm – and the 
Raman scattered light which is reduced in energy – here we assume 
850 nm for simplicity based on a 1000 cm-1 vibrational frequency 
 [21,22]. Thus, we design the period of our structure to attain the largest 
multiplicative enhancement at these two wavelengths. We use gold 
nanorods with square cross section with 150 nm side size and with 
period of 900 nm. We consider a gold oligomer placed on top of the 
substrate in the middle of the nanorod’s array unit cell, where the 
diameter of each nanosphere is 80 nm and the gap spacing of them is 
0.9 nm. The value for gap spacing is taken from  [58,59,21,22] which 
shows reproducible gap spacings of 0.9 nm. Moreover,  [21] shows that 
the majority of oligomers have a resonance wavelength near that of 
linear trimers, therefore, in our model we use a single linear trimer 
between the nanorod array arranged parallel to the nanorods. Full-wave 
simulations in Fig. 6 are based on the frequency domain finite element 
method (FEM), implemented in the software CST Microwave Studio 
by Computer Simulation Technology AG. We consider normal plane 
wave excitation with electric field polarized along the nanorods and the 
linear trimer axis. Fig. 6 depicts the electric field enhancement achieved 
by individual trimer and the combination of trimer and gold nanorod 
array (i.e., by the proposed two-scale method).  

 

FIG. 6. Electric field enhancement versus wavelength of incident light 
generated by an individual gold trimer (red line) and by the combination of 
a periodic array of nanorods and trimer, i.e., the proposed two-scale 
structure (blue line). Field enhancement is calculated in the trimer hot-spot 
using full-wave calculations based on the FEM. The structure is located on 
a glass substrate, with the vacuum above. The side width of gold nanorods 
with square cross section is 150 nm whereas the array period is 900 nm. 
The diameter of gold nanospheres and the gap between them is 80nm and 
0.9nm, respectively. The structure is excited by a normal-incidence plane 
wave polarized along the nanorods and trimer axis. For SERS application, 
we design our structure to attain the largest multiplicative enhancement at 
incident and scattered wavelength (see Eq. (13)). 

To evaluate the performance of our two-scale structure, we define a 
figure of merit as 

 
2 2

785 850t o t oFoM FE FE FE FEλ λ= == ×
  (13) 

where tFE  and oFE  are the field enhancement of the two-scale 
structure and the individual oligomers at 785 nm and 850 nm, that are 
the incident and Raman scattered wavelengths, respectively. FoM is 
our figure of merit that shows the enhancement of the SERS 
enhancement factor from incorporating our nanorod array, compared to 
the case without periodic nanorods. According to Fig. 6, 

2
785t oFE FE λ=  is 2.31 and 2

850t oFE FE λ=  is 3.06, yielding an 

FoM  of 7.07. These results theoretically demonstrate the benefit of 
our two-scale structure.     

C. Experimental Results 

We now verify our theoretical predictions of augmented electric 
field enhancement due to the exploitation of Rayleigh anomaly through 
SERS measurements. Here SERS is generated by a surface fabricated 
using two completely different fabrication methods. As described in the 
methods section (C-D), we use a simple self-assembly method to 
deposit colloidal gold nanosphere oligomers on a glass substrate and 
fabricate periodic gold nanorods on a glass substrate through standard 
electron beam lithography. Once the rods are fabricated, gold 
nanospheres are chemically crosslinked onto the glass with an amine 
coupling. This process is repeated yielding oligomers. Previous work 
has shown that diffusion drives the formation of gold nanosphere 
oligomers suitable for investigation in this work  [17]. Fig. 7 (a) and (b) 
depict scanning electron microscopy (SEM) images of gold nanosphere 
oligomers deposited on bare glass, and also deposited within the gold 
nanorod array, respectively. In Fig. 7 one may observe similar 
characteristics of gold nanosphere oligomers in both cases. The 
oligomers are separated by sufficient distance to avoid intra-oligomer 
strong coupling since the scope of this paper is just showing the 
oligomers-nanorods combined effect. Previous work has shown that 
the resonance frequency of close-packed gold nanosphere oligomer is 
nearly the same as the linear oligomers’ with the same number of 
particles along the axis of polarization [21]. Consider a close-packed 
hexamer (as shown in Fig. 7 of  [21].): three nanospheres are along any 
given axis of polarization. For such an arrangement of nanospheres, the 
oligomer resonates at nearly the same frequency as a linear trimer  [21]. 
We have chosen 80 nm gold nanosphere oligomers because the 
resonance frequency of dimers and trimers of these sizes are best suited 
for providing large field enhancements at both 785 nm and 
approximately 850 nm. 

Fig. 7(c) depicts the SERS spectra of standard SERS analyte 
benzenethiol (BZT) obtained using a surface with the two-scale 
structure and also (for comparison) using a surface covered only with 
colloidal oligomers, acquired as outlined in the methods section. Here, 
we use the same substrate for SERS measurements within (blue curve) 
and away from the gold nanorods (red curve), but on the same glass 
substrate, allows to minimize variation of oligomer enhancement and 
focus instead on the field enhancement augmentation due to the 
nanorod array (blue curve). Both spectra exhibit a large fluorescence 
peak from the glass microscope slide that appears in this background-
subtracted data as a broad peak from 875 nm to 885 nm. Comparison 
of the two spectra at BZT’s in-plane ring breathing mode at 1000 cm−1 
(observed at 852 nm) reveals a signal enhancement of 5.84 times for 
the surface made of the two-scale structure compared to the surface 
made of individual oligomers. This experimentally observed 
enhancement is in good agreement with the predicted FoM  for this 
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system and demonstrates that the Rayleigh anomaly field enhancement 
is relatively robust to scattering caused by fabrication defects. 

 
FIG 7. SEM images of gold nanosphere oligomers without nanorod 
array(a) and when placed within the gold nanorod array (b). In both cases, 
the structure is deposited on glass. The gold nanorods have a period of 900 
nm and square cross section with 150nm side. The gold nanosphere 
oligomers are expected to have an 80 nm diameter and a 0.9 nm gap from 
nanosphere to nanosphere. (c) shows the SERS spectra relative to the 
proposed two-scale structure shown in Fig. 7(b) and to the oligomers-only 
structure shown in Fig. 7(a), versus wavelength. The two-scale structure 
provides much stronger SERS signal. 

5. CONCLUSION 

By combining plasmonic resonance of metallic colloidal oligomers 
with a Rayleigh anomaly (i.e., a structural field enhancement due to 
coherent superposition of fields) of a 1-D periodic array of nanorods, 
we overcame the limitation for field enhancement imposed by losses 
and nonlocality of the gold nanospheres’ dielectric response. The 
method is called “two-scale” because it involves two completely 
different, and complementary, fabrication methods for enhancing 
electric fields: direct colloidal assembly and lithographic techniques. 
Specifically, the field enhancement of our proposed two-scale structure 
has been proved superior, theoretically and experimentally. to the field 
enhancement of a surface made of colloidal oligomers only (i.e, 
without the 1-D periodic array of nanorods). We have provided a 
model that explains in physical and mathematical terms such field 
enhancement and its limitations and provided an experimental 
demonstration of the proposed structure showing SERS spectra of BZT 
analytes with increased FE  due to the Rayleigh anomaly. The 
proposed process can eliminate the need to utilize slow and expensive 
fabrication methods (such as FIB and EBL) to form the oligomers and 
nanorods themselves by using nanoimprint or transfer methods.  

Based on reciprocity of electromagnetic fields, giant field 
enhancement at the hot-spot of oligomers also implies that a photo-
induced dipole (e.g., a dye) located in the proximity of the nanogap hot-
spot of oligomers radiates very strong far-fields, stronger than it would 
in absence of the nanorod array. Thus, the two-scale structure enhances 
radiation emission of dipoles as well. This physical effect is partly 
responsible to the two-scale structure Rahman enhancement since also 
the Raman scattered fields are enhanced with the mechanism discussed 
in this paper, providing an order of magnitude extra SERS 
enhancement. We expect these two-scale fabricated substrates to find 
several applications in medical diagnostics, solar cells, sensors, and 
single molecule detectors because they provide an easy way to get extra 

field enhancement that cannot be obtained by further reducing the gaps, 
since they are already in the 1-2 nm range thanks to direct chemical 
assembly of oligomers.  

METHODS 

A. The Magnetic Vector Potential Green’s Function  
The spectral representation of the magnetic vector potential Green’s 

function 0( , )G∞ r r  for a periodic array of line sources along the y -
direction where r  is the observation point and 0r  is the reference 
source point (the source of a reference rod) is defined as  [60] 
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where 2 2
zp h xpk k k= −  and 2 /xp x rk k p pπ= +  is the pth Floquet 

harmonic wavenumber. Here x rk p  is the phase shift from one line 

source to the other, imposed by the incident field. Note that here, G∞  
is the Green’s function of the magnetic vector potential A  (both are 
scalar and in the y  direction) and is related to the y  component of the 
electric field as 0( ) ( )E i Aωμ=r r . We apply the Ewald method to 
accelerate the convergence of the above series, and to have explicit both 
spatial and spectral singularities. Therefore, the Green’s function is 
written as the summation of the spatial and the spectral parts as [60] 
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  (15) 
where the first term is the modified spatial representation and the 
second term is the modified spectral representation of the Ewald 
formulation which are presented in Eq. (5) and Eq. (6) of  [61] 
respectively. The spatial part contains the logarithmic singularity in 

0
Eg  when 0→r r  whereas the spectral part contains the spectral 

singularities when 0zpk → . The “regularized” Green’s function in Eq. 

(6) is defined as
0
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→
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r r

r r r r r r
(

, where

( ) (1)
0 00( , ) / 4 ( )hG i H k= −r r r r  represents the scalar 2-D Green’s 

function of the magnetic vector potential of the array, that is evaluated 
at the reference nanorod location 0r  without considering the field 
contribution of the same nanorod at 0r . After taking the limit, this 
regularized Green’s function is represented based on the Ewald method 
as 
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where n rR n p=  and E  is the Ewald splitting parameter. The 
optimum value to minimize the overall number of terms needed to 



calculate the Green’s function is opt rE pπ=   [61]. In Eq. (16) 
though the spectral singularity remains as in Eq. (15) and it plays a 
major role in the field enhancement due to the singularity arising when 

0zpk →  for some p. 

B. Limit of Field Enhancement at Rayleigh Anomaly 

We prove here that in our periodic structure, when the wavelength of 
the incident light matches rλ  in Eq. (12), the field enhancement due to 
the nanorods in the middle of two adjacent nanorods ( rFE ) and at

/ 2rd  distance from the surface of the substrate is exactly 2. Indeed, 

we note that at that wavelength, 2 /xp x r hk k p p kπ= + = , hence

0zpk = . Therefore, 0( , )G∞ r r  in Eq. (14) and Eq. (15) tends to 
infinity. On the other hand, also the first summation in Eq. (16) in 
calculating 0 0( , )G∞ r r

(
 is singular, i.e., 0 0( , )G∞ r r

(
 tends to infinity as 

well. By substituting Eq. (7) in Eq. (5), we get 
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Note that when 0zpk →  both the numerator and denominator of 
the second term in Eq. (17) tend to infinity because of the singularity in 
both 0( , )G∞ r r  and 0 0( , )G∞ r r

(
. Assuming the reference nanorod is at 

0 (0,0)=r  and that the field observation point is at ˆ/ 2rp=r  x , i.e., 
exactly in the middle of two nanorods, due to the Rayleigh condition 
(12) we have ˆ/ 2rλ=r  x . Therefore, by taking the limit of ext ( )rE r , 
we get 

h 0( )ext inc inc
0

lim ( ) ( ) 1 2 ( )r r r
zp

ik x x
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E E e E− −
→

⎡ ⎤= − =⎣ ⎦      (18) 

which proves that the field enhancement due to the Rayleigh anomaly 
is equal to 2. The field intensity enhancement is thus equal to 4. Despite 
the analytic theory whose results are shown in Fig. 2, we also confirm 
the findings with full-wave simulations. Fig. 1. M.B. illustrates the field 
enhancement at the Rayleigh anomaly wavelength ( r rpλ = ), between 
two adjacent nanorods. The result is calculated using full-wave 
simulations based on the software CST Microwave Studio by 
Computer Simulation Technology AG, for an array of periodic gold 
nanorods, with 80 nm diameter and 785 nm period. The field 
enhancement for the same geometrical configuration versus 
wavelength, calculated based on the analytic formulation in Section 3 is 
shown with the green dashed line in Fig. 2.  

 

FIG. 1. M.B. Electric field enhancement between two nanorods in a 
periodic array of nanorods calculated at the Rayleigh anomaly wavelength 

r rpλ =  by full-wave simulations for normal plane wave incidence.  

As Fig. 1. M.B demonstrates, the maximum field enhancement 
2rFE =   is achieved in the middle of two nanorods, because of the 

Rayleigh anomaly, and it reduces closer to the nanorods. As a result, in 
general, by using a two-scale structure in SERS experiment, 
nanoparticles will experience an enhanced electric field compared to a 
conventional SERS substrate (without periodic rods). The maximum 
enhancement happens when the gold nanoparticles are in the middle of 
two contiguous nanorods.  

C. Fabrication of Nanorod Array Substrate  

Array of nanorods with side size of 150 nm is fabricated using 
standard negative tone electron beam lithography. Briefly, glass coated 
with 50nm gold and a 5nm Titanium adhesion layer (Ted Pella) 
substrates are cleaned and then Ma-N 2401 (Microchem) is spin coated 
for use as the photoresist. The resist is exposed in a Magellan XHR 
SEM (FEI) at 25 pA and 30kV and subsequently developed in Ma-D 
(Microchem). The substrate is then etched with ion milling (IntIvac) to 
remove gold in the unexposed regions leaving nanorods. The titanium 
layer is etched with a 1:4 H2O2:H2SO4 solution to ensure that 
nanoparticle attachment will occur on the plane of the array, and to 
remove remaining photoresist. 

D. Nanoparticles Attachment 

Nanorod array substrates are submerged in 0.5mMol (3-
Aminopropyl) triethoxysilane (APTES) (Sigma Aldrich) in deionized 
water overnight to form a self-assembled monolayer selectively on 
glass yielding primary amine groups. 80 nm lipoic acid functionalized 
gold nanoparticles synthesized via a seeded growth method described 
by  [62]. These particles are functionalized with carboxylic acid end 
groups by replacing the solution with DI water adjusted to pH 11.67 
with sodium hydroxide (Sigma) and 0.1 mMol Lipoic acid and 
allowing the particles to sit overnight. The particles are washed with DI 
water and are deposited onto the glass surface by carbodiimide 
crosslinking with the APTES monolayer as described elsewhere. 
Diffusion drives the formation of random nanoparticle oligomers  [18]. 

E. Surface-enhanced Raman Scattering Spectroscopy 
Measurements 

Nanorod array substrates with attached Au nanosphere oligomers – 
two-scale structures - are soaked overnight in 0.5 mMol benzenethiol in 
ethanol solution and then rinsed thoroughly prior to all SERS 
measurements. SERS measurements of two-scale structures, and Au 
nanosphere oligomers on glass are acquired in a Renishaw inVia 
Raman microscope for 10s at 0.125 mW using a 50x air objective lens. 
Spectra are background subtracted and Savitzky Golay smoothed. 
Spectra are obtained on and off of nanorod arrays using the same 
substrate to reduce possible sample to sample variation.  

 
Acknowledgment. Authors acknowledge support from the National 
Science Foundation, EECS-1449397. We are grateful to CST 
Simulation Technology AG for letting us use the simulation tool CST 
Microwave Studio that was instrumental in this analysis. The authors 
would like to thank Dr. Caner Guclu for fruitful discussions on the 
Ewald’s method.  

0.2 0.3 0.4 0.5 0.6 0.7 0.8
x / pr

0

0.5

1

1.5

2

FE
r

E
k

y
x

z

80nm
785nm

r

r

d
p

=
=



REFERENCES 

[1] G. M. Hwang, L. Pang, E. H. Mullen, and Y. Fainman, Plasmonic 
Sensing of Biological Analytes Through Nanoholes, IEEE Sens. J. 
8, 2074 (2008). 

[2] G. Lu, L. Hou, T. Zhang, J. Liu, H. Shen, C. Luo, and Q. Gong, 
Plasmonic Sensing via Photoluminescence of Individual Gold 
Nanorod, J. Phys. Chem. C 116, 25509 (2012). 

[3] S. Campione, S. M. Adams, R. Ragan, and F. Capolino, 
Comparison of Electric Field Enhancements: Linear and 
Triangular Oligomers versus Hexagonal Arrays of Plasmonic 
Nanospheres, Opt. Express 21, 7957 (2013). 

[4] M. Torabzadeh, I.-Y. Park, R. A. Bartels, A. J. Durkin, and B. J. 
Tromberg, Compressed Single Pixel Imaging in the Spatial 
Frequency Domain, J. Biomed. Opt. 22, 030501 (2017). 

[5] K. Nakayama, K. Tanabe, and H. A. Atwater, Plasmonic 
Nanoparticle Enhanced Light Absorption in GaAs Solar Cells, 
Appl. Phys. Lett. 93, 121904 (2008). 

[6] K. X. Wang, Z. Yu, S. Sandhu, V. Liu, and S. Fan, Condition for 
Perfect Antireflection by Optical Resonance at Material 
Interface, Optica 1, 388 (2014). 

[7] M. Scalora, M. A. Vincenti, D. de Ceglia, V. Roppo, M. Centini, 
N. Akozbek, and M. J. Bloemer, Second- and Third-Harmonic 
Generation in Metal-Based Structures, Phys. Rev. A 82, 043828 
(2010). 

[8] M. Kamandi, C. Guclu, T. S. Luk, G. T. Wang, and F. Capolino, 
Giant Field Enhancement in Longitudinal Epsilon-near-Zero 
Films, Phys. Rev. B 95, 161105 (2017). 

[9] M. A. Vincenti, M. Kamandi, D. de Ceglia, C. Guclu, M. Scalora, 
and F. Capolino, Second-Harmonic Generation in Longitudinal 
Epsilon-near-Zero Materials, Phys. Rev. B 96, 045438 (2017). 

[10] J. B. Pendry, Negative Refraction Makes a Perfect Lens, Phys. 
Rev. Lett. 85, 3966 (2000). 

[11] T. R. Jensen, M. D. Malinsky, C. L. Haynes, and R. P. Van Duyne, 
Nanosphere Lithography:� Tunable Localized Surface Plasmon 
Resonance Spectra of Silver Nanoparticles, J. Phys. Chem. B 
104, 10549 (2000). 

[12] C. E. Talley, J. B. Jackson, C. Oubre, N. K. Grady, C. W. Hollars, S. 
M. Lane, T. R. Huser, P. Nordlander, and N. J. Halas, Surface-
Enhanced Raman Scattering from Individual Au Nanoparticles 
and Nanoparticle Dimer Substrates, Nano Lett. 5, 1569 (2005). 

[13] K. Kneipp, H. Kneipp, and J. Kneipp, Surface-Enhanced Raman 
Scattering in Local Optical Fields of Silver and Gold 
NanoaggregatesFrom Single-Molecule Raman Spectroscopy to 
Ultrasensitive Probing in Live Cells, Acc. Chem. Res. 39, 443 
(2006). 

[14] M. Darvishzadeh-Varcheie, C. Guclu, R. Ragan, O. Boyraz, and F. 
Capolino, Electric Field Enhancement with Plasmonic Colloidal 
Nanoantennas Excited by a Silicon Nitride Waveguide, Opt. 
Express 24, 28337 (2016). 

[15] M. Moskovits, Surface-Enhanced Raman Spectroscopy: A Brief 
Retrospective, J. Raman Spectrosc. 36, 485 (n.d.). 

[16] R. F. Oulton, G. Bartal, D. F. P. Pile, and X. Zhang, Confinement 
and Propagation Characteristics of Subwavelength Plasmonic 
Modes, New J. Phys. 10, 105018 (2008). 

[17] S. M. Adams, S. Campione, J. D. Caldwell, F. J. Bezares, J. C. 
Culbertson, F. Capolino, and R. Ragan, Non-Lithographic SERS 
Substrates: Tailoring Surface Chemistry for Au Nanoparticle 
Cluster Assembly, Small 8, 2239 (2012). 

[18] S. M. Adams, S. Campione, F. Capolino, and R. Ragan, Directing 
Cluster Formation of Au Nanoparticles from Colloidal Solution, 
Langmuir 29, 4242 (2013). 

[19] J. A. Fan, C. Wu, K. Bao, J. Bao, R. Bardhan, N. J. Halas, V. N. 
Manoharan, P. Nordlander, G. Shvets, and F. Capasso, Self-
Assembled Plasmonic Nanoparticle Clusters, Science 328, 1135 
(2010). 

[20] A. Baron, A. Aradian, V. Ponsinet, and P. Barois, [INVITED] Self-
Assembled Optical Metamaterials, Opt. Laser Technol. 82, 94 
(2016). 

[21] W. J. Thrift, C. Q. Nguyen, M. Darvishzadeh-Varcheie, S. Zare, 
N. Sharac, R. N. Sanderson, T. J. Dupper, A. I. Hochbaum, F. 
Capolino, M. J. Abdolhosseini Qomi, and R. Ragan, Driving 
Chemical Reactions in Plasmonic Nanogaps with 
Electrohydrodynamic Flow, ACS Nano 11, 11317 (2017). 

[22] C. Q. Nguyen, W. J. Thrift, A. Bhattacharjee, S. Ranjbar, T. 
Gallagher, M. Darvishzadeh-Varcheie, R. N. Sanderson, F. 
Capolino, K. Whiteson, P. Baldi, A. I. Hochbaum, and R. Ragan, 
Longitudinal Monitoring of Biofilm Formation via Robust 
Surface-Enhanced Raman Scattering Quantification of 
Pseudomonas Aeruginosa-Produced Metabolites, ACS Appl. 
Mater. Interfaces 10, 12364 (2018). 

[23] R. Fuchs and F. Claro, Multipolar Response of Small Metallic 
Spheres: Nonlocal Theory, Phys. Rev. B 35, 3722 (1987). 

[24] C. Ciracì, R. T. Hill, J. J. Mock, Y. Urzhumov, A. I. Fernández-
Domínguez, S. A. Maier, J. B. Pendry, A. Chilkoti, and D. R. 
Smith, Probing the Ultimate Limits of Plasmonic Enhancement, 
Science 337, 1072 (2012). 

[25] C. David and F. J. García de Abajo, Spatial Nonlocality in the 
Optical Response of Metal Nanoparticles, J. Phys. Chem. C 115, 
19470 (2011). 

[26] A. I. Fernández-Domínguez, A. Wiener, F. J. García-Vidal, S. A. 
Maier, and J. B. Pendry, Transformation-Optics Description of 
Nonlocal Effects in Plasmonic Nanostructures, Phys. Rev. Lett. 
108, 106802 (2012). 

[27] S. Raza, S. I. Bozhevolnyi, M. Wubs, and N. A. Mortensen, 
Nonlocal Optical Response in Metallic Nanostructures, J. Phys. 
Condens. Matter 27, 183204 (2015). 

[28] Y. Huang, L. Ma, M. Hou, J. Li, Z. Xie, and Z. Zhang, Hybridized 
Plasmon Modes and Near-Field Enhancement of Metallic 
Nanoparticle-Dimer on a Mirror, Sci. Rep. 6, (2016). 

[29] S. S. Wang and R. Magnusson, Theory and Applications of 
Guided-Mode Resonance Filters, Appl. Opt. 32, 2606 (1993). 

[30] S. Zou, N. Janel, and G. C. Schatz, Silver Nanoparticle Array 
Structures That Produce Remarkably Narrow Plasmon 
Lineshapes, J. Chem. Phys. 120, 10871 (2004). 

[31] D. C. Skigin and M. Lester, Study of Resonant Modes of a 
Periodic Metallic Array near a Dielectric Interface: Evanescent-
to-Propagating Coupling via Surface Plasmon Excitation, J. Opt. 
Pure Appl. Opt. 8, 259 (2006). 

[32] V. G. Kravets, F. Schedin, and A. N. Grigorenko, Extremely 
Narrow Plasmon Resonances Based on Diffraction Coupling of 
Localized Plasmons in Arrays of Metallic Nanoparticles, Phys. 
Rev. Lett. 101, 087403 (2008). 

[33] B. Auguié and W. L. Barnes, Collective Resonances in Gold 
Nanoparticle Arrays, Phys. Rev. Lett. 101, 143902 (2008). 

[34] N. J. Halas, S. Lal, W.-S. Chang, S. Link, and P. Nordlander, 
Plasmons in Strongly Coupled Metallic Nanostructures, Chem. 
Rev. 111, 3913 (2011). 

[35] V. Giannini, A. I. Fernández-Domínguez, S. C. Heck, and S. A. 
Maier, Plasmonic Nanoantennas: Fundamentals and Their Use 
in Controlling the Radiative Properties of Nanoemitters, Chem. 
Rev. 111, 3888 (2011). 

[36] D. Wang, W. Zhu, Y. Chu, and K. B. Crozier, High Directivity 
Optical Antenna Substrates for Surface Enhanced Raman 
Scattering, Adv. Mater. 24, 4376 (n.d.). 



[37] M. Shyiq Amin, J. Woong Yoon, and R. Magnusson, Optical 
Transmission Filters with Coexisting Guided-Mode Resonance 
and Rayleigh Anomaly, Appl. Phys. Lett. 103, 131106 (2013). 

[38] G. S. Bisht, G. Canton, A. Mirsepassi, L. Kulinsky, S. Oh, D. Dunn-
Rankin, and M. J. Madou, Controlled Continuous Patterning of 
Polymeric Nanofibers on Three-Dimensional Substrates Using 
Low-Voltage Near-Field Electrospinning, Nano Lett. 11, 1831 
(2011). 

[39] W. Thrift, A. Bhattacharjee, M. Darvishzadeh-Varcheie, Y. Lu, A. 
Hochbaum, F. Capolino, K. Whiteson, and R. Ragan, in (2015), 
pp. 95500B-95500B–13. 

[40] M. Laroche, S. Albaladejo, R. Gómez-Medina, and J. J. Sáenz, 
Tuning the Optical Response of Nanocylinder Arrays: An 
Analytical Study, Phys. Rev. B 74, 245422 (2006). 

[41] P. Ghenuche, G. Vincent, M. Laroche, N. Bardou, R. Haïdar, J.-L. 
Pelouard, and S. Collin, Optical Extinction in a Single Layer of 
Nanorods, Phys. Rev. Lett. 109, 143903 (2012). 

[42] H. Marinchio, R. Carminati, A. García-Martín, and J. J. Sáenz, 
Magneto-Optical Kerr Effect in Resonant Subwavelength 
Nanowire Gratings, New J. Phys. 16, 015007 (2014). 

[43] R. Gomez-Medina, M. Laroche, and J. J. Sáenz, Extraordinary 
Optical Reflection from Sub-Wavelength Cylinder Arrays, Opt. 
Express 14, 3730 (2006). 

[44] S. Albaladejo, R. Gómez-Medina, L. S. Froufe-Pérez, H. 
Marinchio, R. Carminati, J. F. Torrado, G. Armelles, A. García-
Martín, and J. J. Sáenz, Radiative Corrections to the 
Polarizability Tensor of an Electrically Small Anisotropic 
Dielectric Particle, Opt. Express 18, 3556 (2010). 

[45] S. Campione and F. Capolino, Ewald Method for 3D Periodic 
Dyadic Green’s Functions and Complex Modes in Composite 
Materials Made of Spherical Particles under the Dual Dipole 
Approximation, Radio Sci. 47, RS0N06 (2012). 

[46] M. Haghtalab and R. Faraji-Dana, Integral Equation Analysis and 
Optimization of 2D Layered Nanolithography Masks by 
Complex Images Green’s Function Technique in TM 
Polarization, JOSA A 29, 748 (2012). 

[47] S. Steshenko and F. Capolino, in Theory and Phenomena of 
Metamaterials edited by F. Capolino (CRC Press, Boca Raton, 
FL, 2009), Chap. 8. 

[48] M. Darvishzadeh-Varcheie, C. Guclu, and F. Capolino, Magnetic 
Nanoantennas Made of Plasmonic Nanoclusters for 
Photoinduced Magnetic Field Enhancement, Phys. Rev. Appl. 8, 
024033 (2017). 

[49] J. D. Jackson, Classical Electrodynamics, 3rd ed. (Wiley, 1998). 
[50] S. Linden, J. Kuhl, and H. Giessen, Controlling the Interaction 

between Light and Gold Nanoparticles: Selective Suppression 
of Extinction, Phys. Rev. Lett. 86, 4688 (2001). 

[51] A. D. Humphrey and W. L. Barnes, Plasmonic Surface Lattice 
Resonances in Arrays of Metallic Nanoparticle Dimers, J. Opt. 
18, 035005 (2016). 

[52] D. Maystre, in Plasmon. Basics Adv. Top., edited by S. Enoch 
and N. Bonod (Springer Berlin Heidelberg, Berlin, Heidelberg, 
2012), pp. 39–83. 

[53] D. B. Mazulquim, K. J. Lee, J. W. Yoon, L. V. Muniz, B.-H. V. 
Borges, L. G. Neto, and R. Magnusson, Efficient Band-Pass Color 
Filters Enabled by Resonant Modes and Plasmons near the 
Rayleigh Anomaly, Opt. Express 22, 30843 (2014). 

[54] N. J. H. N. K. Grady, Grady, N. K., Halas, N. J. &amp; Nordlander, 
P. Influence of Dielectric Function Properties on the Optical 
Response of Plasmon Resonant Metallic Nanoparticles. Chem. 
Phys. Lett. 399, 167-171, Chem. Phys. Lett. 399, 167 (2004). 

[55] J. Theiss, P. Pavaskar, P. M. Echternach, R. E. Muller, and S. B. 
Cronin, Plasmonic Nanoparticle Arrays with Nanometer 

Separation for High-Performance SERS Substrates, Nano Lett. 
10, 2749 (2010). 

[56] M. Veysi, C. Guclu, and F. Capolino, Vortex Beams with Strong 
Longitudinally Polarized Magnetic Field and Their Generation 
by Using Metasurfaces, JOSA B 32, 345 (2015). 

[57] K. Kneipp, Y. Wang, H. Kneipp, L. T. Perelman, I. Itzkan, R. R. 
Dasari, and M. S. Feld, Single Molecule Detection Using 
Surface-Enhanced Raman Scattering (SERS), Phys. Rev. Lett. 78, 
1667 (1997). 

[58] J.-M. Nam, J.-W. Oh, H. Lee, and Y. D. Suh, Plasmonic Nanogap-
Enhanced Raman Scattering with Nanoparticles, Acc. Chem. 
Res. 49, 2746 (2016). 

[59] D. O. Sigle, S. Kasera, L. O. Herrmann, A. Palma, B. de Nijs, F. 
Benz, S. Mahajan, J. J. Baumberg, and O. A. Scherman, 
Observing Single Molecules Complexing with Cucurbit[7]Uril 
through Nanogap Surface-Enhanced Raman Spectroscopy, J. 
Phys. Chem. Lett. 7, 704 (2016). 

[60] F. Capolino, D. R. Wilton, and W. A. Johnson, Efficient 
Computation of the 2-D Green’s Function for 1-D Periodic 
Structures Using the Ewald Method, IEEE Trans. Antennas 
Propag. 53, 2977 (2005). 

[61] F. T. Celepcikay, D. R. Wilton, D. R. Jackson, and F. Capolino, 
Choosing Splitting Parameters and Summation Limits in the 
Numerical Evaluation of 1-D and 2-D Periodic Green’s Functions 
Using the Ewald Method, Radio Sci. 43, RS6S01 (2008). 

[62] N. G. Bastús, J. Comenge, and V. Puntes, Kinetically Controlled 
Seeded Growth Synthesis of Citrate-Stabilized Gold 
Nanoparticles of up to 200 Nm: Size Focusing versus Ostwald 
Ripening, Langmuir 27, 11098 (2011). 

 


