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Abstract: We suggested a plasmonic platform based on a cubic pattern of gold spheres for surface 
enhanced Raman spectroscopy (SERS). In the case of linear polarization along the symmetry axes, 
the SERS enhancement per area is identical to hexagonally patterned surfaces. The validity of this 
model was tested using the simulation package of COMSOL Multiphysics® Modeling Software. We 
found an improved sensitivity in the near infrared and visible region of the electromagnetic spectrum. 
This method considered tolerance towards stacking faults and suggested a plasmonic platform for 
ultra-sensing applications. The design can be extended towards the molecular detection if the 
proposed plasmonic platform is used with SERS. 
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1. Introduction 

Surface enhanced Raman spectroscopy (SERS) 

depends on plasmonic platforms and nano-antenna 

which have evolved into an active field of research 

[1–3]. The design and fabrication of conductive 

nanostructures for the control and manipulation of 

the confined electromagnetic optical field are the 

main activities in this field. The resulting resonance 

frequencies of those nanostructures span a spectral 

range from the ultraviolet to the near infrared 

depending on the dimension of such structures. For a 

plasmonic platform, even multiple resonances due to 

plasmonic modes might occur depending on the 

excitation wavelength. The optical signature of those 

nanostructures is determined by the localized 

surface plasmon resonance (LSPR) confined in close 

proximity of the apexes of the nanostructures. LSPR 

is very sensitive to different factors, such as the 

refractive index of the medium, the size as well as 

the material used [4–6]. On SERS, the local 

enhancement is maximized when the LSPR 

frequency of the plasmonic platform matches the 

resonance frequency of the excitation light. This is 

particularity exploited in SERS in order to increase 

the sensitivity and to enable single molecule 

detection [7–9]. In general, the Raman signature of 

molecules placed on the plasmonic structure is 

amplified by several orders of magnitude by 

positioning them in the nanogaps of the plasmonic 
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nanostructures. So, to improve the sensitivity, the 

design of the nanostructures plays a crucial part as 

practical antennas are made from these results. This 

relates to the enhancement provided by each 

nanogap as well as the area density of these gaps. 

Other fields that can also benefit from plasmonic 

enhancement are sensors, nano photonics, biology, 

and medicine [10–14].  

Gold and silver are the most suitable materials 

used for plasmonic platforms as both offer intense 

field enhancement due to a high density of 

quasi-free electrons and low losses in the relevant 

spectral range of interest from the visible to the near 

infrared [15, 16]. Among many reported plasmonic 

platforms, a quartet of gold nanorods was developed 

by J. Kumar et al. [17], who found that a high 

electric field prevailing at the quartet junctions 

resulted in a large enhancement in the Raman 

signals of molecules. Similarly, A. Garreau et al. [18] 

developed a plasmonic platform based on a 

heterogeneous gold and silver nanotriangles, which 

is the most commonly used design of the plasmonic 

platforms. This platform enhances the near-field 

fluorescence in the proximity of nanotriangles as 

amplification occurs at the three apexes of the 

nanotriangle. In terms of the surface density of 

hot-spots, hexagonal patters with three-fold 

symmetry provide the best yield, which is however 

impossible to ideally excite more than one third of 

this population under linear polarization. Given the 

strong non-linearity of (1), the remaining two thirds 

of the nanogaps will be illuminated under 60 degrees 

polarization rotation, making their contribution to 

the overall SERS signal negligible. 

In this study, we presented a novel design for a 

plasmonic platform to improve the percentage of 

excited hotspots, at the expense of area density. The 

design considers gold nanostars rather than nanorods 

or nanotriangles: two approaches are therefore 

considered and discussed as follows. In the first case, 

small plasmonic nanostars (SPNs) are designed with 

an edge radius of 2 nm on a glass substrate. One 

efficient way to fabricate those structures practically 

is by nanosphere lithography [18, 19] that will be 

discussed later, even though we acknowledge that 

the formation of hexagonally patterned structures is 

more straight-forward. In the second case, a 

plasmonic platform composed of large plasmonic 

nanostars (LPNs) with 20 nm radius of the edge is 

deposited above the SPNs. By combining SPNs and 

LPNs, we designed the whole platform and we were 

able to simulate the electromagnetic field 

confinement in close proximity of the nanostars. 

SERS intensity enhancement was then compared 

with its conventional plasmonic platform 

counterpart used without SPNs and a proof of 

concept of the sensitivity improvement from the 

visible to the near infrared was demonstrated and 

discussed. 

2. Methods 

The simulation was based on the finite element 

methods (FEM) with numerically stable edge 

element discretization and solutions of Maxwell’s 

equations using COMSOL Multiphysics software. 

This classical electromagnetic approach discarded 

contributions from chemical enhancement in surface 

enhanced Raman spectroscopy or quantum 

mechanical effects due to conductive coupling 

between plasmonic features. The dependence of the 

relative permittivity εr of gold on the frequency is 

introduced by (1) 

  [ ]
2

( ) ( ) i ( ) ( ) i ( )r n kε ω ω ω ε ω ε ω′ ′′= − = −    (1) 

where n and k are real numbers, defining the 

refractive index and the extinction coefficient, 

respectively and ω denotes the excitation frequency 

of the incident light. ε ′  and ε ′′  are the real and 

imaginary parts of the relative permittivity, 

respectively. The dimensional space or spatial 

resolution is discretized using a non-uniform mesh 

method with a unit cell size of 1×1 nm2 within the 

nanostars gap.  

The plasmonic effect contributes dominantly to 

the enhancement of the electromagnetic field in 
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SERS. In particular, the amplification of the electric 

field is pronounced in the so called “hot-spot” that is 

confined to the nanoscale gaps of the nanostructure 

geometry. This creation of “hot-spot” is mainly due 

to the formation of dimers. The enhancement effect 

occurs therefore in two fundamental steps: first, 

around the plasmonic nanoparticle, the local field is 

further enhanced and a dipole is induced leading to 

the enhancement of the Raman scattering from the 

molecule in the nanogap. This enhancement is 

described according to (2):  

[ ]
2

1 loc 0 0 0( ) / ( )G E Eω ω=          (2) 

where locE  and 0E  are the local electric fields in 

the presence and absence of nanoparticle, 

respectively. ω0 is the frequency of the excitation 

laser. We set the incident field 0E  to unity ( 0E =   

1 V/m). Then, in the second step, a mutual excitation 

from the system of the nanoparticles at a resonant 

frequency rω  induces an enhanced apparent Raman 

polarizability according to (3): 

    [ ]
2

2 loc 0( ) / ( )r rG E Eω ω= .         (3) 

As a result, the enhanced Raman scattered light 

from the nanoparticles (G enhancement factor) is 

presented in (4) [20]: 
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This approximation only holds true for small 

Raman shifts for which the electromagnetic field 

enhancement of the excitation and signal 

wavelengths are having the same enhancement 

factor. The SERS enhancement factor G thus 

depends on the gap size between the nanostars 

antennas; it increases as the distance of separation is 

reduced. Basically, there is a critical gap size, below 

which the enhancement factor is limited (for a 

sub-nanometer scale where quantum tunneling 

dissipates field energy, which is not considered in 

the current study). 

The plasmonic platform used for the simulation 

is shown in Fig. 1(a). It consists of gold LPNs with 

20 nm radius dimensions with a distance dLPNS 

between the apexes of LPNs and gold SPNs with 2 

nm radius with a distance dSPNs between the apexes 

of SPNs, and both plasmonic nanostars are realized 

on a glass substrate. The overall LPNs gap is 

therefore filled with SPNs. To get a clear picture of 

the structure, LPNs alone (top) and LPNs with SPNs 

(bottom) are depicted in Fig. 1(b). Simulations have 

been performed on these structures in air as well in 

liquid to study the effect of surrounding medium on 

the plasmon resonance and field enhancements. 

 

(a) 

 

(b) 

Fig. 1 Model of the plasmonic platforms: (a) design of the 

plasmonic nanostars platform LPNs: 20 nm radius (rSPNs=2 nm 

and rLPNs=20 nm) and (b) top left is the zoom of LPNS from the 

black rectangle on the fight and the bottom left is the zoom of 

the (SPNs+LPNs) from the marked area on the right. 

3. Results and discussion 

Absorption of the aforementioned plasmonic 
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platform is studied as a function of excitation 

wavelength to visualize the plasmon mode existing 

for the two different configurations, LPNs and 

(SPNs+LPNs). We also investigated the effect of 

refractive index variations of the surrounding 

medium on the plasmon resonance. 

3.1 Absorption 

First, we investigated the effect of the distance 

between the nanostars (dLPNs) on the absorption 

spectrum in order to identify the coexisting 

plasmons modes in the normal configuration 

(without SPNs). Figure 2 shows the normalized 

absorption cross section as a function of the 

wavelength from ultraviolet to near infrared 

spectrum (200 nm to 900 nm) for different distances 

between the apex of the nanostars (dLPNs =1 nm, 5 nm, 

7 nm, and 10 nm). As the distance increases, the 

number of plasmonic modes is decreased and a 

decrease in the absorption is also detected. Three 

plasmon modes are observed for 1 nm and 5 nm. 

However, only two plasmonic modes are detected 

for 7 nm and 10 nm distances in the visible and near 

infrared NIR regions. The visible plasmonic mode 

(550 nm – 700 nm) is shifted to higher wavelengths 

as the distance decreases as expected through an 

increased coupling and becomes narrower. This 

narrowing drastically improves the spectral 

resolution of that particular mode. The near-infrared 

plasmon mode is splitting into two plasmonic modes 

as the distance decreases (λmax1=750 nm and 

λmax2=850 nm). This is an indication that the 

behavior of the whole plasmonic platforms 

(quadrupole modes) nanostars is much more 

complex and differs from the behavior of a 

conventional dipole mode. The distance decrease 

leads to the shift of the mode to the higher 

wavelengths rather than splitting in the case of 

dipole mode between two metallic nanostructures [4, 

21]. The shift of the plasmonic modes in the near 

infrared observed in the present nanostars platform 

is similar to the case of two coupled metallic 

nanoparticles approaching quantum regime [22, 23]. 

So, we can assign the wavelength red shift of the 

visible mode to the possible overlapping of the 

platform nanostars peaks for small distances. 

Now, we fix a distance between the apex of the 

plasmonic nanostars to 5 nm (dLPNs= 5 nm) and 

realize SPNs of 2 nm radius with LPNs as depicted 

in Fig. 1(b). SPNs in particular enhances the number 

of hotspots. While a top-down approach of 

lithography would always be a viable option to 

create these patterns, who are in principle achievable 

with stencil or bottom-up techniques [24–26]. 
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Fig. 2 Absorption of the plasmonic platforms without SPNs 

as a function of the wavelength variation for different distances 

between the apexes of the nanostars in air environment (rLPNs= 

20 nm). 

The main advantage of stencil techniques is the 

low-cost fabrication of large arrays of metallic 

nanostructures with controlled size, shape, and 

interparticle distance. Recently, we used this 

technique in the fabrication of a hexagonal array of 

plasmonic gold nanotriangles on the glass substrate 

with unique dimension [27], which led to an 

efficient study of the localized surface plasmon 
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resonance (LSPR) of the nanotriangles due to the 

spatial confinement of the electric field. Stencil 

techniques may be used as the most suitable for the 

fabrication of our proposed complex plasmonic 

platform composed of SPNs and LPNs as compared 

with self-organized techniques, given the 

preferential close-packed nature of hexagonal 

patterns. This study now addresses the quantification 

of the SERS effect and the LSPR modes, 

theoretically rather than experimentally. Figure 3 

presents the absorption cross sections for the 

plasmonic platform with SPNs for different 

distances dSPNs (1 nm, 0.7 nm, and 0.5 nm) between 

the small plasmonic nanostars. It should be noted 

that 0.3 nm presents the smallest physically 

meaningful gap distance that corresponds 

approximately to the bond length between two gold 

atoms which is  288.9 pm [4, 28]. Therefore, in this 

study, we are limited to 0.5 nm distance between 

SPNs where the optical responses still obey 

Maxwell’s theory (plasmon quantum limit exposed). 

A similar effect in the SPNs absorption spectrum is 

found when the distance between SPNs (dSPNs) 

increases as observed for LPNs. We remark that 

there is a splitting of the near-infrared plasmon 

mode that redshifts the plasmon band to higher 

wavelengths. For the visible range, we detect two 

plasmon modes for 1 nm and 0.5 nm distances 

however only one plasmonic mode is detected for 

distance of 0.7 nm, suggesting no trend in the 

appearance and disappearance of modes with 

distance dSPNs. This is an indication that the 

plasmonic platform with (SPNs+LPNs) behaves 

differently with respect to the LPNs platforms alone 

due to the mixing on the LPNs modes and SPNs 

modes. The hybridized modes of (SPNs+LPNs) 

makes the newly designed platform interesting for 

the detection of molecules. In addition to the hybrid 

mode behavior, the sensitivity of the near infrared 

mode increases as well.  
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Fig. 3 Absorption of SPNs as a function of the wavelength 

variation with SPNs for different distances between SPNs in air 

environment. 

3.2 Sensitivity of the plasmonic resonance on 

refractive index 

In this section, we discussed the sensitivity that 

corresponds to the plasmonic mode with the highest 

absorption of the resonance wavelength as a 

function of the ambient refractive index. This feature 

is worth highlighting as it relates to the versatility of 

the platform for different solvents. We define the 

SERS sensitivity factor of the plasmonic platform as 

the ratio between the relative peak position maxλΔ  

in (nm) unit and the refractive index change n 

expressed as refractive index unit (RIU). It was 

reported that the LSPR is sensitive to the refractive 

index of the medium and therefore red shift as the 

refractive index increases [29, 30]. The position of 

the peak shift depends on the real part of the 

permittivity, and in resonance, the SERS intensity is 

maximized due to the relation [31, 32] in (5) 
2

sol2nε ′ = −                  (5) 

where soln  is the refractive index of the solvent. 

To determine the performance of nanostars 

platform for practical sensing applications, we 

investigated changes in its plasmonic response when 
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the refractive index (n) of the surrounding medium 

is changed. Immersing the SPNs and LPNs 

platforms in various liquids with different refractive 

indices, we simulated the absorption spectrum as a 

function of refractive index for an excitation 

wavelengths varying between 200 nm and 900 nm. 

To this end, we used the following liquids: methanol 

(CH3OH) n=1.3, heptane (C7H16) n=1.39, Ethylene 

glycol (C2H6O2) n=1.43, and glycerine (C3H8O3) 

n=1.47. Figure 4(a) exhibits the computed 

absorption cross-section of the plasmonic platform 

nanostars with and without SPNs for different media 

with varied refractive index. The figure shows the 

presence of two visible modes; first mode between 

500 nm and 600 nm, and the second one between  

600 nm and 700 nm. The near-IR mode is observed 

between 750 nm and900 nm. Increasing in the 

refractive index of the liquids, redshifts the 

plasmonic modes of the visible and near infrared. 

This shift to longer wavelength is observed for 

platforms with and without SPNs. Resonances at 

visible wavelengths have been a great advantage for 

earlier studies [33–35]. However, adapting 

plasmonic platforms to applications that require 

operation at longer wavelengths has been a 

challenge. The integration of Au nanostars to 

biomedical applications requires resonances in the 

near infrared region as the reduced attenuation of 

light through biological tissues at these wavelengths 

improves the penetration depth [36, 37]. Herein, we 

showed that at least small plasmonic nanostars SPNs 

is an efficient way and contributes to the redshifts of 

the plasmonic band positions to the infrared 

spectrum, and thus is a promising solution to adopt 

for those applications.   

More details on the refractive index of liquid 

environment effect on the sensitivity are summarized 

in Fig. 4(b) that shows the sensitivity of the different 

modes. This figure suggests a linear dependence of 

the sensitivity with refractive index for all plasmon 

modes over the investigated wavelength range. For 

the near-infrared active mode, the curve has a large 

slope that presents the sensitivity factor 

max( / )nλΔ Δ  increasing from 373 nm per RIU to 

420 nm per RIU with the use of SPN. A similar 

improvement was found for the visible mode 1 with 

a sensitivity raise with SPN from 118 nm per RIU to 

161 nm per RIU. However, the sensitivity of the 

visible mode 2 of the plasmonic platform with SPN 

was decreased from 213 nm per RIU to 140 nm per 

RIU. We conclude that (SPNs+LPNs) is the most 

sensitive and the best candidate for the SERS 

plasmonic platform. 
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Fig. 4 SERS sensitivity of the plasmonic platform:        

(a) absorption as a function of wavelength for the plasmonic 

platforms nanostars with SPNs (curve on the top) and without 

SPNs (curve on the bottom) immersed in different liquids and  

(b) variation of the sensitivity (maximum peak position) for 

visible modes and near-IR mode in the plasmonic platform with 

and without SPNs as a function of the refractive index of the 

liquid (rSPNs= 2 nm, rLPNs= 20 nm). 
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3.3 SERS intensity 

As the plasmonic gold nanostructures overlap, 

there is an enhanced field near the apexes that 

became intense and hot spot is created [38–40]. In 

term of SERS intensity, we excited the plasmonic 

platforms with and without SPNs with different laser 

wavelengths (230 nm, 530 nm, 730 nm, and 860 nm) 

in air as medium. Figure 5(a) shows the 

enhancement factor (logarithmic scale) for a 

plasmonic platform without SPNs. All the 

cartographies indicate a hot spot localization at the 

vicinity of the apex of the gold nanostars that 

increases in terms of intensity as the excitation 

wavelength increases (red is very intense and blue is 

a very low field enhancement). Figure 5(b) depicts 

the SERS intensity on the cross section of one LPNs 

(black line). SERS intensity enhancement remains 

constant at 1.2 for wavelength between 250 nm and 

450 nm. Then it monotonically increases until it 

reaches 3.5 at 650 nm. Between 650 nm and 745 nm, 

SERS intensity enhancement drops again under 

unity. Beyond 750 nm wavelength, it again increases. 

Figure 5(c) illustrates the SERS intensity 

enhancement on the cross section of the entire 

plasmonic platform (black line). In this case, the 

SERS intensity enhancement monotonically 

increases from 200 nm to 700 nm wavelengths. It 

reaches a value around 3 and then drops again. 

However, this configuration is not useful for the 

detection of molecules in the nanogap between the 

LPNs since it possesses a wider regions and the 

spatial resolution is up to 20 nm. To overcome this 

issue, we present the SERS intensity when using our 

proposed SPNs with dimensions of 2 nm (rSPNs=2 nm) 

and a distance dSPNs=1 nm in the gap between the 

LPNs. Figure 6(a) presents the enhancement factor 

(logarithmic scale) for the plasmonic platform with 

SPNs for different excitation wavelengths. Those 

SPNs are useful as they increase the electromagnetic 

field confinement between the LPNs and the spatial 

resolution, which is expected to be up to 2 nm. The 

cartographies show a hot spot localization between 

the SPNs, the SPNs and the edges of LPNs, and 

between the LPNs as in the first case [Fig. 5(a)].  
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Fig. 5 Simulations of the plasmonic platforms: (a) SERS enhancement factor (logarithmic scale) for the plasmonic nanostrars 

platform without SPNs for different excitation wavelengths. SERS intensity cross section as a function of the excitation wavelength for 

(b) one LPNs, and (c) all plasmonic platforms of LPNs.  
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Fig. 6 Simulations of the plasmonic platforms: (a) SERS enhancement factor (logarithmic scale) for the plasmonic nanostars 

platform with SPNs for different excitation wavelengths. SERS intensity cross section as a function of the excitation wavelength for  

(b) one LPNs and SPNs, and (c) the all plasmonic platforms of LPNs and SPNs. 

 

Those findings indicate that SPNs adds their 

enhancement effect on the platform and improves 

the SERS intensity on the surface of the platform. 

Figure 6(b) presents the SERS intensity one LPNs 

surrounded by SPNs on the edges and the apexes. As 

the excitation wavelength increases from 200 nm to 

500 nm, the SERS intensity remains constant at an 

enhancement factor of approximately 7. Then it 

increases between 500 nm and 600 nm with a 

maximum on intensity equal to 48 for 580 nm 

wavelength, 13 times improved with respect to a 

platform without SPNs. SERS intensity 

enhancement then decreases for an excitation 

wavelength between 600 nm and 700 nm. Then it 

presents another enhancement maximum of 55 in the 

near infrared (840 nm). Surprisingly, the SERS 

enhancement in the near infrared regions (mode 

between 800 nm and 900 nm) is not present for 

platforms without SPN [Fig. 5(c)], therefore SPNs 

contributes to the appearance and enhancement of 

this mode. This is the case over the entire platform 

surface as depicted in Fig. 6(c) that presents the 

SERS intensity improvement on a cross section of 

all the plasmonic platforms (black line), where the 

intensity is ameliorated by 85 % between 750 nm and 

900 nm excitation wavelength with respect to a 

platform without SPNs. The SERS intensity 

improvement and the increased number of hotspots 

by using SPNs should lead to an improved 

probability of molecules to experience the localized 

enhanced field and can therefore be detected with 

their SERS signature.  

The direct comparison of hexagonal and cubic 

two-dimensional (2D) patterns for excitation with 

linearly polarized light with the polarization 

direction along one of the in-plane symmetry axes 

suggests that in a 2D hexagonal pattern, only 1/3 of 

all gaps will yield substantial field enhancement 
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which translates into a negligible SERS signal from 

the remaining 2/3 following the G4 dependence of 

(1). For a cubic 2D pattern, half of all gaps will 

contribute to the overall SERS signal. This 

consideration has to be weighted with the area 

density of hotspots for the respective structures that 

is 50 % higher for the hexagonal 2D pattern so that 

overall, both structures (hexagonal and cubic BNP) 

should provide identical overall SERS enhancement 

for the polarization along one of the symmetry axes. 

Other comparisons between the polygon shaped 

assemblies (digon, trigon, tetragon, pentagon, and 

hexagon) were performed by F. S. Ou et al. [41] 

where plasmonic nanostructures were excited with 

785 nm laser. Authors found that all substrates 

generated qualitatively the same sets of Raman 

peaks with the similar peak intensity. However, 

pentagonal assembly has the largest Raman 

enhancement for the tested molecule suggesting 

their strength and potential on SERS enhancement in 

plasmonic gold nanoparticles. 

4. Conclusions 

Feasibility of a multiresonant plasmonic 

platform based on two types of gold nanostars: 

LPNs with 20 nm radius and SPNs with 2 nm radius 

have been demonstrated. The proposed design offers 

a high SERS intensity enhancement of 85% 

compared with the LPNs plasmonic platforms. The 

improvement of the platform sensitivity is related to 

the refractive index of solvents. The proposed 

platform has the combined effect of SPNs and LPNs 

which might tune the sensitivity of sensors in the 

near infrared regions. These findings may pave the 

way for the manufacturing of a new type of 

plasmonic platforms based on a heterogeneous 

shape of the nanostructures for the detection at the 

molecular level.  
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