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Abstract: Plasmonic oligomers can provide profound Fano resonance in their scattering 

responses. The sub-radiant mode of Fano resonance can result in significant near-field 

enhancement due to its light trapping capability into the so-called hotspots. Appearance of these 

highly localized hotspots at the excitation and/or Stokes wavelengths of the analytes makes 

such oligomers promising SERS active substrates. In this work, we numerically and 

experimentally investigate optical properties of two disk-type gold oligomers, which have 

different strength and origin of Fano resonance. Raman analysis of rhodamine 6G and adenine 

with the presence of the fabricated oligomers clearly indicates that an increment in the strength 

of Fano resonance can improve the Raman enhancement of an oligomer significantly. 

Therefore, by suitable engineering of Fano lineshape, one can achieve efficient SERS active 

substrates with spatially localized hotspots.  

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction

Raman spectroscopy is nowadays a standard method for investigating the structural information 

of the materials [1,2]. Raman spectrum contains information about the vibrational and the 

rotational states in the molecular system of a probed material [3]. Extraction of such a chemical 

‘fingerprint’ enables the use of Raman spectroscopy in different scientific and industrial 

applications ranging from ultra-violet (UV) to near-infrared (NIR) region [4,5]. Despite all 

acclaimed advantages of Raman spectroscopy, its real-life implementation is somewhat limited 

due to its low efficiency and sensitivity when compared, e.g., to fluorescence spectroscopy [6]. 

The observation of an intense Raman response at the presence of a silver electrode by 

Fleischmann and co-workers in 1974 [7], and the theoretical explanation of the phenomenon 

by Van Duyne et al. in 1977 [6], opened an efficient way to enhance the Raman signal with the 

help of subwavelength metallic structures [8-11]. That is, the presence of a plasmonic substrate 

leads to vastly enhanced Raman signal, i.e., Surface-Enhanced Raman Scattering (SERS) [12-

14]. Advancement in nanofabrication technologies, specifically in electron-beam and focused-

ion beam lithography, makes the realization of SERS active substrates with predefined sizes, 

shapes, and the material properties so accurate that SERS has become a popular method in bio-

sensing [15-17], and in single molecule detection [18-21]. 

Suitable engineering of plasmonic resonances in complex photonic structures can optimize 

the enhancement of Raman response of a material. Generation of Fano resonance (FR) in a 

coupled plasmonic system is one way to do it [22]. Fano resonance is an asymmetric non-
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Lorentzian resonance formed as an interference between a broad continuum state and a narrow 

discrete state [23-28]. It was first reported in 1935 when found in the absorption spectra of 

noble gases [23-27]. Even though FR had its implementation mainly in quantum systems in the 

past decades, it can also be generated profoundly in plasmonic oligomers [29-31]. 

Plasmonic oligomers are clusters of metallic nanoparticles (NP) where size, shape, and 

interparticle distance are specially arranged to obtain the desired optical response. Presence of 

multiple nanoparticles very close to each other induces interference and coupling between the 

localized surface plasmon resonances (LSPR) of individual NPs. Such hybridization of particle 

plasmon modes opens the possibility of having profound FR in the scattering or extinction 

profile of the system [30,31]. In a plasmonic oligomer, when the plasmon oscillations of all 

particles are in phase, they interfere constructively and the net dipole moment of the structure 

increases. Such collective mode provides a broad peak in the scattering spectrum that is often 

called as the super-radiant mode or bright mode. The dark mode or the sub-radiant mode is 

found as a dip in the scattering profile and is generated due to the destructive interference 

between the LSPR modes of individual particles when the plasmon oscillations are not in phase 

and the net dipole moment decreases [32-35]. The depth of the Fano dip indicates the strength 

of the coupling between LSPR modes of the nanoparticles and can be modulated by varying 

the gap between the particles [31]. When the gaps between the particles widen, the coupling 

between the plasmon modes of each particle reduces and the Fano dip starts to disappear. If the 

gap becomes very small, the coupling greatly enhances and the depth of the Fano dip almost 

reaches to the zero level, which is referred as the plasmon-induced transparency [36]. The 

spectral position of FR can be tuned by controlling the structural and chemical properties of the 

oligomer such as size, shape, thickness and material of the particles present in the oligomer 

while the gap between the particles defines the strength of the coupling [31,37]. 

The sub-radiant (or dark) mode in a Fano resonant plasmonic system can significantly 

enhance the near-field intensity within the nanostructure due to its non-radiative nature and 

capability to trap energy at the gaps between the particles [38]. The highest near-field intensity 

is always obtained near the Fano dip or Fano window [39], and consequently, Fano-plasmonic 

structures can provide large Raman enhancements when the FR is tuned with the excitation 

frequency and the targeted Stokes frequencies of the analytes [22]. Origin of FR in a plasmonic 

oligomer can be explained theoretically with the help of multiple approaches such as the 

coupled oscillator model [40-42], the subgroup decomposition of plasmonic resonances 

[35,43], the circuit model of Fano resonance [44], and the rigorous quantum electrodynamic 

formulation [45]. 

In this article, we report on the SERS activity of two disk-type gold oligomers, a trimer and 

a pentamer, which have profound FR in their scattering profile but with different origin and 

strength. The origin of FR in the pentamer is purely electric in nature [38,42,46-48], while FR 

in the trimer is generated due to the interaction between the electric and the magnetic plasmon 

modes [49-52]. The strength of FR, which can be identified by the depth of the Fano dip, is 

higher in the pentamer than in the trimer. The oligomers were numerically modelled using the 

finite element method (FEM) to tune their FR into the targeted Raman signals of two Raman 

active analytes, 1360 cm-1 for rhodamine 6G [53], and 734 cm-1 for adenine [54]. Optical 

characterization of the fabricated oligomers showed agreement with the simulated responses 

and ensured deeper Fano dip in the pentamer than in the trimer. Raman spectroscopy of 

rhodamine 6G and adenine with the presence of the oligomers showed higher SERS intensity 

in the case of the pentamer than with the trimer for both analytes. Our experimental findings 

show how the strength of FR, in terms of the depth of the Fano dip, directly influences the 

SERS activity of the oligomer when it is tuned with the targeted Raman region of the analytes. 

Such investigation on the dependence of SERS enhancement on the strength of FR in plasmonic 

oligomers having different Fano origin is not reported earlier for our knowledge. 
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2. Methods 

2.1 Numerical simulations 

Optical responses of the plasmonic oligomers were calculated and optimized numerically with 

FEM-based commercial software package (COMSOL Multiphysics version 5.1). In the 

computation, a single oligomer was placed on top of a glass substrate, and it was surrounded 

by air. The perfectly matched layers were used at all the boundaries of the 2 µm × 2 µm × 2 

µm simulation space to prevent any reflections. The optical response of the oligomer, at the 

near– and far-field, for the normal incidence of light with electric field along the oligomer’s 

main axis as illustrated in Fig. 1, was computed using the scattered-field formulation module 

of COMSOL [55]. The material model for gold was extracted from the measured optical 

constants recorded by Johnson and Christy [56]. The nondispersive refractive indices of air and 

glass (SiO2) were considered as 1.0000 and 1.4585, respectively. 

2.2 Fabrication 

The plasmonic oligomers were fabricated using electron beam lithography and lift-off process. 

A 0.5 mm thick silicon (Si) wafer, with a 100 nm thick ‘thermally grown’ silicon dioxide (SiO2) 

layer on it, was used as a substrate. A standard positive e-beam resist (AR-P 6200) was initially 

spin-coated on the substrate. The resist was patterned in an e-beam lithography system (Raith 

EBPG 5000+) according to the optimized design parameters obtained from the numerical 

simulations. Thermal evaporation method was used to deposit a uniform gold layer with a 

thickness of 20 nm on the patterned substrate, after which the resist was removed in a solvent 

resulting in gold structures on SiO2. The schematics of the fabricated trimers and pentamers are 

shown in Fig. 1. The structures were organized as a square array on the substrate with a gap of 

2 μm between each oligomer both in x and y directions to ensure prevention of any kind of 

coupling between them. Scanning electron microscope (SEM) imaging was used 

(SEMleo1550Gemini operated at an accelerated voltage of 5 kV) to determine the structures of 

the fabricated samples. 

2.3 Optical characterization 

Fabricated oligomers were characterized with a custom build optical setup where a white light 

source (Oriel 66182) was used to illuminate the array of gold trimers and pentamers. The light 

coming from the lamp was pseudo-collimated at best and two irises were used to align it. 

Rotatable Glan-Taylor polarizer was used to select the polarization of the excitation light. The 

scattering profiles of the oligomers were recorded by tracing the peak intensities of the reflected 

first diffraction order of the oligomer array at different angular positions by using a full 360o 

rotatable detection arrangement (F220SMA-A/ThorLabs, f = 10.9 mm, NA = 0.25). The angle-

resolved scattering was collected with an optical fiber connected to a spectrometer (Jobin Yvon 

iHR320) equipped with a CCD camera (Jobin Yvon Symphony). More details about the optical 

setup can be found elsewhere [57-59]. 

2.4 Raman spectroscopy of analytes 

Raman responses of rhodamine 6G and adenine for both kinds of oligomers were collected 

using a commercially available Raman setup (Renishaw inVia confocal Raman microscope) 

where a continuous-wave gas laser with an emission wavelength of 785 nm was used as an 

excitation source. A numerical objective (100X, NA = 0.85) was used to illuminate the sample 

for 30 s with 3.10 mW excitation power and to collect the Stokes-shifted signal. The correct 

polarization of the tightly focused excitation beam with 1 μm (approximated) spot size was 

maintained by rotating the sample stage. The analytes were deposited on the substrates with 

fabricated trimers and pentamers within a 10 μL water droplet and then incubated at room 

temperature under normal humidity for 5 minutes until the drop had dried. The initial 

                                                             Vol. 27, No. 21 | 14 Oct 2019 | OPTICS EXPRESS 30033 



concentrations of the analytes in solution were 1 μM for rhodamine 6G (R6G) and 1 mM for 

adenine (Ade). 

3. Results and discussion 

Plasmonic oligomers were optimized using FEM-based simulations so that their FR would 

overlap with the targeted Raman signature zones of the analytes (1360 cm-1 for rhodamine 6G 

[53] and 734 cm-1 for adenine [54]) when excited with the wavelength of the Raman experiment 

(785 nm). The trimer, depicted in Fig. 1(a), contains a pair of identical disks having a radius of 

50 nm along with a larger disk with a radius of 100 nm. The pentamer, presented in Fig. 1(b), 

contains a chain of three identical disks having a radius of 75 nm and two small identical disks 

with a radius of 62.5 nm on the top and the bottom of the central disk of the chain. The gap 

between the disks and the thickness (or height) of the disks are kept 20 nm in both oligomers 

to ensure that the difference between the strength of FR in those oligomers did not occur due 

to the difference in their interparticle distances and thicknesses. All geometric parameters 

related to the disks (i.e. interparticle gap, thickness and disk radius) had fabrication tolerances 

of ±5 nm obtained from the numerical simulations. 

 

Fig. 1. (a) Optimized geometry for the trimer with R = 100±5 nm, r = 50±5 nm, d = 20±5 nm, h 
= 20±5 nm. (b) Optimized geometry for the pentamer with R = 75±5 nm, r = 62.5±5 nm, d = 

20±5 nm, h = 20±5 nm. All geometric parameters related to the disks (i.e. interparticle gap, 

thickness and disk radius) had fabrication tolerances of ±5 nm obtained from the numerical 

simulations. The arrows on top of the structures show the polarization of the excitation. 

The existence of FR and its overlap with the intended spectral regimes are clearly seen in 

the simulated scattering cross-sections of the oligomers, presented in Fig. 2(a) after normalized 

by their geometrical cross-sections. The strength of FR, in terms of the depth of the Fano dip, 

can be quantified by a parameter 𝑘 , which defines the ratio between the scattering cross-

sections (or scattering intensities) at the Fano dip (𝑆Fano dip) and at the Fano peak (𝑆Fano peak), 

i.e. 𝑘 = 𝑆Fano dip 𝑆Fano peak⁄ . The pentamer shows a lower value of 𝑘 (𝑘=0.21) than the trimer 

(𝑘=0.43) in the simulated spectra and hence, provides higher depth in FR and stronger FR than 

the trimer. The spectral profiles of the total near-field intensity enhancement (NFIE) for the 

oligomers were calculated as |𝐸loc 𝐸0⁄ |2 integrated over the illuminated surfaces of the 

oligomers (i.e. the top and sides of the disks), where 𝐸loc  and 𝐸0  are the local and incident 

electric field amplitudes, respectively. The NFIE profiles, normalized by the geometrical 

surface area of the corresponding illuminated surfaces, are depicted in Fig. 2(b). They yield 

higher enhancement in the case of the pentamer than in the case of the trimer. The spectral 

position of the highest enhancement was found close to the Fano dip in the scattering spectra 

for both oligomers. Such spectral correlation between the scattering minima and the NFIE 

maxima is a general property of systems having FR [39], and has been reported earlier also for 

different kind of structures [22]. 
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Fig. 2. (a) Simulated scattering cross-sections of the trimer (blue line) and the pentamer (red 

line). The black dots represent the position of the peak and the dip in the corresponding spectra 

used to calculate 𝑘. (b) Simulated NFIE of the trimer (blue line) and the pentamer (red line). The 

red, green and blue dashed lines in both diagrams represent, the excitation wavelength (785 nm), 
the targeted Raman line of adenine (734 cm-1 or 833 nm) and the targeted Raman line of 

rhodamine 6G (1360 cm-1 or 879 nm), respectively. 

The near-field enhancement (NFE) maps |𝐸loc 𝐸0⁄ |  for the trimer and the pentamer, 

computed at a plane 1 nm above the top surfaces of the oligomers and presented in Fig. 3, show 

the spatial distribution of the NFE at the wavelengths of Fano dips and Fano peaks. The NFEs 

obtained at Fano dips (790 nm for the pentamer and 795 nm for the trimer) are higher than those 

of at Fano peaks (728 nm for the pentamer and 716 nm for the trimer) for both oligomers and 

their spatial distribution yields ‘hotspots’, i.e. confined regions with localized electromagnetic 

energy, at the gaps between the disks. In the trimer, the hotspots are found at the gap between 

the two small disks, showed in Fig. 3(a) and Fig. 3(b). In the pentamer, they situate at the gaps 

in the chain of the three identical disks, illustrated in Fig. 3(e) and Fig. 3(f), and they spatially 

overlap at both dip and peak wavelengths. The spatial locations of the hotspots at different 

wavelengths are not identical in general and are often distributed differently over the sample 

geometry [51]. Spatial overlap of the hotspots at multiple wavelengths is important for SERS 

applications since the electromagnetic enhancement factor (EEF) for SERS is defined as 

SERS EEF = |𝐸loc(excitation) 𝐸0⁄ |
2

× |𝐸loc(Stokes) 𝐸0⁄ |
2

 i.e. the product of the NFEs at the 

excitation and Stokes wavelengths [22]. Thus, spatially coinciding hotspots of these two 

wavelengths will yield the highest enhancement. The spatial distribution of the SERS EEFs (or 

SERS maps) for both oligomers at the targeted Raman signature zones of the analytes are 

reported in Fig. 3. From the figure we can see that the maximum SERS electromagnetic 

enhancement factors are about 3×106 for the trimer and 5×106 for the pentamer. Both of them 

are achieved for the 734 cm-1 Raman line of adenine. 

Origin of FR in the trimer and the pentamer was investigated by computing the surface 

charge densities and the conduction current densities over the top surfaces of the disks. The 

surface charge density plots for the pentamer presented in Fig. 4 clearly show ‘in-phase’ 

plasmon oscillations in all disks at Fano peak (728 nm), shown in Fig. 4(a), but ‘out of phase’ 

oscillation in the central disk with respect to the other four disks at Fano dip (790 nm), shown 

in Fig. 4(b). This clearly explains generation of the broad super-radiant mode at 728 nm and 

the sub-radiant mode at 790 nm in the corresponding scattering profile. We can also infer that 

the nature of FR in the pentamer is purely electric since the interaction between the electric 

dipole moments causes the generation of FR [38,42,46-48]. 
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Fig. 3. Simulated NFE and SERS EEF maps calculated at a plane 1 nm above the top surface of 
the oligomers. (a-b) NFE plots for the trimer at Fano dip (795 nm) and Fano peak (716 nm). (c-

d) SERS EEF maps of the trimer for the targeted Raman band of adenine (734 cm-1 or 833 nm) 

and rhodamine 6G (1360 cm-1 or 879 nm). (e-f) NFE plots for the pentamer at Fano dip (790 
nm) and Fano peak (728 nm). (g-h) SERS EEF maps of the pentamer for the targeted Raman 

band of adenine (734 cm-1 or 833 nm) and rhodamine 6G (1360 cm-1 or 879 nm). In the plots (c-

d) and (g-h), the white dashed lines represent the gold disks in the oligomer and for SERS EEF 
calculation, the excitation wavelength was considered as 785 nm. In (a-d) all the dimensions are 

along Fig. 1(a) and in (e-h) as illustrated in Fig. 1(b). 

 

Fig. 4. Simulated surface charge densities and conduction current densities over the top surfaces 

of the disks present in the oligomers. (a-b) Surface charge density plots for the pentamer at Fano 

peak (728 nm) and Fano dip (790 nm). (c) Surface charge density plot for the trimer at Fano 
peak (716 nm). (d) Conduction current density plot for the trimer at Fano dip (795 nm). In the 

plots (a-d), the black arrows represent the polarization of the excitation electric field 𝐸. 

The surface charge density plot for the trimer, depicted in Fig. 4(c), shows ‘in-phase’ 

plasmon oscillations in all disks at 716 nm and explains the creation of the broad super-radiant 

mode at that wavelength in corresponding scattering profile. The current density plot for the 

trimer at Fano dip (795 nm), illustrated in Fig. 4(d), reveals the presence of a ‘coil type’ 

magnetic resonant mode at 795 nm which has a sub-radiant nature in the scattering profile. 

Hence, the super-radiant mode in the trimer is electric in nature while the sub-radiant mode is 

magnetic (coil-type) and FR is originated from their hybridization [49-52]. 

                                                             Vol. 27, No. 21 | 14 Oct 2019 | OPTICS EXPRESS 30036 



The fabricated trimers and pentamers were arranged in a rectangular array with a gap of 2 

µm between two adjacent oligomers to prevent direct crosstalk between them. The SEM images 

of the fabricated samples are presented in Fig. 5. Such oligomer arrays can be considered as 

periodic structures (reflective gratings) with a period of 2 μm and hence, they provide 

diffraction orders in their scattered light with scattering angle depending on wavelength. Of 

particular note is that in both fabricated structures, i.e. in the trimer and the pentamer (Fig. 5), 

the gaps between the bigger particles are slightly decreased due to the proximity effect in 

electron beam lithography. This effect was taken into account on the simulations also.  

To determine the scattering intensity spectrum of the trimers and the pentamers, the first 

diffraction orders of the arrays were recorded at different angular positions, i.e., increment in 

the angle of detection redshifts the first diffraction order while its peak intensity follows the 

line shape of the scattering profile of an individual oligomer. To be specific, the intensity of the 

first diffraction order reached its minimum at an angle corresponding to the Fano dip, since, at 

that region, the nanostructures have a minimum in their scattering profile. Therefore, the peak 

intensities of the first diffraction order at different detection angles provide an intensity 

envelope from which the scattering profiles of the trimer and the pentamer can be extracted. 

The recorded peak intensities were normalized by dividing them with the lamp intensity at the 

corresponding spectral positions. The normalized intensities were further Lambertian corrected 

by dividing them with a cosine of the corresponding detection angle. 

 

 

Fig. 5. SEM images of the fabricated oligomers. (a-b) SEM images of a single trimer and a single 
pentamer. (c-d) SEM images of the arrays of the trimer and the pentamer with 2 μm gap between 

two adjacent oligomers both in x and y direction. 

Figure 6 shows the experimentally obtained scattering spectrum of the trimer and the 

pentamer along with their simulated estimations. The experimental spectra contain squares 

connected by dotted lines where the squares represent the measured peak intensities of the first 

diffraction order (normalized and Lambertian corrected) at different detection angles (and 

hence, at different spectral positions) thus forming the scattering intensity profiles of the 

oligomers. The experimental scattering profiles of the oligomers are in a good agreement with 

the simulated estimations and the pentamer shows stronger FR by yielding a lower value of 𝑘 

(𝑘=0.25) than that of the trimer (𝑘=0.46) in the experimental spectra. 
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Fig. 6. (a) Simulated (solid blue line) scattering cross-section and experimental (dotted blue line) 

scattering intensity profiles of the trimer. (b) Simulated (solid red line) scattering cross-section 

and experimental (dotted red line) scattering intensity profiles of the pentamer. The simulated 

spectra are scaled with the experimental ones. The black squares in the experimental spectra 
represent the peak intensities of the first diffraction order (normalized and Lambertian corrected) 

collected at different detection angles. The red and blue arrows represent the position of the peak 

and the dip in the corresponding spectra used to calculate 𝑘. The red, green and blue (vertical) 

dashed lines in both diagrams represent, the excitation wavelength (785 nm), the targeted Raman 

line of adenine (734 cm-1 or 833 nm) and the targeted Raman line of rhodamine 6G (1360 cm-1 
or 879 nm), respectively. For comparison between experimental scattering intensities of the 

trimer and the pentamer, please find Fig. 8 in Appendix. 

To study the effect of FR on the SERS performance of the oligomers, we performed Raman 

spectroscopy of two Raman active analytes, adenine (Ade) and rhodamine 6G (R6G), on top of 

the trimers and the pentamers with an excitation at 785 nm. Our targeted Raman bands were 

the symmetric ring-breathing mode of adenine [54] around 734 cm-1 and C – C stretching mode 

(vibrational) of rhodamine 6G [53] around 1360 cm-1. Collected SERS spectra were baseline-

corrected using the asymmetric least squares algorithm for the baseline analysis [60] and 

smoothed using the Savitzky–Golay smoothing technique [61,62], both implemented by a 

commercially available data analysis software OriginPro 2017 [63]. The main areas of interest 

in Raman shifts were 1300 – 1400 cm-1 for R6G and 700 – 800 cm-1 for Ade during the 

collection. The resulting SERS spectra are presented in Fig. 7 and they are consistent with the 

existing literature [53,54,64-67]. The SERS spectrum of R6G shows also the N – H in-plane 

bend mode around 1312 cm-1 in addition to the targeted C – C vibrational stretching at 1363 

cm-1. No Raman signal was observed with the same amount of molecule, but without the 

oligomers.  

Clearly, from Fig. 7, we can conclude that the pentamer, which has stronger FR in its 

simulated and experimental scattering profiles (in terms of the depth of the Fano dip, i.e., lower 

value of 𝑘) than the trimer, yielded stronger SERS signal than that of the trimer under the 

identical experimental conditions for both analytes. The obtained relative increases in the 

intensities of the targeted Raman lines were about 130% and even 330% for R6G and Ade, 

respectively. It should be noted that even the surface area of the pentamer is about 65% higher 

than that of the trimer, it would only account for a 65% increase in the SERS signal, when 

assuming constant surface concentration of the molecules, which is a reasonable assumption 

here. This is clearly not enough to explain the observed effect. In addition, the SERS signal of 

Ade is clearly higher than that of R6G, which could be due to the better matching of the FR to 

the targeted Raman line, but since the experimental conditions between different molecules 

differ, no proper conclusion can be drawn from that. Yet, the relative increase in the Raman 

line intensity when comparing the pentamer to the trimer is significantly higher for Ade, which 

can be addressed to the fact that the Raman line of Ade matches with the Fano-resonance, while 
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R6G Raman lines lie off from the resonance. The fact that the difference in SERS enhancement 

between the oligomers is higher for the Raman lines at FR than for the lines outside the 

resonance, implies that it is indeed the subradiant Fano mode that induces the highest SERS 

enhancement. 

In this study, we did not focus to quantify explicitly any SERS enhancement factor for the 

trimer and the pentamer. However, since the detection sensitivity and number of molecules 

were same for one type of molecule and only the underlying nanostructure was changed, the 

induced increase in the SERS signal directly reflects the relative increase in the enhancement 

factor due to the oligomer properties. Thus, the above-mentioned experimental outcomes 

clearly present how the strength of FR directly influences the SERS activity of a plasmonic 

oligomer.  Therefore, by engineering the strength of FR with a higher depth of Fano dip (or 

lower value of 𝑘) and by spectral tuning of FR at the targeted Raman region of the analytes as 

well as at the excitation wavelength, one can achieve higher SERS performance from a 

plasmonic oligomer. 

 

Fig. 7. (a) SERS intensity spectrum of the targeted Raman line of adenine (734 cm-1) with the 

presence of the trimer (blue line) and the pentamer (red line). (b) SERS intensity spectrum of 

the targeted Raman lines of rhodamine 6G (1310 cm-1 and 1360 cm-1) with the presence of the 

trimer (blue line) and the pentamer (red line). For complete spectra, please find Fig. 9 in 

Appendix.  

4. Conclusions 

Concisely, we designed and optimized two Fano-plasmonic disk-type gold oligomers using 

FEM-based simulations to ensure that their FR will overlap with our intended Raman lines of 

the analytes (1360 cm-1 for R6G and 734 cm-1 for adenine) recorded with the excitation 

wavelength of 785 nm. The simulated scattering profiles and the experimental scattering 

intensities of the fabricated oligomers clearly showed stronger FR (in terms of the depth of the 

Fano dip) in the pentamer than the trimer. The NFE plots and SERS maps of the oligomers also 

revealed that we achieved the spatial overlap of hotspots at the excitation and Raman 

wavelengths of the analytes. Our numerical analysis also explained that the origin of FR in the 

pentamer is electric in nature but in the trimer, FR originated from the interplay between the 

electric and the magnetic plasmon modes. 

We then studied the SERS activity of the two oligomers having different strength and origin 

of FR. Our Raman analysis of the analytes resulted in higher enhancement of the Raman signal 

with the presence of the pentamer than that in the case of the trimer for both analytes. 

Consequently, from our experimental outcomes, we can conclude that the strength of FR in a 

Fano-plasmonic oligomer as well as its spectral overlap with the intended Raman lines 

significantly influences its SERS performance. Therefore, by suitable engineering of Fano 

lineshape, with stronger FR and spectral tuning with the intended Raman bands as well as with 
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the excitation frequency, one can achieve efficient SERS active substrates with spatially 

localized hotspots. We also got a hint that the optical properties and SERS activities of such 

oligomers may differ if their origin of FR differ but further studies required in this case to draw 

any concrete conclusions. 

Appendix 

Comparison between experimental scattering intensities of the trimer and the pentamer and 

complete SERS spectra of analytes. 

 

Fig. 8. Experimental scattering intensity profiles of the trimer (blue dotted line) and the pentamer 

(red dotted line). The black circles (in the red dotted line) and the black triangles (in the blue 
dotted line) represent the peak intensities of the first diffraction order (normalized and 

Lambertian corrected) collected at different detection angles. The red and blue arrows represent 

the position of the peak and the dip in the corresponding spectra used to calculate 𝑘. The red, 

green and blue (vertical) dashed lines represent, the excitation wavelength (785 nm), the targeted 

Raman line of adenine (734 cm-1 or 833 nm), and the targeted Raman line of rhodamine 6G 

(1360 cm-1 or 879 nm), respectively. 

 

Fig. 9. (a) Complete SERS intensity spectrum of adenine (Ade) with the presence of the trimer 

(blue line) and the pentamer (red line). (b) Complete SERS intensity spectrum of rhodamine 6G 

(R6G) with the presence of the trimer (blue line) and the pentamer (red line). In (a-b), SERS 

spectra are reported without smoothing and baseline correction. 
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