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Abstract 
 

Localized surface plasmon (LSP) resonances in plasmonic 
micro-/nanostructures such as metallic spheres and 
cylinders, exhibit sensitivity to nearby external changes, 
such as variations in the refractive index of a dielectric 
close to the structures. This useful characteristic can be 
exploited in multiple fields, including medicine, and 
chemistry. Here, we make use of Babinet’s principle of 
complementarity (a concept developed for low 
frequencies) to design plasmonic structures at optical 
frequencies. The structures consist of complementary 
metal-dielectric cylindrical dimers and apertures on a metal 
film. Their performance is evaluated both experimentally 
and numerically demonstrating their ability to be used for 
sensing applications.  
 

1. Introduction 
 

The confinement of electromagnetic (EM) waves at optical 
frequencies using localized surface plasmons (LSPs) in 
metallic micro-/nanostructures [1]–[3] and surface 
plasmon polaritons (SPPs) on metal-dielectric 
interfaces[4]–[7] has attracted the interest of the scientific 
community in the past years. LSP resonances [8]–[14], 
have been exploited in diverse applications such as solar 
cells [15], optical trapping [16] and photo-catalysis [17], 
among others. 
 
The properties of LSP resonance within a plasmonic 
structure are influenced by parameters such as size, shape 
[18], [19] the metal composition and the surrounding 
dielectric [20]. This dependance means changing any one 
of these parameters will cause an observable shift in the 
spectral position of the LSP resonance including, for 
example, variations in the refractive index of a nearby 
dielectric film.  Consequently, LSPs have excelled in many 
fields [1], [21], [22] where sensing local changes is 
required such as biosensing [23], [24] and surface-
enhanced Raman spectroscopy [25], [26], among others. 
 
The application of classical concepts, such as Babinet's 
principle in plasmonics has provided valuable insights for 
the design of plasmonic nanostructures [2], [18], [27]–[30]. 
Babinet's principle states that the diffraction patterns from 

a set of infinitely thin, perfectly opaque particles and a 
complementary set of apertures in an infinitely thin, 
perfectly opaque sheet will be identical [31]. Therefore, in 
the context of LSPs, when comparing between the 
complementary plasmonic particle and aperture cases, it 
would be expected that the LSP resonances will be excited 
at similar spectral position. Moreover, their respective 
near-field electric and magnetic field distributions will also 
be complementary [27], [32]. However, when applying 
Babinet’s principle to plasmonics, some slight 
discrepancies occur as metals, at optical frequencies, can 
no longer be considered as perfect electric conductors as is 
the case for lower frequencies [18]. 
 
In this communication, complementary plasmonic 
structures consisting of cylindrical metallic particle-dimers 
and aperture-dimers will be investigated when a thin 
dielectric film is positioned on top of them [33]. The 
spectral response of the proposed plasmonic structures is 
evaluated both numerically and experimentally. Moreover, 
the sensing performance of the two complementary 
plasmonic structures are evaluated and compared as the 
refractive index of the dielectric film is varied. An in-depth 
study of their performance will be discussed during the 
conference. 
 
2. Results and discussion 
 

The schematic representation of the particle-dimer and 
aperture-dimer on their xy-surface is shown in Fig. 1a,b, 
respectively. Here, the cylindrical dimers can be seen as   
gold (Au) features or apertures in an Au film. The dimers 
are placed on a silicon nitride (Si3N4) substrate with the 
whole structure immersed in air (nair = 1). A cross-section 
of the complementary particle- and aperture-dimers are 
shown in Fig. 1c,d, respectively. The Au and Si3N4 layers 
are both 30 nm thick and they are modeled using 
experimental data from [34], [35], respectively. A 
dielectric film (which will act as the analyte to be sensed) 
is then positioned on top of the plasmonic structures with a 
variable refractive index, na. The dimers have a diameter 
D, and S is the separation distance between the two 
cylinders. For the study shown here, values of D = 200 nm 
and S = 20 nm were chosen due to accessibility for their 
experimental demonstration [33].  



 

 
 

Figure 1. (a,b) Schematic of particle- and aperture-dimers. 
D and S represent the dimer diameter and separation, 
respectively. (c,d) Cross-section on the yz-plane with 
incident planewave (red). Reflection (blue) and 
transmission (black). 
 
To evaluate the structures, numerical studies are carried out 
using the commercial software COMSOL Multiphysics®. 
An incident planewave, propagating in the z-direction, 
polarized along the x- (Ex) or y- (Ey) direction (as 
represented by the red arrow labelled Inc. in Fig. 1b,d) is 
used to illuminate the plasmonic structures. By changing 
the polarization of the incident planewave, then 
complementary LSP resonant modes will be excited in 
each of the particle- and aperture-dimers. To determine the 
spectral position of each LSP resonance, the reflection 
(blue arrow in Fig. 1c,d) and transmission (black arrow in 
Fig. 1c,d) spectrum is calculated of each case. The spectral 
position of the LSP resonances of these plasmonic 
structures will observably change with variations of the na 
of the dielectric, enabling these devices to be used as a 
sensor. 
 
For the analyte, a thickness of 50 nm is fixed such that the 
only variations in the spectral location of the LSP 
resonance will be due to changes of na. The sensitivity of 
each complementary plasmonic structure can then be 
determined by taking the ratio between the change in the 
LSP resonant spectral position and the change in the 

refractive index of the dielectric analyte, � �  
∆� 

∆��

 

[nm/RIU], where RIU stands for the refractive index unit 
[36], [37]. The calculated sensitivity for the 
complementary structures, as the na changes is shown in 
Fig. 2 with the results for the particle-dimers and aperture-
dimers presented as red and blue curves, respectively. As 
the structures are illuminated with orthogonally polarized 
planewaves the Ex-illumination is represented by solid lines 
and the dashed lines represent the Ey-illumination.  
 

For particle- and aperture-dimers illuminated by a Ex and 
Ey polarized planewave, respectively, the maximum values 
of the sensitivity (Smax) in Fig. 2 are Smax = 207 and 135 
nm/RIU, respectively. The opposite polarization of the 
planewave, Ey and Ex polarized planewaves, respectively, 
obtain values of Smax = 252 and 222 nm/RIU, respectively. 
From Fig. 2, the plasmonic structures have the highest Smax 

when using Ey and Ex polarized planewaves on the particle- 
and aperture-dimers, respectively. This improvement in the 
performance of the complementary plasmonic structures is 
a result of complementary LSP modes with a field hotspot 
being excited. This field hotspot enhances the interaction 
with the dielectric analyte compared to the field 
distribution of LSP modes under orthogonal polarizations, 
resulting in higher sensitivities.  
 

 
Figure 2. Sensitivity of the complementary particle-dimers 
(blue) and aperture-dimers (red) illuminated by an Ex 
(solid) and an Ey (dashed) polarized planewave as the 
refractive index of the dielectric analyte changes. 
 
In the conference, the validity of this work will be verified 
with experimentally fabricated devices. Furthermore, an 
in-depth analysis of the complementary electric and 
magnetic near-field distributions will be given alongside a 
more comprehensive discussion on the sensing 
performance. Further studies include the effect of changes 
of analyte configuration in the performance of the sensors 
such as varying the dielectric thickness, immersing/filling 
the particle-/aperture-dimers and using a rectangular 
particle of analyte [33].  
 
3. Conclusion 
 
In conclusion, we have shown in this communication, the 
design of complementary plasmonic particle- and aperture-
dimers to support LSP resonant modes via Babinet’s 
principle for complementarity. This was exploited to detect 
changes in the refractive index of a 50 nm thick sheet of 
dielectric analyte positioned on top of the complementary 
plasmonic structures by observing the change in the 
wavelength of the LSP resonance of each case. To evaluate 
the performance of these plasmonic-based sensing devices 
the sensitivity was calculated for each refractive index of 
the analyte, demonstrating sensitivities of 130 nm/RIU up 



to 250 nm/RIU. Our results may be exploited in sensing 
devices within areas such as biology and chemistry. 
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