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Metallic plasmonic nanostructures can achieve nanoscale light-matter interactions and have a wide range of applications 

in spectral modulation and optical sensing fields stemming from their rich and tunable optical properties. Herein, we 

propose a composite nanostructure consisting of a gold nanodisk array and a GaAs thin film, which achieves symmetric 

and asymmetric configurations by adjusting the nanodisk radius of the array structure. We systematically investigate the 

relationship between plasmonic modulation and asymmetric/symmetric coupling modes. The results indicate that the two 

configurations correspond to single resonance and dual resonance, respectively. The short wavelength of the dual-resonant 

mode is jointly excited by the local surface plasmon polariton (LSP) mode of the nanodisk itself and the waveguide-

hybridized lattice mode of the bottom GaAs film. And the long wavelength corresponds to the LSP mode of the array 

nanostructure which strongly depends on its size. Improving structural symmetry leads to different trends in resonance 

wavelength. Furthermore, we investigate the sensing performances for asymmetric/symmetric nanodisk arrays. This work 

is of great significance for applications such as multi-resonance sensing, plasmonic modulation, etc. 

Keywords: asymmetric/symmetric nanodisk array, single-/dual-resonant mode, finite difference time domain, sensing 

performance. 

 

1. INTRODUCTION 

Surface Plasmons (SPs) are electromagnetic 

oscillations that excite and couples charge density 

fluctuations at the metal dielectric interface [1]. So far, 

there are many applications based on SPs, including 

controlling electromagnetic fields, absorption-induced 

transparency (AIT), imaging, and sensing, etc. For 

example, the freedom of design based on metamaterials was 

used to control the electromagnetic field flexibly, that is, to 

achieve the directional transmission direction and local 

configuration artificially [2]. The plasmonic nanostructure 

with precisely filling subwavelength diameter nanoholes in 

a silver film with dielectric material demonstrated an AIT 

effect in both experiments and numerical simulations [3]. 

Metasurface-based imaging modalities and features of 

metalenses for imaging could closely approximate the ideal 

phase of a perfect lens to focus light at the theoretical 

fundamental diffraction limit without spherical aberrations 

[4]. A novel platform based on all dielectric metasurfaces 

was proposed and demonstrated for large-scale parallel 

sensing of trace biomolecules in hyperspectral imaging, 

which originated from geometrically adjustable high-

quality factor bound states in continuous medium (BIC) 

excitation resonance in near-infrared region [5]. 

Recently, many groups have confirmed the size and 

shape of the nanostructures, the nature of the substrate, or 

the surrounding medium to access excitation of different 

wavelength bands and resonance modes. To date, in 

addition to symmetric systems, introducing asymmetry to 

generate mode coupling and hybridization has gradually 
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become a research hotspot. For instance, a thorough review 

of the recent research progress on achieving high-quality 

(high-Q) factor plasmonic resonances was provided, by 

emphasizing the fundamentals and six resonant mode types; 

the applications of high-Q plasmonic resonances were also 

discussed in Ref. [6]. Based on lineshape engineering, the 

Fano resonances with sharp asymmetric profiles exhibited 

a small linewidth and a high spectral contrast by exploiting 

different mechanisms and designing various metallic 

nanostructures [7]. In addition, the near-field of the 

structure could also be greatly enhanced at the desired 

frequency [8]. By introducing a conducting metal layer 

underneath a Fano resonant asymmetric ring/disk 

plasmonic nanocavity system, it was demonstrated that the 

electromagnetic field could be strongly enhanced [9]. A 

novel approach to exceptional points (EPs) based on spatial 

symmetry breaking was proposed. The plasmonic EPs were 

based on the hybridization of detuned resonances in 

multilayered plasmonic structures to reach a critical 

complex coupling rate between nanoantenna arrays, 

resulting in the simultaneous coalescence of the resonances 

and loss rates [10]. The possibility to maximize or cancel 

the interaction between the hybridized surface lattice 

resonances (SLRs) by simply controlling the distance 

between particles was demonstrated through surfaces made 

of binary arrays with unit cells made of two gold disks of 

distinct diameters [11]. The narrow-band decapole 

resonance modes in gold nanohole arrays fabricated by 

scalable colloidal lithography were studied. The high 

quality of this resonance associated with highly accessible 

large local electromagnetic fields offered high refractive 

https://webofscience.clarivate.cn/wos/alldb/full-record/WOS:001311806000001
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index sensitivity [12]. A strategy was based on the 

hybridization of Mie SLRs in periodic silicon bipartite 

nanodisk arrays, of which the central nanodisk was 

displaced from the center of the unit cell. It demonstrated a 

novel strategy to achieve dual-band symmetry-protected 

BIC in silicon metasurfaces [13]. The bipartite nanoparticle 

arrays depending on the relative position of the two 

particles within the unit cell can support SLRs with a super- 

or subradiant character. The results of this work provide an 

efficient approach to obtain narrow linewidths that are 

robust to fabrication imperfections [14]. 

Among dielectric materials, GaAs is a promising one 

that may also have great application potentials in 

plasmonics. For example, it is obvious local surface 

plasmon polariton (LSP) mode can be realized in the 

proposed triangular prism meta-antennas, and the resonant 

wavelength, electromagnetic field distribution, surface 

charge distribution, and surface current density can be 

effectively tuned by structural and material parameters [15]. 

GaAs can also be used to make GaAs solar cells. Due to its 

direct and widely accessible bandgap energy, excellent 

photophysical properties to generate, transport, and collect 

charge carriers by interacting with sunlight, and ability to 

form monolithically grown multijunction tandem systems 

[16]. 

In this work, we demonstrate symmetric/asymmetric 

gold (Au) disk nano arrays covered on GaAs substrate. The 

influence of nanodisk radius and substrate thickness on the 

reflection spectra of the structure are studied. By changing 

the asymmetry of the plasmonic nanostructure, the position 

and mode of resonant wavelengths can be altered. With the 

help of the distribution of electromagnetic fields at 

resonance wavelengths, the article analyzes the physical 

mechanism. In addition, the sensing performance of the 

structure has been studied by changing the refractive index 

of the environment. 

2. STRUCTURE AND METHOD 

Fig. 1 schematically shows the asymmetric nanodisk 

array deposited on the GaAs layer. The substrate is silicon 

dioxide (SiO2). The asymmetry of this structure is achieved 

by the radius of a small nanodisk (R). The large nanodisk 

radius has been fixed at r = 140 nm. Since R = 140 nm, the 

corresponding structure is symmetric. This structure is 

distributed in a triangular array and its constant is set at 

P = 450 nm along the X axis. The height of the disks is h 

with the dielectric coefficient by Lorentz-Drude Mode [17]. 

The thickness of the GaAs layer is H with a refractive index 

by Palik [18]. All the spectra were recorded in water 

(n = 1.3313) as the superstrate. Wherein, the GaAs layer 

serves as a dielectric layer and interacts with the gold 

nanodisk, coupling and exciting new resonance modes. We 

adopt the finite difference time domain (FDTD) method to 

perform reflection spectra and the near-field distributions 

[19]. An x-polarized plane-wave light is incident along the 

negative z-axis, in the wavelength range of 400 - 1000nm. 

To avoid the possible artifacts that might be induced by the 

simulation method, the mesh size was always kept smaller 

than 1/10 of the shortest wavelength studied in the 

simulation region of non-plasmon-carrying media. Periodic 

boundary conditions are applied in the x and y directions, 

and perfect matching layer (PML) boundary conditions are 

used in the z directions. Note that no error estimates are 

given in this work, since the results are all calculated by 

using simulations, and they need to be used with caution, 

especially when compared with experimental data. 

 

Fig. 1. Schematic diagram of the asymmetric nanodisk array 

fabricated on GaAs/SiO2 layers. The small radius of 

nanodisks is R, the large radius of disks is r, the height of 

the disks is h and the thickness of the GaAs layer is H. The 

lattice constant is P. The illustration in the bottom right 

corner is a two-dimensional view 

3. RESULTS AND DISCUSSION 

3.1. Varied radius of the large disks 

To evaluate the optical properties, we investigate the 

influence of different parameters on the reflectance spectra. 

As shown in Fig. 2, while other parameters remain fixed, 

the position and intensity of the resonance wavelength 

change since the large radius of the nanodisk (R) increases. 

Fig. 2 a displays the calculated spectra of the asymmetric 

nanodisk array with R varies from 20 nm to 100 nm. There 

are two obvious resonance dips in the range of 600 nm to 

800 nm, namely 1, and 2. As the radius R increases, the 

resonance depth of the resonance dip at position 1 

gradually increases. On the contrary, the resonance depth 

of the resonance dip at position 2 gradually decreases. 

When R = 100 nm, the dip at 2 is almost invisible. It is 

worth noting that the wavelength position has hardly 

changed within this range. 

Fig. 2 b shows the change of reflectance spectra when 

the radius R increases from 100 nm to 200 nm. It can be 

seen that there is only one resonance dip1. And the 

intensity of the resonance dip attains maximum and strong 

resonant coupling with the incident light when R = 140 nm, 

corresponding to the case that the radius of the large disk is 

equal to that of the small disks. When R = 200 nm, the trend 

of exciting new resonance modes near 2 occurs. 

Comparing the changes in two resonant wavelengths, the 

dip at 1 is forming of LSP mode excited by the structural 

configuration. And the dip at 2 is introduced by the 

asymmetry systems. That is, as the degree of asymmetry 

increases, this mode becomes more pronounced. The 

resonant wavelength at 850 nm originates from the weak 

coupling of the disks. Due to its lower peak contrast being 
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difficult to detect in the experiment, the mode is not 

discussed in the following sensing section. 

 

Fig. 2. Reflectance spectra of the proposed plasmonic 

nanostructure for the distinct radius of the large disks (R): 

from 20 nm to 200 nm. The height of the disks (h) and the 

thickness of the GaAs layer (H) remain 50 nm and 60 nm, 

respectively. The blue dashed line represents the vicinity 

of wavelength position 1, and the orange dashed line 

represents the vicinity of wavelength position 2. a – R 

varies from 20 nm to 100 nm; b – R varies from 120 nm to 

200 nm 

3.2. Varied thickness of nanodisk array 

Fig. 3 compares R is equal to 20 nm and 140 nm 

reflectance spectra for different thicknesses of disks h. 

Results show that in Fig. 3 a, as h increases from 30 nm to 

70 nm in the step of 10 nm, the resonance 2 is slightly red-

shifted, whereas that of the resonance 1 experience 

minimum red-shift. The depth of the resonance 

wavelengths deepens with the increasing thickness of the 

Au disks. But at the same time, the width of the resonance 

dip 2 will also increase, while resonance dip 1 is exactly 

the opposite. For the case of R = 140 nm, the redshift is the 

highest (Fig. 3 b). The resonance depth deepens and the 

spectral line width widens with the increase of the thickness 

of the gold disk. This phenomenon is attributed to the 

introduction of multi-level resonance modes caused by the 

increase in the thickness of disks. The results indicate that 

regardless of whether the structure is symmetrical or 

asymmetrical, changing the thickness of Au disks almost 

does not affect the overall shape of the spectral lines, but 

has a significant impact on the resonance position and 

intensity. 

3.3. Varied thickness of GaAs layer 

Moreover, the optical properties of the asymmetric 

nanodisk array under different thickness of the GaAs layer 

are shown in Fig. 4. Herein, the other structural parameters 

remain consistent. We investigate the reflection of GaAs 

layers with thicknesses of H = 20 nm, 40 nm, 60 nm, and 

80 nm. 

 

Fig. 3. Simulated reflectance spectra of proposed nanodisk arrays 

with different thickness of disks. The structural parameters 

are P = 450 nm, r = 140 nm, H = 60 nm. a – R = 20 nm; 

b – R = 140 nm 

As shown in Fig. 4 a, two main reflection dips are 

observed for the plasmonic nanostructure with R = 20 nm. 

 

Fig. 4. Optical properties of the asymmetric nanodisk array 

formed by the Au with GaAs layer (H) changed from 

20 nm to 40, 60, and 80 nm, respectively. The structural 

parameters are P = 450 nm, r = 140 nm, h = 50 nm. 

a – R = 20 nm; b – R = 140 nm 

And as the thickness increases, both resonance 

wavelengths undergo red shift. Moreover, the 60-nm-thick 

GaAs layer has the highest resonance intensity and the 60-
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nm-thick GaAs layer only appears a weak resonance 1. 

Similarly, the smaller the thickness, the lower the resonance 

intensity when R = 160 nm (Fig. 4 b). However, at this 

radius size, only one resonant wavelength is present. When 

H = 80 nm, the resonance dip wavelength has already 

redshifted to nearly 750 nm. It indicates that the optical 

field coupling and confinement between metal 

nanostructures and GaAs film depend on the thickness of 

the film. Especially wavelength 1 is more dependent on 

this parameter variation. 

3.4. Distribution of electric field at resonance 

wavelength 

To understand the details of asymmetric/symmetric 

nanodisk arrays, the electric field distributions for 1 and 2 

are shown in Fig. 5. Normalized field distributions for the 

nanostructure under the resonant wavelengths in the x−y 

and x-z plane. As shown in Fig. 5 a, the blue dashed line 

corresponds to the resonance wavelength 1 for R = 20 nm. 

 

Fig. 5. Normalized field distributions for the two nanostructures 

under the resonant wavelengths in the x-y, x-z plane of 

y = 0 nm and y = 390 nm. a – 1 for R = 20 nm; b – 2 for 

R = 20 nm; c – 1 for R = 140 nm 

The electric field is mainly concentrated at the edges of 

the top surfaces of the small and large nanodisks, as well as 

the bottom surface of the GaAs film. The former conforms 

to LSP mode distribution. Meanwhile, this field distribution 

is excited by the coupling between the large nanodisk and 

the small nanodisks, resulting in waveguide-hybridized 

lattice mode on the bottom surface of the GaAs film [20]. 

Therefore, this resonant dip is coupled with the two modes 

[21]. 

The orange dashed line corresponds to the resonance 

wavelength 2 for R = 20 nm (Fig. 5 b). The electric field is 

primarily localized at the two edges of the top surface of the 

nanodisk, forming LSP mode. The local electromagnetic 

field supported by metallic features depends critically on 

the geometric shape and size of the nanostructure at the 

resonant frequency of the dipole the nanostructure, and this 

trend becomes more significant as the asymmetry 

intensifies. As shown in Fig. 5 c, the green dashed line 

corresponds to the resonance wavelength 1 for R = 140 nm. 

In this case, the radius of each nanodisk remains consistent. 

And the electric field is localized at the edge of each 

nanodisk, to is typical of LSP mode excitation, according 

with previous studies. That is to say, the introduction of 

asymmetric structures reduces the excitation of waveguide-

hybridized lattice mode modes.  

3.5. Sensing performance 

Here, we numerically investigate the sensing perfor-

mance of our proposed plasmonic nanostructures. In this 

work, the refractive index of the medium environment is 

adjusted from 1.3313 to 1.38 to analyze the influence of 

refractive index on the characteristics of this nanostructure. 

Extracted resonance wavelengths as a function of refractive 

index as shown in Fig. 6. We discuss the sensitivity of 

resonance wavelength under symmetric and asymmetric 

conditions separately. The bulk sensitivities (S), which can 

be determined by [16]: 

S = ∆ / ∆n,  (1) 

where ∆ is the magnitude of resonance wavelength 

variation; ∆n is the change in refractive index. 

 

Fig. 6. Refractive index sensing performance of asymmetric 

nanostructure based on the nanodisk array (R = 20 nm). 

Extracted resonance wavelengths as a function of 

refractive index 

In Fig. 6, when the radius is R = 20 nm, two plasmonic 

resonance wavelengths are observed. And both 

wavelengths have a redshift with the increase of the 

refractive index. The sensitivity are S1 = 127.6 nm/RIU and 

S2 = 307.9 nm/RIU. Regarding Fig. 7, when the radius is 

R = 140 nm, only one resonance wavelength appears in the 

range of 680 – 700 nm. Similarly, the wavelength redshifts 

as the refractive index is raised, and its sensitivity factor is 

determined to be S1* = 342.1 nm/RIU. By comparing the 

value of S1* with those of S1 and S2, it is clear that the 

sensitivity is higher when the center radius of the Au disk 

is 140 nm. The larger the radius of the large disk, the higher 

the sensitivity of wavelength 1. However, the sum of the 

double resonance sensitivity of asymmetric structures is 

greater than the single wavelength resonance sensitivity of 

symmetric structures [22]. 
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Fig. 7. Refractive index sensing performance of symmetric 

nanostructure based on the nanodisk array (R = 140 nm). 

Extracted resonance wavelengths as a function of 

refractive index 

4. CONCLUSIONS 

In conclusion, we have proposed and demonstrated a 

novel strategy to realize a dual-resonant asymmetric 

nanodisk array and single-resonant symmetric nanodisk 

array based on GaAs film, which utilizes mode coupling by 

adjusting the nanodisk radius of the array structure. These 

resonant modes can be modulated by both the thickness of 

the GaAs substrate and the Au nanodisk array. We 

demonstrate that both two systems enable reliable 

detection. We believe that the multi-resonance sensing 

performance has promising applications in biochemical 

molecular detection, and more generally, flexible 

modulation of spectra and light fields in optical devices. 
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