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We design and numerically model a 3D nanoring-nanodisk structure and evaluate the effect of 

the ring and the disk radii size within the presented structure on the optical enhancement. 

Nanoring-nanodisk is a powerful structure for enhancing the local electric field for photo-sensing 

applications. We present an enhanced local electric field from the UV to IR wavelength range 

using the proposed structure with fixed nanogap. It shows a strong dependence on the disk radius 

of the structure. In addition, two distinct peaks have different plasmonic vibrational modes 

appearing in the spectrum. These modes are revealed by 3D surface charge and local electric field 

distributions. Moreover, our calculations reveal that the smaller disk radius with a larger ring 

radius can generate more optical enhancement.  
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 الخلاصة 

 

ثلاثي الابعاد رقمياً ودراسة تأثير نصف قطر الحلقة ونصف قطر القرص داخل  نانوقرص-قمنا بتصميم ونمذجة هيكل نانوحلقة

نانوقرص واحد من انواع كثيرة من الهياكل التي يستخدم لتحسين -نانوحلقةيعتبر الهيكل . الهيكل المقدم على التحسين الضوئي

في هذه البحث نحسب المجال الكهربائي . في تطبيقات المتحسسات الضوئية المجال الكهربائي المحلي والذي بدوره يستعمل

ستخدام الهيكل المقترح وباستخدام المحلي المحسن من نطاق الطول الموجي للأشعة فوق البنفسجية إلى الأشعة تحت الحمراء با

اظهرت النتائج ان المجال الكهربائي المحسن يعتمد اعتماداً قوياً على نصف . فتحة نانوية ثابتة الحجم فاصلة بين الحلقة والقرص

ن الحسابات أنه كلما قل نصف قطر القرص مع زيادة في نصف قطر الحلقة فا بينت بالإضافة إلى ذلك،. قطر القرص للهيكل

علاوة على ذلك، ظهرت في الطيف قمتان متميزتان اساسيتان كل واحدة لها نمط اهتزازي  .المجال الكهربائي المحسن يزداد

تم الكشف عن هذه الانماط الاهتزازية بواسطة توزيعات ثلاثية الابعاد للشحنة السطحية وتوزيعات المجال الكهربائي . مختلف

 .المحلي

 

INTRODUCTION 
When an electromagnetic wave (light) is incident 

on a piece of metal, the free electrons will vibrate 

harmonically with the light. This vibration can be 

presented as plasmonic modes, due to the 

interaction or coupling between the free electrons 

and the light, which depends on the frequency of 

the light. Basically, there are two main types of 

plasmons: surface and localized plasmons. The 

former type occurs when the size of plasmonic 

materials, such as gold, silver, copper, or 

aluminum, is hundreds of nanometers with flat 

surfaces. However, the latter type occurs when the 

size of the plasmonic materials is less than a 

hundred nanometers with curved surfaces. In 

addition, the generation of both types significantly 

depends on the shape of plasmonic materials and 

the surrounding media [1-3]. The plasmonic 

phenomenon was utilized for years to enhance the 

incident light to many orders of magnitude and 

hence strengthen the reflected electromagnetic 

signals [4-6]. This technique is used in many 

applications, for example, surface-enhanced 

Raman scattering (SERS), biosensors, plasmonic 

photo-voltaic, plasmonic laser, photodetectors, 

single-molecule detection, and metasurfaces. Gold 

is used as a plasmonic material to design the 

nanostructure, This plasmonic metal is very 

common in the VIS and IR applications due to its 

optical properties that depend on the incident 

wavelength [7-10].  

In these applications, different nanostructures were 

used to generate the highest possible optical 

enhancement, which in turn enhances the devises 

response. For instance, most prior work has studied 

the most common structures such as naonspheres, 
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nanodimers, nanomonomers, nanorods, nanodisks, 

and nanorings; others are nanomatryoshkas, 

nanooctamers, naoncubes, and nanoflowers [11-

22]. 

This paper aims to study the effect of the disk and 

ring radii of the gold nanoring-nanodisk plasmonic 

structure on optical enhancement. Usually, 

researchers used this type of structure to enhance 

the incident light by changing the disk radius and 

the gap space with a fixed ring radius. However, in 

this paper, we namely fix the gap space and change 

the radii of the disk and the ring at the same time. 

Our proposed structure is freely suspended in the 

air.  

MATERIALS AND METHODS 
To investigate the plasmonic response of a 3D gold 

ring-disk nanostructure, the near field (local field) 

was considered. The local field is calculated in a 

volume of 2 nm above the metal surface [12]. The 

3D ring-disk nanostructure comprises two parts: a 

gold nanoring centered by a gold nanodisk and 

separated by a fixed nanogap (g) as shown in 

Figure 1. We use a model created by COMSOL to 

ease the analytical calculations. We employed the 

experimental results to describe the optical 

properties of the gold (frequency-dependent)  [23]. 

In the model, we fix the radius of the entire 

structure (Rtot) at 60 nm, which is equal to the 

summation of the ring radius (RR), disk radius (RD), 

and gap space (g). 
 

 
Figure 1. 3D schematic diagram of monomer ring-disk 

plasmonic nanostructure. The structure consists of the disk 

and ring with radii (RD) and (RR), respectively. (g) and (t) are 

the separated nanogap (between the disk and the ring) and 

the thickness of the structure, respectively. TM polarized 

light is incident from the top of the structure. The 

nanostructure is surrounded by a dielectric material (air). 

 

The structure thickness is fixed at 15 nm. The disk 

radius is swept from 15 to 50 nm with a 5 nm step 

size. TM polarized light is employed to hit the 

structure normally from the top. Eq. (1) is used to 

compute and visualize the charge distribution on 

the nanoring-nanodisk surfaces [12]. Surface 

charge distributions can illustrate the electric pole 

configurations. 

𝜌 = 𝜀∘(𝑛. 𝐸) (1) 

Where ρ is the surface charge,  𝜀∘ is the vacuum 

permittivity, n is the ring-disk surface normal 

vector, and E is the near electric field. The three-

dimensional electrodynamic computations are 

carried out using COMSOL Multiphysics 5.4. The 

electromagnetic field distributions are calculated 

using the radio frequency (RF) module with a 

frequency domain interface study. To prevent 

scattered waves from returning to the model space, 

a 300 nm thick perfectly matched layer (PML) is 

employed to surround the entire nanostructure. We 

set the gap space g to 2 nm and use a 10 nm step 

size to sweep the incident wavelength from 400 to 

1600 nm. We set the incident electric field as 𝐸0 =
1V/m and optical enhancement as(𝐸𝑙𝑜𝑐𝑎𝑙 𝐸0⁄ )2, 

where 𝐸𝑙𝑜𝑐𝑎𝑙is the local electric field.  

RESULTS AND DISCUSSION  
Figure 2 shows the logarithms of the near field 

enhancement log (EF) of a gold nanoring-nanodisk 

structure as a function of the incident wavelength 

(λ). For all calculations, we fixed g at 2 nm and Rtot 

at 60 nm. We gradually increase RD from 15 to 30 

nm with a step size of 5 nm. We sweep the 

wavelength from 400 to 1600 nm with 10 nm step 

size. 

Two distinct resonant peaks appear in each curve, 

showing dominant strong plasmon modes at 

λD=625 nm in the visible regime and others belong 

to nanoring at λR1 =1000 nm, λR2=1150 nm, 

λR3=1325 nm, and λR4=1500 nm, respectively, in 

the infrared regime. Increasing RD can reduce the 

enhanced electric field around the structure and in 

the gap space gradually. For the disk, the plot 

shows that the resonant peaks at λD=625 nm 

decrease with increasing RD. For the ring, in 

addition, in the enhancement peaks, there is 

decreasing and redshift. That could be attributed to 

the different plasmonic resonant modes, as will be 

further explained in the next paragraphs. 
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Figure 2. A plot of electric field enhancement (EF) as a 

function of the incident wavelength (λ). Only four different 

nanodisk radii were shown (RD = 15, 20, 25, and 30 nm). 

Two resonant peaks appear in each curve. One belongs to 

nanodisk at λ=625 nm and others belong to nanoring at 

λR1=1000 nm, λR2=1150 nm, λR3=1325 nm, and λR4=1500 

nm, respectively. 

Figure 3a shows a linear relationship between the 

enhanced electric field and the disk radius (RD) at 

λ=625 nm when we sweep RD from 15 nm to 50 nm 

with a step size of 5 nm. In Figure 3b a linear 

relationship between the enhanced electric field 

and the resonant peaks at resonant wavelengths is 

presented as well; it shows that decreasing RR can 

significantly reduce the enhanced electric field, due 

to the changing in the resonant plasmonic vibration 

modes. 

 
Figure 3. Plots of electric field enhancements (EF) as a 

function of (a) disk radius RD and (b) resonant wavelengths 

(λR). In (a), the near electric field at resonant peaks with RD 

=15-50 nm with 5 nm step size at fixed incident wavelength 

λD=625 nm is presented. In (b), the near electric field is shown 

as a function of resonant wavelengths for the ring with 

RD=15-50 nm with 5 nm step size. 

Figure 4 illustrates the surface charge distributions 

for the ring-disk nanostructures as shown in Figure 

3a. Figure 4a shows that the disk vibrates with 

plasmonic dipole modes (fundamental mode) that 

gives the highest enhancement, whereas, Figure 

4b-4e shows that the disk vibrates with quadrupole 

plasmonic modes. This type of mode could 

decrease the enhancement significantly. In 

addition, increasing RD leads to decreases RR, 

which in turn reduces the enhancement peaks of the 

ring. 

 
Figure 4. 3D surface charge distributions for the ring-disk 

nanostructures at resonant peaks of the disk at fixed incident 

wavelength λD = 625 nm. The charge distributions are 

presented for different RD. 

Figure 5 illustrates the electric field distribution for 

each case in Figure 4. It is clear that smaller RD=15 

nm (Figure 5a) can generate a stronger electric 

field, especially in the gap region. This could be 

attributed to the dipole mode that is created on the 

nanodisk surface. Figure 5 a-e generates almost the 

same local electric field around the nanostructure. 

Figure 6 is the 3D surface charge distributions that 

appear in Figure 3 b. The resonant plasmonic 

vibration modes at these wavelengths (λR1 = 1000 

nm, λR2 = 1150 nm, λR3 = 1325 nm, and λR4 = 1500 

nm, respectively) are completely different. In 

Figure 6 a, the plasmonic modes for the ring and 

the disk are dipole modes. For this reason, we 

notice that the highest resonant peaks accor at RD = 

15 nm and λR1 = 1000 nm. However, the resonant 

peaks (at the other resonant wavelengths λR2, λR3, 
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λR4, and λR8) become lesser when RD increases. 

This is due to the quadrupole vibration mode of the 

nanoring. 

 

 
Figure 5. Local electric field distributions for the ring-disk 

nanostructures at the same structures are in Figure 4. 

 

In addition, the main difference between Figure 6 

and Figure 4 is the vibrational modes of the disk. 

In Figure 6, the disk vibrates with dipole mode no 

matter how large is the radius of the disk, however, 

in Figure 4 only at RD = 15 nm, the disk vibrates 

with dipole mode. This is the reason that makes the 

resonant peaks of the ring (λR1, λR2, λR3, and λR4) 

are higher than the resonant peaks at λD, see Figure 

2. 

Figure 7 illustrates the electric field distributions 

for each case in Figure 6. The stronger local 

electric field in the gap space and around the 

structure appears in Figure 7a. And the electric 

field becomes weaker when the RD becomes 

larger, see Figure 7b-7e. 

 
Figure 6. 3D surface charge distributions for the ring-disk 

nanostructures at first resonant peak of the ring at different 

resonant incident wavelength λR. 

 

 
Figure 7. Local electric field distributions for the ring-disk 

nanostructures at the same structures are in Figure 6. 
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CONCLUSIONS 
The surface plasmon resonances of a nanoring-

nanodisk structure were studied for the structure's 

ability to enhance the local electric field. A Strong 

electric field enhancement was observed when the 

radius of the disk reduces with fixed gap space. All 

resonant plasmonic peaks for the disk appeared in 

the VIS regime (λD = 625 nm) whereas all resonant 

plasmonic peaks for the ring appeared in the IR 

regime (λR1 = 1000 nm, λR2 = 1150 nm, λR3 = 1325 

nm, and λR4 = 1500 nm) with redshift. The 

strongest enhanced electric field for the disk was 

created in the gap space and on the disk surfaces at 

resonant peaks but only in the gap space at resonant 

peaks for the ring. A significant difference 

observed in the strength of the enhanced electric 

field is purely due to the type of plasmonic modes 

which illustrate the coupling nature of ring-disk 

nanostructures. 
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