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Abstract — Highly sensitive slot waveguides are 

introduced and studied for DNA hybridization detection. 

In this investigation, two different configurations based 

on V-groove silicon on insulator (SOI) waveguides 

are analyzed using full vectorial finite element method. 

The suggested designs rely on improving the light 

confinement through the slot region at an operating 

wavelength of 1.55 µ𝑚. The power confinement, power 

density (PD), and effective index of the supported modes 

are studied for the conventional rectangular slot 

waveguide and proposed designs. Further, the effect of 

adding a plasmonic layer to the reported slot waveguides 

is implemented.  It has been shown that the plasmonic 

layer increases the light confinement in the slot region 

with high potential for DNA hybridization detection with 

good confinement through the slot region.  

Index Terms — DNA biosensors, DNA hybridization, 

plasmonics, slot waveguides, V-groove. 

I. INTRODUCTION
Biosensors have many applications in our daily 

life such as food analysis [1], biomolecules study [2], 

drug development [3], crime detection [4] and medical 

diagnosis [5]. The biomedical sensor can integrate the 

biological elements with the physiochemical transducer 

to produce a signal that mimics any small change in the 

properties of the biological element. There are many 

kinds of biosensors such as electrochemical biosensors, 

optical biosensors and piezoelectric biosensors. 

However, optical biosensors [6] could enable direct and 

real-time detection of many biological and chemical 

substances [7]. Further, high sensitivity, compact size, 

remote sensing and cost-effectiveness could be realized 

using optical biosensors. The optical detection relies on 

the interaction of the optical field with a bio-recognition 

element. Additionally, optical biosensors are based on 

label free or label-based techniques. The detected signal 

in label free biosensor is generated by the interaction of 

the analyte with the transducer. However, label and the 

optical signal generated by a colorimetric are needed in 

label based biosensors.  

There are many platforms that can be used for 

optical sensing applications such as photonic crystal [8] 

and silicon on insulator (SOI) [9]. In this context, SOI 

microring cavity was proposed for protein concentration 

detection [10]. Additionally, a label-free integrated 

biosensor based on 𝑆𝑖3𝑁4/𝑆𝑖𝑂2 slot waveguide has 

been used to detect the Bouie serum albumin (BSA) and 

anti-BSA molecular [11]. Moreover, SOI ring resonator 

based biosensor has been presented for protein sensing 

[12]. However, most optical waveguide biosensors are 

based on light confinement in the denser medium with 

limited interaction with the sensing medium. The slot 

waveguide has an advantage of light confinement in the 

slot low index region. This will improve the interaction 

between the light and the sensing medium with enhanced 

sensor sensitivity.  

The DNA hybridization is a molecular biology 

technique that measures the degree of genetic similarity 
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between pools of DNA sequences. It is usually used to 

determine the genetic distance between two organisms. 

Through the DNA hybridization process, the single 

stranded DNA (ssDNA) is transformed into double 

stranded DNA (dsDNA) when the two complement 

ssDNA sequences are merged together. DNA 

hybridization detection [13] is very helpful for several 

applications such as genetic detection, [14], medicinal 

bio-engineering [15] and clinical diagnostics [16]. The 

DNA analysis has been performed using different 

techniques such as restriction fragment length 

polymorphism [17], short tandem repeats [18], 

mitochondria analysis [19] and polymerase chain 

reaction [20]. The electrochemical sensor [21] is the 

most popular DNA detection technique [22] with low 

cost, high sensitivity and high selectivity [23]. There  

are also several nanomaterials that have been used in 

DNA biosensors like metallic nanoparticles [24], carbon 

nanomaterials [25] semiconductor metal oxide [26]  

and two dimensional transition metal sulfide [27]. 

Optical biosensors have been recently used for DNA 

hybridization detection. Most of the DNA biosensors 

rely on dielectric materials with different configurations 

[28] such as Mach-Zehnder interferometer [29]. 

Additionally, the light can be strongly confined in the 

slot waveguide by using surface plasmon polaritons 

(SPPs) [30]. The SPPs are resulted from the light 

interaction with the surface free electrons of the metal. 

Gold and silver [31] are the widely used metals in 

sensing applications due to their high conductivity with 

low Ohmic losses. The silver has high detection accuracy 

[32] with low chemical stability owing to its oxidation 

problem. Therefore, it is difficult to obtain reproducible 

results and hence the silver based sensor is not reliable 

for practical applications [33].      

In this paper, the potential of using V-groove  

SOI based slot waveguides is introduced for DNA 

hybridization detection. The rectangular slot biosensor 

has been previously reported [7] for DNA hybridization 

detection. In order to increase the confinement of the 

field in the slot region, V-groove slot types are presented 

in this work. The V-groove shape can be achieved by 

etching the edges with an angle θ. This angle has a 

significant effect on the light confinement through the 

slot region. Therefore, a modified V-groove design is 

suggested to simplify the fabrication process and achieve 

good confinement with a good potential for detecting 

DNA hybridization. The possibility of adding plasmonic 

material to the reported designs is also implemented. It 

is found that the field confinement through the slot 

region and the power density (PD) in the DNA layers are 

improved significantly using the plasmonic material. 

Therefore, the DNA hybridization detection could be 

achieved effectively.  

 

II. DESIGN CONSIDERATIONS 
Figure 1 shows schematic diagrams of the 

conventional rectangular slot waveguide, V-groove and 

modified V-groove structures. The conventional structure 

consists of two silicon waveguides with width 𝑊, length 

𝐻 and refractive index (RI) of 3.476 [7] at a wavelength 

of 1550 𝑛𝑚. The silicon nanowires are separated by  

a distance of 𝑆𝑊 and are placed over S𝑖O2 layer with  

RI = 1.444 as shown in 𝐹𝑖𝑔. 1 (𝑎). Further, the silicon 

waveguides are covered by a linker layer (silanes) with 

RI and thickness 𝑡𝐿𝑖𝑛𝑘𝑒𝑟 of 1.42 and 1 𝑛𝑚, respectively 

[34]. Then, single-stranded DNA (ssDNA) (probe layer) 

of thickness t𝐷𝑁𝐴 = 8 𝑛𝑚 and RI= 1.456 is used. The 

double-stranded DNA (dsDNA) with RI=1.53 [35] will 

be formed due to the hybridization process with fixed 

layer thickness. Initially, the silicon waveguides have  

𝐻 = 320 𝑛𝑚, 𝑊 = 180 𝑛𝑚 and 𝑆𝑊 = 40 𝑛𝑚 surrounded 

by an analyte H2O with refractive index of 1.31. Figure 

1 (𝑏) illustrates the V-groove slot waveguide with an 

angle θ and fixed height (H) similar to the rectangular 

waveguide. In the modified V-groove, the parameter 𝑔 

shown in 𝐹𝑖𝑔. 1 (𝑐) stands for the minimal bottom gap 

distance between the two layers of the DNA which is 

taken as 𝑔=22 𝑛𝑚. 
 

III. NUMERCAL METHOD 
From Maxwell’s equations, the vector wave equation 

of the magnetic field will be as follows:  

   ∇  × (𝜀𝑟
−1∇ × 𝐻⃗⃗ ) − 𝜔2µ0𝐻⃗⃗ = 0,               (1) 

where ω is the angular frequency, µ0 is the free space 

permeability and ε =𝜀0𝜀𝑟 is the permittivity of the 

waveguide material, 𝜀0 is the free space permittivity and  

𝜀𝑟 is relative permittivity of the composing material. The 

cross section of the waveguide structure is discretized 

using vector finite element method [36]. The following 

eigenvalue equation can be derived: 

     [𝐾]{𝐻} − 𝛽2[𝑀]{𝐻} = {0},                       (2) 

where [K] and [M] are the global stiffness and mass 

matrices, {H} is the global magnetic field vector, {0}  

is the null vector and 𝝱 is the propagation constant.  

The eigenvalue equation can be solved to obtain the 

eigenvector H, and the corresponding eigenvalue 𝝱. 

Then, the effectively index of the supported mode is 

calculated from 𝑛𝑒𝑓𝑓=𝝱/𝐾 where 𝐾 is the free space 

wave number. 

The full vectorial finite element method (FVFEM) 

via Comsol Multiphysics software package [37] is utilized 

to study the optical characteristics of the suggested 

designs. In this study, total number of elements of 55181 

is used with perfect matched layer boundary conditions 

and minimum element size of 0.04 nm. 
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Fig. 1. Schematic diagrams of the: (a) rectangular 

waveguide, (b) modified V-groove SOI, and (c) V-groove 

SOI for DNA hybridization detection. 

IV. RESULTS AND DISCUSSION
Figure 2 illustrates the 𝐸𝑥 field component of 

the supported transverse electric (TE) mode of the 

rectangular, V-groove and modified V-groove designs at 

λ=1.55 µ𝑚. Further, the power flow 𝑃𝑧 in the z-direction 

through the studied designs is shown in 𝐹𝑖𝑔. 2. It is 

revealed from this figure that high field confinement is 

achieved in the low index region due to the high index 

contrast between the analyte and the silicon nanowires. 

The highest field confinement is achieved using the V-

groove based designs. Therefore, it is expected that the 

V-groove based biosensors can achieve high sensitivity

for DNA hybridization detection. In this work, the power

over the DNA region is normalized to the total power

through the studied waveguide as shown in equation (3).

The power density (PD) can be obtained from the

normalized power confinement divided by the area of the

DNA layer as represented in equation (4). The highest

PD through the proposed designs is achieved by the V-

groove structure which confirms the field confinement

shown in 𝐹𝑖𝑔. 2.

   Normalized power confinement %= 

𝑃𝑜𝑤𝑒𝑟 𝑜𝑣𝑒𝑟 𝑡ℎ𝑒 𝐷𝑁𝐴 𝑟𝑒𝑔𝑖𝑜𝑛

𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑣𝑒𝑟 𝑡ℎ𝑒 𝑤𝑎𝑣𝑒𝑔𝑢𝑖𝑑𝑒
×100%,      (3) 

Power density= 
𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑝𝑜𝑤𝑒𝑟 𝑐𝑜𝑛𝑓𝑖𝑛𝑒𝑚𝑒𝑛𝑡 %

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒 𝐷𝑁𝐴 𝑟𝑒𝑖𝑜𝑛
.(4) 

The main purpose of these designs is to improve the 

light confinement in the slot region. Therefore, the DNA 

hybridization detection capability can be increased. 

Consequently, the geometrical parameters of the V-

groove and modified V-groove structures will be 

studied. First, the effect of the silicon waveguide width 

𝑊 is investigated. In this study, the silicon waveguide 

height is taken as 320 𝑛𝑚, θ = 77, and 𝑔 = 22 𝑛𝑚. 

Figures 3 (a) and (c) show the effective index 𝑛𝑒𝑓𝑓 and 

δ𝑛𝑒𝑓𝑓 dependence of the quasi-TE mode for the ssDNA 

and dsDNA cases on the silicon waveguide width 𝑊 for 

the V-groove and modified V-groove, respectively. 

Additionally, Figs. 3 (b), and (d) illustrate the dependence 

of the PD on the width (𝑊). The change in the effective 

index δ𝑛𝑒𝑓𝑓 of the supported mode can be defined as

δ𝑛𝑒𝑓𝑓= 𝑛𝑒𝑓𝑓−𝑑𝑠𝐷𝑁𝐴 − 𝑛𝑒𝑓𝑓−𝑠𝑠𝐷𝑁𝐴. The δ𝑛𝑒𝑓𝑓 is obtained

by simulating the proposed design with ssDNA layer 

(n=1.456) above the linker layer. Then, the ssDNA is 

replaced by dsDNA with n=1.53. It may be seen that the 

maximum δ𝑛𝑒𝑓𝑓 is obtained at 𝑊 = 210 𝑛𝑚 of the V-

groove as shown in Fig. 3 (a). Further, maximum PD also 

occurs at 𝑊 = 210 𝑛𝑚 as shown in Fig. 3 (b) due to 

the well confinement of the mode in the slot region. 

Therefore, a good light interaction with the analyte in the 

slot region can be achieved with expected high sensor 

sensitivity. It is worth noting that the ssDNA has a 

smaller refractive index than that of the dsDNA. 

Consequently, the PD through the ssDNA case is greater 

than that of the dsDNA as revealed from Fig. 3. It is 

also evident from Figs. 3 (c) and (d) that the maximum 

δ𝑛𝑒𝑓𝑓 and PD of the modified V-groove are achieved 

at 𝑊 = 200 𝑛𝑚 and 170 𝑛𝑚, respectively. Therefore, 

𝑊 = 170 𝑛𝑚 is chosen for the next simulations of the 

modified V-grove design to have good light interaction 

with the studied analyte. 
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Fig. 2. The 𝐸𝑥 field component and the power flow 𝑃𝑧 of 

the quasi-𝑇𝐸 mode at 𝜆 = 1.55 µ𝑚 of the: (𝑎) rectangular 

waveguide, (𝑏) V-groove, and (𝑐) and modified V-groove 

structures. 

 

The effect of the waveguide height H is next studied 

at 𝑊 = 210 𝑛𝑚 for the V-groove design and at 𝑊 =
170 𝑛𝑚 for the modified V-groove. Figures 4 (a) and 

(b) show the dependence of the PD through the 𝑠𝑠𝐷𝑁𝐴 

and 𝑑𝑠𝐷𝑁𝐴 layers on the silicon waveguide height of 

the V-groove and modified V-groove designs. It is 
evident from 𝐹𝑖𝑔. 4 that the maximum PD is obtained  

at 𝐻 = 220 𝑛𝑚 of the V-groove and modified V-groove 

with high field confinement through the slot region. It 
should be noted that a height of 220 nm is chosen 

according to the well-known standard height of the  

SOI waveguide to simplify the fabrication process. 

Additionally, H >220 nm is studied to ensure the etching 

feasibility of the suggested design. 

The effect of the angle θ is then studied through 

𝐹𝑖𝑔𝑠. 5. (𝑎) 𝑎𝑛𝑑 (𝑏). In this investigation, 𝑊 = 210 𝑛𝑚 

and 𝐻 = 220 𝑛𝑚 for the V-groove design. However, the 

modified V-groove design has 𝑊 = 170 𝑛𝑚, 𝐻 =220 𝑛𝑚 

and 𝑔 = 12 𝑛𝑚. It may be seen that an angle 𝜃 = 86o 

results in maximum PD for both the V-groove and 

modified V-groove which could achieve high DNA 

hybridization detection. Figure 5 (𝑐) shows the effect of 

the distance g of the modified V-groove at 𝜃 = 86o 

where maximum PD occurs at g= 12 nm. If the gap  

is decreased to 5 𝑛𝑚, the PD will be significantly 

decreased to 2.26 for ssDNA and 2.13 for dsDNA cases. 

 

 
 

Fig. 3. Dependence of the 𝑛𝑒𝑓𝑓, δ𝑛𝑒𝑓𝑓 and PD of the 

quasi-TE mode on the width (𝑊) of the: (𝑎), (𝑏) V-

groove, and (𝑐), (𝑑) modified V-groove designs using 

𝑠𝑠𝐷𝑁𝐴 and 𝑑𝑠𝐷𝑁𝐴 layers. 
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Fig. 4. Dependence of the PD of the quasi-TE mode with 

𝑠𝑠𝐷𝑁𝐴 and 𝑑𝑠𝐷𝑁𝐴 layers on the height (𝐻) of the: (𝑎) 

V-groove and (b) modified V-groove designs using

ssDNA and dsDNA layers.

Fig. 5. Dependence of the PD of the quasi-TE mode of 

the proposed designs on the angle θ for the: (a) V-groove, 

and (b) modified V-groove using ssDNA and dsDNA 

layers. Fig. 5 (c) illustrates the PD of the quasi-TE mode 

variation with the distance (g) nm of the modified V-

groove structure. 

Next, a gold layer is added above the 𝑆𝑖O2 material 

to improve the light confinement in the slot region as 

shown in Fig. 6. Then, the DNA hybridization detection 

capability could be improved. The gold layer with 

thickness (t) has the following relative permittivity 

[38,39]:  

𝜀𝐴𝑢(𝜔) = 𝜀∞ −
𝜔𝑝

2

𝜔(𝜔+𝑖𝜔𝜏)
,   (5) 

where 𝜀∞ = 9.75, 𝜔𝑝 = 1.36 × 1016 (𝑟𝑎𝑑/𝑠𝑒𝑐) and 𝜔𝜏 = 

1.45 × 1014 (𝑟𝑎𝑑/𝑠𝑒𝑐). In this investigation, the V-groove 

design has 𝐻 = 220 𝑛𝑚, 𝑡 (gold thickness) = 50 𝑛𝑚 and 

θ = 86o. The PD dependence on the silicon width is first 

studied as shown in 𝐹𝑖𝑔. 7. The figure shows that the V-
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groove has high light confinement at 𝑊 = 240 𝑛𝑚 which 

differs from the geometrical parameters of the V-groove 

without plasmonic material. Figure 7 (𝑏) shows that the 

appropriate width for the modified V-groove is equal to 

𝑊 = 250 𝑛𝑚 with maximum PD. 

 

 
 

Fig. 6. Schematic diagram of the plasmonic: (𝑎) V-groove 

and (𝑏) modified V-groove designs. 

 

The effect of the angle θ will be studied for the two 

suggested designs; V-groove and modified V-groove. As 

θ increases, the light confinement through the slot region 

and the PD of the supported quasi TE mode are increased 

for the V-groove and modified V-groove designs as 

shown in 𝐹𝑖𝑔. 9. The highest PD of the V-groove and 

modified V-groove designs are obtained at θ =80o with 

high field confinement in the slot region. It may be also 

seen that the ssDNA has higher PD than that occurs for 

the dsDNA case. This is because of the smaller RI of the 

ssDNA than the dsDNA. 
 

 
 

Fig. 7. Dependence of the PD of the quasi-TE mode of 

the plasmonic designs with 𝑠𝑠𝐷𝑁𝐴 and 𝑑𝑠𝐷𝑁𝐴 layers 

and gold layer with t=50nm on the width (W) of the: (𝑎) 

V-groove and (𝑏) modified V-groove designs. 

 

The impact of the waveguide height H is next 

studied at 𝑊 = 240 𝑛𝑚 for the plasmonic V-groove 

design. For the modified V-groove design, 𝑊 = 250 𝑛𝑚 

is taken for this study. The dependence of the PD though 

the plasmonic designs with 𝑠𝑠𝐷𝑁𝐴 and 𝑑𝑠𝐷𝑁𝐴 layers 

on the silicon waveguide height of the V-Groove and 

modified V-groove designs is shown in Fig. 8 at t=50 

nm. Figure 8 (𝑎) shows that the highest PD occurs at  

𝐻 = 220 𝑛𝑚 of the V-groove and at 𝐻 = 240 𝑛𝑚 for the  
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modified V-groove with high field confinement through 

the slot region. 

Fig. 8. Variation of the PD at t= 50nm with width (H) 

and its PD of the: (𝑎) V-groove and (𝑏) modified V-

groove designs with ssDNA and dsDNA layers.  

The effect of the distance 𝑔 (𝑛𝑚) in the modified 

V-groove is also introduced at 𝑡 = 50 𝑛𝑚 as shown in

𝐹𝑖𝑔. 10. It can be seen that the maximum PD occurs at

𝑔 = 50 𝑛𝑚 for high filed confinement through the slot

region. Finally, the thickness (𝑡) of the plasmonic layer

is studied to enhance the field confinement in the slot 

region. F𝑖𝑔𝑢𝑟𝑒 11 shows that the best thickness for both 

V-groove and modified V-groove will be obtained at 𝑡 =
50 𝑛𝑚 which will be appropriate for the fabrication

process. The optimum geometrical parameters of the

plasmonic V-groove designs are summarized in Table 1

to obtain maximum PD and maximum confinement.

Fig. 9. Variation of the PD at t= 50 nm with an angle (θ) 

and its PD for the: (𝑎) V-groove and (𝑏) modified V-

groove designs with ssDNA and dsDNA layers.  
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The fabrication of the suggested designs can be 

achieved using the standard SOI fabrication technology 

[40]. In this context, conventional rectangular slot 

waveguide is previously implemented in [41]. 

Additionally, the fabrication of V-groove structure has 

been reported in different applications [42, 43, 44]. 

Further, the deposition of plasmonic materials over SOI 

waveguides can be realized by atomic layer deposition 

[45]. Therefore, the suggested designs can be realized 

using the current technology. 

 

 
 
Fig. 10. Variation of the PD at 𝑡 = 50 𝑛𝑚 with the 

distance (𝑔)𝑛𝑚 for modified v-groove design with 

ssDNA and dsDNA layers. 

 

 
 

Fig. 11. Variation of the PD with the gold layer     

thickness (𝑡) 𝑛𝑚 for the: (𝑎) V-groove and (𝑏) modified 

V-groove designs with ssDNA and dsDNA layers. 

 

Table 1: The optimized parameters of the plasmonic V-groove and modified V-groove SOI structures 

Parameter V-groove Modified V-groove 

𝑡 50 𝑛𝑚 50 𝑛𝑚 

𝑊 240 𝑛𝑚 250 𝑛𝑚 

𝐻 220 𝑛𝑚 240 𝑛𝑚 

𝜃 o80 o80 

𝑔 - 40 𝑛𝑚 

 

V. CONCLUSION 
Modified slot waveguides are suggested and 

optimized for DNA hybridization detection capabilities. 

This is due to the dependence of the refractive index  

of the DNA layer on the hybridization process. In  

this investigation, three designs are studied including 

rectangular waveguide, V-groove and modified V-

groove structure based on SOI platform. It is found that 

the power confinement and PD of the V-groove slot 

waveguide is higher than those of the other designs. 

However, the modified V-design is easier for real 

implementation. Further, the addition of plasmonic layer 

increases the light confinement in the low index region 

with high potential for DNA hybridization detection with 

good confinement through the slot region.  
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