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ABSTRACT 

 

In this work, an investigation is made to find an alternative material for metals in 

plasmonic devices in order to overcome the drawbacks of plasmonic devices formed 

using conventional plasmonic metals like gold and silver. The plasmonic devices formed 

with gold and silver have a number of limitations in dealing with optical losses, 

nanofabrication, tunability, chemical stability, and compatibility with conventional 

manufacturing processes. Thus, to find a suitable replacement, plasmonic properties of 

gold and silver are studied and materials with similar properties are searched. As a 

potential alternative material to gold and silver, heavily doped silicon is mathematically 

modeled and the theoretical model is compared with experimentally obtained data in 

order to verify the theoretical modeling. The verified model is compared with metals and 

the plasmonic properties of heavily doped silicon are found similar to those of metals. 

The material is then defined with the verified model and waveguide is formed using 

heavily doped silicon instead of metal. The transmission characteristics of the newly 

formed waveguide are compared with conventional gold and silver waveguide and the 

suitable material is selected for designing plasmonic devices. Two plasmonic refractive 

index sensors are investigated numerically and optimized for obtaining a better result. 

The first refractive index sensor has a highest sensitivity of 1208.9 nm/RIU and the other 

one has a highest sensitivity of 4900 nm/RIU which is the highest sensitivity reported for 

plasmonic refractive index sensor to the best of my knowledge. Both the sensors have 

resolution as small as 0.005. Moreover, the sensors have very simple structures, one with 

gratings in a straight waveguide and the other with a ring resonator and thus are suitable 

for being integrated in optical integrated circuits. However, the main advantage of these 

devices is that, they use only silicon instead of metals like gold or silver which makes 

them similar to SOI devices and thus, they become compatible with CMOS technology. 
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CHAPTER 1 

INTRODUCTIONTO PLASMONICS AND 

PLASMONIC DEVICES 

1.1 Surface Plasmon Polaritons (SPPs) 

Surface Plasmon Polaritons (SPPs) are infrared or visible frequency electromagnetic waves 

which travel along a metal-dielectric interface [1]. The term "surface plasmonpolariton" explains 

that the wave involves both charge motion in the metal ("surface plasmon") and electromagnetic 

waves in the air or dielectric ("polariton"). Whenever there is an interaction between light and a 

metal, the free electrons inside the metal produce a wave of charges called the surface plasmon.  

 

 

Figure 1.1: Propagation of SPP along metal-dielectric interface. 

Diffraction limit is one of the critical factors for the minimization of optical devices [2, 3]. To 

overcome this diffraction limit in nanophotonic devices and Photonic Integrated Circuits (PICs), 

SPPs are utilized. SPPs can also confine electromagnetic field to a metal-dielectric interface 

which allows for nanofocusing with tremendous field enhancement [4, 5]. Thus propagation of 

SPPs is the basis of all plasmonic applications. 
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1.2 Plasmonic Waveguides 

Although a number of geometrical structures can be formed in order to guide SPPS, most 

common structures are the Insulator-Metal-Insulator (IMI) and Metal-Insulator-Metal (MIM) 

waveguides. Since light confinement is one of the key issues in case of plasmonic waveguides, 

MIM structures are more popularly used compared to IMI structures due to their ability to guide 

light with high confinement. Silver and gold are the most common metals used as the metal of 

the MIM structure due to their small ohmic loss or high DC conductivity. Besides Copper can 

also support SPP propagation and thus can be used to form the plasmonic waveguide. As the 

insulator, air is mostly used. Silicon, Silicon-di-oxide, Silicon Nitride, etc. are also used 

sometimes instead of air. 

 

1.3 Plasmonic Devices 

Electronic devices suffer from intrinsic delay and large heat generation, which can be solved 

using the plasmonic devices that lead to high speed, high capacity, and low loss components [6]. 

Thus, plasmonic waveguide devices are being considered as one of the most suitable alternatives 

due to their small size, low cost, and high performance. Plasmonic devices also have the 

capability to process information faster and efficiently compared to electronic devices. Since the 

scaling of the nanoelectronic components is becoming difficult day by day due to the increasing 

demand for higher processing speed, plasmonic devices can play a vital role in the applications 

related to information processing.   

Considering Plasmonics as one of the potential replacement of electronics, different types of 

plasmonic devices are proposed and investigated both numerically and experimentally. These 

devices include filters [7-9], couplers [10-12], splitters [13-15], sensors [16-18], Bragg reflectors 

[19-21], Mach–Zehnder interferometers [2, 22-24], etc.  

1.3.1 Plasmonic Filters 

The plasmonic filter is one of the most important components in the field of signal processing. 

Plasmonic filters can be used to pass only a desired frequency spectrum of a signal or to remove 

any unwanted portion from a signal. Thus, it may have a wide range of applications in the field 
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of wireless communications, radar, etc. [25, 26]. Plasmonic filters have a number of advantages 

compared to the conventional frequency-selective filters, especially in terms of bandwidth, 

tunability, and quality factor.  A number of plasmonic filters are proposed by the researchers to 

date. Most of the plasmonic filters are based on ring resonator structure (circular ring, 

rectangular ring, hexagonal ring, etc.) coupled with a straight waveguide. Figure 1.2 shows some 

of the proposed plasmonic filters.  

 

 

(a) 

 

(b) 

Figure 1.2: Plasmonic filters proposed by (a) Wang et al. [8], (b) Liu et al. [27]. 

 

1.3.2 Plasmonic Couplers 

One of the main objectives of plasmonic devices is the guidance of the optical signal along the 

waveguide. In order to guide optical or light signals efficiently, various types of waveguides such 

as photonic crystal fiber (PCF), silicon wire waveguides, metallic wires or stripe waveguides, 
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hybrid plasmonic waveguides, plasmonic slot waveguides, etc. are proposed by the researchers. 

Since different types of waveguides are there, one of the fundamental issues is to couple the light 

signal between different types of waveguides. In order to couple light signal efficiently between 

two types of waveguides, a coupler with a high coupling coefficient or coupling efficiency is 

desirable. Thus, a number of couplers have been demonstrated both numerically and 

experimentally [9, 28-30]. One of the proposed SPP based coupler is shown in Figure 1.3. 

 

Figure 1.3: Surface Plasmon Polariton coupler proposed by Tian et al. [9]. 

1.3.3 Plasmonic Splitters 

In different types of plasmonic devices, the light signal propagation needs to be controlled in a 

specific direction, sometimes needs to be split into a certain proportion or the polarization needs 

to be controlled. In order to meet the above-mentioned demands, plasmonic power splitters, 

polarization beam splitters, etc. are playing a vital role. In this kind of plasmonic devices, the 

input signal is fed through the input port, and the desired output signal is obtained at one or more 

output port. In between the input and output port, the signal is processed using different types of 

device structures to have the desired output. Till date, a number of plasmonic splitters have been 

proposed by the researchers which include splitters based on slot cavity, splitters based on 

dielectric coupler, splitters based on hybrid plasmonic waveguide, etc. [13, 31-33]. Figure 1.4 

shows a plasmonic splitter based on slot cavity. 
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Figure 1.4: A plasmonic splitter based on slot cavity proposed by Guo et al. [13]. 

1.3.4 Plasmonic Sensors 

Among the plasmonic devices, plasmonic sensors have drawn much attention due to their smaller 

size along with high sensitivity which makes them suitable for integrated optical systems [34]. 

Most of the plasmonic sensors are based on metal-insulator-metal waveguide along with a 

resonator which uses different resonance phenomenon and thus acts as different kinds of sensors 

such as refractive index sensors [17, 18, 35], temperature sensors [35-37], gas sensors [38, 39], 

biosensors [15, 40, 41]. The main objectives of the researchers are to improve the sensitivity, 

figure of merit (FOM), resolution of the sensor. Some of the already proposed plasmonic sensors 

have very high sensitivity. Since plasmonic sensors need to be integrated into other optical 

circuits, one of their main requirements is to be compatible with the optical circuit system where 

it needs to be integrated. Figure 1.5 shows one of the plasmonic refractive index sensor and 

temperature sensor with a highest sensitivity of 3460 nm/RIU and 1.36 nm/oC, made with a 

silver-air waveguide structure coupled with a ring resonator to hold the material under sensing. 

 

 

Figure 1.5: Refractive index sensor proposed by Wu et al. [35]. 
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1.3.5 Plasmonic Bragg Reflectors 

Bragg reflectors are another class of plasmonic devices which is mainly based on a low 

refractive index dielectric material (e. g. air) sandwiched by a metal cladding (e.g., silver) and 

another layer of high index material (e. g. silicon) [42]. Bragg reflectors have found a number of 

applications in photonic integrated circuits, especially in forming micro cavities, a defect within 

a Bragg reflector [43, 44]. Plasmonic Bragg reflectors commonly have metal-insulator-metal 

structures. Hybrid plasmonic Bragg reflectors may also have metal-insulator-semiconductors 

structures [19]. The main parameters to look for a better Bragg reflector is the loss, ripple factor, 

bandwidth, and Q factor. Till date, researchers have proposed a number of Bragg reflectors to 

optimize the parameters [19-21]. Plasmonic Bragg reflectors with two similar structures are 

shown in Figure 1.6. 

 
(a) 

 

(b) 

Figure 1.6: Bragg reflector proposed by Daneshmandi et al. [19] with (a) sinusoidal gratings, (b) triangular gratings. 
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1.3.6 Plasmonic Mach-Zehnder Interferometers 

Plasmonic Mach-Zehnder interferometers are the devices which can be used for various other 

applications like directional coupling [2], optical modulation [22], optical Sensing [23], 

boisensing [24] etc. Most of the surface plasmon polariton based Mach-Zehnder interferometers 

are designed with MIM structure. The schematic map of one of such structures is shown in 

Figure 1.7. Other Mach-Zehnder interferometers may have different structures depending on 

applications. 

 

Figure 1.7: Schematic map of a Mach–Zehnder interferometer (MZI) composed of two optical directional couplers 

proposed by Han et al. [2]. 

1.3.7 Other Plasmonic Devices 

Other plasmonic devices include plasmonic phase modulators [45], plasmonic lens [46], 

plasmonic nanoantennas[47], plasmonic solar cells [48], absorption switches [49], absorbers 

[50], nanowires [51], demultiplexers [52, 53] etc. Though most of these plasmonic devices are 

based on MIM structures, Silicon on Insulator (SOI) based structures are also drawing a lot of 

attention nowadays due to their compatibility with CMOS technology. Researchers are also 

proposing hybrid plasmonic devices by making a combination of plasmonic and SOI structures. 

1.4 Literature Review 

To replace slow electronic circuits by a fast and efficient alternative has been the prime aim of 

the researchers for a long time. The field of plasmonics is drawing a lot of attention in recent 

times, although it is originated a long time ago [1, 54, 55]. Since the beginning of the 

development of plasmonics, material technology is playing a vital role in its development 
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process. A suitable plasmonic material that can provide advantages in design, fabrication, 

integration in ICs, tunability can cause a revolution in the field of plasmonics like silicon 

revolutionized the microelectronics industry. Researchers have tried a number of different 

alternative materials to design plasmonic devices over the last decades. The contributions from 

different researchers over the last ten years have been shown in Table 1.1. 

Table 1.1: Contribution of the researchers in finding alternative plasmonic materials. 

Researchers Contribution Year 

J. Tian et al. [9] Tried to improve the efficiency by using the metal-silicon 

interface instead of the metal-air interface. 

2009 

Ferreiro-Vila et al. 

[56] 

Tried to improve magneto-optical and plasmonic effects 

using Ag/Co/Ag layered structures. 

2009 

P. R. West et al. 

[57] 

Discussed the problems with metals and suggested 

alternative plasmonic materials more efficient than metals. 

2010 

Blaber et al. [58] Reviewed the optical properties of alloys and intermetallics 

for plasmonics. 

2010 

Ciattoni et al. [59] Studied plasmonic devices with memory and power-

switching functionalities based on ε-near-zero nonlinear 

metamaterials. 

2011 

Naik et al. [60] Made a comparative study of semiconductor-based 

plasmonic metamaterials. 

2011 

Grigorenko et al. 

[61] 

Made a review on graphene plasmonics. 2012 

Tokarev et al. [62] Investigated tunable plasmonic nanostructures from noble 

metal nanoparticles and stimuli-responsive polymers. 

2012 

Kim et al. [63] Optimized Al-doped ZnO films for low loss plasmonic 

materials at telecommunication wavelengths. 

2013 

L. Gao et al. [64] Used hybrid plasmonic waveguide to reduce loss. 2013 

Zuccon et al. [65] Presented and characterized palladium metal films for 

plasmonic devices. 

2014 

Cao et al. [66] Made a review on transparent electrodes for organic 

optoelectronic devices. 

2014 

Zhong et al. [67] Made a review of mid-infrared plasmonic materials which 

includes transparent conducting oxides, silicides, doped 

semiconductors,  graphene, etc. 

2015 

https://www.nature.com/articles/nphoton.2012.262#auth-1
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Researchers Contribution Year 

D. Y. Fedyanin et 

al. [68] 

Used CMOS copper waveguide to design an ultra-low loss 

waveguide. 

2015 

Wei et al. [69] Designed plasmonic band-stop filters based on graphene 

metamaterial. 

2016 

Song et al. [70] Proposed an efficient excitation of multiple plasmonic 

modes on three-dimensional graphene. 

2016 

Heni et al. [71] Suggested hybrid material approach using Silicon–Organic 

and Plasmonic–Organic hybrid Photonics. 

2017 

Y. Ding et al. [72] Designed low loss, efficient waveguide using graphene. 2017 

Hanske et al. [73] Suggested silica coated plasmonic metal nanoparticles in 

plasmonic devices. 

2018 

Xia [74] Proposed 2D Materials (graphene, hexagonal boron 

nitride)-coated plasmonic structures. 

2018 

Secondo et al. [75] Proposed a reliable modeling of ultrathin alternative 

plasmonic material, titanium nitride. 

2019 

 

1.5 Thesis Objectives 

The main thesis objective is to find a suitable alternative of plasmonic metals which can 

overcome the limitations of conventional plasmonic metals and to design plasmonic devices 

using that material. However, more particularly, the objectives include: 

 Study of the conventional plasmonic metals and their optical properties. 

 To find an alternative material to conventional plasmonic metals. 

 Mathematical modeling of that material using already established material models. 

 Comparison of the theoretical model properties with the experimental result in order to 

validate the model. 

 To form plasmonic waveguide with the alternative plasmonic material investigated and 

analyzing the transmission characteristics of the waveguide. 

 To design plasmonic devices using the newly designed waveguide and modify the design 

to achieve better performance. 
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1.6 Thesis organization 

The first chapter of this book, Chapter 1, gives a brief introduction about the basics of 

Plasmonics, plasmonic waveguides, and different plasmonic devices. Contribution from the 

researchers in the field of plasmonic material technology to date and the outline of this thesis is 

also described here. 

Chapter 2 discusses the conventional plasmonic materials those are used at present in forming 

plasmonic devices, their plasmonic properties, etc. The problems with conventional plasmonic 

materials are also discussed here. 

In Chapter 3, some possible alternatives to conventional plasmonic metals are presented. Their 

mathematical modeling is done, the theoretically obtained result is compared with the 

experimentally obtained result, and the model is thus validated. The plasmonic properties are 

also compared with conventional metals, and the advantages of the designed materials are 

discussed. 

In Chapter 4, the newly modeled plasmonic materials are used to form plasmonic waveguides 

with suitable structures. The transmission characteristics of the waveguides are studied, and the 

comparison is made with the conventional plasmonic waveguides. This chapter includes the 

simulation results of the transmission characteristics of the newly designed waveguides 

simulated using commercial simulation software COMSOL Multiphysics. 

Chapter 5 deals with the designing of plasmonic devices utilizing the newly designed plasmonic 

waveguides using alternative plasmonic materials. The simulation results are compared with the 

conventional plasmonic devices, and the devices are modified to achieve better performances. 

In the last chapter, Chapter 6, Conclusion is made about the best plasmonic material 

investigated here. Other plasmonic devices that can be designed using the material are also 

suggested, and the future scopes of the research have been discussed. 
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CHAPTER 2 

CONVENTIONAL PLASMONIC MATERIALS AND 

THEIR PROPERTIES 

Material technology is playing a vital role in the recent development of plasmonics and 

plasmonic devices. SPPs are created depending mostly on the plasmonic property of a material 

once light is incident on it. Besides, the propagation of SPP is greatly affected by the plasmonic 

property.  Plasmonic materials also act as the building block while realizing the plasmonic 

devices practically. Thus, in order to have a realizable plasmonic device with good performance, 

a suitable plasmonic material is the most important thing to look for. 

 

2.1 Plasmonic Properties 

Since plasmonic materials are mainly used for their ability to interact with light, their plasmonic 

properties can be described by two parameters, dielectric permittivity,  and, magnetic 

permeability,  [76]. However, at optical frequencies, the permeability value becomes close to 

unity. Thus, their behavior can adequately be described by the dielectric permittivity only. 

The dielectric permittivity of metal is a complex parameter which has got a real part ( 1 ) and an 

imaginary part ( 2 ). The real part accounts for the polarization response of the material, and the 

imaginary part is responsible for the optical loss. At optical frequencies, the real part of the 

dielectric permittivity of metal is negative, which is one of the most important plasmonic 

properties of metals [77]. This negative real part of the permittivity creates SPPs when the 

material is interacted with light and also supports the propagation of SPPs at the interface. Thus, 

in order to be used in plasmonic devices, a material must have a negative real part of the 

complex permittivity. 
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2.2 Material Models 

The optical properties of metallic films have been thoroughly investigated by Rakic et al. [78] 

and the modeling parameters have been found for eleven metals, including mostly used 

plasmonic metals, silver, and gold. The optical constants for metals like gold, silver, chromium, 

titanium, and aluminum has been found by Barchiesi et al. [79]. The material modeling is mainly 

done using two of the most widely used material models, namely the Drude model and the 

Lorentz-Drude model. 

2.2.1 Drude model 

The complex dielectric permittivity of plasmonic metals like gold and silver can be given by the 

Drude model[34]. 

2

( )
( )

D
D

Di


  

  
 


………………….………… (2.1) 

where, 
D is the bulk plasma frequency and

D is the intraband damping term (inverse of the 

relaxation time ),  is the relative permittivity for high frequencies and i is theimaginary unit. 

The term 
D  can be calculated using the formula, 

2

0 0

e
D

N q

m



 …………………………………….(2.2) 

where, 
eN is the density of electrons that contribute to the optical properties, q is the charge of 

an electron, 
0m
 
is the electron mass, and 0  is the relative permittivity of vacuum. 

2.2.2 Lorentz-Drude model 

The Drude model given by (2.1), considers only intraband electronic transitions without 

considering the interband transitions [79, 80]. The Lorentz-Drude model combines both the 

intraband and interband transitions of electrons. The frequency-dependent complex dielectric 

permittivity of the Lorentz-Drude model given by, 
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where, The plasma frequency 
L is associated with intraband transitions,  is the 

oscillator strength and 
L is the damping term. 

2.3 Plasmonic Properties of Silver 

The The values of different parameters of (2.1) and (2.3) for silver are obtained by Barchiesi et 

al. [79] and given in Table 2.1. 

Table 2.1: Different parameters of Drude model and Lorentz-Drude model and their values for silver. 

Parameters Value 

  
0.114773 

D  
1.32589 × 1016rad/s 

D  
7.05499 × 1015rad/s 

  3.62762 

L
 

41.58116 × 1016rad/s 

L  
1.04632 × 1014rad/s 

The complex permittivity of silver is calculated using (2.1) and (2.3) and taking values from 

Table 2.1. The real part and imaginary parts are separated for different wavelength for both the 

Drude model and the Lorentz-Drude model and plotted in Figure 2.1.  

Figure 2.1 shows that the real part of the permittivity of silver is negative, which is essential for 

the production and propagation of SPP. The magnitude of the real part is very large compared to 

the real permittivity of the dielectric, which causes unbalanced polarization response. The 

magnitude of the imaginary part is also large enough to cause a considerable amount of optical 

loss. 
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(a)                                                                                (b) 

Figure 2.1: Relative permittivity of silver (a) real part, (b) imaginary part using the Drude model and Lorentz-Drude 

model. 

 

2.4 Plasmonic Properties of Gold 

The values of different parameters of (2.1) and (2.3) for gold are also obtained by Barchiesi et al. 

[5, 79] and given in Table 2.2. 

Table 2.2: Different parameters of the Drude model and Lorentz-Drude model and their values for gold. 

Parameters Value 

  
6.90939 

D  
1.38147 × 1016 rad/s 

D  
1.75628 × 1015 rad/s 

  2.31858 

L
 

4.68266 × 1015 rad/s 

L  
3.60439 × 1014 rad/s 

 

The complex permittivity of gold is calculated using (2.1) and (2.3) and taking values from Table 

2.2. The real part and imaginary parts are separated for different wavelength for both the Drude 

model and Lorentz-Drude model and plotted in Figure 2.2.  
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(a)                                                              (b) 

Figure 2.2: Relative permittivity of gold (a) real part, (b) imaginary part using the Drude model and Lorentz-Drude 

model. 

As observed in Figure 2.2, the plasmonic properties of gold are similar to those of silver and thus 

will face similar kind of drawbacks in plasmonic devices. 

2.5 Problems with Conventional Plasmonic Materials 

Though metals like gold and silver are mostly used materials in plasmonic applications due to 

their ability to produce and guide SPPs, they have a number of disadvantages. These 

disadvantages of natural metals like gold and silver limit the performances of the plasmonic 

devices to a great extent. Performance parameters like optical loss increases, the tunability of the 

device reduces, and the fabrication becomes difficult. These performance parameters are 

discussed below:                                                        

(i) Optical loss 

One of the main disadvantages of conventional plasmonic materials is that they suffer a 

substantial optical loss due to the large imaginary part of the complex dielectric permittivity. At 

optical frequencies, loss mechanisms like interband transitions, intraband transitions, and 

scattering losses play a crucial role [81]. The interband and intraband transitions occur due to the 

transition of valence band electrons into another band due to the absorption of energy when light 

is incident on it, and the scattering losses occur due to the defects in the solids. A higher amount 

of these three above mentioned losses makes the imaginary part of the complex permittivity 
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larger. From the plasmonic property of gold and silver, it is seen that both of the metals have a 

large imaginary part of the dielectric permittivity. As a result, the plasmonic devices formed by 

the materials suffer a huge optical loss. 

 

(ii) Tunability 

Gold and silver are the plasmonic materials found in nature. Natural metals have a fixed carrier 

concentration in the range of 1023 cm-3. Due to their high carrier concentration, the real and 

imaginary part of the complex dielectric permittivity is very large compared to insulators. The 

large value of the real part of the permittivity causes many problems in plasmonic devices which 

require a balanced polarization response [82]. The large value of the imaginary part gives rise to 

a higher optical loss. Both of these values will be reduced if the carrier concentration could be 

reduced, and the above-mentioned problems may be solved. Besides, many other plasmonic 

applications may require a larger or smaller value of both the real part and imaginary part of the 

permittivity. However, the carrier concentration is fixed for natural metals which makes the 

permittivity values also fixed. Thus, not having adjustable carrier concentration, hence, not 

adjustable dielectric permittivity, limits natural metals like gold and silver from many plasmonic 

applications. 

(iii) Nanofabrication challenges 

In most of the plasmonic devices, metals are used as very thin films. The morphology of metal 

film is quite different from the bulk metal. Bulk metal is generally composed of larger grains 

compared to the much smaller grains of thin metal films. Thus, metal films grown or deposited 

on the substrate do not have the same optical properties as expected [83-85]. Also, in the case of 

thin-film, smaller grains cause grain-boundary scattering loss in metals [86, 87]. Optical losses in 

thin metal films can be three to four times more due to grain-boundary scattering loss. The 

optical loss also arises in ultrathin metal films due to surface roughness [88, 89]. To overcome 

the challenges, some special technology like wetting layer [90] can be used. However, this kind 

of special approach has some limitations regarding integration and scalability. 
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(iv) Chemical instability 

Conventional plasmonic metals like gold, silver, or copper are chemically highly reactive. They 

easily react with air or oxygen present in air and humidity and forms compounds. Copper forms 

oxides in the air [91, 92] and silver is sensitive to sulfur and forms silver sulfide [93, 94]. As a 

result of these chemical reactions, they suffer a huge degradation in their optical properties. This 

increases optical loss and degrades the overall performance of the plasmonic devices. 

 

(v) Incompatible manufacturing process 

Metals like gold and silver are not compatible with standard silicon manufacturing processes. 

Thus, plasmonic devices cannot be manufactured using conventional nanofabrication 

technologies. This also prevents plasmonic devices to be incorporated in nanoelectronics 

integrated circuits. They can be diffused into silicon which will alter the optical properties and 

thus severely degrade the performance of the device [95, 96]. Thus, plasmonic metals like gold 

and silver are still outside the scope of being manufactured using standard silicon manufacturing 

technologies and yet to be incorporated in nanoelectronics integrated circuits.  
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CHAPTER 3 

POTENTIAL ALTERNATIVE MATERIALS AND 

THEIR MATHEMATICAL MODELS 

To overcome the drawbacks of conventional plasmonic metals like gold and silver, researchers 

are searching for better alternatives which can show similar behavior like metals in terms of SPP 

formation and propagation. To produce and propagate SPPs, the plasmonic property to look for 

is the negative real part of the complex dielectric permittivity. There are several techniques to 

make some alteration in the composition of a material to make it behave like metal i.e., to make 

the real part of dielectric permittivity negative. Some alternative materials suggested by the 

researchers are: 

i. Heavily doped semiconductors like silicon[97, 98], germanium[99]etc. 

ii. Heavily doped group III-IV semiconductors like GaAs, InP[100] etc. 

iii. Transparent conducting oxides like zinc oxide, cadmium oxide[101, 102] etc. 

iv. Other oxides and sulfides like CdSb2O6, GaInO3, MgIn2O4[103]etc. 

v. Silicides and Germanides[104]. 

vi. 2D plasmonic material like graphene[105]. 

The primary objective of this thesis is to mathematically model and the plasmonic property 

analysis of the first group of the material mentioned above, that is the heavily doped 

semiconductors like silicon and germanium. 

3.1 Heavily Doped Silicon 

To fabricate optical components and integrated circuits, silicon photonics is one of the key 

technologies nowadays [106, 107]. It is already being implemented in the commercial-scale 

[108]. If heavily doped silicon can be used as an alternative to metal, silicon plasmonics has a 

great possibility in the near future [97, 109, 110]. Silicon can be doped with arsenic, antimony, 

phosphorus, etc., group V elements, to make it n-type. It can be doped with group III elements 

like boron, gallium, aluminum, etc. to make it p-type. Different optical properties of doped 
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silicon have been investigated by Balkanski et al. [111] and Schroder et al. [112]. The solubility 

of boron, phosphorus, and arsenic impurities in silicon has been investigated by Trumbore[113]. 

Use of n-type silicon would be a bit advantageous because of the smaller effective mass of 

electrons compared to holes [114] although both n-type and p-type silicon has the potential to 

replace metals in plasmonic devices.   

 

3.2 Heavily doped p-Silicon 

Since the plasmonic properties of natural metals like gold and silver are described by the 

dielectric permittivity of the material, the plasmonic properties of p-doped silicon can also be 

described by its frequency-dependent complex dielectric permittivity. The dielectric permittivity 

of heavily doped p-silicon has been experimentally investigated by Shahzad et al. [115] for 

carrier concentrations of 6×1019 cm-3 and 1×1020 cm-3. The real part and the imaginary part of the 

complex dielectric permittivity of p-silicon carrier concentrations are measured separately. 

Figure 3.1 shows the real part and imaginary part respectively found by Shahzad et al.[115] for 

carrier concentrations of 6×1019 cm-3 and 1×1020 cm-3. 

 

Figure 3.1: (a) Real part, (b) Imaginary part of the experimentally found dielectric permittivity. 

3.2.1 Theoretical Model of p-Silicon 

For the purpose of simulation and other calculations, p-silicon must be theoretically modeled to 

express its dielectric property by some mathematical equations. The frequency-dependent 
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complex dielectric permittivity of highly doped silicon can be described by the Lorentz-Drude 

model [34]. 
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If the real part and imaginary parts are separated, (3.1) becomes,  
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where, p is the plasma frequency,  is the infinite frequency relative permittivity or the 

background permittivity,  is the electron/hole relaxation time, 
2 c




 is the angular frequency, 

c is the speed of light in vacuum, and i is the imaginary unit. In the case of the highly doped 

degenerate intrinsic semiconductors,
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e


  where, N is the free carrier 

concentration,  is the electron/hole’s drift mobility and effm is the averaged electron/hole 

effective mass [116]. Usually, the angular frequency p  and 1  [117]. Thus, (3.2) can 

be rewritten as,  
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where, eN  is the conductivity of the doped silicon and e is the charge of an electron and 0

is the free space permittivity. The infinite frequency relative permittivity or the background 

permittivity is the high-frequency limiting value that is approximately 11.7 for silicon and is 

independent of the doping concentration [60, 118]. Here, µ = 50 [112] and effm = 0.37× 0m , 

where, 0m is the mass of the electron [119]. 

3.2.2 Verification of the Mathematical Model 

The theoretical model can be verified by comparing dielectric permittivity calculated using (3.3) 

with the experimentally obtained value by Shahzad et al. [115]. In order to compare the 
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theoretical and experimental values, the theoretical values must be calculated for carrier 

concentration of 6×1019 cm-3 and 1×1020 cm-3 since the experimental values are found at those 

carrier concentrations. The values of different parameters of (3.3) for p-silicon carrier 

concentration of 6×1019 cm-3 and 1×1020 cm-3 is shown in Table 3.1.  

Table 3.1: Model parameters of heavily doped p-silicon by Lorentz-Drude model. 

Parameters 

Values 

Carrier Concentration of  

6×1019 cm-3 

Carrier Concentration of  

1×1020 cm-3 

0  11.7 11.7 

e  1.60217662×10-19 1.60217662×10-19 

  50 50 

effm  3.5526595884×10-31 3.5526595884×10-31 

  1.2417416061807×10-10 1.2417416061807×10-10 

  5.3833134432×1008 8.972189072×1008 

 

Comparison between the dielectric permittivity calculated from (3.3) and the experimental value 

for carrier concentration of 6×1019 cm-3 and 1×1020 cm-3 has been shown in Figure 3.2. 

Figure 3.2: Comparison of the real parts of the permittivity between theoretical value and experimental value for 

carrier concentration of (a) 6×1019 cm-3 (b) 1×1020 cm-3. 
 

The percentages of error between the theoretically calculated value using Lorentz-Drude model 

and the experimentally obtained value by Shahzad et al. [115] at different wavelengths for p-
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silicon carrier concentration of 6×1019 cm-3 and 1×1020 cm-3 has been shown in Table 3.2 and 

Table 3.3 respectively.  

Table 3.2:  Comparison of real parts of relative permittivity of p-Silicon between the theoretical value and the 

experimental value for a carrier concentration of 6×1019 cm-3. 

Energy (eV) 
Wavelength 

(µm) 

Values of Relative Permittivity (Real 

Part) 
Percentage 

of Error (%) 
Experimental  

(Shahzad et al. 

[115]) 

Theoretical 

(Lorentz-Drude 

Model) 

0.14 8.1 4.43 2.64 40 

0.15 7.49 4.95 3.97 19.88 

0.16 6.96 5.53 5.02 9.27 

0.17 6.5 6.12 5.87 3.95 

0.28 4.08 9.67 9.4 2.84 

0.35 3.27 10.41 10.22 1.83 

0.42 2.73 10.82 10.67 1.45 

0.45 2.52 10.71 10.82 1.02 
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Table 3.3:  Comparison of real parts of relative permittivity of p-Silicon between the theoretical value and the 

experimental value for a carrier concentration of 1×1020 cm-3. 

Energy (eV) Wavelength (µm) 

Values of Relative Permittivity (Real 

Part) 
Percentage of 

Error (%) 
Experimental  

(Shahzad et al. 

[115] ) 

Theoretical 

(Lorentz-Drude 

Model) 

0.064 17.69 -44.85 -60.24 34.33 

0.067 16.72 -39.97 -52.62 31.66 

0.11 10.23 -17.14 -12.40 27.60 

0.29 3.86 6.88 8.29 20.35 

0.30 3.71 7.56 8.53 12.86 

0.34 3.34 8.53 9.14 7.12 

0.43 2.63 10.81 10.11 6.43 

0.46 2.49 10.81 10.27 4.98 

0.5 2.28 10.81 10.5 2.85 

 

From Figure 3.3 and Table 3.2, it is observed that for a carrier concentration of 6×1019 cm-3, the 

percentage of error between the real part of the theoretical value and the experimental value is 

very high (>160%) for wavelengths greater than 9.69 µm, high (40%) for wavelengths between 

6.5 µm to 9.69 µm and very low (≤ 3.95%) for wavelengths less than 6.5 µm. For a carrier 

concentration of 1×1020 cm-3, the percentage of error is very high (>109.7%) for wavelengths 

greater than 26.23 µm, high (20.35% - 34.33%) for wavelengths between 3.86µm to 17.69 µm 

and low (≤ 7.12%) for wavelengths smaller than 3.34 µm. Analyzing the data from Table 3.2 and 

Table 3.3, it is evident that the model shows a low percentage of error for wavelengths smaller 
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than 3.34 µm. Thus, this model of heavily doped p-silicon can be used for the plasmonic devices 

which work in the range of wavelengths smaller than 3.34 µm, which is the case for most of the 

plasmonic applications. 

Heavily doped p-silicon can also be modeled at other carrier concentrations and wavelengths. 

The relationship of both the real part and imaginary part of the permittivity with carrier 

concentration and wavelength is almost linear. Figure 3.3 shows the plot of relative permittivity 

against carrier concentration for different wavelengths and Figure 3.4 shows the plot of relative 

permittivity against wavelength for different carrier concentration. 

 

(a)                                                                                 (b) 

Figure 3.3: Relative permittivity (a) real part, (b) imaginary part versus carrier concentration at different 

wavelengths. 

 

(a)                                                                                (b) 

Figure 3.4: Relative permittivity (a) real part, (b) imaginary part versus wavelength at different carrier concentration. 
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3.2.3 Comparison with Conventional Plasmonic Metals 

The complex dielectric permittivity of p-silicon can be compared with the dielectric permittivity 

of commonly used metals like gold and silver in order to have some idea about the performance 

of p-silicon in plasmonic devices. Since the relative permittivity is a complex quantity, it will 

have both real and imaginary part. Figure 3.5 shows the real part of both gold and silver plotted 

along with the real part of the permittivity of p-silicon for different carrier concentration. The 

comparison between the imaginary parts is shown in Figure 3.6. 

 
                                    (a)                                                                          (b) 

Figure 3.5:  The real part of relative permittivity for (a) silver and p-silicon, (b) gold and p-silicon for different 

value of carrier concentration of p-silicon. 

 
                                    (a)                                                                            (b) 

Figure 3.6:  Imaginary part of relative permittivity for (a) silver and gold, (b) p-silicon for different value of carrier 

concentration. 
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From Figure 3.5, it is observed that silver, gold, and p-silicon; all of them have a negative real 

part of the permittivity after a certain wavelength. The real part of the complex permittivity for 

both gold and silver is larger than the p-silicon. This is mainly due to their high carrier 

concentration (≈1023 cm-3). The large real part of the permittivity causes polarization mismatch 

when the interface is created with an insulator in plasmonic devices. Thus, it is desirable to have 

a smaller value of real permittivity for having a balanced polarization response. Since p-silicon 

has a comparatively smaller real part, it will be advantageous in forming plasmonic devices 

compared to both gold and silver. Comparison between the imaginary parts of the dielectric 

permittivity is shown in Figure 3.6. The imaginary parts of the permittivity of both gold and 

silver are much larger than that of p-silicon even at a higher carrier concentration of p-silicon. 

Since the large value of the imaginary part is responsible for larger optical loss, plasmonic 

devices formed with p-silicon will suffer much lower optical loss than the conventional metal 

plasmonic devices. 

3.3 Heavily doped n-Silicon 

Like p-silicon, heavily doped n-silicon can also show negative real permittivity after doping 

more than a certain carrier concentration. An improved dielectric function has been demonstrated 

by Basu et al. [120]. The model has been proposed after considering the effect of temperature, 

impurity scattering, lattice scattering, and temperature-dependent carrier mobility. Basu et 

al.[120] have predicted the dielectric function of n-type silicon for doping concentrations of 1018 

cm-3, 1019 cm-3, 1020 cm-3, 1021 cm-3 at 400 K. The real parts and imaginary parts of the dielectric 

permittivity of n-doped silicon at different carrier concentration proposed by Basu et al. [120] are 

shown in Figure 3.7. 
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                               (a)                                                                             (b) 
Figure 3.7: (a) Real part, (b) imaginary part of the dielectric function of n-doped silicon at 400K for different carrier 

concentrations proposed by Basu et al [120]. 

3.3.1 Model of n-Silicon 

Like p-silicon, the frequency-dependent dielectric permittivity of heavily doped n-silicon can 

also be described by the Lorentz-Drude model given in (3.1) and (3.3). For n-doped silicon, µ = 

100 [112] and effm = 0.26× 0m , where, 0m is the mass of the electron [119, 121]. 

The values of different parameters of (3.3) for heavily doped n-silicon at carrier concentration of 

1018 cm-3, 1019 cm-3, 1020 cm-3, 1021 cm-3 is given in Table 3.4. 

Table 3.4: Model parameters of heavily doped n-silicon by Lorentz-Drude model 

Paramet

ers 

Values 

Carrier 

Concentration of  

1018 cm-3 

Carrier 

Concentration of  

1019 cm-3 

Carrier 

Concentration of  

1020 cm-3 

Carrier 

Concentration of  

1021 cm-3 

0  11.7 11.7 11.7 11.7 

e  1.60217662×10-19 1.60217662×10-19 1.60217662×10-19 1.60217662×10-19 

  100 100 100 100 

effm  2.3684397×10-31 2.3684397×10-31 2.3684397×10-31 2.3684397×10-31 

  8.27827737×1011 8.27827737×1011 8.27827737×1011 8.27827737×1011 

  8.97218907×1006 8.97218907×1007 8.97218907×1008 8.97218907×1009 
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Comparison between the real parts of the dielectric permittivity calculated from (3.3) and the 

values predicted by Basu et al. [120] for carrier concentration of 1018 cm-3, 1019 cm-3, 1020 cm-3, 

1021 cm-3has been shown in Figure 3.8. 

  

(a)                                                                               (b) 

   

(c)                                                                                  (d) 

Figure 3.8: Comparison of the real parts of the permittivity between the values calculated using (3.3) and the values 

proposed by Basu et al. [120] for carrier concentrations of (a) 1018 cm-3, (b) 1019 cm-3, (c) 1020 cm-3 , (d) 1021 cm-3. 

The percentages of error between the theoretically calculated value of dielectric permittivity of 

n-silicon using Lorentz-Drude model and the values predicted by Basu et al. [120] at different 

wavelengths for n-silicon carrier concentration of 1018 cm-3, 1019 cm-3, 1020 cm-3 and 1021 cm-3 

has been shown in Table 3.5, Table 3.6, Table 3.7 and Table 3.8 respectively. 
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Table 3.5:  Comparison of real parts of relative permittivity of n-Silicon between the values calculated using 

Lorentz-Drude model and values predicted by Basu et al. [120] for carrier concentration of 1018 cm-3. 

Angular 

Frequency, ω 

(×1013rad/s) 

Wavelength 

(µm) 

Values of Relative 

Permittivity (Real Part) Percentage of 

Error (%) 
Basu et 

al. [120] 

Lorentz-Drude 

Model 

3.53 53.39 6.69 2.22 66.71 

4.64 40.61 8.49 6.21 26.81 

5.05 37.28 8.49 7.08 16.67 

5.98 31.51 9.40 8.40 10.65 

7.14 26.36 10.00 9.39 6.14 

1.01 18.59 10.90 10.55 3.27 

2.05 91.75 11.66 11.42 2.07 

3.23 58.37 11.87 11.58 2.40 

4.19 44.96 12.11 11.63 3.97 

5.42 34.73 12.11 11.65 3.74 

7.1 26.52 12.11 11.67 3.60 

9.05 2.081 12.11 11.68 3.53 
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Table 3.6:  Comparison of real parts of relative permittivity of n-Silicon between the values calculated using 

Lorentz-Drude model and values predicted by Basu et al. [120] for carrier concentration of  1019 cm-3. 

Angular 

Frequency, ω 

(×1013rad/s) 

Wavelength 

(µm) 

Values of Relative Permittivity 

(Real Part) Percentage of 

Error (%) 

Basu et al. [120] 
Lorentz-Drude 

Model 

7.68 24.49 -4.81 -8.24 71.07 

11.28 16.68 1.62 2.45 50.94 

15.89 11.85 4.94 7.03 42.34 

27.70 6.79 7.31 10.16 38.92 

32.88 5.72 7.87 10.60 34.80 

35.76 5.26 8.49 10.77 26.83 

47.63 3.95 8.98 11.18 24.42 

56.53 3.33 9.43 11.33 20.04 

67.08 2.80 9.69 11.43 18.02 

73.06 2.57 10.82 11.47 6.07 

79.47 2.37 11.14 11.51 3.27 

86.58 2.17 11.17 11.54 3.29 
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Table 3.7:  Comparison of real parts of relative permittivity of n-Silicon between the values calculated using 

Lorentz-Drude model and values predicted by Basu et al. [120] for carrier concentration of 1020 cm-3. 

Angular 

Frequency, ω 

(×1013rad/s) 

Wavelength 

(µm) 

Values of Relative Permittivity 

(Real Part) Percentage of 

Error (%) 

Basu et al. [120] 
Lorentz-Drude 

Model 

9.23 20.39 -73.11 -126.46 72.98 

10.55 17.84 -59.08 -94.14 59.33 

12.23 15.40 -45.18 -67.10 48.50 

20.32 9.26 -12.01 -16.82 40.03 

36.91 5.10 4.42 3.04 31.09 

43.79 4.30 6.70 5.55 17.15 

47.69 3.94 7.49 6.51 13.02 

51.95 3.62 8.28 7.33 11.51 

73.14 2.57 10.36 9.49 8.39 

79.67 2.36 10.66 10.14 4.88 

86.80 2.16 10.96 10.83 1.22 
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Table 3.8:  Comparison of real parts of relative permittivity of n-Silicon between the values calculated using 

Lorentz-Drude model and values predicted by Basu et al. [120] for carrier concentration of 1021 cm-3. 

Angular 

Frequency, ω 

(×1013rad/s) 

Wavelength 

(µm) 

Values of Relative Permittivity 

(Real Part) Percentage of Error 

(%) 
Basu et al. 

[120] 

Lorentz-Drude 

Model 

25.83 7.29 -96.42 -164.94 71.05 

28.74 6.55 -83.36 -130.97 57.12 

32.88 5.73 -68.81 -97.35 41.48 

37.6 5.01 -55.02 -71.67 30.26 

44.2 4.26 -40.46 -48.64 20.19 

-30.8 3.58 -27.7 -30.8 11.17 

58.09 3.24 -21.44 -23.23 8.34 

63.24 2.98 -16.99 -17.78 4.64 

68.84 2.74 -12.72 -13.17 3.6 

83.09 2.27 -5.3 -5.37 1.44 

90.55 2.08 `-2.68 -2.71 1.27 

 

From Table 3.5, it is observed that, for a carrier concentration of 1018 cm-3, the error between the 

two models is comparatively higher (>10%) for wavelengths greater than 31.51 µm, smaller 

(<10%) for wavelengths smaller than 31.51 µm and very small (<5%) for wavelengths smaller 

than 18.59 µm. For carrier concentration of 1019 cm-3, Table 3.6 shows that the error percentage 

is high (>25%) for wavelengths greater than 5.26 µm, moderate (5% to 25%) for wavelengths 
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greater than 2.57 µm and very small (<5%) for wavelengths smaller than 2.37 µm. Table 3.7 

shows higher (>25%) percentage of error for wavelengths greater than 5.10 µm, moderate (5% to 

25%) error for wavelengths greater than 2.57 µm and very low (<5%) for wavelengths smaller 

than 2.36 µm for carrier concentration of 1020 cm-3. From Table 3.8, the error percentage is 

found high (>25%) for wavelengths greater than 5.01 µm, moderate (5% to 25%) for 

wavelengths greater than 3.24 µm and very low (<5%) for wavelengths smaller than 2.98 µm for 

carrier concentration of 1021 cm-3. The range of wavelengths for different percentage of errors is 

shown in Table 3.9. 

Table 3.9:   Wavelength ranges for different error percentage between the Lorentz-Drude model and model 

proposed by Basu et al. [120]. 

Carrier 

Concentration 

(cm-3) 

Wavelength Range (µm) Smallest 

wavelength 

for low error 

(µm) 

For high error 

(>25%) 

For moderate 

error (5% to 

25%) 

For very low 

error (<5%) 

1018 > 40.61 26.36 – 37.25 < 18.59 

< 2.36 
1019 > 5.26 2.57 – 3.95 < 2.37 

1020 > 5.10 2.57 – 4.30 < 2.36 

1021 > 5.01 3.24 – 4.26 < 2.95 

 

As observed in Table 3.9, for all carrier concentrations of n-silicon, the error percentage is very 

low (<5%) for wavelengths smaller than 2.36 µm. The error percentage becomes smaller as the 

wavelength becomes shorter. Thus, for wavelengths smaller than 2 µm, the error percentage 

between the two models will be very negligible. Since most of the plasmonic applications are in 

the range of wavelengths smaller than 2 µm, the Lorentz-Drude model can be considered as a 

verified model as it matches with another already established model of n-silicon. 

The frequency-dependent complex dielectric permittivity can be modeled at other frequencies 

and for other doping concentrations of n-silicon using the Lorentz-Drude model given by (3.3). 

Like p-silicon, the relationship of both the real part and imaginary part of the permittivity with 
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carrier concentration and wavelength is almost linear. The variation of dielectric permittivity 

with the change of doping concentration of n-silicon at different wavelengths is shown in Figure 

3.9. The relationship with wavelength for different doping concentration of n-silicon is shown in 

Figure 3.10. 

 
(a)                                                                         (b) 

Figure 3.9: Relative permittivity (a) real part, (b) imaginary part versus carrier concentration at different 

wavelengths. 

 

(a)                                                                       (b) 

Figure 3.10: Relative permittivity (a) real part, (b) imaginary part versus wavelength at different carrier 

concentration. 

3.3.2 Comparison with Conventional Plasmonic Metals 

Like p-silicon, the complex dielectric permittivity of n-silicon can be compared with the 

dielectric permittivity of commonly used metals like gold and silver in order to have some idea 

about the performance of n-silicon in plasmonic devices. Since the relative permittivity is a 
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complex quantity, it will have both real and imaginary part. Figure 3.11 shows the real part of 

both gold and silver plotted along with the real part of the permittivity of n-silicon for different 

carrier concentration. The comparison between the imaginary parts is shown in Figure 3.12. 

(a)                                                                         (b) 

Figure 3.11.  The real part of relative permittivity for (a) silver and n-silicon, (b) gold and n-silicon for different 

value of carrier concentration of n-silicon. 

(a)                                                                            (b) 

Figure 3.12:  Imaginary part of relative permittivity for (a) silver and gold, (b) n-silicon for different value of carrier 

concentration. 

From Figure 3.11, it is observed that silver, gold, and n-silicon, all of them have a negative real 

part of the permittivity after a certain wavelength. The real part of the complex permittivity for 

both gold and silver is larger than the n-silicon. This is mainly due to their high carrier 

concentration (≈1023 cm-3). The large real part of the permittivity causes polarization mismatch 

when the interface is created with an insulator in plasmonic devices. Thus, it is desirable to have 

a smaller value of real permittivity for having a balanced polarization response. Since n-silicon 
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has a comparatively smaller real part, it will be advantageous in forming plasmonic devices 

compared to both gold and silver. Comparison between the imaginary parts of the dielectric 

permittivity is shown in Figure 3.12. The imaginary parts of the permittivity of both gold and 

silver are much larger than that of n-silicon even at a higher carrier concentration of n-silicon. 

Since the large value of the imaginary part is responsible for larger optical loss, plasmonic 

devices formed with n-silicon will suffer much lower optical loss than the conventional metal 

plasmonic devices.  
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CHAPTER 4 

WAVEGUIDE DESIGN AND RESULT ANALYSIS 

Plasmonic waveguides play an essential role in guiding SPPs in plasmonic devices. An improved 

transmission characteristic of a plasmonic waveguide can enhance the performance of the 

plasmonic devices. The conventional plasmonic waveguides are mainly formed with two types 

of structures, namely, metal-insulator-metal (MIM) and insulator-metal-insulator (IMI). Between 

these two type of structures, MIM structures have gain more popularity due to their ability of 

light confinement. Present plasmonic waveguides use gold or silver as the metal and air as the 

insulator. Here, the plasmonic waveguide will be designed with doped silicon instead of metal 

and air as the insulator and will be investigated numerically. The simulations are done with 

commercial simulation software COMSOL Multiphysics which employs Finite Element Method 

(FEM) for simulation purpose. 

4.1 FEM for Electromagnetic Field  

The fundamental equations for electromagnetic field calculations are the Maxwell 

equations[122]: 

.......................................................(4.1)

0..........................................................(4.2)

.....................................................(4.3
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where, E is the electric field strength vector, D is the electric flux density vector, B is the  

magnetic flux density vector, H is the magnetic field strength vector, J is the current density 

vector and, ch  is the charge density. 
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4.1.1 Potential Formulation and Electric Field Calculation: 

The magnetic potential vector A  and the electrical voltage V , defined by[123]: 

......................................................(4.8)

...................................................(4.9)

B A

E V



 
 

From (4.3) and (4.8), Faraday-Lenz’slaw of electric field can be transformed into: 

...........................................(4.10)
A

E
dt

 
   

 
 

When the electric field potential for the non-static fields is extended with an induced voltage, 

(4.10) becomes: 

........................................(4.11)
A

E V
t

 
   

 
 

When conductors are involved, the source term representing the charge density vanishes and it is 

replaced Dirichlet type boundary conditions. The potential equation reduces to a Laplace 

equation[124]. 

  0...............................................(4.12)V    

Usually,   is represented by a diagonal tensor, as the off-diagonal coupling terms are most of the 

time negligible: 
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The energy associated with the electric field is expressed by:  
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S-parameters can be calculated using the equation: 
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The time average power transmittance, T can be obtained using the equation: 

2| | ........................................................(4.16)ijT S  
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4.2 Simulation Result Validation 

For the validation of simulation result by COMSOL Multiphysics, two plasmonic refractive 

index sensors proposed by Wu et al. [35] and Zou et al. [125] have been resimulated and the 

results are compared. The basic structures of the sensors have been shown in Figure 4.1. Figure 

4.2 shows the comparison of the simulation result obtained by COMSOL Multiphysics with the 

results obtained by Wu et al. [35] and Zou et al. [125]. 

         
(a)                                                                          (b) 

Figure 4.1: Basic structure of the sensor proposed by (a) Wu et al. [35] (b) Zou et al.[125]. 

   
 (a)                                                                               (b) 

Figure 4.2: Comparison of the transmission characteristics obtained by COMSOL simulation with (a) Wu et al. 

[35], (b) Zou et al. [125]. 
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Table 4.1: Comparison between the simulation result COMSOL and Wu et al. [35] 

 
Peak I 

(nm) 

Peak II 

(nm) 

Peak III 

(nm) 

COMSOL 528.5 762.5 1491 

Wu et al. [35] 526 760 1488 

Percentage of Error 0.475% 0.329% 0.202% 

 

Table 4.2: Comparison between the simulation result COMSOL and Zou et al. [125] 

 

Peak I 

(nm) 

Peak II 

(nm) 

COMSOL 854 1615 

Zou et al. [125] 850 1609 

Percentage of Error 0.47% 0.37% 

The percentage of error between COMSOL simulation results and the results obtained by Wu et 

al. [35] and Zou et al. [125] have been shown in Table 4.1 and Table 4.2 respectively. In both 

cases the percentage of errors are very low (< 1%). Thus, the simulation results are verified. 

4.3 Waveguide Design 

The performance of the plasmonic waveguides can be analyzed from the transmission 

characteristics. The transmittance of a plasmonic waveguide mainly depends on the plasmonic 

properties of the material used to form the plasmonic waveguide. The real part and imaginary 

part of the complex dielectric permittivity is mainly responsible for higher or lower transmittance 

of the plasmonic waveguide formed. The negative real part of the permittivity is responsible for 

SPP formation and propagation. Thus, a large negative real part will create more SPPs and 

increase the transmittance of the waveguide. The imaginary part of the permittivity accounts for 

the optical loss. The small imaginary part will reduce optical loss and thus increase the 

transmittance. Both the real part and imaginary part of the permittivity of doped semiconductors 

will depend on the doping concentration. With the increase in doping concentration, the real part 

will increase, which will increase the transmittance and also the imaginary part will increase, 

which will decrease the transmittance. In the case of a doped semiconductor, the imaginary part 
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of the permittivity is smaller compared to the imaginary parts of silver or gold. Thus an increase 

in doping concentration will have a lower effect on the optical loss of the waveguide. Thus, 

higher doping concentration will increase the transmittance of the waveguide. However, 

achieving higher doping concentration in semiconductors is a challenge. Thus, the doping 

concentration of the semiconductors used to form the waveguide must be kept as low as possible 

depending on the applications where higher transmittance is not a requirement e.g., plasmonic 

sensors, plasmonic modulators. 

4.4 p-Silicon waveguide 

A straight waveguide is formed with p-silicon instead of metal and air as the insulator. The 

waveguide structure is shown in Figure 4.3. The width of the air waveguide, w is chosen to be 50 

nm initially as most of the plasmonic waveguides or devices use w = 50 nm. Then it is varied to 

observe the change in the transmission characteristics. The length, L and the breadth, b is also 

varied, and the transmission characteristics are analyzed. 

 

Figure 4.3: Schematic diagram of the waveguide formed with p-silicon and air. 

The transmittance of the waveguide for different doping concentration (N) of p-silicon is shown 

in Figure 4.4. It is observed from Figure 4.4 that, the transmittance of the waveguide increases 

with the increase in carrier concentration. This is because the real party becomes more and more 

negative with the increase in carrier concentration which causes more SPPs to be generated and 
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propagated. The other parameters of the waveguide, the length, L and the breadth, b and the 

width of the air waveguide, w is also varied, and the transmission characteristics are analyzed.  

 
Figure 4.4: Transmission characteristics of the waveguide with w = 50 nm, b = 500 nm and L = 2 µm for different 

carrier concentrations of p-silicon. 

 

Figure 4.5: Transmission characteristics of the 

waveguide with N = 16×1021 cm-3, L = 2 µm and b = 

500 nm for different values of w. 

Figure 4.6: Transmission characteristics of the 

waveguide with N = 16×1021 cm-3, w = 50 nm and b 

= 500 nm for different values of L.

The transmittance increases with an increase of w, decreases with the increase of L and b does 

not affect the transmission characteristics. These relationships of transmittance with different 

parameters are similar to the conventional plasmonic waveguides with gold or silver. The 
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transmission characteristics with the variation of w and L are shown in Figure 4.5, and Figure 4.6 

respectively. 

4.4.1 Comparison with Silver-Air-Silver Waveguide 

The transmission characteristic of the p-silicon waveguide with w = 50 nm, b = 500 nm and L = 

2 µm and silver-air-silver waveguide are shown in Figure 4.7. 

 

Figure 4.7: Comparison of the transmission characteristics of the p-silicon waveguide (with w = 50 nm, b = 500 nm 

and L = 2 µm) and silver-air-silver waveguide. 

From the transmission characteristics shown in Figure 4.7, it is observed that the transmittance of 

the p-silicon waveguide is less than silver waveguide for carrier concentration less than 

1.54×1022 cm-3 and more than silver waveguide for carrier concentration greater than 1.62×1022 

cm-3. The same observation is true for other values of w and L, which is shown in Figure 4.8, and 

Figure 4.9 respectively. 
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(a)                                                                      (b) 

 
(c) 

Figure 4.8: Comparison of the transmission characteristics of the p-silicon waveguide (with b = 500 nm and L = 2 

µm) and silver-air-silver waveguide for (a) w = 40 nm, (b) w = 50 nm and (c) w = 60 nm. 

 
(a)                                                                      (b) 
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(c) 

Figure 4.9: Comparison of the transmission characteristics of the p-silicon waveguide (with w = 50 nm and b = 500 

nm) and silver-air-silver waveguide for (a) L = 1500 nm, (b) L = 2000 nm and (c) L = 2500 nm. 

Thus, in order to achieve a transmittance higher than the silver-air-silver waveguide, p-silicon 

must have a doping concentration more than 1.62×1022 cm-3. 

4.4.2 Comparison with Gold-Air-Gold Waveguide 

The transmission characteristic of the p-silicon waveguide with w = 50 nm, b = 500 nm and L = 

2 µm and gold-air-gold waveguide are shown in Figure 4.10. 

 
Figure 4.10: Comparison of the transmission characteristics of the p-silicon waveguide (with w = 50 nm, b = 500 

nm and L = 2 µm) and gold-air-gold waveguide. 
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(a)                                                                                (b) 

 

(c) 

Figure 4.11: Comparison of the transmission characteristics of the p-silicon waveguide (with b = 500 nm and L = 2 

µm) and gold-air-gold waveguide for (a) w = 40 nm, (b) w = 50 nm and (c) w = 60 nm. 

From the transmission characteristics shown in Figure 4.10, it is observed that the transmittance 

of the p-silicon waveguide is less than gold waveguide for carrier concentration less than 

0.88×1022 cm-3 and more than silver waveguide for carrier concentration greater than 0.99×1022 

cm-3. The same observation is true for other values of w and L, which is shown in Figure 4.11, 

and Figure 4.12 respectively. 
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(a)                                                                         (b) 

 
(c) 

Figure 4.12: Comparison of the transmission characteristics of the p-silicon waveguide (with w = 50 nm and b = 

500 nm) and gold-air-gold waveguide for (a) L = 1500 nm, (b) L = 2000 nm and, (c) L = 2500 nm. 

Thus, in order to achieve a transmittance higher than the gold-air-gold waveguide, p-silicon must 

have a doping concentration more than 0.99×1022 cm-3. 

4.5 n-Silicon waveguide 

The same waveguide shown in Figure 4.3 is formed with n-silicon instead of metal and air as the 

insulator. The transmission characteristics with the variation of a carrier concentration of n-

silicon, N, the width of air waveguide, w and the length of the waveguide, L are shown in Figure 

4.13, Figure 4.14, and Figure 4.15 respectively. The relationships between transmittance and the 

parameters n, w and b are exactly same as those was obtained for the p-silicon waveguide. 
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Figure 4.13: Transmission characteristics of the waveguide with w = 50 nm, b = 500 nm and L = 2 µm for different 

carrier concentrations of n-silicon. 

 
Figure 4.14: Transmission characteristics of the n-

silicon waveguide with N = 8×1021 cm-3, L = 2 µm 

and b = 500 nm for different values of w. 

Figure 4.15: Transmission characteristics of the n- 

silicon waveguide with N = 8×1021 cm-3, w = 50 nm 

and b = 500 nm for different values of L.
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4.5.1 Comparison with Silver-Air-Silver Waveguide 

The transmission characteristic of the n-silicon waveguide with w = 50 nm, b = 500 nm and L = 

2 µm and silver-air-silver waveguide are shown in Figure 4.16. 

 
Figure 4.16: Comparison transmission characteristics of the n-silicon waveguide (with w = 50 nm, b = 500 nm and 

L = 2 µm) and silver-air-silver waveguide. 

From the transmission characteristics shown in Figure 4.16, it is observed that the transmittance 

of the n-silicon waveguide is less than silver waveguide for carrier concentration less than 

1.2×1022 cm-3 and more than silver waveguide for carrier concentration greater than 1.32×1022 

cm-3. The same observation is true for other values of w and L, which is shown in Figure 4.17, 

and Figure 4.18 respectively. 

 
(a)                                                                              (b) 
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(c) 

Figure 4.17: Comparison of the transmission characteristics of the n-silicon waveguide (with b = 500 nm and L = 2 

µm) and silver-air-silver waveguide for (a) w = 40 nm, (b) w = 50 nm and, (c) w = 60 nm. 

 
(a)                                                                              (b) 

 
(c) 

Figure 4.18: Comparison of the transmission characteristics of the n-silicon waveguide (with w = 50 nm and b = 

500 nm) and silver-air-silver waveguide for (a) L = 1500 nm, (b) L = 2000 nm and, (c) L = 2500 nm. 
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Thus, in order to achieve a transmittance higher than the silver-air-silver waveguide, n-silicon 

must have a doping concentration more than 1.32×1022 cm-3. 

4.5.2 Comparison with Gold-Air-Gold Waveguide 

The transmission characteristic of the n-silicon waveguide with w = 50 nm, b = 500 nm and L = 

2 µm and gold-air-gold waveguide are shown in Figure 4.19. 

 
Figure 4.19: Comparison of the transmission characteristics of the n-silicon waveguide (with w = 50 nm, b = 500 

nm and L = 2 µm) and gold-air-gold waveguide. 

From the transmission characteristics shown in Figure 4.19, it is observed that the transmittance 

of the n-silicon waveguide is less than gold waveguide for carrier concentration less than 

0.68×1022 cm-3 and more than silver waveguide for carrier concentration greater than 0.74×1022 

cm-3. The same observation is true for other values of w and L, which is shown in Figure 4.20, 

and Figure 4.21 respectively. 

 
(a)                                                                                 (b) 
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(c) 

Figure 4.20: Comparison of the transmission characteristics of the n-silicon waveguide (with b = 500 nm and L = 2 

µm) and gold-air-gold waveguide for (a) w = 40 nm, (b) w = 50 nm and, (c) w = 60 nm. 

 
(a)                                                            (b) 

 
(c) 

Figure 4.21: Comparison of the transmission characteristics of the n-silicon waveguide (with w = 50 nm and b = 

500 nm) and gold-air-gold waveguide for (a) L = 1500 nm, (b) L = 2000 nm and, (c) L = 2500 nm. 
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Thus, in order to achieve a transmittance higher than the gold-air-gold waveguide, n-silicon must 

have a doping concentration more than 0.74×1022 cm-3. 

4.3 Selection of Suitable Waveguide 

Both the waveguide formed with p-silicon and n-silicon can achieve transmittance greater than 

silver or gold waveguide. However, p-silicon waveguides require a higher doping concentration 

(1.62×1022cm-3) compared to n-silicon (1.32×1022 cm-3) to achieve transmittance more than 

silver waveguides. Such high p-type doping in silicon is still a challenge. The maximum doping 

concentration reported in p-type silicon is 1×1021 cm-3 which is much lower than the required 

doping concentration. On the other hand, the maximum doping concentration reported in n-type 

silicon is 2×1022 cm-3 [126] as shown in Figure 4.22, which is higher than the doping 

concentration required to achieve transmittance more than silver waveguide. Thus, using n-

silicon waveguide where higher transmittance is required would be an appropriate choice though 

p-silicon waveguide can be used in other applications where higher transmittance is not a major 

concern. Since n-silicon can achieve the same transmittance as p-silicon for lower carrier 

concentration, n-silicon waveguides are used here for designing of the plasmonic devices. 

 
Figure 4.22: Carrier concentration measurements of the As-implanted As profiles. The dashed line refers to a 

sample implanted 1×1017 cm-2 at 100 keV, and the solid line to a sample which received an additional implantation 

of 0.5×1017 cm-2 at 50 keV as investigated by Nobili et al [126]. 
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CHAPTER 5 

PLASMONIC DEVICE DESIGN AND 

PERFORMANCE ANALYSIS 

Optical waveguide devices are making their way towards realizing low-cost, high sensitivity, and 

small size devices, leading to many applications such as biological, environmental, and chemical 

applications [1, 7, 8]. However, most of the plasmonic devices are based on the MIM waveguide 

structure. This makes the integration process difficult since metals are not compatible with 

CMOS technology. On the other hand, silicon is the most widely used material in conventional 

electronic devices. Thus, designing plasmonic devices with CMOS compatible material like 

doped silicon may provide a way towards combining conventional electronics and plasmonics. 

Among the plasmonic devices, plasmonic sensors have many applications as most of the 

integrated circuits require different sensing devices. Plasmonic sensors have comparatively 

higher sensitivity than most other sensors and are very small in size. As a result, they are suitable 

for being integrated into optical circuits. Researchers have proposed a number of sensors with 

different sensing characteristics which are already discussed in Article 1.3.4. Most of the sensors 

have MIM structure like the other conventional plasmonic devices. Here, two plasmonic 

refractive index sensors are designed with CMOS compatible material instead of metal with two 

different structures, one has a straight waveguide with gratings in it and the other has a ring 

resonator structure. Both the sensors have high sensitivity comparable with other proposed 

sensors.  

5.1 Refractive Index Sensors 

Refractive index sensors are mainly designed to sense the change in the refractive index of the 

material under sensing. Most of the plasmonic refractive index sensors use different types of 

resonator structures like ring, gratings, octagon, pentagon, rectangle, etc. to obtain a resonance 

peak in the transmission characteristics. The resonant peak gets shifted with the change of 



55 

 

refractive index of the material under sensing. The sensitivity of the device can be calculated 

from the resonance shift using the formula,   

S
n





…………………………………………..(5.1) 

where, S is the sensitivity,  is the resonant wavelength shift and n is the change of refractive 

index. Calculation of sensitivity has been explained in Figure 5.1. The device should have 

sensitivity, S as high as possible and n  as small as possible to detect a very small change in the 

refractive index of the material under sensing. 

λ1 λ2

λ

T

Δλ 

n1 n2

Δλ =λ2 - λ1

Δn = n2 - n1

S = Δλ / Δn

 

Figure 5.1: Sensitivity calculation from resonance peak shift. 

5.2 Refractive Index Sensor with Gratings in a Straight Waveguide 

A plasmonic refractive index (RI) sensor using heavily n-doped silicon waveguide is designed 

and numerically simulated using the finite element method (FEM). The sensor reported here is 

based on gratings inside a heavily doped silicon waveguide structure instead of conventional 

metal-insulator-metal structure. This feature enables the device to overcome the problems with 

conventional plasmonic devices. Besides, it is made up of silicon instead of metal which makes it 

compatible with complementary metal oxide semiconductor (CMOS) technology and thus 

provides an easier way of incorporation in integrated circuits. The sensor presented here has a 

highest sensitivity of 1208.9 nm/RIU and a resolution as small as 0.005, which is comparable 

with conventional plasmonic sensors reported till date. The main advantage of this plasmonic 
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sensor is that it has a very simple structure compared to the other plasmonic sensors and uses 

silicon instead of metal. 

5.2.1 Basic Structure 

The basic structure of the sensor is very simple. It consists of a hollow straight waveguide with 

grating inside a layer of n-doped silicon. The hollow space in the straight waveguide will be used 

to hold the material under sensing. The number of gratings may vary depending on the 

application. Here, the best result is obtained for two gratings in the waveguide. The basic model 

of the sensor is shown in Figure 5.2. For practical designing, a silicon substrate must be used 

under the main sensor structure. The width of the straight waveguide and the grating, w is chosen 

to be 20 nm, the length of the grating, h = 450 nm and the gap between two gratings, d = 250 nm. 

Though, for practical designing, the height of the device is also an important parameter, the 

sensor proposed here has been simulated in 2D like most other proposed work in order to enforce 

an efficient simulation [127]. For practical case, any height greater than 50 nm will provide a 

result which will be very close to the simulation result [15]. The 2D designing parameters of the 

sensor are varied during the simulation process, and the best parameters are chosen after 

observing the transmission characteristics. 

                     

 

Figure 5.2: The basic structure of the sensor with (a) single grating, (b) two gratings and, (c) three gratings. 
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5.2.2   Results and Discussions 

To simulate the designed sensor, commercial simulation software COMSOL Multiphysics is 

employed. For the simulation purpose, it utilizes the finite element method (FEM) with 

scattering boundary condition. At first, the simulation is done for a single grating, two gratings, 

and three gratings sequentially. The field distribution pattern for two gratings is shown in Figure 

5.3.  

 
                                                     (a)                                                                     (b) 

 
                                                    (c)                                                                        (d) 

Figure 5.3: Normalized Electric Field (V/m) at frequencies (a) 1.75×1014 Hz, (b) 2×1014 Hz, (c) 2.25×1014 Hz and, 

(d) 2.5×1014 Hz for two gratings in the straight waveguide structure. 
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The transmission characteristics are shown in Figure 5.4. From the transmission characteristics in 

Figure 5.4, it is observed that the transmission peak with a single grating is not sharp enough. As 

a result, the shifting of the wave shape with the change of the refractive index will not be 

detectable very easily. Thus, it is not considered as a suitable structure to be used as a refractive 

index sensor. Next, the number of the grating is increased to two. As the wave shape with two 

gratings indicates, the resonance peak is sharper than the peak with a single grating and thus, can 

be considered as a suitable structure for the refractive index sensor. With three gratings, two 

resonance peaks are obtained. However, the transmittances of both the peaks are lower than the 

peak with two gratings. Nevertheless, it can also be utilized for the sensor structure. The number 

of gratings is not increased further since more gratings will cause the transmittance to be much 

lower. 

 
Figure 5.4: Transmission characteristics with different number of gratings with w = 20 nm, h = 400 nm and d = 250 

nm. 

The width of the straight waveguide and the gratings, w is then varied, and the transmission 

characteristics ate observed. The initial value of w was 20 nm. Now, it is varied from 10 nm to 

30 nm, with a step of 5 nm. The transmission characteristics are shown in Figure 5.5. From the 

transmission characteristics shown in Figure 5.5, it is observed that the wave shape is distorted 

for w = 10 nm. For the other values of w, the transmittance gradually increases with the increase 

in width, w and the resonance peak also suffers a left shift. For w = 15 nm, 20 nm, 25 nm, and 30 

nm, the resonance peaks have transmittances 0.27, 0.32, 0.34 and 0.35 respectively. Though each 
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of the structures with w = 20 nm, 25 nm, and 30 nm have a higher transmission, resonance peak 

of the structure with w = 25 nm and 30 nm suffers a large left shift and resonance occurs at 

wavelengths smaller than 1200 nm. Since we tried to design a sensor which operates between 

1300 nm and 1400 nm, we have chosen w = 20 nm. For the sensors which will be operated in 

any other ranges like greater than 1400 nm, 1100 nm to 1200 nm, smaller than 1100 nm, the 

values of w = 15 nm, 25 nm and 30 nm respectively may be chosen. 

 
Figure 5.5: Transmission characteristics of the sensor with h = 400 nm, d = 250 nm and different values of w. 

The distance between the two gratings, d is then varied from 200 nm to 350 nm, and the 

transmission characteristics are analyzed. The transmission characteristics are shown in Figure 

5.6. With the increase in distance between the gratings, the transmittance of the resonance peak 

gradually reduces, and the resonance peak suffers a right shift. The structure with a smaller gap 

between the gratings has provided a better transmittance of the resonance peak. The resonance 

peak of the smallest gap, d = 200 nm, is obtained in the range smaller than 1200 nm. Thus the 

value of d is chosen to be 250 nm to have a reasonably high transmittance (> 0.3) of the 

resonance peak and also to keep the operating point between 1300 nm to 1400 nm. 
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Figure 5.6: Transmission characteristics of the 

sensor with w = 20 nm, h = 400 nm and different 

values of d. 

Figure 5.7: Transmission characteristics of the 

sensor with w = 20 nm, d = 250 nm and different 

values of h. 

   

Lastly, the length of the grating, h, is varied, and the effects of variations are evaluated. The 

smallest value of h is chosen to be 300 nm, as the transmittance becomes very low with h smaller 

than 300 nm. h is then varied up to 450 nm, and the transmission characteristics with different 

values of h are shown in Figure 5.7. As observed in Figure 5.7, the transmittance of the 

resonance peak is highest for the largest value of h. The resonance peak is also within the 

operating range of 1300 nm to 1400 nm. Thus, h = 450 nm is chosen for further simulation of the 

sensor. 

With the parameters of the sensor structure chosen to be w = 20 nm, d = 250 nm and h = 450 nm, 

the refractive index of the material under sensing, n, is gradually increased from 1 with a step of 

0.005 and the transmission characteristics are observed which is shown in Figure 5.8. The 

resonance peaks are observed to be shifted with the change of the value of n. The sensitivity can 

be calculated from the resonance shift using (5.1). 

 

The resonance peak shift with the change of the refractive index of the sensing material and the 

sensitivities for different values of n is shown in Table 5.1. From Table 5.1, it is seen that a 

maximum sensitivity of 1208.9 nm/RIU is obtained for the designed sensor. It can detect a 

change in the refractive index as small as 0.005. The plot of the resonance peak against the 

refractive index is shown in Figure 5.9, which shows that the resonance wavelength shift with 

the change of the refractive index is almost linear. Thus, it can be expected to have a linear 
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resonance shift for refractive indices beyond 1.03 and can be used to sense those. The number of 

gratings is then increased to three, and the transmission characteristics are analyzed for refractive 

indices 1 and 1.01. The transmission spectrum is shown in Figure 5.10. The resonant peaks are 

obtained at 1050.3 nm and 1058.5 nm for n = 1 and n = 1.01 respectively. The sensitivity 

obtained here is 825.64 nm/RIU. Since the sensitivity of the device reduces for this structure, the 

sensor with three or more gratings is not taken into consideration. 

 
Figure 5.8: Transmission characteristics of the sensor with w = 20 nm, d = 250 nm, h = 450 nm and n = 1, 1.005, 

1.01, 1.015, 1.02, 1.025 and 1.03. 

Table 5.1: Resonance shift and sensitivity for different values of n. 

n 
Resonance 

Peak (nm) 

Resonance 

Shift (nm) 

Sensitivity 

(nm/RIU) 

1 1337.7 ------- ------- 

1.005 1343.1 5.4128 1082.6 

1.01 1348.9 5.7879 1157.6 

1.015 1354.4 5.4754 1095.1 

1.02 1360.3 5.9145 1182.9 

1.025 1365.8 5.5395 1107.9 

1.03 1371.9 6.0444 1208.9 
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Figure 5.10: Transmission characteristics of the 

sensor with three gratings with w = 20 nm, d = 250 

nm, h = 450 nm and   n = 1, 1.01. 

Figure 5.9: Resonant wavelength shifts with the 

change of the refractive index. 

5.2.3   Conclusions 

A plasmonic sensor with alternative plasmonic material is designed here. The sensor has a very 

simple structure with a straight waveguide with gratings. The device is made up of silicon only, 

which makes it similar to Silicon-On-Insulator (SOI) structures. Thus, it becomes compatible 

with CMOS technology. The maximum sensitivity of the device is 1208.9 nm/RIU, and it can 

sense refractive index change as small as 0.005, which is comparable with the other proposed 

plasmonic sensors. Thus, it can be used in the integrated circuits for refractive index sensing 

applications very easily. 

 

5.3 Refractive Index Sensor with a Ring Resonator 

A plasmonic refractive index (RI) sensor based on highly doped silicon waveguide is proposed 

and investigated numerically. The RI sensor utilizes a heavily doped silicon waveguide instead 

of conventional MIM waveguide which makes it CMOS compatible. A ring waveguide is 

coupled with the straight waveguide like MIM ring resonator structures, and similar resonance 

phenomenon is observed. The sensitivity is investigated, and a sensitivity of 4900 nm/RIU is 

realized. The plasmonic sensor consists of a simple framework and uses only silicon waveguide 

and does not require any special material which makes it suitable for sensing system in 

integrated optical circuits. 
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5.3.1   Basic Structure 

The basic scheme of the plasmonic sensor is composed of a straight waveguide of silicon-air-

silicon structure which is connected with a ring cavity inside the silicon layer in which there will 

be the material under sensing. Refractive index and temperature sensor of the similar structure 

have been investigated by Wu et al. [35] where a highest sensitivity of 3460 nm/RIU has been 

observed. This is one of the highest sensitivity reported for plasmonic refractive index sensor till 

date. Figure 5.11 shows the 3D and 2D models of the sensor, respectively. Here, w = 10 nm, r = 

170 nm, d = 50 nm is chosen. The same structure has also been investigated here using heavily 

doped n-type silicon instead of silver. The device has been tuned to operate for wavelengths 

smaller than 2300 nm since the modeling of n-silicon gave a low percentage of error for this 

wavelength range. 

 

(a) 

 

(b) 

Figure 5.11: (a) 3D and, (b) 2D model of the sensor proposed by Wu et al. [35]. 
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5.3.2   Results and Discussions 

The same structure is simulated using COMSOL with n-silicon with a carrier concentration of 

1.32×1022 cm-3, the minimum carrier concentration for which it has transmittance more than 

silver waveguide. The field distribution pattern is shown in Figure 5.12. The transmission 

characteristic is shown in Figure 5.13. For this structure, the resonance peaks occur at 1573.5 

nm, 1589 nm, 1604.3 nm and 1619.5 nm for n = 1, 1.01, 1.02 and 1.03 respectively. The 

sensitivities obtained are 1550 nm/RIU, 1530 nm/RIU and 1520 nm/RIU, respectively. Thus,a 

maximum sensitivity of 1550 nm/RIU is obtained for the device structure. 

                       
                                           (a)                                                                                         (b) 

                      
                                           (c)                                                                                          (d) 

Figure 5.12: Normalized Electric Field (V/m) at frequencies (a) 1.75×1014 Hz, (b) 2×1014 Hz, (c) 2.25×1014 Hz and, 

(d) 2.5×1014 Hz for the ring resonator sensor. 
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The width of the ring, dr is varied for getting maximum sensitivity. For dr = 40 nm, 50 nm and 

60 nm, the transmission characteristics are observed for n = 1 and n = 1.01, which is shown in 

Fig 5.14. The resonance peaks and the sensitivities for different values of dr are shown in table 

5.2. From Table 5.2, it is observed that the sensitivity increases with the decrease of the radius of 

the ring. However, it exceeds our highest operating wavelength for ring width smaller than 20 

nm. Thus, ring width, dr = 20 nm is chosen to obtain the highest sensitivity. The resonance peaks 

obtained for dr = 20 nm is at 2204 nm, and sensitivity is as high as 4201.9 nm/RIU.    

 
Figure 5.13: Transmission characteristics of the sensor with w = 10 nm, r = 170 nm and d = 50 nm for different 

values of n. 

 
Figure 5.14: Transmission characteristics of the sensor with w = 10 nm, r = 170 nm and ds = 50 nm for different 

values of dr for n = 1 and n = 1.01. 
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Table 5.2: The resonance peaks and the sensitivities for different values of ring width, ds. 

Ring width, dr 

(nm) 

Resonance peaks (nm) Sensitivity 

(nm/RIU) 
n = 1 n = 1.01 

20 2204.881 2246.9 4201.9 

30 1827.5 1844.7 1720 

40 1674.2 1689.8 1689.8 

50 1574 1589 1589 

60 1501.7 1516.05 1516.05 

 

  

(a) (b) 

  

(c) (d) 
Figure 5.15: Transmission characteristics of the sensor with w = 10 nm, r = 170 nm and dr = 20 nm, for (a) ds = 40 

nm, (b) ds = 50 nm, (c) ds = 60 nm, and (d) ds = 80nm, for n = 1 and n = 1.01. 

The width of the straight waveguide, ds is then varied for n = 1 and n= 1.01 to obtain the value of 

ds for maximum sensitivity. The transmission characteristics and the resonance peaks for 
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different values of ds are shown in Figure 5.15 and Table 5.3, respectively. The sensitivity of the 

device increases with the increase of ds and the resonance peak for n = 1moves beyond 2300 nm 

for ds greater than 80 nm. Thus, ds = 80 nm is chosen where the sensitivity obtained is 4650 

nm/RIU. 

Table 5.3: The resonance peaks and the sensitivities for different values of ds. 

Width of the 

straight waveguide, 

ds (nm) 

Resonance peaks (nm) 
Sensitivity 

(nm/RIU) n = 1 n = 1.01 

40 2175.2 2215 3980 

50 2204.88 2246.9 4202 

60 2230 2272.5 4250 

70 2255 2300 4500 

80 2285 2331.5 4650 

 
Figure 5.16: Transmission characteristics of the sensor with w = 10 nm, dr = 20 nm and ds = 80 nm for different 

values of rfor n = 1 and n = 1.01. 
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(a) (b) 

 
(c) 

Figure 5.17: Transmission characteristics of the sensor with ds = 80 nm, r = 170 nm and dr = 20 nm for (a) w = 9 

nm, (b) w = 10 nm, and (c) w = 11 nm, for n = 1 and n = 1.01. 

The other parameters to choose are the radius of the ring, r and the gap between the straight 

waveguide and ring waveguide, w. These parameters are also varied similarly, and the best 

values of r and w are chosen for best sensitivity and suitable operating wavelengths. The 

transmission characteristics with the variation of r and w are shown in Figure 5.16, and Figure 

5.17 respectively. The resonance peaks and sensitivities for different values of r and w are shown 

in Table 5.4 and Table 5.5, respectively. From table 5.4 and Table 5.5, the best value of r is 

chosen to be 170 nm, and the best value of w is chosen to be 10 nm. 
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Table 5.4: The resonance peaks and the sensitivities for different values of ring radius, r. 

The radius of the 

ring waveguide, r 

(nm) 

Resonance peaks (nm) 
Sensitivity 

(nm/RIU) 
n = 1 n = 1.01 

165 2160 2202.7 4270 

170 2285 2331.5 4650 

175 2412.25 2462.3 5005 

Table 5.5: Resonance peaks and sensitivities for different values of the gap between the straight and ring 

waveguide, w 

Gap between the 

straight and ring 

waveguide, w (nm) 

Resonance peaks (nm) 
Sensitivity 

(nm/RIU) 
n = 1 n = 1.01 

9 2333.7 2382.45 4875 

10 2285 2331.5 4650 

11 2244.66 2289.6 4494 

 

 
Figure 5.18: Transmission characteristics of the sensor with ds = 80 nm, r = 170 nm and dr = 20 nm and w = 10 nm 

for different values of n. 
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With all the suitable values for the sensor as dr = 20 nm, ds = 80 nm, r = 170 nm and w = 10 nm, 

the transmission characteristics are observed for different values of n from 1 to 1.03 with a step 

of 0.005. the transmission characteristics for different values of n are shown in Figure 5.18. The 

resonance peaks for different values of n and sensitivity is shown in Table 5.6. 

Table 5.6: Resonance peaks and sensitivities for different values n. 

n 
Resonance peak 

(nm) 

Sensitivity 

(nm/RIU) 

1 2284.9 -------- 

1.005 2307.94 4608 

1.01 2331.47 4706 

1.015 2355 4706 

1.02 2379 4800 

1.025 2403 4800 

1.03 2427.5 4900 

 

From Table 5.6, it is observed that a highest sensitivity of 4900 nm/RIU can be obtained for the 

sensor. 

5.3.3 Conclusions 

A plasmonic refractive index sensor with high sensitivity, compact design, and using heavily 

doped n-silicon instead of metal has been proposed and investigated here. The sensor proposed 

here has the highest sensitivity of 4900 nm/RIU, which is higher than most of the plasmonic 

sensor reported till date. It can also detect refractive index change as small as 0.005. The main 

advantage of this sensor is that it is made up of silicon instead of metal which makes the device 

compatible with CMOS technology.  
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CHAPTER 6 

CONCLUSION AND FUTURE WORKS 

6.1 Summary and Conclusions 

An investigation is made here to find a suitable alternative to metal in order to replace them in 

plasmonic devices. Metals show negative real part of its dielectric permittivity at optical 

frequencies which is mainly responsible for SPP propagation in plasmonic devices. Besides, it 

has a positive imaginary part of its permittivity, which causes an optical loss in plasmonic 

devices. Thus, an alternative material with a negative real part and smaller or zero imaginary part 

of its complex dielectric permittivity would be a suitable replacement of metals. 

Heavily doped silicon, both p-type and n-type has been investigated as potential replacements. 

Both of the materials can show negative relative permittivity like metals after a certain doping 

concentration. In p-type silicon, the doping concentration required to achieve metal-like 

properties is higher than in n-type silicon. The imaginary part of the permittivity is also very 

small in doped silicon compared to metals. Thus, heavily doped silicon can be used as an 

alternative to metals in SPP formation and propagation in plasmonic devices.  

 Waveguides are formed with both p-type and n-type silicon and compared with conventional 

metal waveguides. The doping concentration required in p-type silicon waveguide is 1.62×1022 

cm-3 and 1.32×1022 cm-3 in n-type silicon waveguide in order to achieve transmittance higher 

than silver waveguide. Such heavy doping in p-type silicon is still a challenge. On the other 

hand, the higher doping concentration in n-type silicon has been practically reported. Thus, 

heavily doped n-type silicon is chosen as the plasmonic material to replace metals in plasmonic 

devices. 

 Two plasmonic refractive index sensors have been proposed and numerically investigated using 

heavily doped n-type silicon instead of metal. Comparison between the other proposed sensor 

and the sensors proposed is shown in Table 6.1. 
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Table 6.1: Comparison with other proposed sensors. 

Proposed Sensor 

Maximum 

Sensitivity 

(nm/RIU) 

CMOS 

Compatibility 

Sensor with gratings in a straight 

waveguide proposed here 
1208.9 Yes 

Sensor with ring resonator 

proposed here 
4900 Yes 

Wu et al. [35] 3460 No 

Zhang et al. [14] 1200 No 

Zhang et al. [15] 1060 No 

Butt et al. [16] 800 No 

Zhang et al. [128] 1100 No 

Tu et al. [129] 363 Yes 

 

From table 6.1, it can be observed that the sensor with the ring resonator proposed here has 

higher sensitivity than the other proposed sensors. Besides, both the sensors have CMOS 

compatibility, unlike most other sensors. Thus, the plasmonic sensors proposed here with 

alternative plasmonic material can be considered as high performing and compatible with the 

present technology compared to the conventional plasmonic devices.  

6.2 Future Works 

With the current progress of the work, several future goals can be achieved. 

 Since the mathematical model is verified for doped silicon, other doped semiconductors 

like germanium; GaAs etc. can be modeled and used for simulating plasmonic structures.  

 Heavily doped p-type and n-type silicon can be used to design other plasmonic devices 

like filters, couplers, splitters etc. with improved performances. 
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