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Abstract of PhD thesis (Physics) – Liya Tony, C-MET Thrissur 

STUDY OF SURFACE PLASMON RESONANCE IN TRANSITION METAL 

NITRIDE THIN FILMS 

  Converting light into plasmons contributes to the extension of photonics into 

nano size region. Plasmonic phenomena arise from the collective oscillations of free 

electrons in a material when an electromagnetic ray is incident on it. Metals have 

abundance of free electrons, and hence metallic elements are required in plasmonic 

structures. Gold and silver have traditionally been used for such applications because they 

exhibit surface plasmon properties in the visible wavelength region. However, these metals 

are expensive and have some limitations that make them unsuitable for potential device 

applications. In current scenario of plasmonics discipline, alternatives to traditional metals 

are being sought primarily. 

 Transition metal nitrides are a better alternative plasmonic material in the visible 

region. This thesis focuses on the development of two technologically important transition 

metal nitrides, titanium and zirconium nitrides, with plasmonic characteristics in visible 

region. One of the essential properties for plasmonic behaviour is high carrier density (of 

the order of 1022/cm3), which is crucial to achieve the required negative permittivity in the 

wavelength region of interest. Being non-stoichiometric, the opto-electronic properties of 

these nitrides depend mainly on their preparation routes. They can have high carrier 

concentrations in the above order, thereby achieving metallic behaviour in the visible 

region. Another important property required for efficient plasmonics is reduced dielectric 

loss, which necessitates correlated opto-electrical property analysis and structural 

confirmation in the developed films. 

Although transition metal nitride film properties depend on stoichiometry and 

deposition method, this work also aims to examine process dependence in titanium nitride 

films, which further tunes the material structure and plasmonic properties. Rather than 

using a vacuum deposition for thin film fabrication, the focus was to develop a cost-

effective novel approach for the fabrication of titanium nitride plasmonic film by opting 

nitridation of ammonia. Initial understanding on material properties was achieved through 

comprehensive study on TN films developed by sputtering technique. Then, opted 

nitridation routes for converting titanium metal and titanium dioxide films into plasmonic 

TiN, of which the latter proved to be a cost-effective approach. In each case, the plasmonic 

properties were investigated and excited surface plasmon polariton in the optimized films 

using a prism base Kretschmann configuration in a wavelength interrogation method. 

Zirconium nitride is projected in the literature to be a better plasmonic material 

than titanium nitride in the visible region. In this work, the properties of DC sputtered 

zirconium nitride films were investigated, and the structural, optical, and electrical 

properties were studied in the context of plasmonics. Finally, surface plasmon polariton 

was successfully excited in the Kretschmann configuration, proving zirconium nitride to be 

an excellent alternative plasmonic material. The research findings were published in three 

international journals and at several conferences. 

Liya Tony 

Research scholar 

Centre for Materials for Electronics 

Technology (C-MET), Thrissur 

Dr. S Sankara Narayanan Potty 

Scientist E (Research Guide) 

Centre for Materials for Electronics 

Technology (C-MET), Thrissur 



ix 

 



x 

CONTENTS 

 Preface xiv 

 List of Figures xxi 

 List of Tables xxviii 

 List of Abbreviations xxx 

Chapter 

No 
Title 

Page 

No 

1 Introduction to Plasmonics  

 Introduction 1 

 1.1 Basics of Plasmonics 3 

 1.1.1 Plasma Frequency 4 

 1.1.2 Surface and Volume Plasmons 4 

 1.1.3 Localized Surface Plasmon 

Resonance and Surface Plasmon Resonance  

6 

 1.2 Dispersion Relation   7 

 1.3 Dielectric Function 8 

 1.4 Excitation Configurations  10 

 1.4.1 Evanescent Waves  10 

 1.4.2 Prism Coupling 11 

 1.4.3 Waveguide Geometry  13 

 1.4.4 Grating Configuration 14 

 1.5 Areas of Application In Plasmonics 15 

 1.6 Limitation of Conventional Plasmonic 

Materials 

18 

 1.7 Alternative Plasmonic Materials 22 

 1.8 Plasmonic Properties of Transition Metal 

Nitrides 

24 

 1.9 Titanium Nitride 25 

 1.10 Zirconium Nitride 28 

 1.11 Motivation of the Work  30 

 1.12 Objective of the Thesis 31 

 1.13 References 32-46 

2 Experimental techniques  

 Introduction 47 

 2.1 Substrate cleaning 47 

 2.2 Coating techniques 48 

 2.2.1 Magnetron reactive sputtering 49 

 2.2.2 Spin coating 51 

 2.2.3 Gas nitridation 54 

 2.3 Structural analysis 56 



xi 

 2.3.1 Glancing angle XRD 56 

 2.3.2 X-ray photoelectron spectroscopy 58 

 2.3.3 Raman spectroscopic analysis 61 

 2.4 Microstructure analysis 63 

 2.4.1 Field enhanced scanning electron 

microscopy (FE-SEM) 

63 

 2.4.2 Atomic force microscopy 65 

 2.5 Electrical properties via Hall measurements 66 

 2.6 Optical properties 69 

 2.6.1 Reflectance Spectra and Dispersion 

relation  

69 

 2.6.2 Bandgap estimation using Tauc plot 

from transmittance spectra 

73 

 2.7 Excitation of surface plasmon polaritons via 

Kretchsmann type prism configuration  

74 

 2.8 Summary 77 

 2.9 References 78-82 

3 Investigation of plasmonic properties in 

RF sputtered titanium nitride thin films 

 

 Introduction 83 

 3.1 Development of titanium nitride films 84 

 3.2 Structural properties of RF sputtered 

Titanium nitride  films 

85 

 3.2.1 X-ray diffraction analysis 85 

 3.2.2 X-ray photoelectron spectroscopy 88 

 3.2.3 Raman Spectroscopic Analysis 92 

 3.3 Surface and microstructure analysis  95 

 3.3.1 Morphology analysis: FESEM 95 

 3.3.2 Atomic force microscopy Analysis 97 

 3.4 Electrical properties in TiN films 100 

 3.5 Optical properties  102 

 3.6 Excitation of Surface plasmons in the 

titanium nitride films 

108 

 3.7 Conclusion  111 

 3.8 References  112-116 

4 Investigation of plasmonic properties in TiNX 

thin films derived from nitridation of 

Titanium metal films 

 

 Introduction 117 

 4.1 Development of TiN films 119 



xii 

 4.1.1 Film Preparation  119 

 4.1.2 Nitridation Conditions 120 

 4.2 Structural Analysis 121 

 4.2.1 G1-XRD Studies 121 

 4.2.2 XPS Studies 123 

  4.3 Microstructural Analysis  127 

 4.3.1 FE-SEM Studies 127 

 4.3.2 Atomic Force Microscopic Analysis 129 

 4.4 Electrical Property Analysis 131 

 4.5 Optical Property Analysis 134 

 4.6 Plasmonic Property Analysis 139 

 4.7 Conclusion 145 

 4.8 References 146-149 

5 Investigation of surface plasmon resonance 

properties in TiNX thin films fabricated from 

spin coated TiO2 thin films 

 

 Introduction 151 

 5.1 Development of TiN thin film 152 

 5.1.1 Mechanism of conversion to titanium 

nitride 

153 

 5.1.2 Spin coating of titanium dioxide thin 

film 

154 

 5.1.3 Nitridation of the spin-coated TiO2 

film 

154 

 5.2 Investigation of the structural properties of 

the films 

156 

 5.2.1 Grazing incident X-ray diffraction 

studies 

156 

 5.2.2 X-ray photoelectron spectroscopy 158 

 5.2.3 Analysis of Raman spectra 162 

 5.3 Morphology analysis 165 

 5.3.1 Surface morphology 165 

 5.3.2. Atomic force microscopic analysis 166 

 5.4 Investigation of the electrical properties of 

the films 

168 

 5.5 Optical properties of the films 171 

 5.5.1 Estimation of energy band gap  171 

 5.5.2 Plasmonic properties 172 

 5.6 Excitation of surface plasmon resonance 175 

 5.7 Conclusion  178 



xiii 

 5.8 References 179-185 

6 Investigation of plasmonic properties in RF 

sputtered Zirconium nitride thin films 

 

 Introduction 187 

 6.1 Development of zirconium nitride films for 

plasmonic applications 

188 

 6.2 Structural properties sputtered Zirconium 

nitride films  

189 

 6.2.1 X-ray diffraction Studies  189 

 6.2.2 X-ray Photoelectron Spectroscopic 

analysis 

191 

 6.3 Morphological analysis 196 

 6.4 Electrical properties 198 

 6.5 Optical properties 200 

 6.6 Investigation of plasmonic properties  205 

 6.7 Conclusion 208 

 6.8 References 209-212 

7 Summary of thesis 213 

8 Recommendations  217 

 

 

 

 

 

 

 

 

 



xiv 

PREFACE 

The wavelength of light restricts the extension of photonics into nanosize regime. 

Plasmonics offers a solution to this problem by converting light into plasmons. 

Plasmonic phenomena arise from the collective oscillations of free electrons in a 

material when an electromagnetic field is incident on it. Therefore, plasmonic 

structures require metallic elements, which have a large number of free electrons. 

When an electromagnetic field interacts with a cloud of free electrons at a metal-

electric interface, they can support a wave of fluctuations in charge density, 

creating a mode known as a surface plasmon. Since the surface  plasmon resonance 

frequency is in the visible wavelength region, metals such as gold and silver have 

traditionally been used for plasmonic applications. These metals exhibit high 

chemical stability and higher shift in resonance, which are necessary for various 

plasmonic applications. However, these metals are expensive and have other 

limitations such as island formation in very thin layers during deposition, band-to-

band transitions, and surface roughness due to thermal evaporation. Therefore, the 

need of the hour is to develop new or alternative plasmonic materials to develop 

cost-effective plasmonic devices.  In this context, to develop metal substitutes in 

the visible range, materials with free carrier densities in the order of 1022 cm-3 are 

needed. Transition metal nitrides can have such high carrier concentrations and are 

explored as plasmonic materials functioning in the visible frequencies. 

The objective of the present work was to develop transition metal nitride (TMN) 

thin films (TiN and ZrN) with required carrier concentration to exhibit plasmonic 

property in visible region. TMN materials are non-stoichiometric and hence the 

properties are composition dependent. Here, composition tunablity has been 

attempted in the films by adopting various preparation routes. Sputtering is one of 

the most widely used physical vapour deposition techniques for coating thin films 

of transition metal nitrides, and hence this technique was adopted initially. As a 

novel technique, then opted ammonia nitridation route for the fabrication of 

plasmonic TiN thin films.  

Free electrons in a material provide the required negative real permittivity in the 

frequency of interest, which is an essential property for any plasmonic material. A 
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major disadvantage that needs to be avoided for optimum performance of 

plasmonic materials is the loss associated with them, arising from interband 

electronic transitions, caused by the light-matter interaction. For exciting surface 

plasmons, the evanescent electrical field generated at the metal-dielectric interface, 

generated through a prism geometry, is conventionally adopted for wavevector 

matching. This process is very much dependent on the thickness of the films.  

Hence, plasmonic behavior in transition metal nitrides have been achieved by 

optimizing the material properties such as carrier concentration and mobility by 

varying coating parameters, and also by fine-tuning the film thickness. 

The overall thesis comprises of 8 chapters, explanation for each thesis chapter is 

given as follows 

Chapter 1 provides introductory topics on basic plasmonics and various 

methodologies required for plasmonic excitation. The challenges and limitations 

faced when using traditional materials such as gold and silver in plasmonic 

applications are described in detail. The requirements and properties of alternative 

plasmonic materials are explained in this chapter. The chapter ends up combining 

the advantages of titanium nitride and zirconium nitride in the context of 

plasmonics, which are chosen as an alternative platform. 

Chapter 2 discusses the overall experimental methodology used for the 

development and characterization of the plasmonic transition metal nitride films. 

The approach was to study a correlated structural, morphological, electrical and 

optical characterization of the developed films. Such correlated methodology helps 

to tune material properties suitable for plasmonic excitation in films. The elemental 

compositions were confirmed with X-ray photoelectron spectroscopy and the 

vacancy analysis by Raman spectroscopy, with initial phase formation by gracing 

incidence x-ray diffraction. Dielectric functions were extracted by employing 

Drude-Lorentz model from the optical reflectance spectra, and linked with the 

results of the electrical property analysis. The experimental setup for surface 

plasmon polariton excitation in prism geometry configuration is also described in 

this chapter. 



xvi 

Chapter 3 discusses the detailed investigation of the structure and correlation of the 

opto-electrical properties in radio frequency sputtered titanium nitride films. The 

study focused on how various parameters such as, gas composition and RF power, 

affect the electrical and optical properties of the coated film in the context of 

surface plasmon resonance applications. Films with required carrier density and 

negative permittivity were fabricated by this technique through the modification of 

the stoichiometry, the N/Ti ratio, of the coated films. The structural analysis 

revealed changes in the preferred orientation and the XPS analysis showed a 

variation of the nitrogen content in the deposited films.   

In Chapter 4, the novel approach of nitridation for developing titanium nitride thin 

films is discussed. In the previous chapter, nitrogen gas served as source of 

nitrogen during sputtering, and the Ti metal was used as the target for sputtering. 

Here, the nitrogen evolved from disassociation of ammonia gas was used as 

nitrogen source, such process is termed as nitridation. The nitridation process 

offers a better platform for tuning the titanium and nitrogen compositions to 

achieve plasmonic behaviour in the visible region of the electromagnetic spectrum. 

The radio frequency sputtered titanium metal film served as the titanium source. 

The Ti films were subjected to ammonia gas nitridation with variable temperature 

to change the nitrogen content incorporated in the sample. By varying both 

thickness and nitridation temperature, the stoichiometry in the nitridated thin films 

were tuned. Further investigations were carried out to evaluate the plasmonic 

performance in the films. Tuning of the material properties helped achieve the 

required carrier density, negative permittivity, and low dielectric loss in the films. 

Surface plasmons were successfully excited in the optimised films in  prism 

configuration in wavelength interrogation mode. 

Chapter 5, the focus was on a cost-effective route for developing titanium nitride 

plasmonic films. The previous chapters described the plasmonic properties in RF-

sputtered titanium nitride films with respect to stoichiometry, and also described 

the transformation of Ti metal film into TiNx films through nitridation. In this 

working chapter, The methodology consisted of preparing titanium dioxide films 

via spin coating, followed by nitridation reaction using ammonia gas. The 

difficulty in obtaining porous-free TiN thin films via the nitridation route was 
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overcome, and this approach provided excellent material properties for plasmonic 

applications in the visible region. The resistivity showed remarkable difference 

from Ωcm to mΩcm upon conversion from TiO2 to TiNx. The conversion to highly 

conducting behaviour with required carrier density led to possess plasmonic 

behaviour in the films. The correlated opto-electrical properties confirmed the 

necessary conditions for the surface plasmon polariton. In this Chapter, for the first 

time, the development of plasmonic titanium nitride thin films through the 

conversion of titanium dioxide, having the required carrier concentration of 1022/cc 

for plasmonic application in visible region is discussed.  

In Chapter 6, the plasmonic performance of another important transition metal 

nitride, zirconium nitride (ZrN) is discussed. Stoichiometric zirconium nitride films 

possessing enhanced plasmonic properties due to high quality factor were 

fabricated by the sputtering. The dielectric loss in ZrN were much lower in 

comparison to TiN and the plasma wavelength showed a blue shift. The structural 

confirmation and opto-electrical property analysis have been carried out to 

investigate the plasmonic performance in the films. The surface plasmons were 

successfully excited in the films using prism geometry in wavelength interrogation. 

The zirconium nitride film exhibited much better plasmonic performance than the 

titanium nitride film. 

Chapter 7 concludes the major findings of the thesis work. The process 

dependency of titanium nitride films in the context of plasmonic performance has 

been discussed. The current investigations demonstrated the fabrication of films 

with metallic conductivity and low loss required for plasmonic behavior in the 

visible region. The Chapter 8 proposes the future direction of the research work  
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Recent years demanded faster technologies in every field with cost-effective 

approaches, such as, in telecommunication, sensing, optical devices and 

imaging etc. Each and every era requires faster, efficient and easier 

technology for human benefit. The invention of new technologies in this 

direction were focussed on two main points; one is the cost- effectiveness 

and the other is the miniaturisation of the devices. From the past centuries, 

the developments in the semiconductor technology created a positive feed 

back loop with optical communication developments. The semiconductor 

technology advanced the optical communication by the invention of optical 

fibres and lasers. These two areas have revolutionized our capability to 

process information, and the speed at which we can process it. Because of 

the scaling of semiconductor electronic components predicted from the 

empirical observation by Moore's law [1], the transistor has been scaled 

down from about 200 nm to 35 nm within the last decade, to achieve 

drastically higher operating speeds.  Further significant scaling, however, 

poses many substantial difficulties such as short-channel effects, gate 

leakage and drastically increasing power density [2,3]. As a result of these 

challenges, alternative technologies have gained significant attention in the 

quest to increase information processing speeds. As one such alternative 

technology, the field of plasmonics has the potential to support our ever-

increasing needs for information processing [4-5]. 
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Fig. 1.1 represents the various domains in terms of operating speed and 

device sizes [4,5]. These are believed to be highly dependent on the special 

material characteristics of metals (plasmonics), insulators (photonics), and 

semiconductors (electronics). The dashed lines show the physical 

constraints of various technologies; for example, connection delay time 

difficulties limit the speed of semiconductor circuits to roughly 10GHz. The 

basic physics of diffraction place a limit on the scope of dielectric 

photonics. In this scenario, the plasmonics can serve as a bridge between 

similar-speed dielectric photonics and similar-size nano-electronics, which 

is expected to exhibit superior performance in comparison with others. 

Plasmonics is a significant aspect of the captivating realm of 

nanophononics, delving into the confinement of electromagnetic fields 

within dimensions comparable to or smaller than the wavelength [6]. This 

discipline involves the interaction of electromagnetic radiation with 

conduction electrons at metallic interfaces or in metallic nanostructures [7], 

resulting in an amplified optical near field of sub-wavelength size. This field 

Fig. 1.Fig 1.1 Relation between the operating speeds and critical dimensions of 

different chip-scale device technologies [4]. 
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deals with the coupling of light to free carrier electrons in metals, and 

allows breaking the diffraction limit for the localization of light into 

subwavelength dimensions with strong field enhancements leading to novel 

device concepts for the aforementioned applications [8-9]. An exciting 

aspect of plasmonics is that, by coupling the energy and momentum of a 

photon with the collective oscillations of free electrons in metals, it merges 

the features of photonics and electronics [10,4]. The next section will 

discuss about plasmons classification, and their properties in detail. The 

enormous developments in the field of plasmonic is delayed by the 

dissipative loss in the materials used in certain wavelength region [11]. 

Surface plasmons decay as they move along the surface due to the 

conversion of optical energy to heat [12]. The propagation length is 

typically determined by the excitation configuration, frequency of operation, 

and field symmetry of the plasmon mode of the supporting medium in 

addition to the metal properties [13]. 

1.1 BASICS OF PLASMONICS 
  

Photons are quanta of light and the phonons are quanta of lattice vibration. 

Similarly, plasmons are quanta of plasma oscillations [8]. They are 

collective and coherent electromagnetic oscillation coupled to electrons in 

metal. The first ever plasmons behaviour was proposed by David Pines and 

David Bohm as collective oscillation of free electron gas [14]. They 

developed a physical picture of behaviour of electron in dense electron gas. 

The free electrons of metal are influenced by a force opposite to that of 

changing incident magnetic field. The resulting motion of electron will be 

180° out of phase with charge of electron [15]. This coupling of electron 

and light in metals breaks the diffraction limit of for localization of light 
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into subwavelength dimension called surface plasmon polariton, which is 

having better field enhancement and merges both photonics and electronics 

realm [16]. 

1.1.1 Plasma frequency 

Plasmons are characterised by the frequency of oscillation called plasma 

frequency (p). The frequency of oscillation is given by 

𝛚𝐩 = √
𝐍𝐞𝟐

𝐦𝛆𝟎
 ……………….(1.1) 

where N is the density of electrons in metal, m and e is the effective mass 

and charge of electron, respectively. ε0 is the permittivity of free space [17]. 

Plasma frequency marks the distinction between the optical properties in 

materials. When the incident light frequency is less than the plasma 

frequency (ω<ωp), the light exhibit reflection property. When ω > ωp, the 

material allows the light to pass through it, and the transmission takes place 

[18]. 

1.1.2 Surface and Volume plasmons 

There exist two different types of plasmons in a material depending on its 

position called surface and volume plasmons. According to the position of 

existence of location of plasmon polaritons, they are of the following two 

types,  

1. Surface plasmon polariton: Electromagnetic excitations propagating at 

the interface between a dielectric and a conductor, evanescently 

confined in the perpendicular direction [19] 
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2. Volume (bulk) plasmon polariton: bulk plasmons that are longitudinal 

excitations in the volume of a metal, not coupled with an external 

electromagnetic field [20]  

 

 

 

 

 

 

 

 

 

Surface plasmons are widely used in applications such as plasmonic sensing 

[22], surface-enhanced Raman spectroscopy (SERS) [23], photovoltaics 

[24], and photothermal therapies [25] because of their sensitivity to surface 

conditions. While others are important in high-energy applications and are 

studied using techniques like EELS [26]. They provide insights into the 

electronic structure of materials, but are not typically used in light-based 

applications. These differences are crucial for understanding how materials 

behave in optical and electronic devices, particularly in the fields of 

plasmonics and nanotechnology. 

Surface plasmons offer efficient light-matter coupling due to the momentum 

matching mechanism that occurs when specific geometries are efficiently 

used [27], whereas the longitudinal character of volume plasmon hinders the 

coupling with light, and typically require energetic particles (like electrons) 

Fig 1.2 Schematic representations of (a) surface and (b) volume plasmons 

[15,21]  

a
) 

b
) 
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for excitation [28]. This limits their use in many light-based technologies. 

Volume plasmons occur throughout the material’s interior and are not as 

sensitive to surface conditions, making them less useful for applications 

requiring surface-level detection [29]. In the case of the surface plasmons, 

the resonance frequency can be tuned by varying the excitation mechanism, 

angle of incidence etc., as well as by altering the refractive index of the 

surrounding medium. The present study focus on the surface plasmon 

resonance investigations.  

1.1.3  Localized surface plasmon resonance (LSPR) and surface 

plasmon resonance  

 

In general, SPR occurs in two distinct forms localized surface plasmon 

resonance and surface plasmon resonance. The first deals with interaction of 

light with metallic nanostructure when the wavelength of light is 

comparable with dimension of nanostructure within the diffraction limit. 

They are non-propagative oscillations [30]. LSPR concentrates the 

electromagnetic (em) field around the nanostructure, which decays with a 

penetration depth of ~30nm [31]. The latter one deals with interaction of 

surface plasmon polariton in thin film with p-polarised light. These cannot 

be excited directly by hitting electromagnetic radiation; as discussed earlier, 

it demands a momentum matching mechanism. The enhanced 

electromagnetic field in SPR decays with penetration depth of ~100-200nm 

[31]. Comparison of LSPR and SPR sensing devices indicates improved 

sensing performance in the latter [32]. The present work focuses on the 

surface plasmon resonance excitation in thin films. In order to understand 

the principle behind the mechanism of momentum matching and surface 

plasmon excitation one should have thorough knowledge on the dispersion 

relation of light and surface plasmon polariton.  
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1.2 DISPERSION RELATION   
 

Dispersion curve shows the relationship between variation in the 

wavevector with respect to frequency of a wave. The x axis represents the 

wavevector (k) and y axis represents frequency (ω) of the electromagnetic 

wave. In plasmonics, the dispersion relation describes the relationship 

between the frequency and wavevector (or momentum) of a plasmon, which 

dictates how plasmonic waves propagate and interact with light. This is 

crucial for understanding and designing plasmonic devices.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.3 Dispersion relation of a) light line (yellow) b) through material 

(red) c) surface plasmon polariton (blue) [33] 
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For the light line in air medium, dispersion relation is given by 𝑘0 =
𝜔

𝑐
 , 

where  and c are the angular frequency of incident light and speed of light, 

respectively, which is represented by yellow colour in the Fig. 1.3.  When 

the light passes through a medium of permittivity εd, the corresponding 

momentum will change by a factor √𝜀𝑑, as indicated by red line. The blue 

line indicates the momentum corresponding to surface plasmon polariton 

(SPP) exist in metal-dielectric interface. The SPP dispersion curve therefore 

lies to the right of the light line of the dielectric (given by ω = ck), and 

excitation by three-dimensional light beams is possible by employing 

special techniques for phase-matching [8]. Higher momentum is required 

for the incident light in order to match with the SPP momentum. The 

additional momentum is obtained by adopting particular geometry 

configurations. This upcoming section reviews the most common techniques 

for SPP excitation, various optical techniques for phase-matching such as 

prism and grating coupling as well as excitation using highly focused beams 

will be presented.  

 

1.3 DIELECTRIC FUNCTION  

For plasmonic behaviour, it is unavoidable that the material must have 

negative permittivity in the frequency of interest [34]. To further understand 

negative permittivity, it is necessary to gain basic knowledge about 

dielectric permittivity. Dielectric function ε(ω) is termed as the response of a 

material to an applied external electric field.  The response varies with the 

angular frequency (ω) of the electric field/electromagnetic wave. 

The dielectric function is given by  

ε(ω)=ε1(ω)+ε2(ω)………………..(1.2) 
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where ε1, ε2 are the real and imaginary parts of the complex permittivity. 

The real part comprises the strength of polarisation by external electric field 

and imaginary part describes the loss in the polarising material [35]. Loss 

mechanisms in the near-infrared (NIR), visible, and soft-UV frequency 

ranges may be broadly classified as arising from phenomena related to 

conduction electrons (intraband effects), core electrons (interband effects) 

and lattice vibrations (phonons) [36,37]. In thin metal films, there exist sea 

of free electrons and the Drude model attributes the contribution of the free 

electron gas to the dielectric function, whereas in semiconductors there are 

both free electrons and bound electrons. In this case, Lorentz model 

provides a picture of the bound electron contribution to the dielectric 

function [38]. The electric potentials of these bound electrons can be 

described by a spring-like system, so this model accepts a unique set of 

electrons with different binding energies, where each system is a Lorentz 

oscillator.  The combined Drude-Lorentz model dielectric function, used for 

investigating the dielectric function of non-metal films is given in the 

equation 1.3 [38,39]. Detailed explanation is given experimental section 

2.7.1.  

𝜀 = 𝜀∞ −
𝜔𝑝𝑢

2

𝜔2 − 𝑖Γ𝐷𝜔
+ ∑

𝑓𝑗𝜔𝑜𝑗
2

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

… … … (1.3)

2

𝑗=1

 

where   is the high frequency dielectric constant, a constant or greater than unity; 

Γ𝐷  is the drude damping factor; and ω0j is the Lorentz oscillator with damping 

factor γj.  Γ =  
𝑒

𝜇𝑚∗ is the loss related Drude relaxation rate, or called momentum 

scattering rate [40]. 
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1.4 EXCITATION CONFIGURATIONS  

From the previous discussions, it is evident that the momentum of light line 

should be increased in order to match that of the surface plasmon polariton 

exist in the metal-dielectric interface. Phase-matching to SPPs can be 

achieved by various configurations, as described in this section.  

1.4.1 Evanescent waves  

The term evanescent means tending to vanish. Evanescent fields are non-

propagating electromagnetic fields exponentially decaying waves with 

distance, generates when total internal reflection occurs at interface between 

two media. Evanescent fields are also formed during diffraction. The non-

propagating nature is the main characteristics of evanescent wave. The 

energy of these field is confined in the vicinity of oscillating source [42]. 

Most of the field concentrated in a thin boundary layer very close to the 

interface; for that reason, it is referred to as a surface wave [43]. The 

evanescent fields have higher momentum when compared to the normal 

light.  This evanescent field can be generated to overcome the momentum 

mismatch between light and surface plasmons, in order to excite surface 

plasmon resonance.  This can be achieved through the following methods.  
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1.4.2 Prism coupling 

 

 

 

 

 

 

 

 

Phase- matching to SPPs can be achieved by adopting a three-layer system 

based on prism geometry, consisting of a thin metal film sandwiched 

between two insulators of different dielectric constants. Consider one 

insulator as air for ease. A beam reflected at the interface between the 

insulator of higher dielectric constant ε, usually in the form of a prism, as 

shown in Fig.1.5. The in-plane momentum of metal is given by [8], 

𝐾𝑥 = 𝐾√𝜀 𝑠𝑖𝑛𝜃……………(1.4) 

which is sufficient to excite SPPs at the interface between the metal and the 

lower-index dielectric, i.e. in this case at the metal/air interface. This way, 

SPPs can be excited. The coupling scheme is based on the attenuated total 

internal reflection. 

Fig. 1.4. Schematic diagram of the prism geometry configuration for SPP 

excitation (a) Otto configuration and (b) Kretschmann configuration 
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The coupling can be done in the following two configurations, as shown in 

Fig.1.4. 

• Otto configuration: The p polarised light falls on the prism tunnel 

through the thin air gap and falls on the metal air interface at an angle 

greater than critical angle, and acquire sufficient momentum with the 

generation of evanescent waves, as seen in Fig. 1.4 (a). The change in the 

refractive index of sensing medium will change the SPP excitation 

wavelength [44]. 

• Kretschmann method: In this configuration, the metal film coated on 

glass substrate is attached to the prism by a suitable index matching fluid. 

The p polarised light falls on the one side of prism at an angle greater than 

the critical angle, and the evanescent field will be generated outwards at the 

metal-air interface, which will have sufficient momentum to excite the 

polariton in metal-dielectric interface. Proper thickness of the film is 

necessary for the SPP excitation. Corresponding excitations are sensitive to 

the refractive index and temperature changes in the surrounding/sensing 

medium [45]. 

The most commonly used configuration with ease of device fabrication is 

offered by Kretchsmann configuration methodology. The prime importance 

for this configuration is the improved and high sensitivity for detecting 

surface plasmon resonance compared to other techniques [46].   
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1.4.3  Waveguide geometry  

 

 

 

 

Optical waveguides are waveguides that transmit light through the principle 

of total internal reflection, using a core surrounded by a cladding with a 

lower refractive index. Light will propagate through a multimode optical 

fibre only if it enters the fibre at certain discrete angles and depends on the 

core and cladding. The removal of a small portion of cladding and coating it 

with metal film. When light enters at an angle greater than the critical angle 

of core-metal interface, the evanescent wave will be generated at the 

uncladded portion, as in the case of the prism geometry, which couples with 

the surface plasmon polariton exist in the metal surface. The extend of 

coupling depends on the mode of the fibre, geometry of the fibre, numerical 

aperture of the fibre etc. [47].   

The optical waveguide geometry miniaturises the device size, however, one 

need to remove the cladding and coating the fibre carefully to coat the metal 

film. This configuration is largely used in the medical diagnostic industries, 

where the dimension of the device matters [48]. 

Fig. 1.5  Schematic representation of waveguide configuration for SPP 

excitation 
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1.4.4 Grating configuration 

 

 

 

 

 

 

 

 

The grating configuration uses a diffraction grating platform for exciting 

surface plasmon resonance. Eliminating the need for bulk prisms will 

further miniaturise the devices. Such devices are having higher flexibility 

and simplicity in designs [49,50]. The periodic patterns on the surface of 

metal film provides an additional momentum for the incident light. The 

grating pattern facilitates the coupling of incident light whenever the 

momentum matches as per the given equation, 

𝐾𝑆𝑃𝑃 = 𝑘 𝑠𝑖𝑛𝜃 ± 𝑣𝑔…………………(1.5)   

where v =1,2,3,.. and 𝑔 =
2𝜋

𝑎
, a is lattice spacing of pattern [51]. Depth of 

grating, periodicity of grating pattern, choice of metal film all depends on 

the SPR excitation curve nature [52]. They are widely used in chemical 

Fig. 1.6  Schematic diagram indicating the grating configuration for SPP 

excitation  
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sensing and microfluidic analysis. Although it offers a miniaturisation of 

device, patterning of the metal surface requires sophisticated techniques 

such as lithography and that increase the cost of the device [53]. 

 

1.5 AREAS OF APPLICATION IN PLASMONICS 
 

The first ever application of plasmonics is found in the ancient drawings. 

Mixing different sizes of gold and silver nanoparticles with glass produced 

different coloured glasses which were used for decorating buildings, some 

examples of early glassworks include, the Lycurgus Cup - a cup, which 

shows a green colour when shown under reflecting light conditions and red 

when shown in transmitting light conditions, as shown in Fig.1.6(a) [54]. 

The artwork found in the windows of Cathedrals like that of the north rose 

window of Chartres Cathedral in Chartres, France is shown in Fig.1.6(b) 

[55]; this is another example of early glasswork that was later discovered to 

be based on plasmonics. Current application realm of plasmonic is much 

wider and extends to the telecommunication [56], transformation optics 

[57], metamaterials [58], and optical tweezers [33], etc.  

 

 

 

 

 

 
Fig 1.7  (a) Lycurgus Cup (a) in reflected light and (b) in transmitted light,      

(c) Chartres Cathedral Window 

a b c



Introduction to Plasmonics  

Study of Surface Plasmon Resonance in Transition Metal Nitride Thin Films  16  

 

The telecommunications industry has reached a point where 6G networks 

are required for communication. Here, the exploitation of the THz spectrum 

from infrared to visible is possible to meet the increasing demand for high 

data speed, wide bandwidth, low power consumption, and high on-chip 

integrability [59-62]. In this context, the unique ability of metallic structures 

to capture and concentrate light at subwavelength dimensions has emerged 

as a promising solution. In contrast to their photonic (limited in size by 

diffraction laws) and nanoelectronics (interconnection), where transmission 

are carried out by electrons and photons. By leveraging the properties of 

plasmonic modes, which involve the resonant coupling of electromagnetic 

waves to collective free-electron oscillations at metal surfaces, a new realm 

of possibilities has emerged. The potential for developing devices that 

combine the high data speed of optical signals with the compact size of 

Fig 1.8 Various applications in plasmonic realm 
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electronic circuits holds great promise as discussed in introduction section. 

This can be achieved through the synergistic integration of photonic, 

plasmonic, and electronic components on the same chip, enabling the 

realization of ultrafast board-to-board and chip-to-chip communications 

[63–65]. Furthermore, the utilization of surface plasmon resonances has 

opened doors for applications such as wireless optical links, optoelectronic 

conversion of optical-to-THz and THz-to-optical signals [66]. These 

advancements not only address the need for faster technologies but also 

pave the way for cost-effective approaches in telecommunication and 

sensing, ultimately benefiting humanity in various ways. The integration of 

metallic structures into telecommunications technology has revolutionized 

data transmission, power consumption, and on-chip integrability. Now, with 

the seamless integration of fibres-to-THz communication front-ends and the 

exploration of nanoscale analogies of radio frequency (RF) antennas in the 

optical frequency range, there is a vast potential for advancements in 

telecommunications technology [67–71].  

In the year 2019, an unforeseen illness referred to as the coronavirus 

(SARS-CoV-2) was identified in Wuhan, China, triggering a worldwide 

pandemic. Moreover, the coronavirus has had a substantial impact on the 

global economy and has led to a discernible shift in the societal behaviour of 

individuals in order to prevent contracting the rapidly transmissible, 

infectious virus [72]. Conventional methodologies typically entail a 

culturing period ranging from 2 to 24 hours, as seen in RT-PCR. 

Consequently, there was a pressing need for immediate identification 

techniques of the virus that could provide precise, dependable, and 

instantaneous outcomes to contain the further spread of the virus. So 

Plasmonic technology presents an effective sensing approach in relation to 

the real-time process [73].  
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A high numerical aperture (NA) microscope objective serves as the 

foundation for optical tweezers, focusing a laser beam to create a gradient 

force at the focus. The optical potential well formed by this point has the 

ability to capture objects as small as microns. However, the precision of 

trapping is limited because the diffraction limit dictates that the size of the 

focal spot must be on the same order as the wavelength of the focused light, 

or several hundred nanometres [74-75]. Surface plasmon engineering has 

the most potential for manipulating objects at the nanoscale among the 

various subfields of near-field nano-optics. The strong light absorption and 

scattering characteristics of microscopic metallic objects make conventional 

trapping difficult [76–78]. However, plasmonic configurations can get 

around these challenges [79]. These challenges will be discussed next.  

1.6 Limitation of conventional plasmonic materials 

Irrespective of wider application field of plasmonics, the materials required 

for these application needs more consideration in recent scenario. The most 

widely used plasmonic materials are conventional metals such gold, silver, 

aluminium. The most and primary property of the plasmonic material is to 

have adequate carrier concentration in order to have plasma frequency in the 

respective wavelength region of interest [80]. Hence, metals are highly 

favoured in visible region since they have a carrier concentration of the 

order of 1023/cm3 in turn shows a surface plasmon resonance excitation in 

UV-visible region. 

In the plasmonic realm, silver and gold are known as conventional 

plasmonic material since centuries because their SPR is observed in visible 

region. SPR is observed in UV region for most of the other metals. In gold 

and silver, the d-electron bands have lower energy than the conduction 

bands [81].  
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In order to qualify a material for plasmonic applications, necessary criteria 

are to have negative permittivity and low loss nature within the desired 

wavelength range [33]. Hence, evaluation of dielectric function is next 

prime criteria for the occurrence of surface plasmon resonance. With respect 

to Depending on the sign of the real part of the dielectric constant (ε1), a 

material may be classified as either metallic (plasmonic) or dielectric[82]. 

Plasmonic materials show a negative real part of the permittivity in the 

desired wavelength region, whereas dielectric materials show a positive real 

part of the permittivity in the wavelength range of interest. Value of the 

imaginary part of the dielectric constant (ε2) indicates optical losses in these 

materials [83]. As the ε2 value increases, the optical losses will also increase. 

To reduce optical losses, materials with a small imaginary component of the 

permittivity are generally favoured.  

 

 

 

 

 

 

 

 

 

 

 
Fig 1.9  Contribution of different factors in the dielectric loss (ε2) in gold metal 

film [89] 
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The loss mechanism in plasmonic material mainly arises from the 

interaction of conduction and bound electrons inside the material [84]. The 

imaginary part of permittivity depends on three important loss mechanisms: 

interband transitions, intraband transitions and additional scattering losses 

due to defects in solids [85]. Losses from the conduction electrons emerge 

from interactions of electron-electron and electron-phonons, which comes 

under the intraband effects. Losses due to intraband contributions primarily 

arise from conduction-band electrons. Since the conduction electrons have a 

near continuum of available states, their interaction with an electromagnetic 

field is well described by classical theory [86-87]. Along with that the grain 

boundary scattering and lattice defect scattering contributes to the loss. Fig. 

1.9 shows the dielectric loss present in gold sample predicted by Johnson et 

al., which depicts the contribution of intraband and interband transition to 

the imaginary value of the permittivity [88]. The increased imaginary 

permittivity value of metal in optical frequency region deteriorates the 

plasmonic properties. Hence, it is ideal to have a material with lower 

imaginary permittivity values. Apart from this there are many other reasons 

that leads to the development of alternative plasmonic material, which are 

listed below. 

• High value of real part of permittivity: For designing the transformation 

optic (TO) devices, the major consideration is given to ratio of real part 

of permittivity of metal and dielectric must be nearly comparable 

[89,90].  The primary criteria is to have balanced polarisation response 

from metal and dielectric [91,92]. The geometric fill fractions of the 

metal and dielectric is highly tunable to match the design requirements 

when it fulfils the above criteria. Thus, the value of real permittivity 

should be low, to have comparable nature to that of dielectric. However, 
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the metals are having high value of real permittivity, which hinders 

application in TO devices.  

• Nanofabrication challenges: Due to the distinct morphology of metal 

films, when they are deposited by thermal means, they grow as 

discontinuous films, and island formation may also occur, which affects 

the optical properties of the metal film [93]. In addition, metals are 

having adhesive issue on some substrates and shows a percolation 

threshold when grown on glass and other common substrates [94,95].  

• Grain boundary scattering: Thick films will always have large grains 

and thin films have small grain structure that will increase the grain 

boundary scattering in thin films [96]. This grain boundary scattering 

increase the dielectric loss [97]. To eliminate grain boundary scattering 

in metals, there are attempts to enable single crystal growth [98]  that 

further reduces dielectric loss by reducing grain scattering 

contribution[99], 

• Surface roughness: In metal films, there is an increased roughness 

property, which drastically affect the dielectric permittivity [100]. 

• Chemical stability: Metals such as silver are prone to surface oxidation 

when exposed to the atmosphere, which creates additional problems in 

device manufacturing and integration [101]. 

• Compatibility issues: Metals generally gold are not compatible with 

CMOS fabrication process, this further complicates nanoelectronics and 

plasmonic device integration. Since the metals diffuse into silicon 

forms defects [102].  

• Tunablity issues: Carrier concentration in metals are not tunable, and 

hence the optical properties. 
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• Expensive: Conventional plasmonic materials, such as gold and silver, 

are highly expensive. The versatility of the plasmonic devices is 

effected by the cost of the device. 

In the overall situation, metals are not a convenient choice in the application 

of point of view. For real applications, the drawbacks in employing 

conventional noble metals must be rectified. They have to be replaced by 

more STABLE, TUNABLE, COST-EFFECTIVE materials. This introduces 

the novel realm of research “ALTERNATIVE PLASMONIC 

MATERIAL”. 

 

 1.7 ALTERNATIVE PLASMONIC MATERIALS 

The hunt for efficient plasmonic materials necessitates the development of 

alternative materials capable of overcoming the aforementioned issues. As 

described above, the main idea is to have a material with reduced value of 

real permittivity and imaginary permittivity (loss) than metals to make it 

suitable for TO devices and metamaterial application [103-106]. Metal 

losses can be minimized using a variety of methods. However, methods that 

are easily implementable and incorporated into devices are the most 

technologically significant. 

1. Turning a semiconductor to metallic behaviour:  By heavily doping, 

semiconductors can be converted to possess enough free carriers, 

and the material's optical properties become metallic in the desired 

wavelength range [104,105]. 

Example: Transparent conducting oxides (TCO) [106] III-V 

semiconductors [107] 

2. Metals to less metallic: Reduce free carriers from metals by 

converting to other compounds, so as to reduce the carrier 
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concentration to the desired value to have lower real part of 

permittivity in desired wavelength range [108,89]. 

Example: Silicides and Germanides, Transition metal nitrides etc 

Both these approaches resulted in the successful development of alternative 

plasmonic material with better plasmonic characteristics than the traditional 

plasmonic metals. In the first category, transparent conducting oxides are the 

better alternative, where metal oxides are subjected to efficient doping. 

Indium tin oxide (ITO) [109], Gallium doped zinc oxide (GZO) [108], 

Aluminium doped zinc oxide (AZO) [110, 111] are of prime importance 

with achievable carrier concentration ~1021/cm3 with plasma frequency in 

NIR region [107]. These materials pose solid solubility issues while trying 

to increase the carrier concentration by doping, and hence that they are not 

suitable as alternative plasmonic materials in the visible region [112]. 

Transition metal nitrides (TMN) plays a replacement in this scenario, as 

they can have carrier concentration in the order of 1022/cm3 with plasma 

frequency in the visible region [113]. The optical properties of TMN largely 

depend on the deposition conditions because of their non-stoichiometric 

nature [114]. The composition of metal nitrides varies from metal-rich to 

stoichiometric and then nitrogen-rich. Thus, by careful tuning of the 

compositions, the carrier concentration, plasma frequency and other 

properties can be altered.  

This entire work focuses on alternative plasmonic materials that exist in the 

visible region of the electromagnetic spectrum. Hence, it is adequate to 

choose TMN such titanium nitride, zirconium nitride as metal alternatives in 

plasmonics realm.  A more detailed structure-property overview of titanium 

nitride (TiNx) and zirconium nitride (ZrNx) is detailed below. 
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1.8 PLASMONIC PROPERTIES OF TRANSITION METAL 

NITRIDES 

Fig 1.10 illustrates the comparison of dielectric function values of 

conventional metals, TCO and transition metal nitrides [89]. Analysis of real 

and imaginary permittivity values of different materials conveys which is 

the best alternative plasmonic material. Here, the motive is to develop a 

material with lower loss and negative permittivity in visible region of 

electromagnetic spectrum. Titanium nitride and zirconium nitride serve as 

better alternative in this scenario. Furthermore, when focusing on the visible 

region of the spectrum, it can be seen that gold has a higher value of 

imaginary permittivity than TiN and ZrN. Therefore, this proves that TCO is 

a better alternative in the NIR region, while TMN is in the visible region. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1.10 Comparison of the dielectric functions in different materials [89] 
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1.9 TITANIUM NITRIDE 

Titanium nitride (TiN) is a hard ceramic material that has been widely used 

in industry to create protective coatings over cutting tools and air craft 

components [115-117]. As already pointed out, TiN's stoichiometry affects 

all of the material properties, including its appearance, conductivity, 

hardness, and other characteristics. In the world of materials, engineering of 

TiN's stoichiometry for specific application become crucial. To obtain 

variable non-stoichiometric compositions in the material, it is necessary to 

vary the deposition conditions. The colour of titanium nitride films can be 

varied from metallic grey to light yellow by varying the nitrogen partial 

pressure during vacuum deposition of the films. Such coatings are excellent 

for high-temperature ornamental automobile applications because of 

variable colour and temperature withstanding nature [118-119]. The 

covalent bond between titanium and nitrogen makes them tougher. The 

refractory metal nature of transition metal nitrides qualifies them for high 

temperature device application. TiN films are also attractive due to their 

lower electrical resistivity in the range of 50-200 μΩcm, depending on the 

stoichiometry of the compound [120]. They are extensively used in the field 

of microelectronics as barrier diffusion layer [121], adhesion layer [122], 

and are also compatible with CMOS technology [123]. In recent research 

scenario, theoretical predictions on titanium nitride as an alternative 

plasmonic material in the visible and near-IR region using a prism geometry 

configuration have been reported based on its tunable stoichiometry [124]. 

Plasmonic promises break-through in device application of electronic 

devices [125], bio-sensing [126], solar energy harvesting [127-129] and 

anti-reflection coatings[130]. The primary benefit is its tailorable material 

properties with deposition conditions, and the lower dielectric loss inherent 

with wide band gap and reduced intra-band transitions [131]. 
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Titanium nitride exist in three distinct crystal structures (i) face-centered 

cubic (fcc), (ii) hexagonally close-packed (hcp), and iii) simple hexagonal 

(hex) [132]. The structure varies with respect to the stoichiometry in the 

samples [133]. The stable composition of titanium nitride ranges from TiN0.6 

to TiN1.16, which exist in cubic symmetry and lattice constant in that case is 

a = 0.4241 nm [134]. The vacancies in the film attributes to further optical 

and electrical properties in films. 

TMN can be tuned to exhibit plasmonic properties in both visible 

and NIR region [135-137], due to the higher tunablity of their carrier 

densities. Carrier concentration largely depends on the composition of 

metal-nitrogen. Being metal, titanium is having higher carrier concentration, 

and the carrier concentration decreases with the addition of nitrogen. This 

transition metal compound is formed with a hybridized N 2p/Ti 3d covalent 

bond and a Ti 3d metal bond [138,139]. The outer 3 electrons in Ti metal 

forms covalent bond with nitrogen and one remains redundant. This metal 

bond further causes the stoichiometric TiN  to have 1022/cm-3 carrier 

concentration since 1cm3 of TiN comprises 1022 Ti atoms[140,141]. These 

redundant electrons cause modification in the band structure by forming a 

Fig 1.11 Crystal structures of titanium nitride [131] 
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shallow donor level below fermi level of TiN [142]. These electrons require 

lower activation energy and get promoted to the conduction band. All these 

factors necessitate the study of composition tunablity associated with the 

plasmonic properties in the films. 

Mena et al investigated the comparative performance TiN and Au for near 

and far field nanoantenna applications with localised surface plasmon 

resonance phenomena, by fabricating nanostructures on TiN film [143]. 

Similarly, Guler et al reported the high absorption properties of TiN 

nanostructures with 50nm cubic nanoparticle [144]. These authors used 

lithography process to fabricate nanostructure for plasmonic excitation. 

However, thin films possessing enhanced electrical and optical properties 

can be explored for surface plasmonic resonance applications in prism 

geometry configuration, and can be used conveniently for various sensing 

applications. Qiu et al reported surface plasmon resonance excitation of TiN 

thin films via prism geometry configuration; however, it lacks the support of 

electrical and optical property analysis [145]. Further, there are reports on 

the developments of reusable TiN substrate for surface plasmon resonance 

based heterodyne phase interrogation sensor [146]. 

The fabrication route for transition metal nitride thin film has 

attracted significant interest due to their potential application and properties, 

as explained. Since material properties depend largely on 

composition/stoichiometry, adopting various fabrication routes will provide 

more opportunity to clearly tune the composition. In general, the fabrication 

routes of TiN for these applications consist of expensive techniques, such as 

physical vapour deposition (PVD) [123] and chemical vapour deposition 

(CVD) [147]. The high complexity of these routes and the associated high 

maintenance cost of the systems is one of the main reasons to necessitate the 

development of simple processing routes for the fabrication of TiN films. 
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The overall work aims to develop cost-effective fabrication routes through a 

step-by-step modification of the ammonia gas nitridation process for 

plasmonic titanium nitride thin films. For a better understanding, vacuum 

technique is also used in this work to identify material properties.  

 

1.10 ZIRCONIUM NITRIDE 

 

 

 

 

 

 

 

 

 

Zirconium nitride (ZrN) is another class of alternative plasmonic material 

belongs to the same category of transition metal nitrides. Zirconium metal, 

similar to the other metals (eg. Ti, Hf) of the group IVb of the periodic table 

of elements, has hexagonal structure and has four valence electrons. In 

particular its electronic configuration is [Kr]4d25s2, and it forms bonds with 

N atoms (valence electronic configuration 2s22p3) [149]. Nitrogen is 

miscible in a wide range of stoichiometries into hcp Zr. The formation of the 

equi-atomic compound having cubic rock salt structure (B1-ZrN) is the 

most distinct feature of zirconium nitride [150]. B1-ZrN is a widely studied 

Fig 1.12 Crystal structure of zirconium nitride [148] 
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material, due to diverse range of applications, such as solar selective 

coatings [151], infrared reflectors [152], protective and decorative coatings 

[153,154], superconductors [155-157], diffusion barrier layers [158-160], 

and photovoltaic back-contacts [161-164]. In comparison to titanium nitride, 

zirconium nitride exhibits 3 characteristic differences. 

1. Higher oxidation resistance [165]  

2. Lower dielectric loss: The carrier density remains the same for 

plasmonic behaviour to occur in the visible region, resulting in stronger 

and blue-shifted plasmonic response in comparison to TiN [166]. 

3. Lattice constant: Large lattice constant (0.4567nm) in comparison to 

titanium nitride [165]. 

Although ZrN possess similar behaviour to TiN, there is remarkable 

difference in its optical properties. In 1969, Knosp et al. first investigated 

the optical properties of zirconium nitride [167]. For the plasmonic activity, 

both the nanoparticle and thin film forms can be used. Researchers reported 

ZrN nanoparticle fabrication by laser ablation and wire explosion methods 

[168,169]. For the analysis of the dielectric function, ellipsometry or 

reflectance measurements have been used in the available literature. This 

thesis focusses on the plasmonic properties of materials in the visible 

region. Figure 1.13 represents a very focused comparison of the TiN and 

ZrN dielectric functions in the visible region of the electromagnetic 

spectrum, calculated from the data sets [170]. From Fig 1.13(a), the negative 

value of the real part of permittivity of ZrN is higher than that of titanium 

nitride, and lower than that of conventional metal gold. Of primary 

importance is the screened plasma energy or cross-over energy (Eps), which 

is the spectral energy at which  = 0, which exhibits a blue shift in 

wavelength [171]. In addition to this, the dielectric loss, ε2, is lower in 
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comparison to TiN. Overall, ZrN has been shown to be a better plasmonic 

material than TiN [149].  

 

1.11 MOTIVATION OF THE WORK  

In 2019, Chang et al. reported the deposition parameter dependence on the 

plasmonic behaviour of titanium nitride thin film during RF sputtering 

process [172].  As discussed in section 1.9, transition metal nitride films are 

composition dependent, and composition tunability further tunes the 

plasmonic nature. The problem lies with the sophisticated vacuum-based 

technique required for this film fabrication. In this thesis, the initial chapter 

focusses on analysing the deposition parameter dependency of titanium 

nitride compositions in RF sputtered films. In this thesis, the initial chapter 

focuses on analysing the deposition parameter dependence of titanium 

nitride compositions in RF sputtered films.  In view of the initial vacuum-

Fig. 1.13.  The spectra of the real (a) and imaginary (b) parts of the 

permittivity of Au, TiN and ZrN versus wavelength [170] 
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based approach inferences, a newer fabrication route, nitridation with 

ammonia, is opted for plasmonic titanium nitride film fabrication. The 

advantage is on the cost-effectiveness associated with this fabrication route. 

In Chapter 6, the plasmonic properties of zirconium nitride, an improved 

alternative material, are discussed; the films for this study were fabricated 

using a vacuum deposition approach. 

1.12 OBJECTIVES OF THE THESIS 

The prime objectives of the thesis entitled “Study of surface plasmon 

resonance in transition metal nitride thin films” are as follows 

1. Investigation of plasmonic properties in RF sputtered titanium 

nitride thin films 

2. Investigation of plasmonic properties in TiNX thin films derived 

from nitridation of titanium metal films. 

3. Investigation of surface plasmon resonance properties in TiNX thin 

films fabricated from spin coated TiO2 thin films 

4. Investigation of plasmonic properties in DC sputtered zirconium 

nitride thin films 
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This chapter presents a brief report on the synthetic approach utilized to 

prepare plasmonic transition metal nitride thin films, as well as the methods 

for investigating their structural, morphological, electrical, and optical 

properties to pave the way for further research on plasmonic excitations. 

There are several processes for the deposition of thin layers of transition 

metal nitrides on substrates. Here, we report on the thin-film fabrication 

using both gas nitridation and sputtering techniques. We have chosen a 

general approach for characterising the coated nitride films, which consists 

of grazing incident x-ray diffraction and x-ray photoelectron spectroscopy 

for initial structural validation. The vacancy defect in the films were 

investigated by Raman spectroscopic analysis. Field emission scanning 

electron microscopy was used for the investigation of surface morphology 

of the films. Roughness analysis has been carried out with atomic force 

microscopic technique. High carrier concentration is necessary for 

exhibiting plasmonic behaviour in materials.  In order to prove the required 

negative permittivity in the desired wavelength, the reflectance spectra of 

the films were recorded, and from which the real and imaginary values of 

the permittivity has been extracted using Drude-Lorentz approximation. 

After establishing the required carrier concentration, negative permittivity, 

and low loss behaviour in thin films, the surface plasmons were excited 

using prism geometry configuration. The experimental methods are 

explained in the following sections. 

2.1 SUBSTRATE CLEANING 

In general, the substrate used for the thin film deposition in this study is 

soda lime glass (SLG) because of the availability and low-cost. The 

contamination presents on the sample severely affect the physical adhesion 

and other targeted properties of the films. Hence, Substrate cleaning is 
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crucial to obtaining a uniform, defect-free film coating. In order to clean the 

substrate free of dust and other particles and also from organic residues, a 

unique substrate cleaning process is adopted for both SLG and quartz, as 

shown in Fig. 2.1 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Finally, the cleaned substrates were dried in flow of nitrogen gas and kept in 

desiccators. 

2.2 Coating techniques 

 

In general, the transition metal nitride (TMN) films were fabricated via 

complex techniques such as atomic layer deposition [1], chemical vapour 

deposition (CVD) [2], pulsed laser deposition [3] and physical vapour 

deposition (PVD) [4]. Here,  the objective was to fabricate nitride thin films 

through cost-effective approach. Solution-based methods and vacuum based 

Fig 2.1  Process flow for the substrate cleaning 

Ultrasonication in soap water (15 min) 

Ultrasonication in distilled water (15 

min) 

Ultrasonication in Isopropanol (15 

min) 

Ultrasonication in Acetone (15 min) 
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methods  are available for the fabrication of thin films. The solution-

based methods are simple and cheaper as compared to other methods. As 

discussed in chapter 1, the first focus on the fabrication of titanium nitride 

thin films was via RF reactive magnetron sputtering. The study then 

extended first to gas nitridation, where the base film was coated on 

substrates using vacuum-based method, and then to a complete solution-

based fabrication approach. 

2.2.1 Magnetron reactive sputtering 

Sputtering is one of the vacuum-based thin film deposition techniques. The 

momentum transfer between plasma ions and target molecule give rise to 

erosion of target material, and these molecules/atoms are condensed onto 

substrates forming a thin film of the same. If the plasma ion is having 

positive charge, it is called cathodic arc sputtering [5-6]. Prior to deposition, 

if there is a chemical reaction between sputtered atom and gas present inside 

the chamber, then it is called reactive sputtering. The process is carried out 

at 10-3 to 10-6mbar of pressure that enables contamination-free thin film with 

high purity. 

In this study, a reactive sputtering technique has been used for the formation 

of transition metal nitride films. The metal particles were bombarded from 

the metal target using Ar+ ions in plasma and the ejected metal particles 

reacts with nitrogen and forms transition metal nitride, which is deposited 

on the rotating substrate kept above the target inside the vacuum chamber. 

Depending on the voltage applied between substrate and target, there exist 

radio frequency (RF) sputtering and direct current (DC) sputtering. In  RF 

sputtering, an AC voltage with a frequency 13.56 MHz is used so that 

polarity between substrate and target is altered. In order to direct the 

sputtered atoms, a particular magnetic alignment is provided below the 
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target called magnetron. Magnetic field lines of magnetron will focus the 

plasma and controls sputtered materials to the substrate, which will enhance 

the deposition rates. DC sputtering uses only conducting metal targets 

whereas both conducting and non-conducting targets are used in RF 

sputtering [7]. 

 

 

 

 

 

 

 

 

The schematic of a sputtering process is shown in Fig 2.3. The chamber is 

connected to a vacuum pumping system comprising of a rotary pump to 

evacuate the chamber to a base pressure of 10-3 mbar along with a high 

vacuum pump such as diffusion or turbomolecular pump that produces a 

vacuum up to 10-8 mbar. Low pressure increases the mean free path of the 

molecules and allows them to reach the substrate without losing energy via 

further collisions. Proper optimisation of sputtering power, working 

pressure, substrate to target distance and substrate temperature are required 

for obtaining good quality thin films. The substrate were loaded onto a 

rotation stage and rotation was optimised to 10rpm to ensure the uniformity 

in the coated films. Mass flow controllers are used in order to purge specific 

amount of sputtering and reactive gases. Two types gauges are used for 

Fig 2.2 Schematic process indicting sputtering method  
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measuring pressure inside the chamber, a) penning gauge with pressure 

range from 10-3mbar to 10-8mbar and b) pirani gauge up to   10-3mbar 

In present work, a Hind High Vac make sputtering system equipped with 

diffusion and rotatory pump, having 2’ magnetron was used for coating.  

The schematic diagram of the whole equipment is shown in Fig 2.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.2.2 Spin coating 

Spin coating is an age-old, efficient, cost-effective technology belongs to 

solution based thin film deposition technique. In spin coating, the precursor 

solution is dispensed on a flat surface and the spinning of the substrate 

spread the solution uniformly throughout the area forming thin films. The 

1. Vacuum chamber  

  

2. Penning gauge   

  

3. Vacuum interlock Switch

  

4. High vacuum valve 

  

5. Needle valve  

  

6. Liquid nitrogen trap 

  

Fig 2.3 schematic of sputtering 

system 
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whole process consist of 3 steps solution dispense, spinning of the substrates 

and drying of the film [8]. The properties of the film and thickness depends 

on  precursor solution, substrate, substrate rotation, adhesive nature of 

solution etc. The steps involved in the process is as shown in Fig 2.4. 

 

 

 

 

 

 

 

Solution dispenses  

There exist 2 different mechanisms to dispense solution on the substrate.  

Static dispense : A particular amount of precursor solution is placed on 

centre of the substrate and then the chuck is rotated at a particular speed. 

The amount of solution dispensed depends on the viscosity of the solution 

and dimensions of the substrate. To ensure proper coverage over the entire 

substrate, more solution is required when the viscosity is higher and the 

substrate area is larger. 

Dynamic dispense: the solution is dispensed while rotating the substrate on 

low speed. This will ensure uniform coating of the film and avoid wastage 

of the coating solution. 

 

Fig 2.4 Steps involved in spin coating 

technique 
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Spinning of substrate 

The dispense step is followed by spinning of the substrate. The chuck is 

rotated with higher spinning speed for a particular time, which results in the 

proper spread of the dispense solution on top of the substrate. The spinning 

speed, spinning duration along with viscosity and concentration of the 

solution affects the thickness of the film [9]. The centripetal force allow 

thinning of the solution on the substrate. The thickness of the film (hf) is 

inversely proportional to square root of the angular speed (ω) [5]. 

Solvent evaporation  

Drying step depends on the precursor solution; this step carry out the 

evaporation of solvents and stabilizing agents in the solution. This step is 

optional if the solvents evaporates in the room temperature. For thick 

solutions higher drying time is necessary to achieve stability of the thin 

films.  

In order to deposit TiO2 thin films for the present work, a Chemat 

Technology make KW-4A spin coater was used. A hot plate is used for 

drying the coated film. The image of the spin coater used for the study is 

shown in Fig. 2.5. 

 



Experimental Techniques 

Study of Surface Plasmon Resonance in Transition Metal Nitride Thin Films  54  

 

2.2.3 Gas nitridation 

 

 

 

 

Fig 2.6 Schematic of the nitridation process 

Fig 2.5 Images of (a) spin coater unit and (b) hot plate 
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Nitridation is a surface reaction procedure widely used for metal container 

case hardening in industries, since metal-nitrogen covalent bond formation 

promotes hardness in the material. Introducing nitrogen as a component can 

be achieved using liquid, gas or plasma ion nitriding. Nitrogen can be 

introduced as an element using liquid, gaseous, or plasma ion nitriding. Gas 

nitriding is a thermal treatment process for diffusing nitrogen into steels by 

introducing ammonia (NH3/N2) gas in a furnace and heating to desired 

temperature. Ammonia gas has been used for the gas nitridation because of 

the easiness in producing nascent nitrogen. Tjokro et al reported faster 

internal nitridation rate while using ammonia atmosphere [10], which is 

attributed to the lower N–H bond energies in ammonia, compared with the 

N–N bond energies in N2 [11-12]. It disassociates at lower temperature 

(~450°C), compared to the nitrogen gas (~3000°C), to nascent nitrogen, and 

constitutes the nitrogen source. 

2NH3             2[ N] + 3H2     ………… (2.1) 

In order to successfully carry out repeatable nitriding process, the following 

process parameters should be controlled adequately. This can be 

incorporated with simple instrumentation and methods. 

 

(i) Furnace temperature 

(ii) Duration of nitriding process 

(iii) Gas flow rate 

(iv) Process chamber dimension 

 

The schematic diagram indicating the nitridation setup is shown in Fig. 2.6. 

The purging gas lines were completely made of stainless-steel lines and 

fittings due to the corrosive nature of the ammonia gas. The advantage of 
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nitridation over other process is the easiness to carry out the process and in 

addition, the hydrogen produced will impart a reduced atmosphere in the 

chamber (quartz tube). 

 

2.3 STRUCTURAL ANALYSIS 
 

Both qualitative and quantitative analysis of transition metal nitride thin 

films were carried out using X-ray diffraction, x-ray photoelectron 

spectroscopy and Raman studies. Each technique is described in detail in the 

following sections. 

2.3.1 Glancing angle XRD 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.7 Schematic diagram of a) X-ray diffraction b) grazing incidence XRD [13] 
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Xray diffraction is non-destructive first ever characterisation technique of 

any material study to confirm the structure and phase purity of any material. 

The interplanar distance of any material lies in the wavelength comparable 

to that of x-ray radiation, and hence diffraction occurs. When x-ray radiation 

(generally Cu Kα radiation) is incident on crystalline material with long 

range order, the diffraction occurs and the pattern obtained will be a 

fingerprint of the particular material composition. The schematic diagram 

describing the x-ray diffraction is shown in Fig. 2.7(a). 

The Bragg’s law, which gives the criteria for obtaining a diffraction pattern, 

is given by 

𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃…….. (2.2) 

where n is the integer represents order of diffraction, θ is the angle of 

diffraction, d is the interplanar spacing and λ is the wavelength of the x-ray 

used. For each diffraction angle that satisfy the above condition, there 

occurs a diffraction peak, which gives information about the interplanar 

spacing, crystalline structure and phase purity. In the case of thin films 

coated on substrates, to nullify the contribution of the substrate, the 

diffraction pattern of thin films is analysed using Grazing Incidence X–ray 

diffraction (GI-XRD) technique. The penetration depth of the x-ray beam is 

controlled by adjusting the grazing angle in the GI-XRD setup. The 

schematic diagram of GI XRD set up is shown in Fig. 2.7(b). The 

penetration depth is given by  

Penetration depth =
𝑆𝑖𝑛𝛼

𝜇
 ……………(2.3) 

where α and μ are the grazing angle and linear mass absorption of the 

material of interest, respectively [14]. 
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Comparison of the measured diffraction data with the standard Powder 

Diffraction File (PDF) provided by the International Centre for Diffraction 

Data (ICDD) will confirm the phase. In the present study, the as-prepared 

samples were analysed with GI-XRD mode using Rigaku make Ultima IV 

machine. 

Rather than the lattice parameter, the GI-XRD pattern is also used to 

estimate the crystalline size, lattice strain, dislocation density, density of the 

sample and several other structural parameters. The well-known Scherrer 

formula is used to estimate the average crystalline size ‘D’ [15], 

D =
0.9λ

β COSθ
……………………….………(2.4) 

where  and  are the x-ray wavelength and the full width at half maximum 

(FWHM) at the corresponding θ position of the peak, respectively. Lattice 

constants (a, b, c) can be estimated from the obtained d value from the XRD 

pattern; the structure corresponds to stoichiometric transition metal nitride is 

cubic and the lattice constant a=b=c and α=β=γ=90° is estimated using the 

equation, 

𝑑 =
𝑎

(ℎ2+𝑘2+𝑙2)
1

2⁄
…………………..……….(2.5) 

where h, k, l are the miller indices corresponding to each plane. 

2.3.2 X-ray photoelectron spectroscopy 

X-Ray photoelectron spectroscopy is the highly sophisticated surface 

sensitive technique used to measure elemental composition in thin films 

[16,17]. In the process of the photoemission [18], an x-ray beam with 

energy hυ is incident on a specimen followed by the ejection of a core level 

electron. The emitted electrons are then analysed with their energies, and the 
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curve is plotted with energy of the emitted electron versus intensity (counts 

per second). The kinetic energy of the ejected photoelectron is given by 

KE = hυ – (BE + ϕ)………………………..(2.6) 

where hυ is quanta of energy of incident photon and BE is binding energy of 

electron and ϕ is the work function of the material/sample [19]. The 

schematic representation is shown in Fig.2.8. If the incident photon is 

having energy hυ, BE +ϕ is used for the emission of the electron from the 

sample surface and the remaining energy is converted to kinetic energy of 

the electron. The binding energy corresponding to electrons in each core 

level is a constant irrespective of the energy of incident beam, which is 

inferred from the above equation, instead introduce a variation in the KE of 

the ejected electron. Corresponding to each valency state present in the 

sample, a peculiar binding energy peak is produced in the XPS spectra.[20]  

 

 

 

 

 

 

 

 

 

 

 

Fig 2.8 (a) Schematic diagram of XPS instrument and  

 (b) the band structure diagram 
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In this report, used Kratos AXIS ULTRA (AXIS 165) and Thermo-scientific 

K alpha+ spectrometer instruments for the XPS measurements, with a 

mono-chromated Al K alpha gun source (1486.6eV). The spectra were 

recorded for Zr 3d, Ti 2p and N 1s core level with a binding energy 

from176-186, 454-464 eV and 394-396 eV, respectively according to the 

elements. The XPS curves obtained from the films were referenced to the 

C1s line of the adventitious carbon set at 284.6 eV. The peaks of XPS curve 

were deconvoluted using XPSPEAK41 software with Gaussian–Lorentzian 

(GL) function and Shirley (non-linear) background correction. The peaks 

are fitted using the software XPSPEAK4.1 in order to calculate the 

stoichiometry in the coated films. 

The background subtraction is of major concern for the stoichiometric 

calculation in transition metal nitride compounds [21]. Jaeger et al reported 

that Tougaard background subtraction is adequate for Ti 2p3/2 Ti 2p1/2, since 

it fulfils the quantum mechanical requirements and yields an area ratio of 

0.515 of the same peaks [22], Tougaard background subtraction considers 

contribution of an induced electric-field, generated with interaction of 

moving electron in solid and that of emitted electron. The background 

intensity is present in materials those exhibit high carrier concentration like 

titanium nitride [23-24].  

The surface composition analysis of the films was estimated from the 

integrated area ratio after proper normalisation with sensitivity factors 

(ASF) using following equation [25], 

Aomic % of 𝐴 =

𝐴
𝑎

𝐴
𝑎 +

𝐵
𝑏

… … … … … … . . (2.7) 

where A and B represents area under elements, a and b represent atomic 

sensitivity factors for respective elements 
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2.3.3 Raman spectroscopic analysis 

Stoichiometric transition metal nitrides exist in rock salt structure of NaCl.  

Due to the Oh symmetry of molecule,  they are Raman inactive. According 

to Stoehr et al, even stoichiometric titanium nitride has defects that result in 

the first and second order Raman peaks [26]. Hence, Raman spectroscopy 

can be used to identify vacancy induced defects in transition metal nitrides. 

Raman spectroscopy is a non-destructive material characterisation 

technique. The inelastic scattering during light-matter interaction, 

contributes changes in the vibrational-rotational states of a system [27-28]. 

When an electromagnetic wave interacts with a molecule, the initial 

polarisation present in the molecule undergoes a change with respect to 

vibration and rotational energies. The scattering in the material produces 3 

frequency components, 

A. Elastically scattered/Rayleigh scattering (υ=υ0): The major component 

goes without any change in the wavelength of the incident beam 

B. Stokes scattering (υ = υ0 - υm): The scattered light will have higher 

wavelength than incident laser, higher intensity since ground states are 

highly populated 

C. Antistokes scattering (υ = υ0 + υm ): The scattered light will have 

lower wavelength than incident laser , less intense 
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The stokes lines are more intense compared to anti-stokes. Since they are 

arising from lower energy level where population of state is high. The 

crystal will have both acoustic and optical phonons (lattice vibrations) when 

the unit cell has more than one atom in it. Light readily excites optical 

phonons. Both positive and negative ions swing together in acoustic 

phonons. Positive and negative phonons oscillate against one another in 

optical phonons. The representation is as shown in Fig. 2.9. The Raman 

spectroscopy measurements for the present work were recorded with Horiba 

Labram HR system. A laser emitting at 532 nm was used to excite the 

samples. The acquisition time of 10s and grating of 1800 lines/cm is used. 

 

 

 

Fig 2.9 Representation of optical and acoustic modes [29] 
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2.4 MICROSTRUCTURE ANALYSIS 
 

2.4.1 Field enhanced scanning electron microscopy (FE-SEM) 

Scanning electron microscopy is utilized for capturing the surface 

microstructural properties of a material. With SEM, a sample's image is 

created by projecting a stream of concentrated electrons onto its surface and 

examining the secondary and backscattered electrons that result. This 

process yields data about the sample's composition and topography. An 

optical microscope cannot match the magnification and resolution that a 

SEM can offer. The maximum magnification of an optical microscope is 

x1000, whereas the greatest magnification of a SEM is x300000, related to 

the wavelength of light. In order to enhance the resolution of the images, 

one has to reduce the wavelength of the beam. It is possible to tune the same 

Fig 2.10 Schematic diagram of Raman spectrometer [30] 
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depending on the accelerating voltage of the electron beam used [31]. 

FESEM and SEM works on the same principle; instead of thermionic 

emission, FESEM uses a field emission gun as electron source, which in 

turn increases the resolution. In FESEM, a field emission cathode in the 

electron gun provides a narrow beam at low and high electron energies [32]. 

The produced electron beam is focussed by 3 magnetic lenses and allowed 

to fall on the specimen. These are periodically deflected by deflection coil in 

order to ensure spreading on the surface under examination [33]. The 

produced secondary electrons from the surface is directed to a collector, 

where the intensity of current is recorded. Depending on the collected data, 

an image of the surface is constructed. The schematic diagram of FESEM is 

shown in Fig. 2.11. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11 a) Process occur when electron beam and material interacts  

 b) Schematic of experimental setup of FESEM 
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2.4.2 Atomic force microscopy 

Atomic force microscopy delivers the 3D topography of the sample such as 

thin films, powder etc. The resolution varies from angstroms to micrometre 

scale. AFM is one of the scanning probe microscopy, where probe performs 

a raster scan all over the surface of film. The motion of the probe from each 

pass across the surface is recorded as a 2D line profile, shown on the left 

side in Fig. 2.12. These line profiles are combined to form a 3D image of the 

surface [34]. 

 

 

 

 

 

 

 

The probe tip is attached to a cantilever - laser beam mechanism and further 

variation in light reflection intensity is collected with the aid of 

photodetector. The fluctuation in the force on probe deflects the laser 

focussed on cantilever. By recording the photodetector current, the surface 

topography is recreated. There are three different modes for the operation of 

AFM, they are  

1) contact mode, also called static mode 

2) tapping mode, also called intermittent contact 

3) non-contact mode 

Fig 2.12 Schematic diagram describing the Principle of AFM 
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Tapping mode is a gentler way to measure surface topography and 

consequently surface roughness. The tip gently interacts with the surface at 

a constant oscillation amplitude in this dynamic mode, which oscillates at a 

resonance frequency. In order to select a larger amplitude for stiff, robust 

materials and a smaller amplitude for softer materials, the user defines the 

oscillation amplitude at which the tip images the surface. The instrument's z 

piezo feedback loop then maintains the oscillation's cantilever amplitude 

constant across the image. This z piezo motion provides the topography 

information; almost any surface topography [35]. 

There are two prevalent roughness parameters typically measured. The 

arithmetic mean deviation from the mean, written as 

Ra =  
1

𝑛
∑ |𝑦𝑖|

𝑛
𝑖=1 …………..……(2.8); 

and the root mean square deviation from the mean, expressed as [36] 

Rq = √
1

𝑛
∑ 𝑦𝑖

2𝑛
𝑖=1  …………….(2.9) 

In present work,  Bruker dimension icon and Bruker Innova SPM 

instruments in tapping mode were used for measuring the surface roughness 

of the nitride thin film samples. 

 

2.5  ELECTRICAL  PROPERTIES  VIA HALL 

MEASUREMENTS 

For the investigation of surface plasmon resonance properties, carrier 

concentration measurement is important. The negative permittivity 

associated with high carrier concentration is a necessary criterion for the 

exhibiting surface plasmon resonance properties in thin films. 
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 Hall measurement is used to obtain carrier charge density, resistivity and 

mobility of charge carriers. The underlying phenomenon behind this is Hall 

effect technique. When an electric current is passed through a thin film in a 

magnetic field-oriented perpendicular to the current, a Lorentz force 

proportional to the current and magnetic field is developed across the 

sample, which directs the charge carriers. In general, Hall voltage is the 

generation of transverse voltage in a current carrying semiconductor in 

external applied magnetic field [37].  The Lorentz force is given by 

F = q (E+V×B)…………………….(2.10) 

where q is the elementary charge, v is the velocity of particle, E and B are 

the applied electric and magnetic fields of the sample, respectively. The 

underlying principle behind the Hall Effect is the Lorentz force [38].  

This transverse potential difference is known as the Hall Voltage and its 

magnitude is given by 

𝑉𝐻 =  
𝐼𝐵

𝑞𝑛𝑑
…………………………(2.11) 

where I is the current, B is the magnitude of magnetic field, q is the 

elementary charge  (q = 1.6x10-19 C), n is the volume charge density or 

carrier density and d is the thickness of the sample. From this, one will get 

the carrier charge density, after measuring the Hall voltage. Hall voltage will 

be a negative value for n-type semiconductors, that is, if the charge carriers 

are electrons or negative ions; positive for p-type semiconductors when the 

charge carriers are holes or positive ions.  
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By using van der Pauw method, one can determine the sheet resistance and 

consequently the Hall mobility and sheet density [39].  

𝜇 =  
|𝑉𝐻|

𝑅𝑠𝐼𝐵
……...…………………………….(2.12) 

where 𝜇 is the hall mobility and 𝑅𝑆 is the sheet resistance obtained via van 

der Pauw method.  This method utilises an arbitrarily shaped, thin-plate 

sample containing four ohmic contacts at the periphery of the plate. Two 

characteristic resistances for the two terminals are obtained by passing 

current two adjacent terminals and measuring the voltage across the other 

two adjacent terminals and then the values of the two characteristic 

resistances are plugged into the van der Pauw equation to get the sheet 

resistance. The van der Pauw equation is 

𝑒
−𝑝𝑅𝐴

𝑅𝑠 +  𝑒
−𝑝𝑅𝐵

𝑅𝑠  =  1……………………………….(2.13) 

 

here 𝑅𝐴 =
𝑉43

𝐼12
   and 𝑅𝐵 =

𝑉43

𝐼23
……………………….(2.14) 

Here, 𝑅𝐴 and 𝑅𝐵 are the characteristic resistances [40]. Experimental setup 

for Hall measurements using van der Pauw method is shown in the Fig.2.3. 

Ecopia make HMS-3000 Hall measurement system having a magnetic field 

of 1.05 T at room temperature was used for measuring the electrical 

properties, mobility, carrier density, and resistivity of the films coated in this 

work. 
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2.6 OPTICAL PROPERTIES 
 

2.6.1 Reflectance Spectra and Dispersion relation  
 

The previous discussions on the properties of transition metal nitride 

described the transition nature of the same from semiconductor to metal like 

nature. The interaction of the electromagnetic wave with thin films having 

increased free carrier concentration leads to a combined effect of higher 

reflectivity and wide bandgap nature with material composition [42-43]. 

Here, the main objective is to demonstrate the negative permittivity and low 

loss properties of the films for plasmonic application in the visible region. 

Fig 2.13    a) Hall measurement set up in van der Pauw configuration,  

 b) instrument used for the Hall measurements [41] 
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In 19th century Paul Drude proposed a model to explain the dielectric 

function of the metals in response to the electric field with the assumption of 

existence of free electron carriers [44-45]. The dielectric function is given 

by 

𝜀𝑟 = 𝜀∞ −
𝜔𝑝

2

𝜔(𝜔+𝑗𝛾)
………………………….(2.15) 

where 𝜀∞ is the high frequency permittivity value, γ is the damping term, 

and 𝜔𝑝 is the plasma frequency. The plasma frequency is given by 

ωp =  √
Ne2

ε0m∗
………………………………….(2.16) 

 

where m*, e and n are the electron effective mass, the electron charge, and 

the carrier density, respectively, and ε0 is the permittivity of free space.  

 

While considering bound electrons, one has to consider the Lorentz model, 

which accounts for the bound electrons. This model is most suited for the 

materials with bound electrons such as semiconductors, where the electrons 

are bound to the nucleus via a hypothetical spring and behave like a damped 

harmonic oscillator [46-48]. In semiconductors, both free electrons as well 

as bound electron exist, and hence, it is more acceptable to consider a 

combined model of Drude and Lorentz approaches. According to this 

combined model, the complex electrical permittivity is defined as [49], 

𝜀 = 𝜀∞ −
𝜔𝑝𝑢

2

𝜔2 − 𝑖Γ𝐷𝜔
+ ∑

𝑓𝑗𝜔𝑜𝑗
2

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

… … … (2.17)

2

𝑗=1

 

where  is high frequency dielectric constant, greater than unity,  D is the 

Drude damping factor and ω0j is the Lorentz oscillator with damping factor 

γj.  Γ =  
𝑒

𝜇𝑚∗ , is the loss related Drude relaxation rate, or called momentum 
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scattering rate. When the value of Lorentz oscillator frequency ω0j is zero, 

the above equation reduces to the dispersion relation corresponding to 

Drude model alone. Hence, for adopting free electron contribution, one need 

to consider the value of  ω0j=0 and ωpu = ωp. 

Reflection from a metal film depends on the light-matter interaction [50].  

The metals having high carrier concentration give rise to higher reflectance. 

The Fresnel’s law of reflection predicts the relationship between the 

permittivity and percentage of reflection, which depends on the angular 

frequency of incident light (equation 2.18). By measuring the frequency 

dependent optical reflectivity spectra, it is possible to extract the optical 

functions and dielectric function from the same [51]. The normal-incidence 

reflectivity R expressed via the dielectric function () according to the 

Fresnel formula [52], 

R =  (
1−√𝜀

1+√𝜀
)

2

……………………..(2.18) 

The above expression can be solved for the dielectric function of the 

materials complex in nature with real and imaginary parts of the 

permittivity. Thus, by considering equations 2.17 and 2.18, the analysis of 

negative dielectric permittivity and low loss nature of the films can be 

carried out. A standard tool RefFit [53] has been used in this work. Fresnel 

formula is used in this tool, and as discussed, the Drude- Lorentz model is 

the foundation of this formula. The central assumption in the calculations is 

that all measurable optical quantities (such as reflectivity, penetration depth 

etc.) can be expressed in terms of the complex frequency-dependent 

dielectric function ε(ω) = ε1 (ω) + i ε2 (ω) of the material under study [54].  
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In this work, an Ocean Optics make Flame T-XR1 fibre-optic 

spectrophotometer has been used for measuring the reflectance spectra in 

the wavelength range 400–900 nm, at normal incidence, using a visible-NIR 

reflectance probe. Front surface-protected aluminum mirror on fused silica 

substrate(Ocean Optics) is used as standard reflector. The experimental 

setup used for the reflectance measurement is  shown in Fig. 2.14. The 

dielectric functions of the films were extracted using the software RefFit, 

where the measured reflectance spectra were matched to theoretical spectra 

derived based on the Drude-Lorentz model. 

 

 

Fig 2.14 The experimental setup used for the reflectance measurement [55] 
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2.6.2 Bandgap estimation using Tauc plot from transmittance 

spectra 

Absorbance of the material can be expressed as 

𝐴 = 𝑙𝑜𝑔10 (
𝐼

𝐼0
) = −𝑙𝑜𝑔10𝑇 …………….(2.19)   

where, A is the absorbance, I is the intensity of transmitted light, I0 is the 

intensity of incident light and T is the transmittance [56]. Absorption 

coefficient (α) of the thin film can be calculated from transmittance data 

obtained from UV visible spectra, 

𝛼 =
1

d
[−ln

%T

100
]……………………….(2.20) 

where, d is the thickness of the film. The optical band gap can be estimated 

using Tauc’s relation [56] 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔)
𝑛

……………………..(2.21) 

where, A is a constant, h is the Plank’s constant, ν is frequency and Eg is the 

energy band gap. The value of n characterize the transition process, which 

take up values 2, 2/3, ½ and 1/3 for the probability transitions of direct 

allowed, direct forbidden, indirect allowed and indirect forbidden 

transitions, respectively [57].  Transition metal nitrides, being a direct band 

gap material, n is taken as 2, and the band gap values of the films can be 

estimated by extrapolating the linear portion of the (h)2 versus h plot to 

the x intercepting point at y = 0 [58]. 
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2.7  EXCITATION  OF  SURFACE PLASMON 

POLARITONS  VIA  KRETCHSMANN TYPE 

PRISM CONFIGURATION  

 

 

 

 

 

 

 

 

 

In order to exhibit surface plasmon resonance in the materials with negative 

permittivity and low loss, the condition of momentum matching should take 

place. P polarised light is used for the excitation of surface plasmons. As 

discussed in the first chapter, section 1.4 three configurations are used for 

this purpose, and here prism geometry configuration is used for the 

excitation using thin films. The critical angle (θc) in total internal reflection 

(TIR) at an interface with refractive index n1 and n2 is given by 

𝜃𝑐 = sin−1(
𝑛2

𝑛1
)………………………..(2.22) 

For air and glass (n2=1.5) interface, the critical angle is  41.8°. The total 

internal reflection is schematically represented in the Fig. 2.15. 

 

Fig. 2.15 Schematic diagram indicating the total internal reflection [59] 
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TIR generates a form of the oscillating electric and/or magnetic field that 

does not propagate as an electromagnetic wave, but whose energy is 

spatially concentrated in the vicinity of the source, called evanescent wave 

[61]. Due to reflected light, the evanescent field is generated on the opposite 

site of the interface, and its amplitude decreases exponentially along the 

direction of the wave propagation [61-62], as shown in Fig. 2.16. The 

detailed explanation on this is given in the chapter 1 section 1.4.1 

 

 

 

 

 

 

 

 

 

Fig 2.16. Evanescent wave in the metal dielectric interface [60] 

Fig 2.17. Experimental setup for Kretschmann configuration; the 

component names are given in the figure  
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In general, the mechanism used for SPR excitation throughout this work is 

Kretschmann configuration. The experimental setup used for the same is 

given in Fig. 2.17. The experimental setup for the SPR excitation in 

Kretschmann configuration consists of 3 parts.  The first part comprise of 

source, a tungsten halogen lamp, which illuminate white light in the 

wavelength range 400-2100nm, with launching optics, collimating lens and 

an input optical fibre.  The collimator is used for focussing the light beam to 

prism and a linear polariser is required for polarising the light.  

The second part consist of a coated thin film with required properties 

attached to a BK7 prism via index matching fluid. The films under this 

investigation were coated on glass or quartz (refractive index n= 1.5) 

substrates. The whole setup is mounted on optic bench, where the angle of 

incidence can be adjusted from 45°-60°. 

The last part includes collimating lens which collects reflected light from 

one side of the prism and directed to a spectrometer (Flame T-XR1, Ocean 

Optics spectrophotometer) via an outlet fibre. The spectra are recorded 

using an Oceanview software. The obtained SPR curve is plotted in 

wavelength interrogation mode, that is, in wavelength versus reflectivity 

plot.  

Various experimental techniques used for the fabrication of transition metal 

nitride thin films along with major components, basic principles, and a 

schematic diagram were explained in this chapter. Furthermore, the main 

tools and methods for characterizing the structural, morphological, optical, 

and electrical characteristics of the transition metal nitride thin films made 

via different methods were explained in detail, as well as the specifics of the 

plasmonic property of the produced films. 
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2.8 SUMMARY 

Various experimental techniques used for the fabrication of transition metal 

nitride thin films along with basic principles, major components and 

schematic diagram were described in this chapter. Furthermore, the main 

tools and methods used for investigating the structural, morphological, 

electrical, optical and plasmonic properties of the transition metal nitride 

thin films developed for this work were explained in detail. 
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Introduction  

Sputtering is one of the most widely used physical vapour deposition 

techniques for coating thin films of transition metal nitrides [1]. The studies 

on TiNx films were already carried out by reactive sputtering, which proved 

the ability of the coatings to exhibit plasmonic properties [2-3]. In general, 

these films were coated on Silica, MgO and sapphire substrates in order to 

achieve optimum electrical properties.  However, it can be seen that these 

studies lack detailed correlation of opto-electrical properties leading to the 

plasmonic behaviour.  

This chapter discusses the detailed investigation of the structure and 

the correlation of the opto-electrical properties of the radio frequency 

sputtered titanium nitride films on low-cost cover glass slides in the context 

of plasmonic properties. The stoichiometry, the N/Ti ratio, of the coated 

films largely determines the opto-electrical properties of the films. In 

sputtering, the composition varies in accordance with the Ar:N2 ratio, 

sputtering power along with other deposition parameters. Hence, the study 

focused on how various parameters such as, gas composition and RF power, 

affect the electrical and optical properties of the coated film on glass 

substrates, in the context of surface plasmon resonance applications. 

Various characterization techniques have been used to validate the structural 

and the plasmonic properties of the films developed. Raman spectroscopy, 

XPS, and grazing incident X-ray diffraction have been used for the 

structural analysis and the defect chemistry studies related to the N/Ti ratio. 

Opto-electrical properties were carried out to confirm the important 

plasmonic properties, low loss and negative permittivity of the deposited 

films. For this, dispersion relations were estimated from reflectance spectra 

of the films by Drude-Lorentz approximation. Carrier concentration was 
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calculated by Hall effect measurements. As described in section 6 of the 

Chapter 2, the Fresnel's relation was used for the theoretical simulations for 

SPR excitation, using a 3-layer geometry. Finally, surface plasmons were 

experimentally excited in the titanium nitride films coated on glass 

substrates using the prism geometry configuration in wavelength 

interrogation mode.  

3.1 DEVELOPMENT OF TiN FILMS  

Titanium nitride films were reactively RF sputtered using a 2-inch diameter 

titanium metal target (99.99%) using argon (99.999%) as sputtering gas and 

nitrogen (99.999%) as reactive gas.  The chamber was initially evacuated to 

a base pressure of 3×10-6 mbar and then 15sccm of Argon was purged into 

the chamber using a mass flow controller and pre-sputtered for 5 minutes. 

Specific amount of nitrogen gas was then admitted to the chamber, and 

maintained the working pressure at 3  10-3 mbar. Depositions were carried 

out at room temperature onto pre-cleaned microscopic cover glass slides. 

During the deposition, the substrate to target distance was kept constant at 

55mm. The magnetron was facing the substrate at an angle of 30° and set 

substrate rotation of 10 rpm in order to assure the uniformity of coated 

films. Prior to coating, the substrates were cleaned ultrasonically in soap 

water, distilled water, acetone and isopropanol successively for 15 minutes 

each and then dried in nitrogen gas flow. In the present study, RF power of 

160W was used for the depositions of the films. The Ar:N2 ratio is varied in 

this power in order to change the composition in thin films. Recent report 

shows reduced loss behaviour in the coated films with decreased RF power 

[4]. Hence, the analysis was further extended with a reduced power (140W) 

also. The sample preparation details are summarised in Table 3.1.   

 



Investigation of Plasmonic Properties in RF Sputtered Titanium Nitride Thin Films  

Study of Surface Plasmon Resonance in Transition Metal Nitride Thin Films  85  

Table 3.1.  Experimental conditions used for RF sputtering 

 

3.2 STRUCTURAL PROPERTIES OF RF SPUTTERED 

TITANIUM NITRIDE FILMS 

3.2.1 X-ray diffraction analysis 

 

Fig 3.1.  X-ray diffraction patterns of the as-deposited titanium nitride films  

 a) TIN1, b) TIN2, c) TIN3 and d) TiN4 

Sample name Power (W) Ar:N2 ratio (sccm) 

TIN1 160 15:3 

TIN2 160 15:4 

TIN3 160 15:5 

TIN4 140 15:3 
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Fig. 3.1 (a-c) shows the XRD pattern of the titanium nitride film deposited 

at various Ar:N2 ratios, along with the pattern of the films coated with low 

sputtering power (Fig. 3.1(d)). As seen, the patterns coated with higher 

sputtering power are having polycrystalline nature. Holmberg et al 

investigated the structure transition mechanism in titanium nitride thin films 

with the stoichiometry of the films [5]. When the value of N/Ti ratio or x 

<0.2, the nitrogen atom occupies interstitial octahedral positions of the 

hexagonal close packed structure of α-titanium metal film and form a 

distorted phase. For higher values of x, i.e., up to x = 0.52, the α and ε-

tetragonal phases co-exist. Face centred cubic (FCC) phase is present when 

the value of x exceeds 0.6. [6]. 

It is reported that the thin film crystal texture growth is a competition 

between surface diffusion and ion bombardment of the particles [7]. The 

surface diffusion domination tends to end up with the lowest surface energy 

planes while the growth preferred by ion bombardment leads to form 

structure with the lowest strain energy planes. The (111) preferred 

orientation obtained in the film coated with an Ar/N2 ratio of 15:3 (Fig. 

3.1a) may be attributed due to the lowest strain energy for TIN1. As seen in 

Fig 3.11b, when the N2 flow rate is increased, the strongest x-ray diffraction 

peak changed from (111) to (200) orientation. In this case, as the argon 

partial pressure decreases, the ion bombardment from the metal target 

decreases, and the preferred orientation shift from (111) to (200). The 

similar trend is visible in Fig.3.1c for TIN3 also, where the film is coated 

with Ar/N2 ratio of 15:4. The intensity of the plane (111) is reduced more as 

compared to the other two films. The films coated with higher nitrogen 

concentrations of >6 sccm of nitrogen showed an amorphous nature, in the 

xrd analysis. As seen in 3.1(d), the film coated with low RF power (TIN4) 

appears to be amorphous in nature, may be due to the low thickness of the 
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Fig. 3.2 Variation of average crystallite size with Ar : N2 ratio  

films. Pennila et al reported similar amorphous titanium nitride films that 

were formed by DC sputtering with high chamber pressures, at room 

temperature [8]. Jeyachandran et.al reported similar nature for titanium 

nitride thin films with increase in nitrogen concentration [9-10]. The x-ray 

diffraction analysis confirms the formation of the crystalline structure of 

titanium nitride films coated with specified conditions. 

The average crystallite size is calculated using the Scherrer formula [11] 

D =
0.9λ

β COSθ
………………………………(3.1) 

where , , are the x-ray wavelength and the full width at half maximum 

(FWHM) at the corresponding θ position of the peak. The results are 

summarised in Table 3.2.  

 

 

 

 

 

 

 

 

Sample 

name 

Peak position 

2θ (°) 

FWHM (°) Average 

Crystallite 

size(nm) 

TIN1 36.57 1.22 7 

TIN2 42.47 1.66 5 

TIN3 42.7 1.08 8 

Table 3.2. Estimated Average Crystallite Size 
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Fig. 3.2 depicts the variation of the average crystallite size of the films 

coated with various Ar:N2 ratios. For the first sample, TIN1, the average 

crystallite size is determined from the (111) peak, since this film is grown 

predominantly in this crystallographic orientation. The other two films, 

TIN2 and TIN3. were grown predominantly in the preferred plane of (200), 

and hence the grain size has been calculated with respect to the (200) peak. 

The crystallite size initially decreases with increase in nitrogen 

concentration and then increases. Larger crystallite size is observed for the 

film deposited with Ar:N2 ratio of 15:5, that is TiN3 [12].  

3.2.2 X-ray Photoelectron Spectroscopic analysis 
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Fig. 3.4 Variation of N/Ti ratio in the coated films with Ar:N2 ratio  

Fig. 3.3 Variations in Ti 2p (a, b, c) and N1s peak ( e, f, g) for the films TIN1, TIN2, 

TIN3 deposited with different nitrogen concentrations (d,h), and  TIN4, with 

low power (140W) 
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XPS curves obtained from the films were referenced to the C 1s line of the 

adventitious carbon set at 284.6 eV. The XPS data obtained for titanium 2p 

core level and nitrogen 1s core level for the titanium nitride films with 

nitrogen variation is also shown in the Fig. 3.4. The peaks of XPS curve 

were deconvoluted using XPSPEAK41 software with Gaussian–Lorentzian 

(GL) function and Shirley (non-linear) background correction is used for 

nitrogen core level. The peaks are fitted using XPSPEAK4.1 software in 

order to calculate the stoichiometry in the coated films. 

The background subtraction of titanium core level is of major concern for 

the stoichiometric calculation in titanium nitride compounds. The Tougaard 

background subtraction is adequate for Ti 2p3/2 Ti 2p1/2, since it fulfils the 

quantum mechanical requirements and yields an area ratio of 0.515 of the 

same peaks [13-14]. This subtraction considers contribution of an induced 

electric-field, generated with interaction of moving electron in solid and that 

of emitted electron. for the background intensity, which is present in metals 

like titanium nitride [15-16]. 

Fig. 3.3(a-f) show the variation of core level Ti 2p and N 1s peak in titanium 

nitride films with respect to the nitrogen flow during deposition. The surface 

composition analysis of the films was estimated from integrated area ratio 

after proper normalisation with sensitivity factors (ASF) using following 

equation [17]. 

Aomic % of 𝐴 =

𝐴
𝑎

𝐴
𝑎 +

𝐵
𝑏

… … … … … … . . (3.2) 

where A and B represents area under elements, a and b represent atomic 

sensitivity factors for respective elements. The results obtained are plotted 

in Fig. 3.4. 
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Titanium concentration shows an increased value when fabricated titanium 

nitride films with nitrogen flow rate of 3 sccm.  However, the nitrogen 

content in the film is higher for all other flow rates, as seen in the Fig. 3.4. 

The N/Ti ratio is the lowest for TIN1, which is having more metallic nature. 

The gradual increase in nitrogen flow rate from 3 to 4 sccm contributed a 

N/Ti ratio change from 0.28 to 0.5, which confirms the metal rich nature of 

TIN1 and in this case the film was grown with preferred orientation in (111) 

direction.  As flow increases to 5 sccm, the N/Ti ratio becomes 0.66, the 

intensity of (111) peak is reduced, and the changed preferred orientation to 

(200) direction. 

Fig. 3.3 (d,h) corresponds to high resolution spectra for titanium and 

nitrogen core levels for the sample TIN4, coated with low RF power. The 

stoichiometric calculation predicts higher N/Ti ratio, that is, increased 

nitrogen content in the film. The reduction in RF power may decrease ion 

bombardment, which in turn contribute to the reduced titanium content.  

The peaks at 396.1 eV and 398.1 eV, are corresponding to titanium nitride 

and oxynitride phase formations in N1s spectra of the film TIN1 [9]. The 

oxynitride phase formation may either due to residual oxygen present in the 

chamber at the time of deposition or due to the surface oxidation of samples 

[18]. Li et al reported the oxidation behaviour of the titanium nitride thin 

film samples when exposed to air in room temperature [19]. 
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3.2.3 Raman Spectroscopic Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

Raman measurements were performed using a 514 nm laser source, 

and the spectra were recorded with 10% laser power. 6 Lorentzian curves 

were created by deconvoluting the Raman spectra, and analysed the peak 

positions. Fig 3.5 depicts the variations in Raman spectra of titanium nitride 

films coated by RF sputtering with different nitrogen partial pressures.  Due 

to the Oh symmetry of the molecule, cubic titanium nitride is Raman 

inactive [20]. However, according to Stoehr et al, even stoichiometric 

titanium nitride has defects that result in the first and second order Raman 

peaks [21]. The whole first-order Raman spectra of titanium nitride consists 

Fig 3.5. Raman spectra for the films a) TIN1 b) TIN2 c) TIN3 and d) TIN4 
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of two regions corresponding to the acoustic (180–360 cm-1) and optic 

(500–600 cm-1) branches, respectively. The most characteristic feature of 

the Raman spectra is a wide band in the region around 550 cm-1 due to 

optical phonon. The complete Raman spectrum comprises of both first and 

second order modes, as in Table 3.3 [22]. 

Table 3.3. List of Raman modes in titanium nitride 

Raman Modes Peak position (cm-1) 

First order Transverse acoustic mode (TA) 200 

First order longitudinal acoustic mode (LA) 300 

Second order Transverse acoustic mode (2TA) 400 

TA + LA 500 

First order transverse optical mode (TO) 550 

Second order longitudinal acoustic mode (2LA) 600 

LA + TO 800 

Second order transverse optical mode (2TO) 1100 

 

In Fig. 3.5 (a,b), the acoustic modes are prominent in comparison with the 

optic modes. The Raman scattering in the acoustic range is characterized by 

vibrations of the relatively heavy titanium ions, and the scattering at the 

optical range is due to lighter nitride ions. This indicates that the film 

prepared with lower nitrogen content is titanium rich or nitrogen deficient. 

The first-order transverse acoustic peak TA at 200 cm-1 and longitudinal 

acoustic peak LA at 300 cm-1 arise because of nitrogen vacancy, which 

together comprises the broad band of acoustic mode. Chowdhury et al 

reported the variation of acoustic mode intensity and peak shifting with 

respect to nitrogen deficiency [23]. 
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From the observed spectra, it is clear that the first two films are metal rich in 

nature due to the presence of intensified acoustic bands. The acoustic band 

comprises of three peaks of transverse acoustic, longitudinal acoustic and 

second order transverse acoustic modes. As the N/Ti ratio increases in the 

films from 28% (TIN1) to 66% (TIN3), the TA, LA and 2TA modes 

showing a blue shift from 204 to 210 cm-1, 286 to 315 cm-1, and 355 to 393 

cm-1 respectively. The same trend is observed when moving from 28% 

(TIN1) to 50%  (TIN2). Intensity of second order longitudinal acoustic peak 

(2LA) increased in the TIN3 and LA +TO mode appears at 800 cm-1. The 

2TO mode is visible in TIN3 since the nitrogen content shows an increasing 

trend [21]. 

The ratio of the acoustical to the optical scattering intensities is a measure of 

the Ti : N ratio or stoichiometry [22]. The ratio of intensities of acoustic and 

optical mode is considerably reduced in Fig 3.4 (c), indicating an increase in 

N/Ti ratio of the films, which agrees with the results from the XPS analysis 

of the same, where the N/Ti ratio was found to increase from 28% to 66%.  

The film coated with 66% nitrogen (TIN3) possesses a broader peak at 

550cm-1, characteristic frequency band for titanium nitride represents the 

transverse optic mode (TO). They found to have a N/Ti ratio around 66% in 

the XPS analysis of the films. The analysis of Raman spectra confirm that 

TIN1 and TIN2 titanium nitride films are vacancy induced or highly 

nitrogen deficient.  

In Fig 3.5 d, it can be noticed that, the Raman spectra of the film coated 

with Ar:N2 ratio of 15:3 with RF power of 140W, exhibits two peaks 

centred approximately at 550 cm-1 and 1100 cm-1. Interestingly, the 

wavenumber of the second mode is two times of the first mode. Probably, 

these types of higher order modes occur for longitudinal optical (LO) 
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phonons coupled with electron transitions [24]. In general, the first and 

second order LO phonon modes as well as their higher order modes in 

Raman spectra were observed due to the strong Fröhlich interactions [25]. 

The Fröhlich interactions is generated due to the long-range coupling of free 

electrons with LO phonons [24]. In case of TIN4, the N/Ti ratio is observed 

to be 42%, which corresponds to wide band gap nature of titanium nitride 

film [26] compared to other samples. That is, the bandgap of the material 

becomes comparable to excitation energy of the Raman signal (source 

energy is 514nm, approximately 2.5eV), the resonance behaviour is visible 

as in Fig. 3.5. 

3.3 SURFACE AND MICROSTRUCTURE ANALYSIS  

3.3.1 Morphology analysis : FESEM 

 

 

   

 

 

 

 

 

 

 

 

 

Fig. 3.6  Variation of surface morphology of TiN films with N/Ti ratio,  

 a) TIN1 b) TIN2 c) TIN3 and d) TIN4 
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Fig. 3.6 (a-c) show the field-emission scanning electron micrographs of the 

TiNx coatings with variable nitrogen partial pressures. As seen in the 

images, the deposited films are having uniform and crack-free surfaces. The 

images were taken with a scale of 500nm. The cross-sectional image shows 

a columnar growth with an oblique angle incident is in the film TIN3, which 

is having higher nitrogen content. The prediction of grain size variation is 

not possible since the obtained variation is really small. The cross-section 

images of the samples are as shown in Fig 3.7. As seen, the thickness of the 

films varies with respect to the N/Ti ratio. As the N/Ti ratio varies from 0.28 

to 0.5 the thickness changes from approximately 120nm to 180nm. Further 

increase in N/Ti ratio to 0.66 changes the thickness to 250nm. 

 

Fig.3.7  Cross-sectional FESEM images of TiN films, a) TIN1 b) TIN2  

 c) TIN3 and d) TIN4 
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3.3.2 Atomic force microscopy Analysis 
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Sample 

name 

N/Ti ratio 

(%) 

R in nm 

(roughness) 

TIN1 28 0.81 

TIN4 42 0.60 

TIN2 50 0.531 

TIN3 66 1.031 

Table 3.4. Variation of RMS roughness with the N/Ti ratio 

Sample name N/Ti ratio (%) R in nm (roughness) 

TIN1 28 0.81 

TIN4 42 0.60 

TIN2 50 0.531 

TIN3 66 1.031 

Fig 3.8:  2D and 3D images of titanium nitride films, a) TIN1 b) TIN2 c)TIN3 

and d) TIN4 
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Fig 3.8 shows the average RMS surface roughness of the films coated with 

the different deposition conditions. The roughness values were analysed 

according to the N/Ti ratio. The values are tabulated in the Table 3.4 and the 

variation is plotted in Fig. 3.9. The surface roughness of the sample coated 

with low sputtering power is also included here. The surface topographies of 

the films deposited at room temperature obtained by scanning over 5μm x 

5μm area are shown in Fig.3.8. The surface morphology of the titanium 

nitride films coated was mostly smooth with bright protrusions on the 

surface. The number of protrusions is less in the films deposited with lower 

nitrogen concentration. The height of these peaks reaches 15nm in TIN3 

film. [27]. The film TIN3 having more protrusions and higher roughness. 

The FESEM cross-section image confirms columnar growth of the same. 

The roughness begins to increase with increasing thickness of the films [28]. 

The roughness decreases as the sample is stoichiometric.   

 

 

Fig 3.9. Variation of roughness with the N/Ti ratio 
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3.4 ELECTRICAL PROPERTIES IN TIN FILMS 

The electrical resistivity of a thin film depends on phase, composition, 

impurities, grain structure etc. Titanium nitride is well known conducting 

material whose conduction property mechanism is dependent on the 

stoichiometry of the films. The electrical properties of TiNx are tunable 

with respect the structure and composition of the samples. According to 

Igaski et.al, as nitrogen content increases in the titanium metal, the structure 

changes from hexagonal close packed to the face centred cubic structure [6]. 

When the of N/Ti ratio, x=0, pure metallic nature of titanium exist. A small 

increase in the nitrogen in the titanium film causes distortion in the hcp 

phase, which means disturbance in the periodicity of the lattice. When 0 

<x<0.5, the total resistivity is a contribution of (i) the resistivity change 

caused by nitrogen inclusion (ρ1), (ii) contribution from the scattering by 

grain boundaries (ρ2), and (iii) contribution from the transport phenomena in 

terms of electronic band structure of titanium sublattice (ρ3). Another small 

contribution is expected from amorphous phase of the films, which can be 

neglected for crystalline materials [6]. When the x > 0.6, the structure 

becomes FCC and vacancies in the nitrogen sublattice will be filled with 

nitrogen, which in turn creates a decrease in resistivity. The increased 

nitrogen content decreases the grain boundary and contributes to the 

conductivity. In addition, there is a shallow donor level in the bandgap of 

titanium nitride [29]. Hence, both titanium rich and stoichiometric films 

show conducting behaviour [30]. 

Table 3.5 depicts the Hall measurement results carried out in van der Pauw 

technique of the films, varying in the stoichiometry of the sample. The 

variations of carrier concentration with the N/Ti exhibited a linear trend. 

Titanium metal is highly conducting with carrier concentration in 1023/cc 

range. With the introduction, Ti transforms from hexagonal close packed 
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phase to distorted α-TiNX where x < 0.2. This randomness in the crystal 

structure contributes to the increased resistivity [31] The nitrogen atom 

occupies the interstitial sites randomly causes disorder in the structure with 

respect to x in TiNx [32].  

The transition of N/Ti ratio from 0.28 (TIN1) to 0.66 (TIN4) causes an 

increase in the roughness revealed by the AFM analysis, and hence the 

resistivity may increase with the increasing surface roughness [33].  With 

the N/Ti ratio of the films vary from 28% (TIN1) to 66% (TIN4), and the 

carrier concentration decrease, as given in Table 3.5. The carrier 

concentration shows a drastic decrease with 66% nitrogen content. When 

the N/Ti ratio is 0.28, the films exhibited higher carrier concentration, of the 

order of 1022/cc, which decreases with further introduction of nitrogen. Both 

TIN2 and TIN4 have approximately similar composition and in turn 

resemblance in electrical properties. The oxynitride phase in the TIN2 

reduced the carrier concentration in the stoichiometric sample. The mobility 

shows a lower value for TIN1 and TIN3, and this may be attributed to the 

increased roughness of the films. The carrier concentration of 1022 order is 

suitable to exhibit plasmonic properties in visible region. 

Table 3.5.  Summary of Hall measurement results of TiNx films with varying 

N/Ti ratio 

Sample code Carrier concentration     

(cm-3) 
Mobility  (10-2) 

(cm2/Vs) 

TIN1 1.08  1022 1.16 

TIN2 1.73  1021 3.24 

TIN3 8.07  1018 1.84 

TIN4 3.23  1021 2.26 
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3.5 OPTICAL PROPERTIES  

 

 

 

 

 

 

 

 

Fig. 3.10.  Variation of carrier concentration and mobility in RF sputtered 

titanium nitride films with respect to nitrogen concentration. 

Fig 3.11. Reflectance spectra of the films with various N/Ti ratios  
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The optical reflectance spectra of the films fabricated with various N/Ti 

ratios is shown in Fig. 3.11. The reflectance patterns exhibit a resemblance 

to the appearance of gold [34]. It is evident from the figure that the plasma 

edge red shifts with increase in the nitrogen content in the sample. The NIR 

reflecting character arise from the metallic nature of the initial two samples 

in this wavelength region. This was evident in the results of the electrical 

analysis of these films.  

Drude-Lorentz oscillator model was used for the fitting of the spectra. The 

Drude term corresponds to the free carriers present in the film and the 

Lorentz term indicates the bound electrons in a semiconductor nature [35-

36]. The complex dielectric function extracted from fitted curve consists of 

two parts, 

ε(ω) = ε1 (ω) + i ε2 (ω) ………………..(3.3) 

where ε1 and ε2 are real and imaginary part of complex dielectric constant. 

For plasmonic applications, the real part of the dielectric constant should be 

negative and the imaginary part, corresponds to dielectric loss, should be 

small for optimum properties. In metals, free electron exists without bound 

electrons, and the energy position where ε1(ω)=0 defines the unscreened 

plasma energy (ωpu). With bound electron or interband transition, it 

contributes to the red shift in the same point, which is called screened 

plasma energy ωps [37-38]. 

𝜔𝑝 =  √
𝑁𝑒2

𝜀0𝑚∗
… … … … … … … … … … . (3.4) 

 

where N is the charge carrier density, e is the charge of electron, ε0 is the 

permittivity of free space, and m* is the effective mass of electron. Each 
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reflectance curve of the titanium nitride fitted with one Drude term and two 

Lorentz oscillators, as suggested by Patsalas et al [38]. The 2-Lorentz 

oscillator model were constrained to the energy range 1.5 - 5 eV due to their 

poor fit to the experimental data at energies below 1.5 eV. Here, we opted 

the D2L model, since the region of interest is 1.5 - 2.7 eV (visible range). 

The curve fitting has been done using a standard software (RefFit) [39]. The 

dielectric constant is expressed as, 

𝜀 = 𝜀∞ −
𝜔𝑝

2

𝜔2 − 𝑖Γ𝐷𝜔
+ ∑

𝑓𝑗𝜔𝑜𝑗
2

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

… … … (3.5)

2

𝑗=1

 

where   is high frequency dielectric constant, here a constant or greater 

than unity, Γ𝐷  is the drude damping factor and ω0j is the Lorentz oscillator 

with damping factor γj.  Γ =  
𝑒

𝜇𝑚∗ is the loss related Drude relaxation rate, or 

called momentum scattering rate, which is inversely related to the effective 

mass and mobility of carriers [40]. The Drude term dominates at lower 

energy in the region of intraband absorption by free electrons and accounts 

for the metallic behaviour and corresponding energy is the unscreened 

plasma energy [38]. 
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Fig 3.13  Extracted real and the imaginary parts of the dielectric function of  

 (a) TIN1, (b) TIN2 and (c) TIN4  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.12.  Reflectance spectra with fitted curves a) for TIN1, TIN2 and TIN4, 

respectively 
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The reflectance patterns fitted with Drude-Lorentz approximation are shown 

in Fig.3.12 and the used parameters are tabulated in Table 3.6.  

 

 

The sample TIN3 has been excluded from the optical analysis, since it 

possesses lower carrier concentration. Tunable negative permittivity of 

titanium nitride powder in the radio frequency regime has been reported by 

Fan et al in 2017 [41]. Here, the focus was on the tunable negative 

permittivity nature of titanium nitride thin films with respect to carrier 

concentration in the UV-visible region.  As seen in the curves in the Fig 

3.13, the films exhibit negative real permittivity, which is essentially for the 

plasmonic behaviour in any material. The negative permittivity value is 

found to increase with increase in increase in carrier concentration. As seen, 

the negative real permittivity changes from 0 to -2 for the film TIN1 in the 

wavelength range 450 - 600nm. The variations in the crossover wavelength, 

Sample 

name 

ε∞[39] ωp (eV) ω0j (eV) 𝜸𝒋 

TIN1 3 3.4405  1.997 

0.7419 3.100 0.1723 

2.3228 1.3735 0.0068 

TIN2 3 4.463  0.0264 

2.5657 2.7941 0.1026 

1.1337 1.9188 0.6105 

TIN4 2 4.1798  0.4489 

2.2062 1.5989 1.1082 

2.4823 2.9899 0.4999 

Table 3.6  Summary of fitting parameters used for extracting permittivity 

values from the reflectance spectra 
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the wavelength at which the real part of permittivity changes to negative 

value, of the samples estimated are given in Table 3.7. The cross-over 

wavelength is found to shift from 450 nm to 520, and then to 600nm, when 

the N/Ti ratio is varied from 28 to 50%. This is in accordance with the 

carrier concentration, which agrees with earlier reports, where the 

composition or N/Ti ratio was 28%. Fan et al investigated the relation 

between carrier concentration and negative permittivity value and predicted 

that composition variation in TiN/BaTiO3 is responsible for this dependence 

[42]. Similar variation in negative permittivity with respect to carrier 

concentration is reported for indium tin oxide ceramics in the MHz-KHz 

frequency region [43]. 

 In addition, the dielectric loss associated with the wavelength range 500-

700nm is very low (ε2 < 1.8) for the film TIN2compared to all other 

samples. The increase in nitrogen content from 28% to 50% shifted the 

crossover wavelength from 450nm to 600nm, also resulted in reduced 

dielectric loss. While fabricating a multilayer film stack of metal and 

dielectric for TO devices, it is necessary for the magnitude of ε1 to be 

relatively small and comparable to the value of ε2 for the best performance. 

This is to achieve a balanced polarization response from both the dielectric 

and metal components [44].  

 

Sample 

Code 

N/Ti ratio Crossover 

wavelength 

(nm) 

Real part 

(ε1) of 

dielectric 

constant 

(450-600nm) 

Imaginary part 

(ε2) of dielectric 

constant 

(450-600nm) 

TIN1 28 450 0 to -2 0.8 to 1.3 

TIN4 42 520 2 to -2.26 1.0 to 1.4 

TiN2 50 600 4 to -0.04 1.3 to 1.7 

Table 3.7 Summary of the results obtained from the reflectance spectra 
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3.6 EXCITATION OF SURFACE PLASMONS IN TiN 

FILMS  

Prism geometry configuration is generally employed in angular 

interrogation mode to excite surface plasmons in plasmonic planar films. 

When TM polarised light is incident on a right-angled prism at an angle 

greater than the critical angle, it gets totally internally reflected from the 

surface of glass substrate coated with the plasmonic film placed on the base 

of the prism, and generates an evanescent field that propagates parallel to 

the interface and decays exponentially away from the interface. The 

evanescent field at the interface can achieve resonance condition when the 

two wave vectors, of the evanescent wave and surface plasmons, are same. 

The resonance condition for the excitation of the SPs at the film-dielectric 

(sensing medium) interface, can be written as:   

𝜃 =  sin−1 [
1

𝑛𝑝
(

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
)

1

2
]……………………………. (3.6)  

where np is the refractive index of prism (1.5) used, εm and εd are the 

permittivity values corresponding to the material of interest and the 

dielectric.  

In this study, the surface plasmon resonance was generated by the Winspall 

program using a three-layer model in prism geometry, with the assumption 

that the thickness of the prism and dielectric medium were zero [45]. The 

reflectance of this model is given by 

𝑅123 =
𝑟12+𝑟23𝑒2𝑖𝑘𝑧2𝑑2

1+𝑟𝑝2+𝑟23𝑒2𝑖𝑘𝑧2𝑑2
……………….(3.7) 
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where 1, 2, and 3 denote prism, film, and air, respectively. d2 is the 

thickness of the film, and kz2 is the wave-vector in the film.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 3.14 shows the simulated SPR curves for the samples TIN1 TIN2 and 

TIN4. The permittivity values obtained from the reflectance patterns at the 

wavelength of 700nm were used for obtaining SPR curves. The SPR curves 

for the sample TIN1, TIN2 and TIN4 show a resonance dip position 

approximately at 53 °, 56.4° and 56.7° respectively. The Full Width at Half 

Fig 3.14  (Top) Simulated SPR curves for the samples a)TIN1 and b)TIN2 and 

c)TIN4, and (bottom) improved SPR curve with reduced loss in TIN1  
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Maximum (FWHM) of the SPR corresponding to the sample TIN1 is around 

20, while broad curves were obtained for the samples TIN2 and TIN4. The 

real and imaginary parts of the pseudo-dielectric permittivity can be directly 

employed to assess the plasmonic properties of the TiN thin films by means 

of a quality factor [44] 

𝑄𝑆𝑃𝑃 =
𝜀1

2

𝜀2
………………………….. (3.8) 

The values obtained for Qspp for the films TiN1 and TiN2 were found to 

vary from 7.8 to 3.34, respectively at a wavelength of 700 nm, while it is 

2.81 for TIN4.  This phenomenon is mainly associated with the real 

component of the permittivity, whereas the imaginary component of it plays 

a secondary role. The real permittivity exhibits better plasmonic properties 

when it has a greater negative value, as supported by the findings of 

Mascaretti et al [4]. The increasing ratio of N/Ti reduced the carrier 

concentration and the negative real part of permittivity in the films. As a 

result, the quality factor of the film TiN2 is increased. ε2 shows decreasing 

nature with increase in nitrogen content. The variations in RF power and gas 

composition affect optical properties of the deposited titanium nitride.   In 

these studies, the FWHM of these film samples exhibit higher values. Fig 

3.14b shows the improved SPR curve when the dielectric loss is further 

reduced to 0.5. The impact of enhanced electrical mobility on the imaginary 

part of the permittivity of the sample was investigated by Khamh et al [46]. 

By enhancing mobility of the samples, there would be an improvement in 

the quality factor for surface plasmon polaritons in the films and also in the 

full width at half maximum of the surface plasmon resonance curves. 
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3.7 CONCLUSION  

Titanium nitride thin films with high carrier concentration of the order of 

1022/cm and negative permittivity of 2 to 6 in the wavelength region from 

600 to 800 nm were fabricated by RF sputtering, through the modification 

of the N/Ti ratio in the films. The structural analysis revealed changes in the 

preferred orientation and the XPS analysis showed a variation of the 

nitrogen content from 28% to 66% in the deposited films. The permittivity 

extracted from the reflectance spectra using Drude-Lorentz approximation 

confirmed negative real permittivity in order to exhibit the plasmonic 

properties in the visible wavelengths. These films also possess low loss of 

the order of 0.5 to 2 in the wavelength region from 500nm to 700nm. The 

cross-over wavelength showed a redshift with increase in nitrogen 

concentration in the films. The SPR curve simulated for the film with higher 

carrier concentration showed better plasmonic property. It has been shown 

that the FWHM of simulated curve improves with decreasing dielectric loss.  
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Introduction  

In this chapter, a novel approach for the fabrication of titanium nitride thin 

films for plasmonic applications is described. The whole objective of this 

work was to enhance the opto-electrical properties suitable for plasmonic 

behaviour in TiN films in the visible region with low loss. Being non-

stoichiometric in nature, the fabrication methods can influence the material 

properties of titanium nitride films. In the previous chapter, nitrogen gas 

served as source of nitrogen in the sputtering process for the development of 

TiNx thin films from the Ti metal target.  

In this work, the nascent nitrogen evolved from the disassociation of 

ammonia at high temperature was used as nitrogen source for nitridating Ti 

metal film. As already pointed out, in order to exhibit surface plasmon 

resonance properties in visible region, the thin film should possess 

important properties, such as, high carrier concentration of the order of 

1022/cc, low dielectric loss and negative permittivity in the wavelength 

region. These properties can be achieved by tuning the stoichiometry in 

titanium nitride films. The nitridation process discussed in this chapter 

provides a better platform for tuning titanium and nitrogen compositions in 

TiN, which  consequently accomplished better plasmonic behaviour in the 

visible wavelength region. Titanium metal film coated on to glass substrates 

by RF sputtering served as titanium source. By varying both thickness of the 

films and the nitridation temperature, the stoichiometry in the nitridated thin 

films was tuned, in order to optimise the plasmonic properties. Further 

investigations were carried out to evaluate the plasmonic performance of the 

nitridated films. The efforts produced films with optimum electrical 

properties and required cross-over wavelength for the successful excitation 

of surface plasmons in the visible region using Kretchsmann type prism 
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geometry in wavelength interrogation mode. The schematic representation 

of the overall process is shown in Fig. 4.1. Titanium metal films fabricated 

by RF sputtering shown with metallic grey appearance (Fig 4.1a) was 

subjected to ammonia gas nitridation (Fig 4.1b). The nitridated titanium 

nitride films having golden colour is shown in Fig 4.1c. The prism geometry 

used for SPR excitation in wavelength interrogation mode is seen in          

Fig 4.1d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.1 Schematic representation of the whole process a) RF sputtered titanium 

metal film b) process of nitridation, c) titanium nitride film after nitridation, and   

d) SPR excitation in Kretschmann configuration 
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4.1 DEVELOPMENT OF TiN FILMS 

 

4.1.1 Film preparation  

Titanium metal films were RF magnetron sputtered on to 3’’×1’’glass 

substrates using a titanium metal target (2 inch diameter (99.99%) in Ar 

(99.99%) atmosphere. Prior to coating, the glass substrates were cleaned 

ultrasonically in succession with soap water, distilled water, acetone and 

isopropyl alcohol, and finally dried in nitrogen flow. The RF power and 

substrate rotation for metal coating were optimized to 120W and 10rpm, 

respectively. The sputter chamber was initially pumped down to a base 

pressure of 5×10-6 mbar and argon gas (4N purity) was then introduced to 

maintain the working pressure at 6×10-3 mbar. The glass substrates were 

pre-sputtered for 5 minutes. The films were coated at various thicknesses in 

the range 50-150nm. The film thickness was estimated from FESEM cross-

section measurements, and the details are explained in the section 4.3.1 of 

this chapter. 

 

RF Power :120W

Working Pressure : 3×10-3mbar (Ar : 20sccm)

Sputtering Target : Ti metal (2inch dia)

Substrate : Glass

Deposition : at room temperature

Film thickness : 50 -150nm

Fig. 4.2 Deposition conditions of titanium metal films 
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4.1.2 Nitridation conditions  

Titanium metal films are prone to oxidation and hence in order to avoid 

oxidation, the coated metal samples were directly taken to nitridation 

furnace after sputtering. Titanium metal films were heat-treated in 

continuous flow of ammonia gas (99.5% purity) inside a tubular furnace for 

converting to titanium nitride. The furnace was initially purged with 

nitrogen (99.99%) for 15 minutes to remove the air inside the quartz tube. 

The furnace was then heated to 150°C in nitrogen flow, and thereafter 

switched to the ammonia gas flow and maintained for nitridation 

temperatures in the range from 450°C to 600°C in 50°C steps. The furnace 

was then allowed to cool to room temperature in nitrogen flow. In all the 

nitridations, the ammonia gas was flown for 45 min. at the selected 

nitridation temperatures. The film samples were directly transferred from 

the vacuum chamber to annealing furnace after coating in order to avoid 

surface oxidation of the samples. 

In this study, the investigation was on the variations in the film properties of 

titanium metal coated with thickness of 100±5nm at various nitridation 

temperatures. These samples were named according to their nitridation 

temperatures, as TIN 145 (at 450°C), TIN  150 (at 500°C), TIN 155 (at 

550°C) and TIN 160 (at 600°C). In addition, Ti films with thickness 

50±5nm and 150±10nm were also fabricated and nitridated at 450°C (TIN 

045) and 550°C (TIN 255) respectively, for plasmonic property analysis, 

based on the carrier concentration analysis. 
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4.2 STRUCTURAL ANALYSIS 

4.2.1 G1-XRD studies 

The x-ray diffraction patterns of the nitridated films are shown in Fig.2. The 

patters of titanium metal layers deposited initially are not included since 

they possessed amorphous crystal structure. The figures illustrate the 

alterations observed in the crystal structure when the temperature of 

nitridation is progressively elevated from 450°C to 600°C. The recorded 

patterns were matched to the cubic symmetry of titanium nitride with aid of 

the ICDD powder diffraction file 00-038-1420. The XRD pattern of these 

samples consists of three distinct peaks at angles of 36.5°, 42.6°, and 

corresponding to the crystallographic planes (111), and (200) of the TiN 

phase, respectively. In general, for titanium nitride films prepared by 

sputtering process, the evolution of crystal texture arises from the interplay 

between surface diffusion and ion bombardment, which is controlled by the 

deposition conditions. Qi et al reported preferred orientation along (200) 

plane with increase in nitrogen concentration for their sputtered films [1]. 

Srikrishna et al showed an increase in the nitrogen content in titanium metal 

as the nitridation temperature is increased [2]. Hence, the (200) preferred 

orientation in this study may be due to the increase in nitrogen concentration 

during the transition from titanium metal to titanium nitride. 

As seen in Fig.4.3, an increase in the intensity of the (200) plane is observed 

in the films, when the nitridation temperature was raised from 450°C to 

600°C. The increase in temperature may be a contributing factor for the 

generation of a greater amount of nascent nitrogen, resulting in the preferred 

crystallographic orientation towards the (200) plane. Chang et al. have 

documented that TiN films with preferred orientation of (200) exhibit 

superior plasmonic properties compared to the films oriented along (111)  
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[3]. Yangsheng et al also reported a orientation change from (111) to (200) 

with respect to temperature [4]. As seen in the Fig.4.3, the full width at half 

maximum (FWHM) of the films seem to be broader compared to those in 

Fig. 4.3.  GI-XRD pattern obtained for titanium metal films after 

nitridation a) TIN145, b) TIN150, c) TIN155 and d) TIN160 
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the recent reports. It may be due the substrate dependency on the film 

growth. Guo et al reported FWHM of 0.22° for their MBE grown TiN thin 

films coated on sapphire substrates [5]. Amorphous nature of soda lime 

glass substrate may deteriorate the crystalline properties of thin films coated 

on it. The substrate dependency of the growth of TiN films were reported by 

Chang et al [3]. 

4.2.2 XPS studies 

All of the samples were obtained with the charge neutralization gun 

activated, and if necessary, the XPS spectra were compared to the 

adventitious carbon's C1s line at 284.6 eV [6]. The obtained XPS data for 

Titanium 2p core level and Nitrogen 1s core level for the nitridated metal 

films with average thickness of 100nm at different temperatures are as 

shown in the Fig. 2 (a-f). Using the Gaussian-Lorentzian (GL) function in 

XPSPEAK4.1 software, the peaks of the XPS data were deconvoluted. Here 

a Tougaard back ground correction for Titanium core level and Shirley 

background correction for nitrogen core level is used as reported by Saha et 

al [7]. 

As seen in the Fig.4.4, the Ti 2p3/2 and the Ti 2p1/2 peaks are located at 

458eV and 463eV, rather than at 455.6 and 461.2eV, respectively. Saha et al 

reported native oxide layer formation in the TiN sample, and this altered the 

BE of Ti 2p levels from 455.6eV to 458.2eV [7]. The observed binding 

energies of Ti 2p doublets on the TiN film were lower than the 

corresponding values for the crystalline TiO2 layer (458.8-459.1 eV), but 

agree well with literature values for amorphous TiO2 (458.2 eV) [8]. Ti 

2p3/2 is claimed to be in the range 454.6–455.6 eV on nearly stoichiometric 

TiNx, (x =1), and the peak between 458.2 and 458.9 eV is clearly identified 

as Ti4+ in a TiO2 environment [9]. Jeyachandran et al also observed the 
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presence of 3 phases; nitride (TiN), oxynitride (TiOxNy) and oxide (TiO2) 

phases on the surface of the DC sputtered titanium nitride films and shifted 

Ti 2p3/2 peak due to these components [10]. In this case, the sputter cleaning 

prior to XPS analysis shifted the Ti 2p3/2 to 455.6eV. Jiang et al investigated 

the variation in the XPS peak shape of TiN films before and after etching of 

the films, and identified a shift in the binding energy of Ti 2p peaks and also 

a reduction in the FWHM of N 1s peak with increased intensity [11]. The 

shifting in this work was interpreted as due to the removal of surface 

oxidation. Hence, it is important to note the presence of oxygen impurities 

[12] to comprehensively understand the connection between the structural 

characteristics of the films and their corresponding plasmonic response. The 

XPS is a surface sensitive technique where there is chance of detection of 

surface oxidation of the titanium content when exposed to atmosphere. 
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The Nitrogen 1s core level spectra has been deconvoluted to 4 peaks, and 

given in Table 1. The XPS pattern indicates the major peak corresponding to 

titanium-nitrogen bonding along with minor contribution from oxynitride 

phase and other components. The core level peak of N 1s obtained for the 

TIN145 shows an increased intensity for oxynitride phase. The peak 

intensity corresponding to the oxynitride phase at 396.8eV is found to 
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Fig. 4.4.  Detailed scans of Ti2p (a, c, e, g) and N1s spectra (b, d, f, h) of samples 

with respect to the nitridation temperatures TIN145, TIN150, TIN155 

and TIN160, respectively 
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decrease, as the nitridation temperature is increased from 450°C to 550°C. 

The gradual increment in the nitridation temperature causes a decrease in 

the oxynitride peak intensity may be due to the reduced atmosphere creation 

during nascent nitrogen production from ammonia [13].  The nitridation at a 

temperature of 600°C corresponds to only one peak at 395.6, where the 

envelope structure disappears in the N1s core level.  This reveals the 

formation of phase pure titanium nitride at 600°C. The XPS analysis thus 

confirms the titanium nitride phase formation in all the samples. Saha et al 

reported the oxidation chemistry of TiN samples by keeping them in air for 

two weeks and observed a native oxide layer formation on the surface which 

agrees with the predictions [7]. Macak et al. showed the existence of a 

chemisorbed nitrogen peak in the N1s spectrum obtained after nitridation at 

500°C using ammonia gas, confirming the potential for multicomponent 

nitrogen species in nitridated samples using ammonia [14]. Bertoti et al also 

investigated the nitride surface of titanium metal film using nitrogen gas and 

reported the similar nature of the N1s line shape function [9]. 

 

 

 

  

 Binding 

energy (eV) 

Assigned bond 

1 395.6 Ti-N [7] 

2 396.8 O-N (TiOyNx)
[8] 

3 399.1 N-H[4] 

4 400.2 Adsorbed N2 
[14] 

Table 4.1. Assigned bonds to binding energy values 
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4.3 MICROSTRUCTURAL ANALYSIS  

4.3.1 FE-SEM studies 

 

 

 

 

 

 

Fig. 4.5.  FE-SEM images of the samples 

nitridated a) TIN145, b) TIN150, 

c) TIN155 and d) TIN160; e) 

composition analysis in depth 

profiling; f) composition analysis 

on the film surface; g) typical 

elemental distribution curve 

g
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Microstructural evolution of sputtered titanium nitride film depends on the 

deposition parameters such temperature of deposition, pressure of gases in 

the deposition chamber, and also the composition of the film. The 

microstructural features of the nitridated film samples at temperatures 

ranging from 450°C to 600°C were analysed. As seen in the Fig. 4.5 (a), the 

films nitridated are having uniform and crack-free surface. As the nitridation 

temperature is increased, the grain size decreases and that affects the surface 

roughness of the samples, as discussed in the Section 4.3.2. The EDX 

analysis were carried out in order to further investigate the compositions at 

different positions on the surface of the film and at different depth in the 

cross-section of the film. Depth profiling analysis was performed at 

positions 1,2,3 on the film surface as shown in Fig.4.5(e) and compositional 

analysis was performed at positions 1,6,7 on the film surface as shown in 

Fig.4.5(f). A typical elemental distribution curve obtained is shown in Fig. 

4.5(g). The  summary of the  composition analysis is given in Table 4.2. For 

accurate composition determination, the elemental compositions with 

respect to  titanium and nitrogen were estimated by incorporating atomic 

correction factor [15-16]. The results of the composition analysis indicate 

that there are no significant differences in the surface and depth 

compositions of the nitridated films.  

 

Composition analysis in the depth 

profiling [Fig. 4 (e)] 

Composition analysis on the film 

surface [Fig. 4 (f)] 

Positions Ti (At.%) N(At.%) Positions Ti (At.%) N(At.%) 

1 45.89 54.11 1 45.89 54.11 

2 43.72 56.28 6 42.56 57.44 

3 39.55 60.45 7 46.76 53.24 

Table 4.2. Results of the composition measurements 
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Fig.4.6  3D AFM images of TiN films nitridated at temperatures a) TIN145,           

b) TIN150, c) TIN155 and d) TIN160 

4.3.2 Atomic force microscopic analysis  

Fig.4.6 shows the 3D AFM images of TiN films nitridated at various 

temperatures, whereas Fig.4.7 shows the 2D images of the films. The scale 

bars in both Fig. 4.6 and Fig. 4.7 are identical. The images in Fig. 4.6 shows 

well-defined columnar structure of the titanium nitride film without pore 

nature, as the nitridation temperature is increased. There is a decreasing 

trend of average surface roughness observed with increase in nitridation 

temperature from 500°C to 600°C, as depicted in Fig. 4.8. There are reports 

describing similar nature for the surface roughness with Ar:N2 ratio for 

sputtered TiN films [17], and projecting aggregation of small particles and 

reduction in grain boundary during deposition are the reasons for this [18]. 

As the nitridation temperature is increased, more nitrogen will be 

incorporated into the sample. Decreasing trend of roughness with increase in 

nitrogen in sputtered titanium nitride films has been reported by Qi et al., 



Investigation of Plasmonic Properties in TiN. Thin Films Derived from Nitridation of Ti Films  

Study of Surface Plasmon Resonance in Transition Metal Nitride Thin Films  130  

and interpreted it in terms of the smoother surface of the titanium nitride 

films with TiN (2 0 0) preferred orientation compared with that of the films 

with TiN (1 1 1) orientation [1]. PLD deposited titanium nitride films 

reported roughness value of >1nm, which exhibited better optical properties 

than one with increased roughness [4].  Kim et al investigated the roughness 

effect on the enhancement in light-matter interaction, by implementing a flat 

Ag film rather than rough surfaces of other metallic polycrystalline films 

[19]. The nitridated films of this study also exhibited a similar variations in 

the orientation and also in the average surface roughness with variation in 

nitrogen content, with increase in nitridation temperature. The protrusion 

height also exhibited a similar trend. The surface roughness values range 

from 1-2 nm having impact on the optical and electrical properties, as 

described in sections 4.3 and 4.4. The surface morphologies of the films 

shown in Fig. 4.7 agree well in appearance with that of FESEM feature.  

 

 

 

 

 

 

 

 

 

 
Fig. 4.7  2D AFM images of TiN films nitridated at temperatures a) TIN145, 

b) TIN150, c) TIN155 and d) TIN160 
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4.4 ELECTRICAL PROPERTY ANALYSIS 
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Fig. 4.8 Variation of average surface roughness with nitridation temperature 
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Fig.4.9 shows the electrical properties of nitridated titanium nitride films 

with respect to the nitridation temperature as well as the thickness of the 

films. Table 4.3 presents the summary of analysis of carrier concentration 

and mobility of the films measured using Hall effect set up. The initial metal 

Sample 

name 

Thickness Carrier 

concentration (cm-3) 

Mobility 

(cm2/Vs) 

TIN145 

100±5nm 

1.018  1021 0.023 

TIN150 4.010  1022 0.183 

TIN155 2.165  1021 0.241 

TIN160 5.436  1020 0.353 

TIN045 50±5nm 9.399  1022 0.014 

TIN255 150±10nm 1.321  1022 0.780 

Fig.4.9  Electrical properties of nitridated titanium nitride films  

 (a) with different nitridation temperature (b) with variable thickness 

 

Table 4.3. Electrical properties of titanium nitride films after nitridation 
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films exhibited carrier concentration of the order of 1023/cm-3 and resistivity 

of the order of 50-200 μΩcm. As the nitridation temperature was increased,  

the carrier concentration in the nitridated titanium film with a thickness of 

100nm varied from 1020/cc to 1022/cc. The carrier concentration of films 

depends on the compositions of titanium and nitrogen. With the increase the 

nitridation temperature, the amount of nitrogen incorporated into the film 

increases [2] and this might have drastically changed the carrier 

concentration. Nitridation brings change from titanium metal to metal rich, 

then to stoichiometric, and finally to nitrogen rich titanium nitride. Titanium 

nitride exhibits maximum carrier concentration of 1022/cm-3 in metal rich 

and stoichiometric conditions [20-21]. 

The initial metal film with a thickness of around 100nm nitridated at 450°C 

exhibited a carrier concentration of 1021/cc, which steadily improved when 

the nitridation temperature was increased to 500°C. Fig. 4.9(a) shows the 

electrical properties of the samples with thickness around 100nm, and 

nitridated at various temperatures. The electrical characteristics of the films 

were improved at the nitridation temperature of 500°C, for the film, 

TIN150. There is a limited amount of literature available regarding the 

mobility characteristics of titanium nitride films. Andrievskii et al reported 

the mobility and hall coefficient of RF sputtered stoichiometric titanium 

nitride films, and suggested that the grain boundary scattering of the films as 

the main reason for the decrease in the mobility of carriers [22]. When 

comparing the observed mobility of the carriers in the films nitridated at 

various nitridated temperatures to this finding, it can be seen that the 

mobility value shows only a gradual increment from 0.065cm2/Vs to 

0.1834cm2/Vs, with nitridation temperature. Shin et al investigated the 

contribution of surface roughness on carrier mobility with respect to phonon 

and surface scattering [23]. They report an increase in the surface scattering 
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phenomenon due to increased surface roughness, and observed scattering 

phenomena as the main reason for the decrease in mobility.  Her et al 

reported decrease in surface roughness with annealing temperature [24]. In 

this work, the surface roughness decreases with nitridation temperature, and 

hence the decrease in surface roughness might be the reason for the 

improved mobility in our case, due to the reduction in the surface scattering.  

Ponon et al also reported increase conductivity in titanium nitride films due 

the decrease in surface roughness [25]. Kasap also described the dependence 

of surface scattering on the conductivity of thin films [26]. 

Fig. 4.9(b) represents the carrier concentration and mobility of the three 

films varying in thickness, and possessing carrier concentrations of the order 

of 1022/cc necessary to exhibit plasmonic behaviour in the visible region. As 

seen in the Fig. (4.9b), when the thin film thickness increased from 50 to 

150 nm, the nitridation temperature required to obtain the high carrier 

concentration also changed. The study reveals particular stoichiometry for 

exhibiting a carrier concentration of the order of 1022/cm3 and the same is 

obtained through nitridation at various temperature. In addition, the amount 

of nitrogen incorporated into the sample varies with respect to the 

nitridation kinetics such as temperature, time duration of nitridation etc. As 

seen in the Fig. 4.9 (b), the mobility values varied linearly with respect to 

the nitridation temperature. 

4.5. OPTICAL PROPERTY ANALYSIS 

For surface plasmon resonance in thin films, higher carrier concentration 

and low dielectric loss in the chosen wavelength region are necessary. In 

metals, the complex dielectric permittivity includes real (ε1) and imaginary 

(ε2) parts denoted as, 
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                            ε(ω) = ε1 (ω) + i ε2 (ω)                        (4.1) 

where ω is the angular frequency of the electromagnetic wave used. In a 

semiconductor, the interaction of the electromagnetic wave with the free 

electrons present in it is explained by the Drude-Lorents (D-L) model. Here, 

the Drude term corresponds to the free carriers and the Lorentz term 

corresponds to the bound electrons in the semiconducting film.  According 

to this model, the complex electrical permittivity is defined as [27], 

𝜀 = 𝜀∞ −
𝜔𝑝𝑢

2

𝜔2 − 𝑖Γ𝐷𝜔
+ ∑

𝑓𝑗𝜔𝑜𝑗
2

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

                  (4.2)

2

𝑗=1

 

where   is high frequency dielectric constant, >1, Γ𝐷  is the drude damping 

factor and ω0j is the frequency of jth Lorentz oscillator with damping factor 

γj.  Γ =  
𝑒

𝜇𝑚∗ , is the loss related Drude relaxation rate, or called momentum 

scattering rate. 

 

 

 

 

 

 

 

Fig. 4.10  Reflectance spectra of titanium nitride films having carrier 

concentration of 1022/cm3 
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Fig. 4.10 represents the reflectance spectra obtained for the films having 

carrier concentration of the order of 1022/cm3. By optimising the carrier 

concentration necessary for the plasmonic behaviour at visible wavelength, 

the films were further subjected to permittivity analysis by treating their 

reflectance spectra using the Drude Lorentz approximation with the help of 

Refit software [28].  Fig. 4.11. shows the fitted reflectance curves along with 

the real and imaginary parts of the permittivity values extracted from fitted 

curves for the films TIN045, TIN150 and TIN255. This way extracted the 

corresponding real and imaginary permittivity values of the films. The 

parameters used for the fitting are tabulated in Table 4.4. The frequency at 

which the real part of permittivity becomes zero is called as screened 

plasma frequency [29]. Patsalas et al reported a variation of screened plasma 

energy from 1.8 to 3 eV (410 to 700 nm in wavelength) extracted using 

ellipsometry [30]. Fig. 4.11 (a) represents the real and imaginary 

permittivity values of sample TIN045 having a carrier concentration 

1022/cm3. It is evident from the figure that the ε1 is negative in the whole 

visible region, accomplishes the primary criterion for plasmonic excitation 

in the film. As the thickness is increased to 100 nm (TIN150), the screened 

plasma wavelength shifts to 559nm. With increase in thickness to 150nm 

(TIN255), it again shifts to 705nm. The variation may be due to the 

difference in the carrier density in the films. The optical property analysis 

thus confirmed the required negative permittivity of the nitridated films for 

the plasmonic behaviour in the visible region. 
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Fig. 4.11.  Fitted reflectance curves (left) and the real and imaginary parts of 

the permittivity values extracted from fitted curves for the films a) 

TIN045, b) TIN150 and c) TIN255 (right) 
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The dielectric properties measurements revealed a reduced metallic 

characteristic in the titanium nitride films, with increase in the nitridation 

temperature. This may be a contributing factor to the low dielectric loss of 

titanium metal derived TiN films. The reduction in dielectric loss in 

titanium nitride films is reported by Christine et al with increase in the 

nitrogen concentration [31]. Plasmonic applications in chosen wavelength 

region tend to choose films that exhibit high quality factor in the wavelength 

of interest, where ratio of the -ε1
2/ε2 matters [32]. Thus, the reduction in the 

dielectric loss (ε2) improves the quality factor. The quality factor 

corresponding to each case is calculated and summarized in Table 4.5. 

Mascaretti et al theoretically reported the quality factor by extracting 

permittivity values from ellipsometry data and are <5 in visible region, 

which agrees well with the obtained values [33]. We have calculated the 

quality factor of the films near to their screened plasma wavelength in each 

sample. The dielectric loss results from the contribution of band transitions 

and scattering due to grain boundary and lattice defect scattering [32].  

 

Sample 

name 
ε∞ ωp (eV) ω0j (eV) 𝜸𝒋(𝒆V) 

TIN045 2.31 
3.514 2.22 2.07 

4.67 0 0.61 

TIN150 2 
4.78 3.45 0.864 

5.13 0 0.982 

TIN255 2.12 
2.89 3.05 0.67 

3.81 0 1.08 

Table 4.4.  Parameters used for fitting the reflectance spectra for the samples  

 a) TIN045 b) TIN150 and c) TIN255 
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4.6 PLASMONIC PROPERTY ANALYSIS 

Kretschman based prism geometry configuration with right-angled prism 

was employed in the wavelength interrogation mode for exciting surface 

plasmons in the titanium nitride films of this study. The experiments were 

conducted at various angles for incident light on the right-angled prism. The 

film coated on glass substrates was placed on the base of the right-angled 

prism using ethylene glycol as index matching fluid. When transverse 

magnetic polarised light is incident at an incident angle greater than the 

critical angle of the prism, the light is reflected completely back to the prism 

and creates an evanescent wave that propagates parallel to the substrate on 

which the film is coated and the air interface. Resonance takes place when 

the incident light and that of surface plasmon wave vector matches. The 

resonance criteria for the surface plasmon polariton excitation at the film-

dielectric interface, can be written as:   

𝜃 =  sin−1 [
1

𝑛𝑝
(

𝜀𝑚𝜀𝑑

𝜀𝑚+𝜀𝑑
)

1

2
]                      (4.3) 

Sample 

name 

ε1 ε2
 Quality factor 

(-ε1
2/ε2) 

TIN045 -1.68 3.23 0.874 (λ=600 nm) 

TIN150 -1.79 1.95 1.645 (λ=650 nm) 

TIN255 -0.37 2.66 0.051 (λ=750 nm) 

Table 4.5  Quality factor estimated for the samples a) TIN045 b) TIN150 and       

c) TIN255 
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where q is angle of incidence np is the refractive index of the BK7 prism 

used, εm and εd are the permittivity values corresponding to the plasmonic 

material and dielectric, respectively [33]. 

 

 

 

 

 

 

 

 

 

 

For SPR excitation, selected the samples TIN045 (nitridated at 450°C 

having thickness around 50nm) and TIN150 (nitridated at 500°C having 

thickness around 100nm), both have carrier densities of the order of 1022/cc. 

The sample TIN255 has not been considered due to low quality factor. Fig. 

4.12 (a) illustrates the SPR curves excited on the films with different 

thickness values and having carrier concentrations of the order of 1022/cc at 

an angle of incidence of 45°. For the sample TIN045, the resonance dip 

position is observed at around 608nm and for TIN150 it is at around 623nm. 

The curve corresponding to TIN045 is much broader compared to that of 

TIN150 Fig. 4.12 (b). The quality factor estimated was high for this sample. 

Kim et al analysed the variation in the plasmonic excitation with respect to 

Fig. 4.12.  Surface plasmon resonance excitation in titanium nitride films with 

different thickness (a) TIN045 and (b) TiN150 
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the nanostructure dimension and observed enhanced plasmonic confinement 

and reduced scattering for an optimum dimension [34].     

𝜔𝑝 = √
𝑛𝑞2

𝜀0𝑚𝑒
      (4.4) 

From above equation (4.4) , it can be seen that the plasma frequency 

depends on the variations in the carrier density and effective mass. In this 

study, all samples under SPR investigation are having the required carrier 

concentration. The carrier concentration is of the order of 1022/cm3 and 

hence the difference in effective mass is important. Effective mass depends 

on properties such as band structure, defects and strain in the lattice 

structure of material, crystal structure of material, etc. The effective mass 

(m*) is given by  

𝑚∗ =
𝑒<𝜏>

𝜇
   (4.5) 

τ is the relaxation time and μ is mobility . Patsalas et al estimated the 

variation in the effective mass of titanium nitride film with respect to 

nitrogen content [35]. They investigated its dependence on deposition 

conditions such as substrate temperature and biasing, and reported a 

variation from 1.5m0 to 2.8m0
]. In the present study, the excitation of 

surface plasmon in prism geometry in the films having carrier densities of 

1022/cc possessed surface plasmon dip at around 600nm in visible region. 

The optical property analysis revealed an increasing trend of screened 

plasma wavelength with the nitridation temperature. The exact role of the 

effective mass needs to be considered to explain this trend [36]. 

The dielectric loss (ε2) in titanium nitride film depends on the damping 

constant  
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(γ), mobility and effective mass, as follows.   

𝜀2=
𝜔𝑝

2  𝛾

𝜔3+𝜔𝛾2  (4.6),    where     𝛾 =
𝑞

𝜇𝑚∗            (4.7) 

The equation 4.7 show the inverse relationship of the mobility and the 

effective mass to the damping constant. Thus, the increased mobility 

reduces dielectric loss, which enhances the coupling between surface 

plasmon polariton and the incident light [29]. 

The mobility values corresponding to TIN150 is greater than TIN045, and 

this may the reason for the narrow full width half maximum (FWHM) of the 

SPR curve in the film TIN150. It is evident from the Fig. 4.12 that the 

FWHM of the excited SPR curves are not proportional to the carrier 

mobility of the samples. Hence the study reveals that both the thickness of 

the films and the nitridation temperature increased the carrier mobility of the 

films. Khamh et al showed similar trend in ITO coated sample, where the 

increased mobility yielded sharp FWHM for the SPR curves [37]. In the 

present study, the increased carrier mobility and the high carrier 

concentration of the titanium nitride films having optimum film thickness 

processed through nitridation process exhibited surface plasmonic excitation 

in prism-bas ed configuration. For the first time, this work demonstrated 

SPR excitation in nitridation-processed titanium nitride films. Also, the 

range of wavelength of SPR excitation is in the visible region compared to 

the results of Mena et al [38].  
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In order to confirm the angular variation of the surface plasmon resonance 

excitation, the angle of incidence of the incident light has been varied. 

Typical result is shown in in Fig.4.13 for the sample TIN045. with air as 

dielectric medium. Favourable momentum matching between the surface 

plasmon and the incident wavelength at specific angle of incidence leads to 

the formation of a coupling, and thereby observes a minimum at a specific 

wavelength in the reflected light intensity. The permittivity analysis 

indicated a decrease in the real permittivity as the wavelength increases 

(from -1 to -4 in the wavelength range 500nm to 800nm). In equation (4.3), 

substituting for  np (1.5) and εd (for air, 1), one can see a  decrease in the 

permittivity with decrease in the resonance angle. A shift of the incidence 

angle from 45° to 60° contributes a blue shift in surface plasmon resonance 

wavelength.  

Fig. 4.13 Surface plasmon resonance excitation in titanium nitride films with 

variable angle of incidence for the film TIN045 
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Sugavaneshwar et al claimed the realization of the TiN flms with the best 

plasmonic character by pulsed laser deposition (PLD) by analysing their 

carrier concentration and permittivity values [39]. Despite the demonstrated 

high plasmonic character, the PLD coated TiN films were in fact much 

thicker (180nm) than those reported till date. This study indicates that 

proper optimisation of thickness is necessary for SPR excitation in visible 

region. In the present work, the increased high carrier concentration along 

with increased carrier mobility of the titanium nitride films having optimum 

film thickness processed through nitridation process exhibited surface 

plasmonic excitation in visible region using prism-based configuration. 
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4.7 CONCLUSION 

Titanium nitride films with thickness in the range 50-150nm fabricated via 

nitridation of titanium metal films at temperatures 450°C, 500°C, 550°C, 

and 600°C showed significant enhancement in the electrical and optical 

properties. The structural investigations carried out with XRD and XPS 

confirmed the titanium nitride phase formation. Reduced roughness of the 

films improved further the electrical and thereby the optical properties. The 

dielectric permittivity values were extracted from reflectance spectra using 

Drude Lorentz oscillator model, and correlated with electrical properties 

obtained from Hall measurement. The enhanced electrical properties with 

optimised film thickness contributed to the plasmonic excitation in the 

films, and the same is confirmed by the prism-based geometry. Here, the 

dependence of electrical mobility on the dielectric loss in the films, and also 

on the FWHM of the surface plasmon resonance curve has been observed. 

The increased nitridation temperature enhanced the electrical mobility of 

thin films.  
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Introduction  

In this chapter, the focus is on the nanoscale fabrication of titanium nitride 

thin films with a simple and cost-effective route. The studies described in 

the previous chapters included the plasmonic properties of RF-sputtered 

titanium nitride films with respect to stoichiometry, and the conversion of Ti 

metal film to TiNx films through nitridation process. In the work described 

in chis chapter, the methodology consists of preparing titanium dioxide 

films via spin coating, followed by nitridation reaction using ammonia gas. 

The difficulty remained in obtaining porous-free TiN films through 

nitridation route, and the approach adopted here resulted in films with 

excellent material properties for plasmonic applications in visible region. 

The films exhibited high carrier concentration of 10²²/cc with significant 

reduction in resistivity of more than three order of magnitude, indicating the 

conversion to the nitride phase. The correlated opto-electrical properties 

confirmed all the necessary conditions for the surface plasmon polariton.  

 

The spin-coated titanium dioxide thin films were subjected to a nitridation 

reaction at a temperature of 950°C and converted to titanium nitride films. 

The required negative permittivity and low-loss nature of the film suitable 

for plasmonic behaviour were confirmed by extracting the dielectric 

function with the help of  Drude-Lorentz model. Thus, in this Chapter, for 

the first time, the development of plasmonic titanium nitride thin films 

through a novel chemical rote, having optimal material properties for 

plasmonic application in visible region is discussed. Finally, surface 

plasmon resonance in the nitridated films has been successfully excited 

using a Kretchsmann type prism geometry configuration with air as 

dielectric medium in wavelength interrogation mode. 
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5.1 DEVELOPMENT OF TIN THIN FILMS  

Titanium dioxide is a well-studied material for applications in dielectrics, 

dye sensitized solar cells, antireflection films, etc. The existence of 3 

structures (polymorphs) of TiO2 in a) anatase b) rutile and c) brookite, with 

respect to annealing temperature has been reported by Helen [1]. As the 

annealing temperature is increased, the structural change occurs from 

amorphous to anatase, rutile and brookite, respectively [2]. The crystal 

structures of anatase and rutile phase are tetragonal, while that of the 

brookite phase is orthorhombic, as shown in Fig 5.1. The structural change 

is a consequence of corner or edge sharing octahedra network in the anatase 

phase [3-4]. Each structure has their own advantage in applications; for 

example, anatase phase enhances photocatalytic activity. 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.1. Different structures of TiO2 a) Anatase b) Rutile c) Brookite [3] 
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5.1.1 Mechanism of conversion to titanium nitride 

The nitridation of TiO2 to form TiN requires a reducing agent in order to 

substitute oxygen with nitrogen. Among the various possibilities, one of the 

most described processes is the nitridation of TiO2 with NH3 [5]. In this 

case, the ammonia gas acts both as a reducing agent and a nitrogen source. 

This nitridation technique was first developed in 1987 by Kamiya et al. [6] 

to nitride TiO2 fibers prepared from a TiO2 sol-gel. It has then been adapted 

to nitride sol-gel derived TiO2 films in 1990 [7]. The first step of the 

nitridation of TiO2 with NH3 is the dissociation of the ammonia and 

generates nascent nitrogen as per the equation 5.1[8,9]. The reaction of 

dissociation is described by Cooper et al. [10]. 

2NH3 (g)→N2 (g)+3H2 (g)……………………………….…. (5.1) 

Kamiya et al. reported reduction of TiO2 and addition of nitrogen in the 

reaction mechanism [6],  

TiO2 + (2−x) H2(g) → TiOx + (2−x) H2O (g)………….……. (5.2) 

aTiOx + bNH3 (g)→ cTiNx + dH2O (g)…………………….   (5.3) 

where TiOx may be TiO, Ti2O3, or other reduced titanium oxides [11]. Liu 

et al. investigated the conversion mechanism of titania powder to titanium 

nitride with respect to the nitridation temperature [12]. They report that the 

above reaction path is followed for the nitridations carried out at 

temperature < 1000°C, reach the intermediate stage of rutile TiO2 and then 

convert to titanium nitride. This mechanism also depends upon the duration 

of annealing, ammonia flow rate, and precursor solution used [13-15].  

During the nitridation, titanium oxynitride formation is reported to begin at 

temperatures between 600 and 700°C [16,17]. Romero-Gómez et al. [18] 

tried to spot the limit temperature for the main crystalline phase of TiN. 
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According to them, NH3 treatment at 650 °C leads to a retention of the 

anatase phase doped with nitrogen atoms while at 660°C the first TiN 

crystalline structure is formed. These reaction temperatures are impacted by 

other parameters such as pressure, heating rate and presence of catalyzer, if 

any [19]. 

5.1.2 Spin coating of titanium dioxide thin film 

The precursor solution for spin-coating titanium dioxide film was prepared 

by the partial hydrolysis of the titanium isopropoxide (Sigma Aldrich). For 

this, 2 ml of titanium isopropoxide was added to a mixture of 2 ml of 

diethanolamine and 20 ml of ethanol, followed by stirring for 1 hr at 40 °C. 

The clear and transparent solution obtained was aged for 24 hr. The quartz 

substrates (with dimension 2.5cm  2.5cm) were ultrasonically cleaned 

using soap water, distilled water, acetone and isopropanol successively for 

15 min each. In this study, quartz substrates were used instead of glass 

substrates for the coating in order to withstand higher nitridation 

temperatures. The cleaned substrates were finally dried in flow of nitrogen 

gas. Films were coated onto the clean substrates by spin coating. 75 μl 

solution was used for each coating, using a Chemat KW-4A spin coater, at 

3000 rpm for 20 s. The as-deposited films were dried at 200 °C for 10 min. 

The cycle is repeated for achieving a final thickness of around 100nm. The 

films were finally annealed in air for 1 hr at a temperature of 550 °C. The 

detailed description on spin coating process is given in chapter 2. 

5.1.3 Nitridation of the spin-coated TiO2 film 

The annealed titanium dioxide films were placed in a tubular furnace with 

its two ends closed with stainless steel flanges having provision for tube 

connections for the nitridation process. The furnace was initially purged 
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with nitrogen gas (99.99%) for 10 min to remove all gases inside the 

furnace, and then heated to a temperature of 100°C. Nitrogen gas flow was 

switched to ammonia gas (99.99%, Bhoruka, India) at this temperature. The 

furnace was heated up to the nitridation temperatures 800 °C, 950 °C, 

1000°C and 1100 °C at a ramp rate of 5 °C/min and maintained there for 45 

min, and after that, allowed to cool in a nitrogen atmosphere. The schematic 

diagram of nitridation setup is shown in the Fig. 2.6, in the Chapter 2.  

The spin-coated titanium dioxide films are highly transparent, as seen in Fig 

5.2 (a). After nitridating at 800°C, the samples became darker in appearance 

(Fig. 5.2(b)). As the nitridation temperature is increased to 950 °C, the 

sample exhibited gold like appearance, as shown in Fig 5.2 (c). The films 

nitridated at temperatures >1000 °C resulted in the formation of porosity 

[7]. Films with porosity will deteriorate the plasmonic performance. Hence, 

further optimisation studies were carried out with films nitridated at 

temperatures <1000°C. 

 

 

 

 

 

 

Fig 5.2. a) as-deposited TiO2 b) after nitridation at 800 °C  

 c) after nitridation at 950 °C  
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5.2 INVESTIGATION OF THE STRUCTURAL 

PROPERTIES OF THE FILMS 

5.2.1 Grazing incident X-Ray Diffraction studies 

 

 

 

 

 

 

 

 

 

 

 

 

Sample Lattice parameter (A°) Crystalline size (nm) 

As deposited TiO2  16 ± 0.41 

Nitridation 800°C 4.19 11 ± 0.18 

Nitridation 950°C 4.22 22 ± 0.33 

Fig 5.3.  The GI-XRD patterns obtained for a) as-deposited TiO2  

 b) after nitridation at 800 °C  c) after nitridation at 950 °C  
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Fig. 5.3 a,b,c illustrate the glancing incidence angle x-ray diffraction (GI-

XRD) pattern obtained for the as-deposited and nitridated thin film samples. 

The lattice parameter and the average crystallite size of the TiN phase of the 

samples were calculated, and the values are summarised in Table 5.1. The 

xrd pattern of the film annealed in air at 550 °C sample (Fig. 5.3a) is 

matched with the ICDD pattern number 00-021-1272 of TiO2 confirms the 

anatase crystal structure. The peaks at 25.41° and 48.24° for this film 

corresponds to the (100) and (200) planes of the anatase phase, respectively.  

The crystalline size of the nitridated films were calculated using Scherrer 

formula [20] 

D =
0.9λ

β COSθ
………………………………(5.4) 

where , , are the x-ray wavelength and the full width at half maximum 

(FWHM) at the corresponding θ position of the peak.  

The anatase form of the titanium dioxide phase changes after nitridation at 

800 °C, which consists of a combination of 3 phases, such as anatase and 

rutile phases of TiO2 and titanium nitride. The peaks at 25.41° and 27.46° 

correspond to the anatase (100) and rutile (110) planes of TiO2 in the film, 

respectively. The peaks 37.17°, 43.19° and 62.69° correspond to (111), 

(200) and (220) planes of the titanium nitride phase, respectively. Fig 5.3(b) 

shows the titanium nitride phase along with the peaks of titanium dioxide, 

which confirms the partial conversion of the TiO2 phase. Kamiya et al. also 

reported the conversion of anatase titanium dioxide to a rutile phase at a 

nitridation temperature of 700 °C [6]. As the nitridation temperature is 

increased to 950 °C, the oxide phase disappears and forms the phase pure 

titanium nitride. Fig 5.3(c) shows the phase pure titanium nitride formation 

by comparing with the ICDD pattern, 00-038-1420. The pattern consists of 
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3 peaks at 36.8°, 48.8° and 62.1°, which corresponds to the (111), (200) and 

(220) orientations of the titanium nitride. Table 5.1 shows the estimated 

lattice parameter and the average crystallite size of the nitridated films. Wei 

et al. reported a reduction in the lattice parameter with an increase in 

temperature as a result of a reduction in the oxygen content [21]. As 

discussed in the SEM analysis in the section 5.3.1, the reduction in the grain 

boundary with an increase in nitridation temperature may be the reason 

behind the increased crystallite size.  

 

5.2.2 X-ray photoelectron spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.4.  Survey scan XPS spectra of the films a) titanium dioxide b) titanium 

dioxide after nitridation at 800ºC c) titanium dioxide after nitridation at 

950ºC  
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Fig 5.5.  High resolution scan spectra of (a, b) Ti 2p and O 1s of air annealed TiO2 

film, (b,c) Ti 2p and N 1s of 800°C nitridated film, and  (e, f) Ti 2p and N 

1s of 950°C nitridated film, respectively. 
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Fig.5.4 (a-c) illustrate the survey scan spectra of titanium dioxide film and 

the films nitridated at temperature 800°C and 950°C. Fig. 5.5 shows the 

high-resolution x-ray photoelectron spectroscopy scan spectra of the 

samples. The binding energy calibration of obtained XPS core level peaks 

was done with C1s peak position of 284.6 eV. The Tougaard background 

correction has been done for Ti core level spectra [22]. The peaks were 

deconvoluted using XPSPEAK4.1 software. A combination of Gaussian 

Lorentzian functions was used to fit each peak. The high-resolution scan of 

Ti 2p and O 1s core levels in the titanium dioxide film is shown in Fig. 5.5 

(a,b), respectively. The Ti 2p3/2 and Ti 2p1/2 exist at 458.8 and 464 eV, 

respectively. The peak positions of the Ti 2p doublet and their separation of 

5.8 eV agree well with the binding energy reported for TiO2 [22]. The core 

level O1s consists of one major peak at 530.8eV, which corresponds to 

lattice oxygen (O2-)  [23]. The peaks of pure TiO2 are located at 532 eV and 

belong to either the surface hydroxyl groups (OH-) or due to surface 

contamination [24]. 

Fig. 5.5 (c, d) represents the high resolution XPS scan of titanium dioxide 

film after the nitridation at 800 °C. The XRD pattern confirmed the 

existence of titanium dioxide and titanium nitride formation in the sample 

after nitridation at 800 °C. The nitrogen 1s core level in Fig. 2d represents 

both Ti-N phase at 396.6 eV and the oxynitride phase at 398.3 eV [25]. 

Hence, the Ti core level spectra were deconvoluted with respect to the 

valency state of titanium dioxide, titanium oxynitride and titanium nitride, 

where the corresponding binding energy states are reported by Jeyachandran 

et al., as shown in Table 5.2 [26]. The peak deconvolution confirmed mixed 

phase formation at the nitridation temperature of 800 °C. Liu et al. reported 

the identification of such mixed phases after the nitridation of titanium 

dioxide powder. [12].   
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Fig. 5.5 (e, f) illustrates the core level peaks of titanium and nitrogen in the 

film nitridated at 950 °C. The complex Ti 2p core spectra of TiNx consist of 

two main peaks and two shake-up peaks, as shown in Table 2. The peak 

shape obtained largely agrees with that reported by Jaegar [22]. The discrete 

intrinsic electron-electron interaction in the sample may be the reason for 

the emergence of shake up photoelectron peaks [27]. There were many 

interpretations of the origin of the shake up nature of the films [28-29]. The 

generated photoelectron during the emission process of XPS analysis 

interacts with and excites the valance electrons in the material and loses an 

amount of energy in the process. The whole response to this process 

constitutes a main and shake-up photoelectron peak. Porte et al. reported 

that as the nitrogen content was increased, the shake-up photoelectron peak 

disappeared below a critical limit of x < 0.8 in TiNx [30]. The core level 

spectra of the titanium nitride formed after the nitridation at 950 °C were 

deconvoluted to 4 peaks, as shown in Fig. 5.5 e, which confirms the near 

stoichiometric nature of the film. The presence of titanium dioxide phase in 

the film nitridated at a temperature 950 °C was ruled out in the X-ray 

diffraction and XPS analyses. 

The nitrogen core level spectra consist of a high intensity peak at 396.1 eV 

corresponding to the titanium nitride phase [26]. Bertóti et al. claim that the 

Peak Ti 2p3/2
 (eV) Ti 2p1/2 (eV) 

TiN 460.8 455.4 [14] 

TiN shake-up 462.6 457.2 [10] 

TiOxNy 462.4 457.4 [14] 

TiO2
 463.8 458.8 [14] 

Table 5.2. Peak assignments for TiO2, TiN, TiON 



Investigation of Plasmonic Properties in TiN. Thin Films Derived from Nitridation of TiO2 Films  

Study of Surface Plasmon Resonance in Transition Metal Nitride Thin Films  162  

shake-up lines in TiN can be separated from any TiOxNy contributions; 

however, according to them, it is difficult to separate in the case of very low 

oxygen concentrations [31].  

5.2.3 Analysis of Raman spectra 

The GI-XRD pattern confirmed the anatase phase of titanium dioxide in the 

samples. The factor group analysis indicates the 15 optical modes for the 

anatase phase in which the A1g, B1g and Eg modes are Raman active in 100-

900 cm-1 region. The prominent characteristic peaks of titanium dioxide film 

at 144 and 194 cm-1, along with other minor peaks, are listed in Table 5.3 

[32-33]. Fig. 5.6a shows the Raman spectrum of the 550 °C air annealed 

film, which exhibits prominent Raman modes corresponding to the anatase 

phase with minor peaks at 398, 515 and 640 cm-1. When the TiO2 films are 

subjected to nitridation at 800 °C a combined process of reduction-

nitridation takes place. Fig. 5.6b exhibits a Raman spectrum of the 

intermediate phase between oxide and nitride as a combined phase of TiO2 

and TiN. The combined phase of titanium dioxide and titanium nitride 

consists of Raman  modes  at 150, 200, 521, 631, 1083 cm-1. The peak 

position corresponding to transverse acoustic (TA) mode at 200 cm-1 of 

titanium nitride is slowly emerging. The intensity of TiO2 mode Eg at 144 

cm-1 reduces and shifts to 150 cm-1. As the temperature is increased, the 

peak again shifts to 200 cm-1, corresponding to the TA mode of titanium 

nitride. Due to Oh symmetry, first-order Raman scattering is forbidden in 

NaCl structured molecules [34]. However, because of the presence of a high 

percentage of defects owing to the deficiency of one component, a defect-

induced first-order Raman scattering is readily observed [35]. In Fig. 5.6 c 

the TA peak at 200 cm-1 arises because of vacancy type defects due to 

nitrogen deficiency so that the Ti atom vibrations contribute to a larger 
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intensity of these peaks. The peaks at 312, 440, 535, 836, 1078 cm-1 

correspond to longitudinal acoustic (LA), second-order TA (2TA), first-

order transverse optical mode (TO), combination mode of LA+TA and 

second-order TO mode (2TO), respectively [36-37]. The modes are also 

tabulated in Table 5.3 with possible origins. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.6.  Raman spectra of the films a) titanium dioxide b) after nitridation at 

800°C c) after nitridation at 950 °C  
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Table 5.3. Raman modes of titanium dioxide and titanium nitride 

 

 

 

 

 

 

 

 

Titanium dioxide Titanium Nitride 

Peak 

position 

(cm-1) 

Mode 

Peak 

position 

(cm-1) 

Modes and their Origin 

144 Eg 200 
First order Transverse 

acoustic mode (TA) 

194 Eg 300 
First order longitudinal 

acoustic mode (LA) 

398 B1g 400 
Second order Transverse 

acoustic mode (2TA) 

515 A1g and B1g 500 TA + LA 

640 E1g 520 to 580 
First order transverse 

optical mode (TO) 

  600 
Second order longitudinal 

acoustic mode (2LA) 

  800 LA + TO 

  1100 
Second order transverse 

optical mode (2TO) 
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5.3  MORPHOLOGY ANALYSIS 

5.3.1 surface morphology 

Fig. 5.7. represents the variation in the surface morphologies of the titanium 

dioxide film and the titanium nitride films after nitridation treatments at 800 

°C and 950 °C. The as-deposited films have smooth crack-free surfaces. As 

the initial TiO2 film is treated with ammonia at a temperature 800 °C, the 

formation of needle-type crystal structure occurs. The size of the needle-

type crystal structure increased when the nitridation temperature was further 

increased. This may cause an increase in average surface roughness in the 

films. Jeyachandran et al. also observed such needle-like formation in DC 

sputtered titanium nitride films [26]. The cross-section image of the films 

nitridated at temperatures 800 °C and 950 °C are shown in Fig 5.8. The 

thickness of the films were estimated to be around 100nm for both films 

from these images.  
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5.3.2. Atomic force microscopic analysis 

Fig 5.9 illustrates the 2D and 3D variations in the surface roughness of the 

as-deposited TiO2 film and the films after nitridation at 800 °C and 950 °C. 

The scan area was fixed at 5 μm × 5 μm for all samples. As the nitridation 

temperature is increased, the average surface roughness of the sample is 

Fig. 5.7.  Surface morphology of a) TiO2 film, and the films nitridated at 

temperatures b) 800 °C and c) 950 °C  

 

Fig. 5.8.  Cros-section images of the films nitridated at temperatures   

 a) 800 °C and  b) 950 °C 
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increased from 0.613 nm to 0.907 nm, as seen in Table 5.4. Roughness in 

titanium dioxide film are reported to vary from 0.2nm to higher values with 

increased film thickness [38-39]. Further, increase in nitridation temperature 

caused an increase in the roughness, where there may be a contribution due 

to the increased crystallite size [40]. As estimated by the Scherrer equation, 

the 550 °C air annealed titanium dioxide film had a small crystallite size, 

which possessed reduced average surface roughness. The needle-like 

formation may also have an impact on the increased roughness in the 900 °C 

nitridated film. Moreover, the protrusion height also increased with the 

nitridation temperature. The increased roughness for the sample TIN950 is 

evident from the 2D AFM images. The 2D AFM and FESEM images of 

spin coated TiO2 indicates similar resemblance. 
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c) 

 

 

 

 

 

 

 

 

 

 

 

 

5.4 INVESTIGATION OF THE ELECTRICAL 

PROPERTIES OF THE FILMS 

Hall measurements were carried out in van der Pauw configuration with a 

constant magnetic field of 1.05 T to study the electrical properties of the 

films. Carrier concentration, mobility and resistivity estimated were given in 

Table 5.5. The negative sign of the Hall coefficient and carrier concentration 

verified the n-type nature of the films. Titanium dioxide films were reported 

Sample name Average roughness (nm) 

TiO2 0.613 

TiN800 0.907 

TiN950 9 

Table 5.4. Average surface roughness in TiO2 and nitridated films 

Fig. 5.9.  2D and 3D AFM images of a) TiO2 film and the films nitridated 

at temperatures b) 800 °C and c) 950 °C  
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to have high electrical resistivity of the order of 106 Ωcm [41] owing to the 

variations with respect to thickness and to the O/Ti ratio in the films [42]. 

When the TiO2 films were subjected to nitridation at temperatures of 800 °C 

and 900 °C, the crystal structure of the TiO2 changes, as described earlier in 

the section 5.1 In the case of TIN80, which consists of the mixed phases of 

TiO2 and TiN, it corresponds to a carrier concentration of 1018/cc, as shown 

in Table 5.5. However, in the film TIN950, consisting of stoichiometric TiN 

phase, the reduction nitridation process improved the electrical properties. 

The carrier concentration changed from 1018/cc to 1022/cc in the film 

nitridated at temperature of 950C. As seen in the Table 5.5, the gradual 

increment in the nitridation temperature decreased the carrier mobility of the 

films, which may be due to the increased average surface roughness with 

nitridation temperature, as discussed in section 5.3 with the atomic force 

microscopic results [43]. TIN95 reports to have lower resistivity compared 

to other films. Here, the whole conversion of titanium dioxide resulted in 

the formation of low resistivity titanium nitride film with resistivity 10-4 Ω 

cm. which agrees with the earlier reports [44].   

 

 

 

Sample name 

Carrier 

concentration 

 ( /cm3 ) 

Mobility  

(cm2/Vs) 

Resistivity 

(Ωcm) 

TIN800 4.228 × 1018 1.79 × 10-1 8.248 × 100 

TIN950 6.098 × 1022 2.50 × 10-2 4.094 × 10-3 

Table 5.5. Electrical properties of titanium nitride films with different 

nitridation temperature 
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The metallic nature of titanium nitride films in visible region is established 

from the low energy xps spectrum, as shown in Fig.5.10. XPS analysis at 

low binding energies can reveal the electron density within the valence band 

at the film surface [45]. In the case of the initial titanium dioxide film, the 

valence band was observed very far from the Fermi level (EF). The valance 

band maximum is found to be 2.0eV. As the nitridation temperature is 

increased, the valance band maximum exhibits red shift, and approaches to 

the Fermi level, at the nitridation of 800 ºC, indicating an increase in the 

electric conduction [46], which can be seen in Fig. 5.10. At the nitridation 

temperature 950 ºC, the valance peak positioned on the Fermi level, which 

corresponds to the nature of a good electric conductor. Thus, the low energy 

XPS spectrum agrees well with the higher carrier density in titanium nitride 

films obtained from the Hall measurement analysis. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.10.  Low energy XPS spectrum of a) titanium dioxide, b) after 

nitridation at 800ºC, c) after nitridation at 950ºC 
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5.5 OPTICAL PROPERTIES OF THE FILMS 

5.5.1 Estimation of energy band gap  

Wide band gap semiconductors include stoichiometric titanium nitride and 

titanium dioxide. Tauc's relation was used to estimate the energy band gap 

for the direct band gap materials [47], which is given by 

𝛼ℎ𝜐 = 𝐴(ℎ𝜐 − 𝐸𝑔) 𝑛 ……………………..(5.5) 

where, A is a constant, h is the planks constant, ν is frequency of light, Eg is 

the energy band gap and n characterize the transition process. The energy 

bandgap energy was estimated as shown in Fig. 5.11, by extrapolating the 

linear portion of the (αhυ)2 versus energy plot to the x axis. The materials 

TiN and TiO2, being direct band gap materials, the value of n is taken as 2 

[48]. As seen, the band gap energy change with nitridation temperature. For 

the film TiO2, which is having anatase phase, the bandgap was calculated to 

be 3.69eV, which agrees with earlier reports [40,49]. The combined 

titanium dioxide-nitride composition has a bandgap of 2.54 eV at nitridation 

temperature of 800°C. Xie et al described the variation of bandgap of 

titanium nitride film with addition of oxygen via air annealing [50]. In the 

present work, with increase in the nitridation temperature, the bandgap 

showed an increase to 2.8eV corresponding to nearly stoichiometric 

titanium nitride [51]. The bandgap of titanium nitride is highly composition 

and thickness dependent, and it varies from 2.11 to 3.4eV [52]. 
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5.5.2 Plasmonic properties 

TiO2 and TiNx are two distinct materials according to their optical 

properties. Titanium dioxide is transparent and exhibits a reflectance of less 

than 30% in the visible wavelength region. Arnaud et al. investigated the 

conversion of titanium dioxide film to titanium nitride through a rapid 

thermal nitridation treatment using a halogen infrared lamp-heated furnace 

Fig. 5.11.  Energy bandgap estimated for the films a) titanium dioxide   

 b) nitridated at 800°C, and c) nitridated at 950°C 
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and reported percentage reflectance variation from 20% to 80% in the 

visible region [53]. In this work, the TiO2 films are having absorption band 

around 400 nm due to the yellowish appearance of the sample, which 

appears as a dip in the reflectance pattern of TiO2 films. After the nitridation 

at 800 °C, the reflectance of the film is reduced, and with further increase in 

the nitridation temperature, complete conversion of titanium dioxide to 

metallic titanium nitride occurs with a high electron carrier concentration 

1022/cc. Moreover, the films exhibit higher NIR reflectance, which confirms 

the suitability of the films for use as NIR reflecting mirrors, as shown in 

Fig. 5.12(a). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 5.12  (a) Reflectance spectra of TIO2, TIN80, TIN95, (b) extracted dielectric 

permittivity values for TIN95, (c) quality factor of TIN950  
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According to the electrical and optical results, the sample TIN950 can be 

further studied for the excitation of the surface plasmons. The essential 

parameter for surface plasmon resonance excitation is the high negative 

permittivity of the plasmonic material. Low loss is an important factor 

needed for any efficient plasmonic material.  

The dielectric permittivity function is given by  

ε(λ)= ε1 (λ) + ε2 (λ)…………(5.6)   

where the real part of permittivity (ε1) denotes the strength of polarization 

and the imaginary part of permittivity(ε2) describes the dielectric loss of the 

plasmonic material. Since titanium nitride contains both free and bound 

electrons, Drude-Lorentz approximation was used to extract the dielectric 

function from the reflection spectra with the aid of a standard package, 

ReFfit [54]. The dielectric permittivity in terms of Drude-Lorentz 

approximation is given by  

 

𝜀 = 𝜀∞ −
𝜔𝑝𝑢

2

𝜔2 − 𝑖Γ𝐷𝜔
+ ∑

𝑓𝑗𝜔𝑜𝑗
2

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

… … … (5.7)

2

𝑗=1

 

where   is high frequency dielectric constant, greater than unity, Γ𝐷  is the 

drude damping factor and ω0j is the Lorentz oscillator with damping factor 

γj.  Γ𝐷 =  
𝑒

𝜇𝑚∗
 is the loss-related Drude relaxation rate, or called momentum 

scattering rate [55-56].  

The extracted permittivity values for the TiNX film obtained after nitridation 

at 950 °C having high carrier concentration are shown in Fig 5.12(b). With 

the increase in wavelength, the ε1 exhibits a decreasing trend with positive to 

negative values, and the negative permittivity region starts from 463 nm. As 

seen, the dielectric loss is <1.5 in the whole 400-900 nm wavelength region, 
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that is, throughout the visible region, which confirms the low loss behaviour 

of the film. As seen the dielectric loss (ε2) increases after the crossover 

wavelength. The negative permittivity indicates the suitability of the films 

for SPR excitation in the visible region. These properties indicates the usage 

of TiO2 derived TiNx as efficient plasmonic material for SPP excitation. 

5.6 EXCITATION OF SURFACE PLASMON 

RESONANCE 

 

 

 

 

 

 

 

 

 

In order to further explore the plasmonic behaviour on the TiO2 

derived nitride films, a simulation study has been carried out using a 3-layer 

geometry consisting of a BK7 prism, metallic film, and air as dielectric 

medium [57]. For the excitation surface plasmons in thin metallic film, one 

would  require a momentum matching mechanism, which is normally 

Fig 5.13 SPR theoretical curve obtained in angular interrogation mode 
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provided by a prism geometry. Rajak et al theoretically predicted the 

spectral curve intensity using Fresnel’s reflection formula [58]. The 

multilayer model depends on the dielectric permittivity of the layers and 

thickness of the film[59]. The equation for 3-layer reflectance is given as, 

𝑟123 =
𝑟12+𝑟23𝑒2𝑖𝑘𝑧2𝑑2

1+𝑟𝑝2+𝑟23𝑒2𝑖𝑘𝑧2𝑑2
 ……………………(5.8) 

where 1,2,3 represents each layer, kz2 represents wavevector of the film and 

d2 is the thickness of the film. Using the above formula, the polarised 

reflections from film-air interface after total internal reflection were 

modelled using Winspall software [60], in angular interrogation mode with  

monochromatic sources of wavelength 632nm, 700nm and 800nm. The 

permittivity values extracted from the DL model were used for the study. 

The simulation study revealed the excitation of surface plasmon resonance 

with a broad curve with resonance angle of ~65°, as shown in Fig 5.13. 

Quality factor for the Surface Plasmon Polariton (SPP) propagation is given 

by [61]  

Q = < -ε1
2 >/< ε2 >……………………..(5.9) 

The quality factor for the sample at 632.8nm wavelength is found to 

be more than 5. With further increase in the wavelength of incident light 

from 632 to 800nm, the resonance dip shifted to lower resonance angles 

from 65° to 45°. It is evident from the Fig 5.12 (c) that  the increment in 

wavelength contributes to the increased quality factor. Thereby increases the 

plasmonic properties of the films in higher wavelength. SPR excitation 

shows a narrow bandwidth response at higher wavelength region. The 

reported quality factor for titanium nitride film coated on sapphire substrate 

is less than 100 in the visible region of wavelength [62]. Resulting SPR dip 

are broader compared to the narrow resonance dip obtained here at an angle 
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of 45º angle. The narrow resonance curve directs the use of these for sensing 

applications. In SPR sensing, the narrowness of the resonance curve (or full 

width at half maximum, FWHM) is critically important, because it directly 

governs the sensitivity, resolution, and detection accuracy of the sensor [63]. 

A narrow resonance curve corresponds to reduced optical losses [64] and 

longer plasmon propagation lengths [65] which lead to sharper resonance 

curves. This sharpness allows even small changes in the refractive index at 

the sensing interface to generate a measurable spectral change, thereby 

increasing the detection limit of the sensor. The quality factor obtained  for 

the films possess higher values compared to that of gold, which indicates an 

enhanced plasmonic performance of TiO2 derived TiNx films [66,67]. 
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5.7 CONCLUSION  

Stoichiometric titanium nitride film exhibiting plasmonic behaviour with 

higher quality factor 5 to 50 in the visible region has been fabricated 

successfully via nitridation of spin-coated titanium dioxide film, for the first 

time. The nitride films possessed high carrier concentration of the order of 

1022/cc, needed for  the excitation of SPP in visible region. GI-XRD, XPS 

and Raman spectroscopic studies provided detailed structural confirmation. 

The optical and electrical results were correlated, and the low loss nature 

with ε2 <1.5 for the film nitridated at 950 °C was verified with the Drude-

Lorentz approximation. A 3-layer geometry based on Fresnel equation has 

been used to investigate the plasmonic behaviour in the developed films. 

The study revealed an excitation wavelength of 800 nm for a narrow 

resonance dip at an incidence angle of 45º, suitable for further sensing 

applications. 
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Introduction 

Zirconium nitride is another promising material for plasmonic applications 

due to its unique electrical and optical properties. ZrN exhibits high carrier 

density, ability to support surface plasmon polaritons in the visible 

wavelength region and high resistance to oxidation compared to the 

traditional plasmonic materials like gold and silver [1-4]. Zirconium nitride 

exhibits a metallic-like optical response with high reflectivity across the 

visible and near-infrared spectrum [5]. Its ability to support surface 

plasmons and the possibility of tuning plasmonic behaviour by tailoring 

opto-electronic properties through compositional control make ZrN an 

excellent alternative to noble metals for applications like nanoantennas, 

metamaterials, and plasmonic waveguides [6]. The performance of ZrN-

based plasmonic devices is strongly dependent on the microstructure and 

surface properties of the material, which can be tailored through careful 

control of the deposition process and post-processing treatments [7]. 

Reactive sputtering and pulsed laser deposition are two common techniques 

used to coat ZrN thin films [8-9]. Being composition dependent, the 

structure and properties of the films can be tuned by adjusting parameters 

like gas composition, pressure, and substrate temperature. 

This chapter will provide a description on the reactive sputtering of ZrN thin 

films coated to cover glass slides, the optical and electrical properties of the 

material along with structural and morphological analysis. The film 

properties were tuned with respect to the variations in the gas composition 

and sputtering power. Grazing Incident-XRD and XPS characterisation 

techniques were used to elucidate the structural properties. Plasmonic 

behaviour of the films were investigated with opto-electrical property 

correlations, as done for titanium nitride, discussed in the previous chapters. 
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The negative permittivity and low loss nature were confirmed in the samples 

by analysing the optical reflectance spectra. The surface plasmon resonance 

excitations were experimentally conducted using prism based Kretchsmann 

configuration in wavelength interrogation. 

6.1 Development of zirconium nitride films for plasmonic applications 

Zirconium nitride films with variable stoichiometry were prepared by 

changing the deposition conditions in DC reactive sputtering. Thin films 

with ZrNx compositions were prepared initially by evacuating the deposition 

chamber to a base pressure of 5×10-6 mbar using a turbo molecular pump 

followed by admitting argon (4N purity) gas for plasma creation and 

nitrogen (4N purity) gas as reactive source. The overall gas flow was 

controlled using mass flow controller. Zirconium nitride films were 

reactively dc sputtered using a Zr metal target with 4N purity having 2-inch 

diameter. The working pressure was maintained at 9×10-3mbar throughout 

the deposition. After  admitting argon and nitrogen gases to the chamber, 

the metal target was pre-sputtered for 5 minutes to remove impurities, if 

any, on the target. Depositions were carried out at room temperature onto 

pre-cleaned soda-lime glass substrates. The cleaning process of the glass 

slides was carried out by ultrasonicating in soap water, distilled water, 

acetone, and isopropanol one after the other for 15 minutes, followed by 

drying in a nitrogen stream. During the deposition, the substrate to target 

distance was kept constant at 55mm. The substrate holder is rotated with 

speed 10 rpm to ensure uniformity for the films. The depositions were 

carried out at two different sputtering power, 60W and 80W, as given in 

Table 6.1. 
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6.2 Structural properties sputtered Zirconium nitride films  

6.2.1 X-ray diffraction Studies 

Fig. 6.1 illustrates the GI-XRD patterns obtained for the zirconium nitride 

films with variable deposition power and different Ar/N2 gas compositions. 

The X-ray diffraction analysis was carried out from 25 to 70 degrees with a 

grazing angle of 1 degree. The aforementioned patterns were matched with 

the ICDD file 00-035-0753 of cubic zirconium nitride with peaks 

corresponding to (111), (200), (220), and (311) crystal planes at 2-theta 

angles 33.89º, 39.33º, 56.83º and 67.85º, respectively. All the sputtered 

films predominantly oriented along the (111) crystal plane. The samples 

were deposited with 2 different sputtering power, in which high sputtering 

power led to more prominent (200) and (220) peaks, which may be due the 

increased deposition rate with high power. 

The samples were deposited with variable nitrogen gas flow during 

deposition in order to vary the stoichiometry in the coated films. Increase in 

the nitrogen gas flow contributes to the increased nitrogen content in the 

films fabricated As the nitrogen flow was increased from 0.5sccm to 

1.5sccm i.e. for ZRN1 to ZRN3, the full width at half maximum of the XRD 

peaks increased, as seen in Fig.6.1, may be due to the decrease in the 

crystalline Klumdong et al reported crystalline to amorphous phase 

transition for nitrogen variation from 0.5-1.5 sccm [10]. Zirconium nitride 

N2 Gas 60W 80W 

0.5 SCCM ZRN1 ZRN4 

1.0 SCCM ZRN2 ZRN5 

1.5 SCCM ZRN3 ZRN6 

Table 6.1.  Experimental conditions used for sputtering 
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structural phase is found to fluctuate highly for small gas composition 

variation. When the nitrogen flow rate was 1sccm, the ratio of intensities of 

(111)/(200) peak is found to be small compared to other cases, irrespective 

of the sputtering power [11], In zirconium nitride samples ZRN1 and ZRN3, 

as indicated by the slight shift in the (111) peak position [12-13].The 

samples coated at higher deposition power exhibited more crystalline 

nature.  

 

 

 

 

 

 

 

   

 

 

 

 

 

 

 

Fig. 6.1:  GI-XRD patterns of the zirconium nitride films deposited with two 

sputtering power, 60W (left) and 80W (right), and with different Ar/N2 

gas compositions (ZRN1 to ZRN 6). The ICDD file 00-035-0753 of 

cubic zirconium nitride is shown at the bottom. 
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6.2.2 X-ray Photoelectron Spectroscopic analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.2.  Survey scan spectrum, high resolution scan spectra of Zirconium and 

nitrogen of DC sputtered zirconium nitride thin film samples (ZRN1, 

ZRN2 and ZRN3) deposited with different Ar/N2 gas compositions at 

constant DC power of 60W 
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Fig. 6.3.  Survey scan spectrum, high resolution scan spectra of Zirconium and 

nitrogen of DC sputtered zirconium nitride thin film samples (ZRN4, 

ZRN5 and ZRN6) deposited with different Ar/N2 gas compositions at 

constant DC power of 80W 
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For further proving the stoichiometric nature for plasmonic applications, 

surface composition analysis was carried out further with X-ray 

photoelectron spectroscopic analysis. The films deposited with variable 

nitrogen flow at constant DC power of 60W and 80W were subjected for 

XPS measurements and the survey scan spectrum obtained along with the 

high-resolution spectra of Zr 3d and N1s are shown in Fig. 6.2 and Fig. 6.3, 

respectively. The peak positions were corrected with adventious carbon 

peak at 284.6eV [14-15]. The binding energy values corresponding to core 

level spectra of Zirconium and Nitrogen are given in Table 6.2. The 

elemental contributions were calculated from the ratio of the area under the 

high-resolution spectra, and the intensity ratios were corrected with 

sensitivity factors [16].  

The elemental composition is found out using the given equation  

Aomic % of 𝐴 =

𝐴
𝑎

𝐴
𝑎 +

𝐵
𝑏

… … … … … … . . (6.1) 

where A and B represents area under elements, a and b represent atomic 

sensitivity factors for respective elements. The values obtained are tabulated 

in Table 6.3 and the corresponding graph for 60W deposition power is 

plotted in Fig 6.3. 

 

 

 

Element Peak energy (eV) Peak assignment 

Zirconium 
180.1 [16] Zr 3d5/2 

182.5 [16] Zr 3d3/2 

Nitrogen 397.2 [17] N 1s 

Table 6.2. Peak assignments for ZrN 
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Fig. 6.4  Variation in elemental composition with respect to amount of 

nitrogen gas during deposition with power (a) 60W and (b) 80W  
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Elemental compositions in each sample was calculated and the percentage 

obtained is illustrated in Fig 6.4a and 6.4b. Zirconium contribution with 

varying nitrogen gas during deposition of 60W shows a gradual decrease 

from 0.51 to 0.48. Corresponding gradual increase in the nitrogen elemental 

concentration from 0.48 to 0.51 is found, which agrees with the earlier 

observations [18-19]. The calculated x value in ZrNx from elemental 

composition confirms the stoichiometric nature of reactively sputtered 

zirconium nitride thin films. N/Zr ratio varies from 0.95 to 1.05 with the 

variation of nitrogen from 0.5sccm to 1.5sccm, during deposition for 

deposition power of 60W, while that of 80W of deposition power varies 

from 1.00 to 1.035. XPS analysis carried out for the films coated at 60W 

and 80W sputtering power confirm the stoichiometric nature of zirconium 

nitride films.  

 

 

 

Sample name Zirconium Nitrogen 
N/Zr ratio (Value 

of x) 

ZRN1 0.5124 0.4876 0.9515 

ZRN2 0.4957 0.5042 1.0171 

ZRN3 0.4870 0.5129 1.0533 

ZRN4 0.4982 0.5017 1.0069 

ZRN5 0.4946 0.5054 1.0218 

ZRN6 0.4912 0.5087 1.0356 

Table 6.3  Variation in elemental composition with respect to amount of nitrogen 

gas during deposition  
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6.3 Morphological analysis 

 

 

 

 

 

 

 

Fig. 6.5  Surface morphology of zirconium nitride thin films coated at 

sputtering power of 60 W (ZRN1, ZRN2 and ZRN3) and 80W 

(ZRN4, ZRN5 and ZRN6) with variable nitrogen gas concentration  
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Fig. 6.5 represents the smooth uniform crack free surfaces obtained for DC 

sputtered zirconium nitride thin films with variable nitrogen gas 

compositions during the deposition process. Cross-section analysis provided 

thickness of the thin film samples, which shows a gradual decrement with 

increased nitrogen content. As the nitrogen gas during deposition increases 

from 0.5sccm to 1.5sccm, the XPS analysis confirmed the increase in 

nitrogen content in the sample from 0.48 to 0.51. The film thickness reduced 

from 57 nm to 27 nm, as seen in the cross-section SEM (Fig.6.6). These 

variations are plotted in the Fig 6.7. Therefore, by correlating XPS and 

FESEM cross-section analysis, it can be concluded that the deposition rate 

decreases as the nitrogen content in the films increases. Zhang et al reported 

a variation of film thickness from 1.5 μm to 0.8μm with increase in nitrogen 

concentration during the deposition [20]. Klumdong et al also reported 

similar nature of decrease in deposition rate in zirconium nitride films [21]. 

As seen, smooth surface morphology is obtained for the film ZRN3 

compared to other samples deposited at 60W sputtering power. In the case 

Fig. 6.6  Cross-section images of zirconium nitride thin films deposited at 

sputtering power of 60W (ZRN1, ZRN2, ZRN3) and 80W (ZRN4, 

ZRN5, ZRN6) with different nitrogen gas concentrations.  
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of the samples coated at 80W, both ZRN4 and ZRN5 are having smooth 

surface. The increase in the RF power contributes to increase in the kinetic 

energy of plasma density, and  thereby causing increase in the plasma 

density [22], which may be reason for the increase in the thickness of the 

film with increase in the deposition power. 

 

 

 

 

 

 

 

 

 

 

6.4 Electrical properties 

Carrier concentration of the order of 1022 /cm3 is necessary for exhibiting 

plasmonic properties in the visible region of the electromagnetic spectrum.  

Hall measurements were carried out for investigating the electrical 

properties of the sputtered zirconium nitride thin films. 

 

 

 

Fig. 6.7.  Variations in the thickness of the films deposited with different 

nitrogen gas concentrations at constant power 
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Sample name Carrier concentration (cm-3) Mobility (cm2/Vs) 

ZRN1 5.726 × 1021 0.3803 

ZRN2 4.039× 1021 0.5416 

ZRN3 8.470 × 1019 3.312 

ZRN4 5.633 × 1022 0.1899 

ZRN5 2.885 × 1022 0.2346 

ZRN6 8.695 × 1020 0.2976 
 

Table 6.4 illustrates the carrier concentration and mobility estimated from 

Hall measurements in  the coated ZrNx thin films deposited at sputtering 

power of 60W and 80W. The resistivity of the film samples were found to 

be in the μΩ cm range. Carrier concentration shows a gradual decrease with 

increase in the N/Zr ratio, where the deposition was carried out with 

variable nitrogen gas concentration. As seen in the Table  6.4, the samples 

from ZrN1 to ZRN3 and ZrN4 to ZRN6, the carrier concentration decreases, 

while the mobility of electrons increases. Han et al. investigated the carrier 

density of ZrN films in relation to the decremental behaviour with nitrogen 

vacancy concentration  [23]. He reported that a variation in nitrogen 

vacancy density from 25% to 5% resulted in an increase in valence band 

electron density  [24], in which most of them gradually fill the covalent pdσ 

band and few fill the metallic σ band. The covalent pdσ band is below the 

Fermi level, which contributes little to the conduction electron, while the 

metallic σ band above the Fermi level can increase the conduction electron 

[23-25]. Although the carrier concentration decreases with gradual increase 

in the N/Zr ratio, the electron mobility increases in direct proportion with 

the variation in the N/Zr ratio. That is, the carrier mobility increased in the 

films from ZRN1 to ZRN3 and ZRN4 to ZRN6, where the deposition was 

carried out with increase in the nitrogen gas concentration, which in turn 

improved the surface smoothness in the samples, as described in the 

Table 6.4. Electrical properties of ZrN films 
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previous section. There are reports on the high carrier concentration of 

zirconium nitride thin film suitable for plasmonic application [26]. 

However, the substrates used for coating were silica or sapphire substrates. 

In this work, the substrates used were standard microscopic cover glass 

slides, which provided electron density equivalent to films on the crystalline 

substrates.  

 6.5 Optical properties  
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Fig. 6.8 Reflectance spectra of DC sputtered ZrNx films. 

Fig. 6.9.  Reflected spectra of the ZRN samples a) ZRN4 b) ZRN5 along with 

fitted patterns  
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Sample 

name 
ε∞ ωp (eV) ω0j (eV) γj (eV) 

ZRN4 2 
2.441 2.743 1.4202 

6.787 0 0.0304 

ZRN5 2.01 

1.851 2.456 0.7497 

2.549 3.064 0.7318 

7.353 0 0.0819 

Table 6.5. Fitting parameters used for Drude Lorentz fitting 

Fig. 6.10. Extracted real (a) and imaginary (b) parts of the complex permittivity, 

and the quality factor of DC sputtered  ZrNx films (c) of films having 

high carrier concentration  
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The complex dielectric permittivity is given by    

ε(ω) = ε1 (ω) + i ε2 (ω)                         (6.2) 

The extraction of the real and imaginary parts of the complex permittivity, 

as per the equation 6.2 is essential to confirm the suitability for plasmonic 

applications. Reflectance  spectra of DC sputtered zirconium nitride films 

were recorded in visible region, as shown in Fig.6.8. The reflectance R for 

normal incidence and a semi-infinite medium is provided by the Fresnel 

relation [27] 

𝑅 = |
1 − √𝜀𝑟

1 + √𝜀𝑟

|

2

                                          (6.3) 

Zirconium nitride consist of both free electrons and bound electrons. Hence 

the optical parameters can be extracted by using Drude-Lorentz 

approximation, where the Drude term consider the contribution of free 

electrons, while the Lorentz term accounts for the bound electrons to the 

dielectric function. The dielectric function can be written as, 

𝜀𝑟 = 𝜀∞ −
𝜔𝑝𝑢

2

𝜔2 − 𝑖Γ𝐷𝜔
+ ∑

𝑓𝑗𝜔𝑜𝑗
2

𝜔0𝑗
2 − 𝜔2 + 𝑖𝛾𝑗𝜔

                  (6.4)

2

𝑗=1

 

where   is high frequency dielectric constant, >1, Γ𝐷  is the drude damping 

factor and ω0j is the frequency of jth Lorentz oscillator with damping factor 

γj.  Γ =  
𝑒

𝜇𝑚∗ , is the loss related Drude relaxation rate, or called momentum 

scattering rate [28].  

Fig. 6.8 shows the reflectance spectra of the zirconium nitride films coated 

with two sputtering powers. The films possessing high carrier concentration 

(ZRN4 and ZRN5) were subjected for permittivity analysis. The dielectric 

function from the reflection spectra were extracted with the help of a 
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standard package, ReFfit [29], as explained in the previous chapters. The 

fitting parameter used to fit the reflectance spectra are tabulated in Table 

6.5. The resultant fitted reflected pattern and sample reflectance patterns are 

given in Fig. 6.9 The real and imaginary parts of the complex permittivity 

extracted are as shown in Fig 6.10 (a) and (b). As discussed in the previous 

chapters, in the realm of plasmonics, the cross-over wavelength or screened 

plasma energy is important, which is given by the wavelength at ε1=0. This 

wavelength marks the distinction between the positive and negative values 

of real part of the permittivity. The crossover wavelengths, as seen in the 

Fig 6.10(a), shows remarkable variation with respect to carrier 

concentration. The results are summarised in Table 6.6. In case of the 

samples ZRN4 and ZRN5, there is not much variation in the carrier density 

although the nitrogen gas during deposition was varied. Hence, there is no 

evident variation in the crossover wavelength, and the same is obtained to 

be less than 390 nm. 

 

 

Patsalas et al reported the imaginary part of the dielectric constant (ε2) to be 

<6 in the entire region of 1- 6 eV (200-1300nm) [30], which agrees with our 

observation for sputtered zirconium nitride thin films. The range of the 

imaginary permittivity value is less than 2,  in the visible  region as seen in 

Fig 6.10(a), which increases as wavelength increases. The negative 

permittivity region are most suited for plasmonic applications. 

Sample name Crossover wavelength (nm) 

ZRN4 390 

ZRN5 389 

Table 6.6. Estimated crossover wavelength of the ZrN film samples 
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The plasmonic performance of a thin film depends on the quality factor of 

surface plasmon polariton propagation [31], which is  given by  

Q = < -ε1
2 >/< ε2 >……………………..(6.5) 

Figure 6.10(c) shows the estimated quality factor for the thin film samples, 

which confirms the high plasmonic performance of the ZRN4 and ZRN5 

samples, with excellent opto-electrical property correlation suitable for 

plasmonic excitations. From the quality factor values in Fig 6.10(c), it can 

be seen that the values exhibit drastic increase as the wavelength increases. 

Nieborek et al reported that the combined effect of improved crystallinity 

and smooth microstructure is necessary for enhanced plasmonic 

performance [32]. Those two factors largely dependent on the deposition 

parameters of sputtering. Increase in the kinetic energy of the plasma 

density in sputtering may result in increase in the metallicity of the 

deposited film. [32]. Both the increase in deposition power and the decrease 

in Ar working pressure result in an increase in the kinetic energy. [22]. The 

analysis provided here proved better crystallinity, better surface 

characteristic and enhanced opto-electrical property in the films ZRN4 and 

ZRN5. 
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6.6 INVESTIGATION OF PLASMONIC PROPERTIES  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

From the conclusions drawn from the opto-electrical property correlations, 

it is evident that the samples ZRN4 and ZRN5 are most suitable for the 

plasmonic applications in the visible region. These film samples have 

Fig. 6.11.  Surface plasmon resonance excitation curve obtained in ZRN4 and 

ZRN5 in Kretchsmann configuration at an incidence angle of 45°. 

Fig. 6.12.  Surface  plasmon  resonance  curves  obtained  in  the  films  
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superior electrical properties in terms of carrier concentration and mobility, 

and also possess higher quality factor when compared to the other samples.  

 A suitable momentum matching configuration is required in order to 

excite the surface plasmon polaritons in the sample as discussed in the 

Section 1.5 of this thesis. In the prism geometry configuration, p polarised 

visible light is allowed to fall on the zirconium nitride film coated on glass 

substrates, attached to the base of the BK7 prism with index matching fluid, 

at an angle greater than the critical angle. Evanescent field will be generated 

outside at the film-dielectric (air) interface. The reflected light intensity was 

analysed using  spectrophotometer, which demonstrated the characteristic 

resonance dip corresponding to the SPR excitation in the visible region. The 

surface plasmon resonance excitation curves obtained with an incidence 

angle of 45° is shown in Fig 6.10, for the samples ZRN4 and ZRN5. As 

seen in the figure, a red shift in the SPR position from 441 to 456nm has 

been observed from the samples ZRN4 and ZRN5, deposited with variable 

nitrogen gas concentrations at specific sputtering power. The carrier density 

indicated a slight decrease from 5.63 × 1022/cm3  to 2.89 × 1022/cm3 for these 

samples. The decrease in carrier density marked red shift in the resonance 

wavelength  position. The full width half maximum of SPR of the sample 

ZRN4 is found to be less in comparison with the sample ZRN5. For the film 

ZRN4, the observed FWHM is estimated to be 134nm, while it was 181nm 

for the film ZRN5.  

When the incidence angle was increased, the coupling of SPP and incident 

light became more prominent and further narrower FWHM was observed. In 

case of the sample ZRN5, as the angle of incidence was changed from 45° 

to 58°, the corresponding surface plasmon resonance wavelength changed 

from 456nm to 424nm, as shown in Fig 6.12 (b). The blue shift observed in 
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the SPR wavelength was explained in the section 4.6 of this thesis. Similar 

blue shift was reported by Daniyal et al [33]; the author theoretically 

predicted that increasing the incidence angle would result in a reduction in 

the resonant wavelength. An optimum metal film thickness is always 

preferred for better SPP excitation [34]. Here, the quality factor estimated is 

significant. The quality factor is high for the sample ZRN4, which indicates 

better features for the SPR curve [35-36].  

There are numerous reports on the theoretical predictions of 

plasmonic behaviour of zirconium nitride on the basis of the extraction of 

dielectric function using ellipsometry analysis. This is achieved by 

establishing negative permittivity and low loss characteristics in the films.. 

However, there is no experimental evidence reported so far of SPR 

excitation in zirconium nitride films [37-39]. In this work, the plasmonic 

behaviour of coated films has a theoretical background, and in addition, the 

plasmonic properties have been experimentally demonstrated. Zirconium 

nitride films fabricated with a high-quality factor and carrier densities of the 

order of 1022/cm3 were provided successful experimental excitation in 

wavelength interrogation mode.  
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6.7 CONCLUSION 

Stoichiometric zirconium nitride films possessing enhanced plasmonic 

properties due to high quality factor were fabricated by the DC sputtering 

with varying deposition power and gas composition during sputtering. The 

films coated on glass substrates exhibited a high carrier concentration of the 

order of 1022/cc and low loss nature (<2), essential for plasmonic excitations 

in the visible region. The structural property analysis revealed (111) 

preferred orientation for the films. Smooth uniform morphology of the films 

were confirmed via FESEM analysis. The films having higher carrier 

concentration were subjected for SPP excitation in prism geometry 

configuration in wavelength interrogation, using visible light at an angle of 

incidence of 45°. For the first time, the experimental demonstration 

provided SPR excitation in zirconium nitride films prepared with variation 

in nitrogen concentration during deposition, from the wavelength 456nm to 

424 nm in the films, when excited using Kretschmann configuration. The 

FWHM of the resonance curve was found to decrease with increasing angle 

of incidence.  
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Investigation of transition metal nitride (TMN) thin films as an alternative 

plasmonic material for visible region was carried out in the thesis. Titanium 

nitride and zirconium nitride were chosen as materials under this study. 

Since they are non-stoichiometric compounds, the properties of the 

materials depend on the preparation methods, which largely influence their 

plasmonic properties. Thus, tunability in the material composition of 

transition metal nitrides can be achieved. 

All thesis chapters begin with initial phase formation confirmation through 

XRD analysis, followed by composition analysis via XPS measurement. 

After that, vacancy determination was performed using Raman 

spectroscopy. In order to focus on the plasmonic properties of TMN thin 

films, it is necessary to correlate with the opto-electrical properties and 

morphological analysis of the films. The overall conclusion points are given 

below. 

• PROCESS DEPENDENCY: In the investigation of plasmonic 

properties in titanium nitride films, the film fabrication was carried 

out in 3 different ways: 1) full vacuum-based approach, 2) partial 

vacuum-based, and 3) solution-based. Since process dependent, each 

films have their own merits and demerits. Though the process 

parameters have been tuned to get the required high carrier 

concentration in all fabrication routes, other improved properties such 

as crystallinity, mobility the values of real and imaginary permittivity 

etc. achieved in accordance with deposition process, also contributed 

to this. That is, surface plasmon resonance has been achieved in 

titanium nitride by properly engineering the material properties. 

Therefore, it is clear that the plasmonic properties are tunable with 

process dependence. More crystalline films were deposited once the 
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titanium dioxide film was used as precursor film for nitridation with 

ammonia. This helped reduce the loss in titanium nitride. 

 

• COMPOSITION DEPENDENCY: Among the 3 different fabrication 

methods chosen for titanium nitride, the compositions of the films 

fabricated was tuned in each case. This further tuned the overall 

properties of the films, such as preferred orientation, electrical and 

optical properties, etc. The improved plasmonic performance observed 

in the samples is the combined effect of all these properties. This 

further predicts that the plasmonic properties can be tuned by tuning 

the composition in the sample.  

• COST EFFECTIVE APPROACH: The overall thesis motive is to 

develop cost-effective and stable alternative plasmonic material to 

replace the conventionally used metals. The study revealed a cost-

effective route, when solution-based technique was used for the 

fabrication of titanium nitride thin films from titanium dioxide film, as 

the samples developed exhibits lower imaginary part of permittivity 

with high quality factor. 

• SURFACE PLASMON RESONANCE EXCITATION: When the 

deposition methods were varied, differences were evident in the 

electrical properties. Even though they are exhibiting high carrier 

concentration, the mobility and hence resistivity in the sample varied 

due to the differences in the crystalline properties. Titanium nitride 

films deposited by ammonia nitriding titanium metal provided low 

resistivity. Combined with the much wider tunability of the thickness 

of the metal films, the successful experimental excitation of SPP in 

titanium nitride films have been achieved. 
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• BETTER PLASMONIC MATERIAL: In addition to all of the above, 

this work also investigated the plasmonic properties of another 

potential material, zirconium nitride. As predicted in the literature, it 

has proven to be a better alternative material than the titanium nitride. 

Successful SPP experimental excitation in sputtered films with 

Kretzmann configuration showed a blue shift in the crossover 

wavelength and a very narrow FWHM in the resonance curve. 
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On the basis of the studies carried out on the plasmonic properties of 

titanium nitride and zirconium nitride films, it was found that they agree 

well with the idea of serving as alternative plasmonic materials. The 

complete thesis can be divided into two portions, one dealing with process 

dependence on the plasmonic properties of titanium nitride thin films. The 

latter involves an introductory understanding of the plasmonic properties of 

zirconium nitride films deposited using vacuum coating method. 

In order to exhibit plasmonic properties in visible region, a high carrier 

density of the order of 1022/cm3 is needed, and the same is achieved in 

titanium nitride thin films in all fabrication routes. Though successfully 

excited surface plasmon resonance in the fabricated samples through 

thickness control, the excitation mechanism used in this study was the prism 

geometry configuration. There is a lot of room available for further 

exploration of plasmonic behaviour. The prism type geometry is based on 

the Kretschmann configuration, which is suitable for various sensing 

studies. The next prime area is to choose other excitation mechanisms, such 

as grating and fiber-optic configurations, for titanium nitride. Successful 

excitation in these configurations has the advantage of further 

miniaturization of the sensing devices. The titanium nitride fabricated via 

the TiO2 conversion offers a cost-effective solution for coating titanium 

nitride films on drillers and other equipment. 

This thesis includes only a preliminary chapter on a comprehensive analysis 

of structural, optical, and electrical properties of zirconium nitride films, 

which sheds more light on the plasmonic properties of zirconium nitride 

samples. The investigation revealed reduced dielctric loss in ZrN samples, 

proving that zirconium nitride is a relatively better alternative material than 

titanium nitride. Other processes, such as nitridation using ammonia for 
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fabricating ZrN from a zirconium metal sample, can also be adopted. In 

addition, there is possibility of conversion of zirconium oxide to zirconium 

nitride via nitridation of ammonia gas. Investigation can extend to other 

excitation configurations, such as grating and fibet-optic. 

The future of plasmonics lies in the fabrication of TO devices and 

metamaterials, overcoming the limitations of noble metals. Alternative 

plasmonic materials such as titanium and zirconium nitrides are a good 

solution to obtain improved TO and metamaterial platforms. Apart from 

these, transition metal nitride films have potential in solar cells and NIR 

reflectors. 
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