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Abstract 

Aation and cation doping of transition metal oxides has recently gained attention as a 

viable option to design materials for application in solar energy conversion, photo-catalysis, 

transparent electrodes, photo-electrochemical cells, electrochromics and flat panel displays in 

optoelectronics. Specifically, nitrogen doped tungsten oxide (WO3) has gained much attention 

for its ability to facilitate optical property tuning while also demonstrating enhanced photo-

catalytic and photochemical properties. The effect of nitrogen chemistry and mechanics on the 

optical and mechanical properties of tungsten oxynitride (W-O-N) nano-coatings is studied in 

detail in this work. The W-O-N coatings were deposited by direct current (DC) sputtering to a 

thickness of ~100 nm and the structural, compositional, optical and mechanical properties were 

characterized in order to gain a deeper understanding of the effects of nitrogen incorporation and 

chemical composition.  All the W-O-N coatings fabricated under variable nitrogen gas flow rate 

were amorphous.  X-ray photoelectron spectroscopy (XPS) and Rutherford backscattering 

spectrometry (RBS) measurements revealed that nitrogen incorporation is effective only for a 

nitrogen gas flow rates ≥9 sccm.  Optical characterization using ultraviolet-visible-near infrared 

(UV-VIS-NIR) spectroscopy and spectroscopic ellipsometry (SE) indicate that the nitrogen 

incorporation induced effects on the optical parameters is significant. The band gap (Eg) values 

decreased from ~2.99 eV to ~1.89 eV indicating a transition from insulating WO3 to metallic-

like W-N phase.  Nano-mechanical characterization using indentation revealed a corresponding 

change in mechanical properties; maximum values of 4.46 GPa and 98.5 GPa were noted for 

hardness and Young‟s modulus, respectively.  The results demonstrate a clear relationship 

between the mechanical, physical and optical properties of amorphous W-O-N nano-coatings. 

The correlation presented in this thesis could provide a road-map to optimize and produce W-O-

N nano-coatings with desired optical and mechanical properties for a given technological 

application in the field where structure, mechanical and optical properties are important. 
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Chapter 1: Introduction 

Today‟s need to minimize the carbon footprint left behind by all traditional energy and 

chemical industries require designing and realizing materials that can facilitate the production of 

clean energy and the maintaining of high efficiency in extreme environments.  In this regard, 

researchers are constantly searching for novel strategies and designing new materials for 

functional applications. Currently, oxynitride thin films and coatings are of particular interest in 

view of their ability to combine the traditional electro-optical properties of oxides with the 

mechanical properties of nitrides. When a metal is reacted in oxygen and nitrogen, the resulting 

material can exhibit a combination of mechanical and optical properties in addition to oxidation 

resistance and structural stability at elevated temperatures.   

Tungsten oxide (WO3) is a semiconducting material; it well known for chromogenic 

properties and optical properties that allow for its ability to utilize a wide portion of the solar 

spectrum [1-10].  These properties have allowed for WO3 to be applied in electrochromic films 

for energy efficient windows, display devices and as photoelectrochemical cells (PEC) for 

hydrogen production, photocatalysis and solar cells [1-20]. Similarly, for decades, tungsten 

nitrides have had a vital role in microelectronics as diffusion barriers, gate electrodes and other 

components as well as in industrial applications as hard coatings.  By incorporating nitrogen into 

WO3, thus producing tungsten oxynitride (W-O-N) nano-coatings, it is possible to tune the 

desired optical and mechanical properties based on chemical composition.  This is the impetus 

for this study, which will provide an overview of how the nitrogen content and overall chemical 

composition influences the optical and mechanical properties of tungsten oxynitride nano-

coatings, accomplishing the desired optical property tuning combined with the traditionally 

advantageous characteristics of nitrides with oxidation resistance and structural stability at 

elevated temperatures. Some general introduction to the specific materials and topics relevant to 

this thesis work is presented in the following sections. 
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1.1 TUNGSTEN OXIDES 

Tungsten oxide (WO3) and WO3-based complex oxide materials have been used in many 

industries for their highly attractive electro-optical, structural, and electronic properties and for 

their use as a chromogenic material [1-10].  Based on a modified rhenium oxide (ReO3) 

structure, WO3 phase transitions are highly dependent upon temperature; the sequence follows 

from a low temperature monoclinic structure, ε-WO3 below 230 ºK, to a triclinic, δ-WO3 from 

230-300 ºK, room temperature monoclinic, γ-WO3 from 300-600 ºK, orthorhombic, β-WO3 

from 600-1020 ºK, and a tetragonal structure, α1-WO3 above 1170 ºK [11-13]. WO3 thin films 

and nanostructures exhibit an optical band gap of ~2.4-3.2 eV, as well as absorption extending 

from the blue part of the visible region to the ultraviolet region and high transmission in the near-

infrared (IR) to visible spectrum [5-7].  Tungsten oxide‟s properties allow for good 

accommodation of oxidation state alterations by field-aided ion intercalation and for proper band 

alignment for solar cell applications [4-5].  Below is a brief explanation of how these properties 

can be directly applied to different device designs. 

1.1.1 Chromogenic Devices 

Due to tungsten oxide‟s “electrically controllable” optical properties their use in 

chromogenic applications, such as energy efficient windows and display devices, has been 

extensively explored in literature.  Granqvist et al. described that by inserting or extracting ions 

from an electrochromic film, the optical properties can be modified; as electrons enter in 

conjunction with ions to obtain charge neutrality.  A schematic of such a device is shown in 

Figure 1.1 [1].  A voltage is applied to two transparent conductors that surround a transparent 

conductor and electrochromic films that lay on either side of an ion conductor. Ions are then 

inserted or extracted from the electrochromic film, resulting in a change in color.  Studies of 

electrochromic thin films attempt to describe the mechanisms of accomplishing a change in 

oxidation state and the promotion of reversible spectral absorption properties [1-4].  Further 
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improvements to the electrochromic performance of WO3 films and coatings are made with the 

addition of a dopant, usually Ti [6, 9]. 

 

 

Figure 1.1: Schematic for an electrochromic device indicating the movement of ions through a 

layer of an electrochromic film, altering the film‟s optical properties [1] 

1.1.2 Photo-electrochemical Applications of WO3 

WO3 thin films have also been used as electrodes in photoelectrochemical cells (PEC), 

transparent back contacts for solar cell designs and oxidation resistive gas sensors [5-8].  PEC 

technology alone has a range of applications such as use in hydrogen production, photocatalysis 

and solar cells.  An example of PEC technology being applied is presented by Higashimoto et al 

in which the author forms a WO3/TiO2 hybrid material that uses photoelectrochemical 

conversion of solar energy in order to obtain photo-induced charge separation [8].  PEC 

technology can also take advantage of photocatalytic properties and induce water-splitting by 

taking advantage of the photo-induced electron and hole formation, resulting in the formation of 

hydrogen.  Other applications for tungsten oxide are as transparent back contacts for different 

solar cell designs as well as other applications taking advantage of the material‟s physical 

properties [5].  Another huge advantage of WO3 is its resistivity to oxidation which eventually 

led to their use in gas sensors and as a result has been studied further for their mechanical 
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properties as an alternative to tungsten nitride hard coatings for highly corrosive environments 

[8-10].   

1.2 TUNGSTEN NITRIDES 

Tungsten nitride coatings are traditionally studied for use as diffusion barriers in 

microelectronics [17-24], gate electrodes in semiconductor devices [25-30], hard coatings to 

protect from mechanical wear [16, 31-35] or as Schottky Contacts [25, 36].  Several studies 

conducted by Shen et al. aim to grasp the full knowledge of the relationship between different 

parameters such as the deposition condition have on the internal stress, microstructure, elemental 

concentration [37-39].  More recently studies have attempted to fine tune properties by changing 

the substrate bias voltage, deposition methods or adding tungsten oxide layers [40-42].  Below is 

a more detailed review of the early applications of tungsten nitride coatings to further understand 

the importance of studying these coatings for further application in advanced technology.   

1.2.1 Diffusion Barriers 

 Tungsten nitride‟s use as a diffusion barrier has been well documented and developed for 

the past few decades.  For use in increasingly smaller semiconductor devices, diffusion barriers 

have been manufactured to improve the performance of semiconductor contacts.  Diffusion 

barriers lay between the contact materials, usually copper or aluminum, and the silicon substrate 

in order to prevent diffusion and any reaction between the material and the substrate.  Uekubo et 

al. have reported that without the use of diffusion barriers, copper contacts diffuse rapidly into 

silicon substrates, causing the formation of copper silicide which can be visualized in Figure 1.2 

[17].  This formation creates a time delay and Joule heat generation detrimental to performance 

of semiconductor contacts [17]. 
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Figure 1.2: Schematic of experiments done by Uekubo et al. describing the performance of 

different phases of tungsten nitride against copper diffusion and reaction with the 

substrate [17] 

 An early study of tungsten nitride by Kattelus at al. as diffusion barrier reported that 

ideally the material would be chemically and mechanically stable, as well as electronically 

conductive, while inhibiting inter-diffusion of the contact material into the substrate [18].  

Traditionally nitrogen incorporation into the diffusion barrier material is said to introduce 

impurities that are implanted into grain boundaries to counteract diffusion [18].  Many of the 

subsequent studies have concentrated on improving thermal stability and overall performance by 

investigating how the structure and the addition of Al over-layers could alter results [18-20].    

The next development in diffusion barriers was a change in contact material from 

aluminum to copper.  Results published in the literature demonstrated that tungsten nitride 

remained stable up to 750 °C and coatings with a     phase demonstrated the best properties 

and performance [17, 21-22].  Some authors also focused on improving diffusion barrier 

properties further by employing chemical vapor deposition (CVD) methods rather than physical 
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Gate 

vapor deposition (PVD) used in past articles, arguing reactive sputtering resulted in inadequate 

step coverage of the coating [23-24].   

1.2.2 Gate Electrodes 

 Tungsten nitride coatings were also used as gate electrodes in metal-oxide semiconductor 

devices [26].  Specifically the coatings are used as gate electrodes in capacitors, as seen in the 

Figure 1.3, which can then be used in devices such as transistors.  The purpose of the gate 

material is to regulate the voltage supplied to the capacitor since traditional polycrystalline 

silicone gate electrodes suffer from high resistance, gate depletion and boron penetration from 

the gate material to the channel region [29-30].  Depositing the gate material without damaging 

the dielectric material underneath is a challenge; the employment of wet hydrogen heat treatment 

is used as a remedy to re-oxidize the dielectric material without oxidizing the gate electrode [27].  

In response, Moriwaka et al. attempted to improve the gate dielectric reliability by using reactive 

sputtering to deposit the tungsten nitride gate electrode [27].   

 

 

 

Figure 1.3: Schematic of basic metal-oxide capacitor for use in semiconductor devices 

 The next improvement for such devices came in altering the crystal phase, grain size and 

dielectric material from      to       due to higher dielectric constant (k) values [28-30].  As 

Dielectric Material  

(     or      )

Gate Electrode (W-N Coating) 

Body 

Silicon 

Substrate 
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stated by Jiang et al., it was found that tungsten nitride exhibits lower leakage current than 

titanium nitride at elevated temperature leading to their study of the material after post-annealing 

treatment [29].   

1.2.3 Hard Coatings 

 Tungsten nitrides are traditionally known as wear resistant hard coatings since they 

exhibit high melting point, low friction coefficient and extreme hardness [31].  Hardness of thin 

coatings range from 28-40 GPa, results were best when a hexagonal WN phase was observed and 

reactive sputtering was used to fabricate the coatings [31-33].  Polcar et al. studied the effect of 

high temperature annealing on the mechanical and wear resistance properties of tungsten nitride 

and found that hardness of the coatings decreased with annealing temperature and that annealing 

over 300 °C is detrimental to wear resistance [34].  Interestingly, a separate study also conducted 

by Polcar et al. revealed the friction coefficient of tungsten oxide coatings were better than those 

exhibited in tungsten nitrides [16].  Consequently, those studying tungsten nitrides for 

application as hard coatings attempt to optimize deposition parameters so that the correct 

composition, phases, microstructure and adhesion exist so that the best wear resistance and 

hardness values are accomplished [35].   

1.3 TUNGSTEN OXYNITRIDES  

Tungtsen oxynitrides essentially combine all of the favorable properties of both tungsten 

oxides and nitrides, when its composition is optimized.  The available publications on W-O-N 

thin films and coatings concentrate on structural effects to the electric, optical and 

electrochromic properties [3, 6, 43-48].  Thus far however, there have not been many 

experiments to determine the comprehensive optical, physical, chemical and mechanical 

behavior correlation in tungsten oxynitrides.  From mechanical point of view, only a few selected 

attempts were made to probe hardness and Young‟s modulus values of W-O-N nano-coatings 

[49-53].  This section serves as a summary of the properties of tungsten oxynitride thin films and 

coatings, and similar materials as found in the literature. 
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1.3.1 Structure and Surface Morphology 

Several studies on the growth of tungsten oxynitride films and coatings are available with 

results displaying structural characteristics as dependent on dopant incorporation.  Most of the 

studies agree that the growth of the coatings results in an amorphous structure unless there is a 

significant amount of nitrogen introduced into the system, partial pressure rates greater than .922 

[3, 43-44, 46, 49-51].  However, when a sufficient amount of nitrogen is incorporated into the 

coating,     phases appear in the form of (111) and (200) peaks usually centered near 2θ = 37° 

and 43° respectively [3, 49-50] with an additional peak (220) also associated with the     

phase, near 2θ = 63° [43, 53].  These peaks indicate a     face-centered cubic structure [53].   

Several authors investigated the structure of the coatings further by studying the surface 

morphology of the samples using; atomic force microscopy (AFM), transmission electron 

microscopy (TEM) and/or scanning electron microscopy (SEM).  Grains of different sizes, 

depending on the amount of nitrogen incorporation, were observed in samples regardless of a 

crystalline structure existing.  Khamseh reported a worm like structures in tungsten nitride 

coatings and a pebble like structure in amorphous tungsten oxynitride, while Sun et al. found 

randomly distributed grains with pores between them [47, 53].  The other observation was the 

reduction in the grain size (Figure 1.4) when nitrogen incorporation is increased [3, 10, 47].  

However Shen el al. reports a finer structure as oxygen partial pressure increases, but this is 

attributed to an increase in impurities and a sign of an amorphous alloy [50]. 
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Figure 1.4: SEM image of (a) undoped and (b) nitrogen doped     coatings showing decreased 
grain size [3] 

Thermal annealing has been considered by several research groups to form a well-ordered 

structure from amorphous structure, which was a result of nitrogen incorporation. After 

annealing amorphous samples to a temperature of 650 °C, for 30 minutes, a single phase     

structure begins to form [49].  As the annealing temperature was raised, the     structure 

remains stable up until at least 800 °C [52] and even up to 900 °C [49]; higher than the 800° 

possible with a tungsten nitride coating [49].  This is attributed to the formation of a thin oxide 

layer, on the surface of the coating, which stabilizes the     structure of the coating during 

exposure to high temperatures by preventing nitrogen escaping through the surface during the 

annealing process [49-50, 52].  Evidence of the tungsten oxide layer was found in XRD studies 

[49, 52].  The thin layer of tungsten oxide on the surface also results in a change in mechanical 

properties which is discussed in the subsequent sections. 
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1.3.2 Chemical Composition 

Chemical composition usually will have a profound influence on the characteristics of 

tungsten oxynitride films and coatings. Therefore, composition of the W-O-N coatings is usually 

the first thing considered before attempting to study their properties. Though various methods 

were used to find the composition of the coatings (RBS, XPS, EPMA and EDAX), results were 

fairly consistent.  Several authors showed that with an increase of oxygen flow or partial pressure 

during deposition, there is a steady increase in oxygen concentration and a decrease in tungsten 

and nitrogen concentrations [46, 50, 53].  This is because tungsten has a higher attraction to 

oxygen than it does to nitrogen [43, 46, 51].  Mohammed et al. explained that 

thermodynamically “the heat of formations for     and     are -842.9 kJ/mol and -589.7 

kJ/mol, respectfully”, while for     and WN are-22 kJ/mol and -15 kJ/mol respectively, 

showing that the formation of W-O is preferred over that of W-N [43].  Louro et al. goes a step 

further and shows experimentally that when the partial pressure of both nitrogen and oxygen 

were identical during deposition that the concentration of oxygen was higher than that of 

nitrogen within the coating [52].   

Notably no significant nitrogen incorporation takes place unless an extremely high 

amount of nitrogen, for example a partial pressure of 0.742 or 0.840, is present during deposition 

[43-44].  The composition and structure of the coatings were affected by the fact that tungsten 

form chemical bonds more easily with oxygen than it does with nitrogen, as well as inefficient 

substrate temperature for a crystalline structure to form unless there is an immense amount of 

nitrogen in the system [43, 52].  Another important point is that with increasing oxygen 

concentrations, there is a lowering of the lattice parameter caused by oxygen atoms taking the 

place of nitrogen in the structure [49-50].  This, in turn, causes the relaxation of internal 

compressive stresses and the formation of an amorphous surface [49-50].   

When annealing is performed to facilitate crystallization, the analysis of the atomic 

concentration of nitrogen revealed oxygen‟s role in stabilizing tungsten oxynitride films and 

coatings.  With increased annealing temperatures, there was little [52] or no [49-50] loss of 
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nitrogen within the coatings.  This indicates that oxygen does in fact help to stabilize the W-N 

structure at high temperatures [50, 52].  Annealing also helps bring the lattice parameter near that 

of bulk tungsten nitride, showing that the structure is of a W-N crystalline structure post-

annealing [49]. 

1.3.3 Electro-Optical Properties 

 By incorporating nitrogen into WO3, it is possible to tune the band gap and optical 

constants.  Using UV-VIS-NIR spectroscopy analyses, researchers found that films remained at 

or above 80% transparent [3, 10, 43-45, 47].  However, with increased nitrogen incorporation, 

there is a decrease in transmittance and a redshift in absorption edge [10, 43-44, 47]. Optical 

constants (refractive index, n and the extinction coefficient, k) describe the material‟s optical 

quality.  Using the Swanepoel method to find n and k from the spectra transmittance data, and 

using ellipsometry data, authors found that both the refractive index and extinction coefficient 

increase with increased nitrogen incorporation or decreased with oxygen content as in Figure 1.5 

[44-46].  However, the coatings were relatively thick for Swanepoel method to be effective. The 

increase in the refractive index is attributed to an increase in polarization due to an increase in 

metal-nitrogen bonds, which tend to be less polar than metal-oxygen bonds, which then leads to 

higher polarizability in metal nitrides [44-45].  The extinction coefficient owes its increase due to 

the creation of defect and absorption centers with increased nitrogen incorporation [44].  The 

coatings exhibit a transition from opaque to semi-transparent and finally to a transparent state 

with increasing oxygen flow.  Within the transition zone, both the refractive index and extinction 

coefficient increase with increased photon energy.  This is typical behavior of semi-conducting 

materials [46].   
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Figure 1.5: Optical constants n and k as it relates to increasing oxygen flow [46] 

Of greatest importance for many authors was the analysis of UV-VIS-NIR Spectroscopy 

and Ellipsometry results to find the optical band gap (Eg) as it related to the film‟s composition.  

Using either set of data by applying the Tauc-relation [10, 43, 47] or the single-oscillator model 

[44-45], it was observed that Eg for W-O-N thin films decreases with an increased amount of 

nitrogen incorporation or an increased amount of nitrogen flow during deposition as in Figure 

1.6.  Two explanations for this phenomenon have been presented.  First Futsuhara et al. [54] 

suggests it‟s the change in iconicity due to the incorporation of nitrogen atoms.  Since the 

electronegativity of oxygen is higher than that of nitrogen, the oxygen-metal bonds will have a 

higher iconicity.  It can be assumed that there will be a decrease in iconicity because of the 

increased incorporation of nitrogen [43, 47].  The other explanation involves the formation of N 

2p states above the O 2p valence state as nitrogen incorporation increases.  This mixing of N 2p 

states and O 2p states narrows the band gap thus decreasing band gap values [43-44].   

 



 13 

 

Figure 1.6: Band gap values as it relates to the normalized nitrogen partial pressure [43] 

1.3.4 Electro-Optical Properties of Similar Metal Oxynitrides 

 Reviewing properties of similar metal oxynitrides will help understand the effects of 

annealing and a transition into a semi-absorbent condition.  Much like the results for tungsten 

oxynitrides, but with increasing oxygen incorporation, Le Dreo et al. and Rawal et al. found 

tantalum and zirconium oxynitrides show that the more oxygen is incorporated into the films the 

greater the band gap will be [55-56].  The change in band gap describes that the reduction in 

grain size with increased oxygen results in higher band gap values [56].  The effect of post-

annealing the films is also investigated, concluding that annealing has some effect on the optical 

properties of metal oxynitrides [57-58].  An interesting phenomenon in films that change from 

transparent (oxide like) to a semi-absorbent (nitride like) behavior, or vice versa, can be noticed 

from graphing (   )
 

  vs. hv. Metal oxynitrides with this behavior exhibit two linear regions 

(Figure 1.7) rather than the usual single linear region [55, 58-59].  In these two examples, the 

material changes its optical properties, such as the band gap and insulating or semi-absorption 

behavior, because of a change in nitrogen or oxygen incorporation due to growth and annealing 

conditions.     
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Figure 1.7: (   )
 

  vs. hv curve of Ti-O-N exemplifying two linear regions [59] 

1.3.5 Mechanical Properties 

Shen et al. and Parreira et al. observed that with an increase of the partial pressure or flow 

of oxygen into the deposition chamber, the internal stresses within the coatings decreased from a 

compressive state [49-51].  Shen et al. also observed that before the coatings are completely free 

of residual stresses, the coatings are in a state of tensile stress [49-50].  The decrease in 

compressive stresses is explained by the replacement of nitrogen atoms by oxygen atoms, 

leading to lower lattice parameters, as the amount of oxygen content increases [49-50].  The 

coating becomes free of residual stress as the coating becomes amorphous due to a loss of 

intergrain coupling and increased porosity [49-51].  Along with the lower internal stresses 

attributed to increased amounts of oxygen, other mechanical properties are affected by the 

change. 
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Figure 1.8: Parreira et al. show a correlation between the hardness and residual stress [51] 

When compared to tungsten nitrides, tungsten oxynitrides tend to have lower hardness 

values. Nitrides have hardness values between 30-41 GPa and oxynitrides have values between 

15-30 GPa [51-52].  This is a result of the top layer of tungsten oxide being softer than its nitride 

counterparts [52].  Separate studies show that tungsten oxides demonstrate even lower hardness 

values, only resulting in values within 7-25 GPa [14-16].  It should be noted that all of these 

values were gathered from samples grown on steel or alloy substrates.  Within tungsten 

oxynitride coatings alone, the hardness of the sample seems to decrease with the amount of 

oxygen flowed during deposition because of the amorphous structure that is formed due to the 
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increased oxygen incorporation [51, 53].  But Parreira et al. show that the there is a linear 

relationship between the hardness and residual stresses.  This is exemplified when a spike in the 

hardness directly relates to an increase in residual stress, as can be seen in Figure 1.8 [51].  The 

author concludes that residual stresses within the coatings are a more dominant determinant of 

hardness when the coating has a crystalline structure [51].   

Other mechanical attributes of tungsten oxynitrides were studied by authors to further 

understand the effects of oxygen incorporation and the annealing process.  Shen et al. studied the 

density of the coatings, noticing that the density is lowered due to the amorphous nature of the 

coating but then annealed the sample which increased values [50].  Adhesive failure values and 

corrosion resistance were also analyzed and Khamseh found that tungsten oxynitrides have 

worse adhesion but improved corrosion resistance as compared to their tungsten nitrides 

counterparts [51, 53].  Also observed in studies of tungsten oxynitride coatings, was the effect 

that annealing conditions have on the mechanical properties of the coatings.  Hardness values 

seem to stay consistent until the temperature reaches a certain point, then the hardness increases 

from 400 to 600° C (annealed for 30 minutes), then eventually drops again at the highest 

temperatures [52].  This eventual drop off in hardness is attributed to the outer oxide layer 

formed during annealing, since the hardness of oxides is low compared to the nitride phases 

underneath [52].  The same behavior was observed in a previous study, but instead of the 

correlation between hardness and annealing temperature, the study displayed a correlation 

between density of the coating and annealing temperature [50].  Within this study the density of 

the tungsten oxynitride coatings begin to increase at annealing temperatures between 400 and 

700 °C, annealed for 30 minutes, then the density drops off beyond that point [50].  This is 

attributed to the annealing structuring the amorphous surface and leading to a less porous surface 

[50]. 
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1.3.6 Mechanical Properties of Zirconium Tungsten Nitrides 

 By surveying other similar coatings we can better survey how the compositional and 

structural properties of coatings can affect their mechanical properties.  Two separate studies by 

Dubey et al. show how their coatings are grown as well as the results of annealing on the 

mechanical properties of zirconium tungsten nitrides [60-61].  The first study, in which the effect 

of nitrogen flow rate during deposition is explored, it is shown that with an increasing amount of 

nitrogen flow, the structure of the coating changes from a single FCC phase, then an amorphous 

phase and lastly a dual FCC + HCP phase [60].  This clearly had an effect on the mechanical 

properties of the coating resulting (Figure 1.9) in the highest hardness values belonging to the 

coatings with a dual FCC + HCP structure, followed by the coatings with the FCC phase 

structure then the amorphous coatings [60].   

 

 

Figure 1.9: Mechanical properties of Zr-W-N at FCC, amorphous then FCC + HCP structures 

[60] 

The other study by the same group explored the effect that post-deposition annealing on 

the mechanical properties of amorphous coatings.  Amorphous coatings were annealed from 100 

to 600° C and resulted in coatings that remained amorphous in structure evident through 
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broadening of weak peaks in the XRD patterns, likely due to oxygen atoms involved in atomic 

diffusion, structure conversion and inducing stresses in the coatings [61].   Since the coatings 

were annealed in the presence of air, oxygen began to become incorporated into the coatings at 

an annealing temperature of 300° C [61].  As the annealing temperature raised so did the amount 

of oxygen incorporation, causing a decrease in hardness values as oxygen incorporation 

increased [61].   
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Chapter 2: Literature Review  

2.1 WORKS PUBLISHED ON TUNGSTEN OXYNITRIDES 

 Most works published on the subject of tungsten oxynitrides thin films and coatings are 

aimed at gathering results on the structure and optical properties of W-O-N coatings.  

Furthermore, the results available literature deals mostly with the relatively thicker coatings but 

relation to the reduced dimensionality (such as nano/micro scale) is missing. In fact, majority of 

the previous attempts were aimed at forming a relation between structural and compositional 

properties.  Only a few selected publications on W-O-N coatings discusses mechanical properties 

and none discuss any relation between optical data and trends seen in the outcome mechanical 

testing.  In either case, the formation of W-O-N promises to enhance tunability and improve the 

functionality of the application envisioned for the film or coating.  While most of the results 

available in the literature are already discussed in the previous chapter, the following sections 

summarize information specifically those on the tungsten oxynitride coatings. 

2.1.1 Electro-Optical Properties 

 The first of many significant works on tungsten oxynitride thin films authored by 

Mohamed et al. centers around W-O-N thin films with a low concentration of nitrogen 

incorporation for the purpose of tuning structural, optical and electrical properties for 

temperature dependent resisters, diffusion barriers and gate material [43].  The study resulted in 

decreased band gap and resistivity as the partial pressure ratio of nitrogen increased [43].  Later 

studies, by Mohamed et al. and Parreira et al., expanded the composition of tungsten oxynitrides 

to include higher concentrations of nitrogen [44, 46].  The study published by Mohamed et al.  

was to find the composition, structural and optical properties to enhance the films for use in 

heterogeneous catalysis for hydrogen transfer reactions and for capacitor barrier layer in memory 

cells and their apparatus resulting in a higher index of refraction in nitrogen doped tungsten 

oxide films [44].  Expanding on their own results, Mohamed et al demonstrated the effect of 

composition on amorphous tungsten oxynitride films, resulting in decreasing optical band gap 
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and increasing index of refraction with nitrogen incorporation [44-45].  The works by Mohamed 

et al. are also of significance for their use of the Wemple and DiDomenico (WDD) dispersion 

relationship model to find the energy dependence of the index of refraction to describe the 

optical band gap and chemical bonding within the film [44-45]. 

Subsequent publications have attempted to fine tune optical properties by either changing 

the deposition parameters or the structure of the films.  Chawla et al. conducted a study with the 

goal of extending “light harvesting capability to a wider portion of the solar spectrum” and found 

that nitrogen doping of tungsten oxide does, in fact, lower the band gap [10].  The study 

demonstrated that deposition in a helium atmosphere, compared to an argon atmosphere, results 

in ever lower band gap values [10].  Other properties, important for different electro-optical 

applications, including electrochromic properties and film resistivity were also explored.  

Nakagawa et al. went on to explore electrochromic properties of nitrogen doped tungsten oxide 

films for use in “smart window” technology, variable reflectance mirrors and display devices; 

they concluded that the addition of nitrogen changed electrochromic coloration from blue to 

black [3].  Expanding on this work, Sun et al. published a work showing the structural, 

morphological, electrochromic and lithium insertion properties of nitrogen doped tungsten 

oxides [47].  Finally, Vemuri et al. attempted to manufacture rf-sputtered low resistive nitrogen 

doped tungsten oxide films, “with fundamental absorption shifted to longer wavelengths”, and 

concluded that the conductivity of said films is lowered with increased nitrogen content [48]. 

2.1.2 Mechanical Properties 

Most of the available data in the literature is pertinent to tungsten nitrides only. Shen et 

al., concentrated on the effects of oxygen incorporation on tungsten nitride coatings to improve 

the thermal stability for high temperature diffusion barriers [49-50].  The authors believe that 

oxygen atoms would be incorporated into grain boundaries of the tungsten nitride coating and 

help block diffusion paths; results showed that tungsten oxide over-layers did improve thermal 

stabilization of the tungsten nitride phases (   ) [49-50].  Later publications focused on 
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properties of tungsten oxynitrides that would improve mechanical properties for hard coatings 

over those of tungsten nitrides by improving thermal stabilization.  Parreira et al. conducted a 

study, where hardness of tungsten oxynitride coatings decreased with the increase of oxygen 

incorporation into the system [51].  Louro et al. conducted a study with a similar goal of 

improving wear resistant hard coatings, but with added durability at elevated temperatures [52].  

This study also attempted to form a tungsten oxide top layer, or over-layer; instead of blocking 

diffusion pathways the goal was to delay the oxidation process since tungsten nitrides alone have 

a low oxidation threshold temperature [52].  The study showed that the W2N phase remained 

stable at 800 °C in oxynitride coatings, whereas the W2N phase deteriorated in the un-doped 

tungsten nitride coating at the same temperature and the overall hardness improved post-

annealing up to annealing temperatures of 600 °C [52].  Most recently, Khamseh conducted a 

study on the corrosion resistance of tungsten oxynitride, combining the corrosion resistance of 

tungsten oxide with the mechanical properties of tungsten nitrides [53].   

2.2 GOALS AND OBJECTIVES OF PRESENT WORK 

 

It is now clear from the discussion presented in Chapters 1 and 2 that WO3 is a widely 

studied “chromogenic” material with interesting structural, electronic, and optical properties for 

utilization in many scientific and technological applications.  Coupled with good electronic 

transport properties, photosensitivity, and chemical integrity, WO3-based materials are attractive 

for applications related to sustainable energy production including energy efficient windows and 

architecture, photoelectrochemical water-splitting, photocatalysis, and solar cells.
 
On other hand, 

WO3 is a complex material, with respect to crystal structure and thermal stability, as a result of 

the high degree of polymorphism exhibited by both stoichiometric and non-stoichiometric W 

oxides.  Both stoichiometric and non-stoichiometric W-oxide based materials are, therefore, 
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quite important and offer a platform to further investigate the fundamental structure-property 

relationships for utilization in optical and electronic device applications.  

The goal of the present work is to derive a fundamental knowledge in terms of the 

comprehensive understanding of the structure, physical, chemical, optical and mechanical 

properties of W-O-N nano-coatings and establishing a structure-property relationship. The W-O-

N, the focus of the present work, belongs to a family of materials, which can be represented 

chemically by MOxNy, or M-O-N, which in turn can offer advantages over the nitride-oxide end 

members, providing the ability to tune the desired properties based on the chemical composition. 

Oxynitrides can also combine the traditional advantages of nitrides, such as oxidation resistance 

and structural stability at elevated temperatures. Keeping these points in mind, this thesis work 

has been directed to the fabrication and property evaluation of tungsten oxynitride nano-coatings. 

The benefits of the present work many fold. For instance, compared to work reported on Ti-

based oxynitrides, studies focused on W-oxynitrides are meager. Therefore, the present work 

fills a fundamental knowledge gap in terms of establishing a comprehensive understanding of the 

structure, physical, chemical, optical and mechanical properties of W-O-N nano-coatings and 

establishing a structure-property relationship.  The other point of significance is as follows. 

While earlier efforts were focused on either thicker coatings (several microns) or a specific 

phase, where complications arise when nitrogen induced amorphization leads to reduced 

thickness or structural effects, the present work is focused towards understanding the effect of 

nitrogen content in reactive sputter-deposition of amorphous W-O-N films for a set of samples 

with controlled film thickness of 100 nm.  

This study also aims to expand the base of knowledge for the mechanical properties of 

tungsten oxynitrides, since there are a limited number of similar studies; especially of samples 
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with a high oxygen fraction as stated by Parreira el al. [51].  Only three of the reviewed articles, 

authored by Louro et al., Parreira et al. and Khamseh, have dealt directly with obtaining hardness 

and Young‟s modulus values for tungsten oxynitrides [51-53].  The combination of mechanical 

properties and electro-optical properties within the same study is not seen within the literature, 

especially for amorphous films and coatings, and will give insight into how to best optimize 

tungsten oxynitrides for real practical or industrial device applications.  The specific objectives 

of this present study are outlined below, but are focused at the characterization and analysis of 

optical and mechanical properties of tungsten oxynitride thin nano-coatings with a range of 

compositions, accomplished by varying the ratio of nitrogen and oxygen introduced into the 

vacuum chamber during deposition.   

1. Fabricate amorphous tungsten oxynitride (WOxNy) nano-coatings with ~100 nm 

thickness with a range of elemental compositions onto silicon and quartz substrates.  

2. Characterize the structure and surface morphology of the coatings before and after post-

annealing treatment to understand the role that these characteristics have in affecting 

optical and mechanical properties. 

3. Determine the elemental compositions of the coatings before and after post-annealing 

treatment to enable the formation of any relation between the coating’s composition and 

the trends seen in the optical and mechanical properties. 

4. Analyze optical characterization to determine the band gap and other properties to ensure 

the formation of high quality coatings that are easily tunable and reproducible.  

5. Propose an electronic structure model that accounts for all changes in composite-like 

semiconducting optical behavior as it relates to the composition of the coatings.  

6. Determine the hardness and Young’s modulus of the coatings using a non-destructive 

method of testing that ensures the measurement of only the coating without influence of 

the substrate. 
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Chapter 3: Methodology 

3.1 DC SPUTTERING DEPOSITION 

 Tungsten oxynitride coatings were fabricated by sputter-deposition, which is a physical 

vapor deposition method widely utilized in the manufacturing of microelectronic components.  

Coatings in this work were made by direct current (DC) sputtering because it allows control to 

the user, enabling him or her to specify the structure, composition, and thickness of the coating.  

To perform sputtering deposition, surface atoms are ejected, from the target and onto the 

substrate, by momentum transfer by other atomic sized, energetic, particles.  Normally 

„sputtering‟ is a non-thermal vaporization process without any chemical reactions.  Sputtering 

Decomposition itself has many different methods and can either be plasma based (     to 10 Pa) 

or ion based (     to      Pa) [62]. 

 When using DC sputtering deposition the target and substrate are placed onto a diode or 

two parallel electrodes attached to the power supply.  The target and substrate are both placed 

within a vacuum chamber which is then filled with an inert gas, usually argon and or nitrogen.  

When the DC voltage is applied to the diode, the target being the cathode and the substrate as the 

anode, free electrons accelerate and collide with the inert gas.  This will cause a plasma 

discharge and a “dark space” near the target [63].  Ions entering the dark space bombard, or 

sputter, the target and atoms locked out from the target transport towards the substrate.  This 

final step, the transportation of atoms to the substrate, consists of those atoms that are to coat the 

substrate and become the coating layer.  Compounds can be formed by the process of reactive 

sputtering by sputtering targets in an atmosphere that includes reactive gasses such nitrogen and 

oxygen that will be deposited along with the target material.   

3.2 CHARACTERIZATION METHODS 

3.2.1 X-Ray Diffraction 

X-ray diffraction analysis (XRD) and scanning electron microscopy (SEM) were used to 

analyze the structure and surface morphology, respectively.  XRD is an extremely valuable tool 
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that describes the material‟s crystal structure as well as mechanical properties such as the internal 

stresses within the coating itself.  The basis of XRD analysis begins with the principle of 

constructive interference that is to say when X-rays are deflected, off of a sample, at equal angles 

and satisfying the necessary conditions.  The conditions were described according to Bragg‟s 

law, which is: 

 nλ = 2dsinθ (1) 

where n is an integer describing the number of wavelengths, λ is the wavelength of the incident 

radiation, d is the inter-planar spacing between periodic planes of atoms and θ is the angle of 

diffraction.  When the conditions are satisfied the X-rays that are scattered from the sample will 

interfere constructively and become a diffracted beam.  If more X-rays are deflected by atoms 

that are in the same plane, the intensity of the diffracted beam will increase.  This results in a 

diffraction pattern, or diffractogram, where peaks in the pattern describe the structure of the 

coating and what elements exist.  However XRD is limited by the angle at which it sends X-rays 

to the surface of the sample making it sometimes difficult to detect coatings on a relatively much 

thicker substrate.  To determine the structure of the coating and to obtain reliable information, 

grazing incidence x-ray diffraction (GIXRD) is employed to characterize W-O-N nano-coatings 

in this work.  GIXRD uses X-rays at much smaller entrance angles that result in longer pathways 

for the diffracted beams to travel, thus resulting in better resolution for nano-coatings.   

3.2.2 X-Ray Photoelectron Spectroscopy 

 For analysis of the elemental composition of the coatings, X-ray photoelectron 

spectroscopy (XPS) can be used as a quantitative spectroscopic technique to measure the 

composition and empirical formula, as well as the chemical and electron states.  XPS spectra are 

obtained by irradiating the sample with an Al or Mg X-ray and synchrotron source and 

measuring the kinetic energy and number of electrons that escape from the top 1 to 10 nm of the 

sample [64].  Required for making such measurements is a fixed energy X-ray, electron energy 

analyzer capable of measuring the flux of electrons according to their particular energy and a 
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vacuum environment in order to avoid any unwanted particle collisions.  Using this method the 

binding energy (        ) of the emitted electrons can be determined using the equation below, 

first developed by Ernest Rutherford [64]. 

                                (2) 

In equation 2;         is the energy of the X-ray source photons,          is the energy of the 

emitted electrons and Φ is the work function of the spectrometer.  Each element has its own 

characteristic peaks at specific binding energies, indicating the existence of said element within 

the coating, if present. These peaks correspond to the electron configuration, with the atoms and 

the intensity of the peaks indicating the concentration of the element within the coating. 

3.2.3 Rutherford Backscattering Spectrometry 

Rutherford backscattering spectrometry (RBS) was also used to determine the elemental 

composition of the samples to further understand the effects of nitrogen content on the properties 

of tungsten oxynitrides.  RBS uses a detector to measure the number and energy of ions that are 

backscattered after colliding with the atoms on the near-surface of a sample [64].  To obtain the 

composition of a thin film or nano-coating it is usually required to have ion source or proton 

source, generated by a particle accelerator.  It is then important to rotate the sample, using a 

goniometer, so that the compositional depth profile can be obtained.  Lastly, a detector is used to 

measure the energy of the ions backscattered across the range of angles.  This analysis results in 

an energy spectrum which is analyzed for composition using a program such as SIMRA to 

compare computer simulations of the spectra to the experimental data gathered [65-66].  Below 

in Figure 3.1, is a schematic of the experimental setup used commonly to conduct RBS analysis.   
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Figure 3.1: Schematic of RBS experimental setup [64] 

3.2.4 UV-VIS-NIR Spectroscopy  

 Spectral characteristics of tungsten oxynitride nano-coatings were examined by the 

ultraviolet–visible-near infrared spectroscopy (UV-VIS-NIR Spectroscopy). In order to perform 

UV-VIS-NIR spectroscopy, a source of light with a range between the ultraviolet and near-

infrared portion of the spectrum, is separated into individual wavelengths of light.  This light is 

then separated into two separate beams, which are separately targeted at a reference sample, 

usually made of the substrate material, and at the sample itself.  After passing through the 

sample, the remaining light is measured for light intensity by separate detectors.  The ratio of the 

light intensity passing through the sample to the intensity of light through the reference substrate, 

which should be near full intensity, is the measurement of transmittance for the sample being 

analyzed.  This set of data can then be used to find the band gap, which is the energy needed to 

excite an electron into a state in which it can participate in conduction, or the difference in 

energy between the conduction and valence band in a semiconducting or insulating material.  By 

using “Tauc‟s Relation”, as seen in Equation 3, 

 (   )    (       )
 
 (3) 

where α is the absorption coefficient, hν is the energy of the incident photon, B is the absorption 

edge width parameter and     is the band gap; we can find the value of the band gap for each 
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sample tested [43-45, 56-58, 67].  The “Lambert-Beer Law” (Equation 4) can then be used to 

find the value of the absorption coefficient using the data from UV-VIS-NIR Spectroscopy, 

      
  ( )

 
 (4) 

in which T is the measured transmittance and t is the thickness of the sample being analyzed [43, 

45, 57, 67].  The final step to find the band gap is to plot (   )
 

  vs. hν and the linear region of 

the plot is then extrapolated to hν = 0 resulting in the value of the samples optical band gap [43, 

45, 56-58, 67]. 

3.2.5 Ellipsometry 

 Ellipsometry is used to explore the optical properties of coatings.  By measuring the 

change in polarization, in terms of amplitude ratio (ψ) and phase difference (Δ), between a light 

source of known polarization and that of the light reflecting off of the sample, the thickness and 

optical constants, at different wavelengths of light, can be found along with band gap values.  

The optical constants are as follows: the refractive index (n) describes the speed at which light 

propagates through a sample compared to the speed of light through a vacuum, and the extinction 

coefficient (k) helps to describe how light is absorbed in the sample.  To find the optical 

constants and other optical data such as the band gap (Eg) from the given data, a model analysis 

has to be performed to fit calculated values of ψ and Δ with the experimental data to find the 

thickness and optical properties of the coatings.  The models used in the current study are 

described in the Results section.   

3.2.6 Nano-Indentation 

Nano-indentation tests are performed to find the hardness and Young‟s modulus of each 

sample.  This analysis allows us to determine the mechanical behavior of tungsten oxynitride 

nano-coatings.  In a method described by Oliver and Pharr [68], the elastic modulus (Young‟s 

modulus) and hardness of a coating can be ascertained from the relation between the load and 



 29 

displacement of an indenter during continuous loading and unloading, as can be seen in Figure 

3.2.   

 

 

Figure 3.2: Typical Load vs. Displacement graph [68] 

The first step is to account for the non-rigidity of indenters.  This is done by forming Equation 5, 

and solving for the term    or reduced modulus. 

 
 

  
 
    

 
 
    

 

  
 (5) 

In Equation 5, E and ν describe the Young‟s modulus and Poisson‟s Raito for the sample while 

   and    represent the same parameters but for the indenter.  The next step is to define the 

expression for    as it would relate to the stiffness (S) of the sample during unloading, as shown 

in Equation 6. 

    
√ 

 

 

√ 
 (6) 

The next step is to define A, the area of contact at peak load.  If an area function is defined 

experimentally with respect to the contact depth (  ), then solve for the term   .   

 A = F(  ) (7) 

The contact depth is defined by Equation 8, and since      is known experimentally, the contact 

perimeter,   , is then left to be defined. 

              (8) 
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The contact perimeter is then defined with a geometric constant, ε, to take into account the shape 

of the indenter. 

      
    
 

 (9) 

Oliver and Pharr took into account the fact that the unloading data isn‟t a linear relation, and the 

data was fit by a simple power law relation, as can be seen by Equation 10. 

      (    )
 

 (10) 

When the curve is fit using the least squares fitting method, the constants A, m and    are all 

determined.  The equation is then derived at the maximum load and displacement, to solve for 

the slope of the unloading curve giving us the stiffness, S.  From this point, all of the necessary 

unknowns are accounted for and the final Young‟s modulus for the sample is known from the 

data.  To find the hardness values, the same value for area of contact is used along with the 

maximum load, as shown by Equation 11. 

    
    
 

 (11) 

3.3 DEPOSITION 

To best understand how structure, composition and post-annealing all affect the electro-

optical and mechanical behavior of tungsten oxynitrides, several samples were grown to 

optimize these properties.  The samples were fabricated using physical vapor deposition, 

specifically direct current (DC) sputtering with a 2‟‟ diameter W-target of 99.94% purity, onto 

silicon (Si) (100) and optical grade quartz substrates.  An Advanced Energy MDX 500 DC 

power supply provided power to the sputtering gun which was placed at a distance of 80 mm 

from the substrates.  Before deposition, RCA (Radio Corporation of America) cleaning was 

employed for the silicon substrates.  Quartz substrates were cleaned with isopropanol and all 

substrates were dried before introduction into the vacuum chamber.  The deposition chamber was 

evacuated to a base pressure of ~         Torr before deposition took place, and 20 sccm of 

argon was flowed into the chamber once adequate base pressure was reached then, 100 Watts of 

power was supplied to ignite the plasma.  For reactive deposition of W-O-N nano-coatings, 
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oxygen and nitrogen were employed along with Argon.  Total gas flow was kept at a constant 40 

sccm, resulting in a working pressure of 10 mTorr at a pumping speed of 50 L/s.  The ratio of 

argon to reactive gases was kept equal with a total flow of 40 sccm.  The reactive gases, oxygen 

and nitrogen, were kept at a combined 20 sccm and the ratio of oxygen to nitrogen was varied in 

order to understand the effects of nitrogen content on the physical, mechanical and optical 

properties of W-O-N coatings.  The conditions used for deposition are summarized in Table 3.1.  

Pre-sputtering was performed using Ar, with the gun shutter closed, for 10 minutes before the 

substrate was exposed for deposition.  All depositions were carried out at room temperature (25 

°C).  Deposition took place for the length of time required to reach a thickness of ≈100 nm, as 

measured by in situ ellipsometry.   

 

Table 3.1. Sputtering conditions employed for the deposition of W-O-N nano-coatings. 

Physical Parameter  Set Value  

Base pressure  

Sputtering power 

3 x 10
-7 

Torr  

100 W 

Processing gases Ar, N2 , O2 

Substrates Silicon and quartz 

Deposition temperature 

Target-to-substrate 

distance 

Room temperature (25 
o
C) 

8 cm  

Total gas flow  

Ar gas flow 

40 sccm (constant) 

20 sccm (constant) 

N2 gas flow 0-20 sccm (variable) 

O2 gas flow 

Working pressure  

Pumping speed 

Deposition rate  

0-20 sccm (balanced) 

10 mTorr 

50 L/s 

20 nm/min 

Coating thickness  100 nm 
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Chapter 4: Results and Discussion 

4.1 STRUCTURAL PROPERTIES  

 Grazing incidence x-ray diffraction (GIXRD) was used to minimize any interference 

from the substrate and to obtain structural information about the coatings alone.  The GIXRD 

patterns of W-O-N nano-coatings are shown in Figure 4.1. From the GIXRD patterns in Figure 

4.1 of the W-O-N coatings, it can be seen that all of the samples are amorphous in the entire 

range of nitrogen gas flow rates used for fabrication.  Absence of peaks in the patterns is a clear 

indication of amorphous nature of the samples. Because of the absence of any additional energy 

during deposition, no discernable peaks are observed, indicating that no crystalline structures 

exist to create constructive interference in the GIXRD patterns.  Normally, additional substrate 

heating or substrate bias voltage is employed to supply energy during deposition.  Since neither 

of these methods was employed, the period of the atomic jump process of adatoms is very large 

and condensed species may stay stuck to the substrate surface region where they land leading to 

an amorphous coating.  Insufficient thermal or electrical energy thus would not provide enough 

energy to promote any structuring, or “phase ordering”, of oxide or nitride phases within the 

coatings [49].  Shen at al. have reported that tungsten oxynitride amorphous films, which are 

obtained by using a different set of processing parameters, will remain unstructured even after 

post thermal treatment of insufficient temperature [49].   
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Figure 4.1: GIXRD patterns of W-O-N nano-coatings deposited at various nitrogen gas flow 

rates. The amorphous nature of the W-O-N coatings is evident from the patterns. 

4.2 CHEMICAL COMPOSITION  

 In order to describe any optical or mechanical behavior that may be observed, it is 

fundamentally necessary to obtain a chemical information of the W-O-N coatings. XPS and RBS 

measurements were made on the W-O-N coatings as a function of nitrogen content.  The XPS 

survey spectra of W-O-N coatings are shown in Figure 4.2. The XPS survey spectra displays the 

elements present in the W-O-N coatings deposited as a function of nitrogen flow rate.  The 

elements present in the coating grown with 9 sccm of nitrogen flow in the binding energy (BE) 

range of 0-600 eV are seen in Figure 4.2.  Present in the sample are the elements W, O and N 

that are attributed to the constituent elements present in the samples and represented by the W 4f, 

O1s and N1s peaks in their respective BE positions indicated in Figure 4.2.  Carbon is present on 

the surface of the coating due to the absorption of hydrocarbons to the coating‟s surface during 

transfer from the growth chamber to the XPS instrumentation.  The W-O-N coating had 
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sufficient thickness and sufficient coverage of the entire substrate surface to prevent detection of 

the photoelectrons from the substrate.   

 

 

Figure 4.2:  XPS survey spectrum of W-O-N nano-coatings deposited with 9 sccm of nitrogen 

flow 

 To gain an insight of how the flow of nitrogen flow affected the nitrogen uptake during 

deposition, the N 1s core level peak was recorded and analyzed further.  The N 1s peak stack plot 

is displayed as a function of nitrogen flow rate in Figure 4.3.  The N 1s peak intensifies (Figure 

4.3a), indicating a steady increase in nitrogen content as the flow of nitrogen gas is increased.  

The peak area for the N 1s peak, as determined by the peak fitting procedure described earlier, is 

displayed in Figure 4.3b.  It can be seen from this analysis that the peak area for nitrogen 

increases dramatically for nitrogen flow rates of 9 sccm and greater indicating a shift in 

composition, likely a shift in the coating‟s optical and mechanical properties.   
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Figure 4.3: N 1s peak evolution as a function of nitrogen gas flow rate (a) and the area of the N 

1s peak obtained via peak fitting of the high resolution XPS spectra (b) 

RBS measurements were gathered to quantify the elemental composition of the W-O-N 

nano-coatings.  Both the experimental curve (circles) and simulated curve (lines) are present in 

the RBS spectra for two compositions of W-O-N coatings displayed in Figure 4.4.   

 

(a)

0 2 4 6 8 10 12 14 16 18
2.4x10

5

2.6x10
5

2.8x10
5

3.0x10
5

3.2x10
5

3.4x10
5

 

 

A
re

a
 U

n
d

e
r 

X
P

S
 N

1
s

 P
e

a
k

Nitrogen Flow (sccm)

Nitrogen Content

(b)



 36 

 

Figure 4.4: RBS spectra of W-O-N nano-coatings with both experimental and simulated 

(SIMNRA) data shown for the samples of pure WO3 deposited with no nitrogen (a) 

and W-O-N deposited with 9 sccm of nitrogen flow (b) 

The various elements present, and their respective energy position, are indicated in the 

spectra by arrows.  The heaviest of the elements, W, occurs at higher backscattered energy and 

the other elements present (Si, O, and N) are shown in the RBS spectra as well.  Using SIMNRA 

code [65], it was possible to calculate the simulated curve of the RBS spectra for the fixed set of 

experimental parameters: (1) incident He+ ion energy, (2) integrated charge, (3) energy 

resolution of the detector, and (4) scattering geometry.  The outcome of the calculations, seen in 

Figure 4.4, agree with the experimental RBS spectra and indicate that the simulation is fit to 
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estimate the coating composition.  Figure 4.4a indicates that the coatings grown without nitrogen 

correspond to stoichiometric WO3 (W:25% and O:75%), as can be seen by the lack of any 

nitrogen in the RBS spectra.  Most significantly, however; RBS measurements indicate that no 

significant nitrogen incorporation takes place in samples deposited with nitrogen flow rates ≤ 9 

sccm, as also specified by XPS analysis.  Figure 4.4b shows the RBS spectra for the W-O-N 

nano-coatings with 9 sccm of nitrogen flow, and it can be gathered that nitrogen begins 

incorporation from this point and RBS data estimates composition to be WO2.60N0.40.  From this 

point, RBS data confirms the steady increase in nitrogen content, with corresponding oxygen 

content being decreased as a result.  The final compositions, also indicated in Table 4.1, for the 

W-O-N nano-coatings are sequenced as follow: WO3WO2.60N0.40WO2.48N0.52WO2.20N0.8.  

 

Table 4.1: Chemical composition of W-O-N nano-coatings as calculated by SIMNRA from the 

RBS spectra as a function of nitrogen flow 

N
2
 flow rate (sccm) Composition 

5 WO
3
 

9 WO
2.60

N
0.40

 

13 WO
2.48

N
0.52

 

17 WO
2.20

N
0.80

 

4.3 OPTICAL PROPERTIES  

 The spectral transmission characteristics of W-O-N nano-coatings are shown in Figure 

4.5. As gathered by UV-VIS-NIR Spectroscopy, the optical transmittance spectra for the W-O-N 

coatings, as seen in Figure 4.5, show a gradual change in the spectral transmission curves as the 

nitrogen flow of the coatings is increased.  The coatings show a region of high transparency 

across the spectral region between 250 and 800 nm before being affected by absorption across 

the band gap (Eg) in lower wavelengths.  Other observations from the optical transmittance 

spectra are a red-shift in spectral absorption, as illustrated by the arrow in Figure 4.5, and an 
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overall decrease in spectral transmittance.  Both observations can be seen to be a function of 

nitrogen content, indicating an incremental change in the coating‟s electronic structure as 

nitrogen content is increased; especially after the significant incorporation at 9 sccm of nitrogen 

flow rate seen in the compositional analysis.  As a result of these observations, further 

investigation into the electronic structure, as it relates to the band gap and the optical properties 

of the W-O-N coatings, are to be performed by using ellipsometry functions and Tauc-Lorentz 

(TL) modeling. 
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Figure 4.5: Optical spectral transmittance curves at various nitrogen flow rates.  A shift in 

absorption can be seen with increasing nitrogen flow rate and is indicated by the 

arrow. 

The optical constants of W-O-N coatings were determined from spectroscopic 

ellipsometry (SE), which measures the relative changes in the amplitude and phase of the 

linearly polarized monochromatic incident light upon oblique reflection from the sample surface.  

The experimental parameters obtained by SE are the angles Ψ (azimuth) and Δ (phase change), 

which are related to the microstructure and optical properties, by: ρ=Rp/Rs= tanΨexp (iΔ), where 
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Rp and Rs are the complex reflection coefficients of the light polarized parallel and perpendicular 

to the plane of incidence, respectively.   

The primary step in SE data analysis and derivation of optical constants is constructing 

the optical stack model of the sample. In Figure 4.6, a schematic of the optical stack model 

representing the W-O-N nano-coatings constructed in order to simulate the spectra for 

determining the optical constants is represented.  From top to bottom, the model contains the W-

O-N coating, followed by a SiO2 interface and finally the Si substrate.  Also included in the 

model is interfacial and surface roughness in order to increase the accuracy of the results 

obtained by the analysis.   

 

 

Figure 4.6: Optical stack model of W-O-N nano-coatings used for ellipsometry data analysis 

 After constructing the optical stack model, the Tauc-Lorentz (TL) oscillator was used to 

determine the values for the band gap as well as n and k.  The empirical parameterization is 

based on the Tauc expression for the imaginary part (ε2) of the dielectric function [69, 71-73].  

The complex dielectric function ε2, for a single transition, is represented in Equation 12 [71-73]: 
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where E0 is the resonance energy, Eg represents the band gap energy, E is the photon energy and 

A, C are the amplitude coefficient and broadening coefficient of the ε2 peak.  It should be noted 

that both the real and imaginary parts of the dielectric functions can be related to n and k by 

setting ε1 = n
2
 – k

2
 and ε2 = 2nk.  It has been shown that the TL model is effective at modeling 

the optical properties of transparent oxides [6, 69-70, 74-75].  Seen in Figure 4.7 the spectral 

dependencies of the ellipsometric parameters (ψ and Δ), as determined for the W-O-N coatings 

with increasing nitrogen flow, fit well with the simulated data as determined by the TL model 

and minimized by the Levenberg-Marquardt algorithm described below in Equation 13, 
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  (13) 

 

in which ψexp, ψcalc, and Δexp, Δcalc are the measured and calculated ellipsometry functions 

respectively, N is the number of measured pairs (ψ and Δ), M is the number of fitted parameters 

in the model and σ is the standard deviation for each of the experimental data points. 
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Figure 4.7: Spectral dependence of ψ and Δ for W-O-N nano-coatings grown with varying 

nitrogen flow with experiment data and modeling curves shown. 

Using the TL-oscillator, the best fit for the data was determined while maintaining the minimal 

MSE, the results of which are represented in Table 4.2.   
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Table 4.2:  Tauc-Lorentz oscillator parameters used to fit the optical constants for W-O-N nano-

coatings as a function of nitrogen flow rate. 

N
2
 flow rate 

(sccm) MSE 

Thickness 

(nm) A B 

E
o
  

(eV) 

E
g
 

(eV) 

0 6.83 1040.65 54.25 0.04 4.09 2.99 

3 5.88 1050.54 45.50 0.30 4.13 2.87 

5 4.74 1029.61 32.86 0.45 4.33 2.57 

7 2.06 1030.52 18.18 0.45 4.10 2.30 

9 1.49 1032.61 15.22 0.66 4.15 2.10 

11 1.53 987.31 17.03 1.15 4.25 2.05 

13 1.80 1019.65 14.95 1.40 4.15 1.92 

15 2.32 1024.23 23.23 2.09 4.13 1.94 

17 5.39 978.97 40.51 2.86 3.97 1.89 

Using the 4 unique parameters associated with the TL oscillator, amplitude (A) of the ε2 peak, the 

half width (C) of the ε2 peak, fixed center energy (E0) of the TL peak, and the Tauc gap (Eg) it 

was possible to construct the variation of Eg as a function of nitrogen flow rate represented by 

Figure 4.8. 

 

0 2 4 6 8 10 12 14 16
1.8

2.0

2.2

2.4

2.6

2.8

3.0

 
 

B
a

n
d

 G
a
p

 (
e
V

)

Nitrogen Flow (sccm)
 

Figure 4.8: Band gap variation in W-O-N nano-coatings with varying nitrogen flow rate.  The 

variation of Eg indicates a change in the electronic structure of the coatings as 

nitrogen is incorporated. 
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 The Eg value of ~ 2.99 (± 3%) eV for the W-O-N coating grown without any nitrogen 

matches with the values reported in the literature for WO3 films [5-10, 43, 47, 67] and the trend 

of decreasing band gap values with nitrogen incorporation has also been reported by several 

authors [10, 43-45].  This phenomenon can be attributed to both oxide and nitride like behavior 

having an influence on the band gap of the samples indicating a composite-like material.  As 

noted by Mohamed et al., there is a transition from the insulating WO3 to the metallic W2N.  This 

is indicated by the fall in band gap values as nitrogen flow increases [44], as confirmed by 

compositional analysis indicating significant nitrogen incorporation at a nitrogen flow rate of 9 

sccm.  The same observation was made in tantalum oxynitrides [57] and titanium oxynitride [59] 

that also transitioned from the behavior of an oxide to that of a nitride.  Le Dreo et al. explain 

that tantalum oxynitride acts as a composite material and as nitrogen or oxygen is substituted 

into the lattice it causes a change in the optical properties of the coating [55].  This evidence 

indicates that the W-O-N coatings grown exhibit a composite structure and simultaneous 

semiconducting behavior.   

 Also determined by modeling the SE data, were the optical constants associated with the 

W-O-N coatings.  The refraction index (n) and extinction coefficient (k) both show favorable 

characteristics and each is shown at 550 and 623 nm as a function of nitrogen flow below.  As 

seen in Figure 4.9, the values for k are near zero, with a slight increase at higher nitrogen flows, 

which indicates very low optical losses due to absorption.  For the n values it can be seen that 

there is a systematic increase in values, especially at higher nitrogen flows, indicating the same 

transition from an insulating-to-semiconducting then semi-metallic behavior that can be 

attributed to the composite-like nature of the coatings as described before.  Overall the values of 

n for the coatings grown without nitrogen correspond well with values gathered by other authors 

for WO3 [6, 69].   
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Figure 4.9: Refractive Index (n) and Extinction Coefficient (k) values at 550 and 632 nm, 

displayed as a function nitrogen flow 

 The dispersion profiles of the index of refraction (n) are also displayed (Figure 4.10) and 

show a gradual increase in lower wavelengths.  Of significance is the contrast in behavior of 

coatings with little or no nitrogen incorporation fabricated with nitrogen flow below 9 sccm (part 

a) versus those coatings with increasing nitrogen incorporation fabricated with nitrogen flows 

greater than 9 sccm (part b).  W-O-N coatings show very similar values until nitrogen is 

incorporated into the coatings, causing an increase in values across all wavelengths and behavior 

more characteristic of metallic coatings at 17 sccm.   
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Figure 4.10: The dispersion profiles of index of refraction (n) of W-O-N nano-coatings with little 

or no nitrogen incorporation (a) and increasing nitrogen incorporation (b) 

Figure 4.11 presents the dispersion profiles of k(λ) for the coatings fabricated with little 

or no nitrogen incorporation (part a) and coatings with significant nitrogen incorporation (part b).  

As can be seen by the k(λ) curves, the coatings only display absorption in lower wavelengths and 

are smooth in behavior indicating the fabrication of high quality, highly transparent coatings.  

Both the dispersion profiles for n and k show an increase in values in all wavelengths as there is 

an increase in nitrogen incorporation, which follows similar observations by Mohammed et al. 

and Parreira et al. [44-46].   
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Figure 4.11: k(λ) curves of W-O-N nano-coatings with little or no nitrogen incorporation (a) and 

increasing nitrogen incorporation (b) 

4.4 MODELING THE OPTICAL DATA  

 Further analysis of the n-profiles and optical transmittance curves, as a function of 

nitrogen content, is made in order to confirm the optical behavior and to determine the energy 

dispersion parameters of the W-O-N coatings.  First, the dispersion of the refractive index is 

simulated with the Wemple and DiDomenico (W-D) single-oscillator model to fit the energy 

dependence of the index of refraction (n) using Equation 14: 
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   ( )     
    
  
    

 (14) 

 

where E is the photon energy of the incident light, Eo is the oscillator energy and Ed is the 

dispersion energy [44-45, 76].  By plotting (n
2
-1)

-1
 vs. E

2
 and fitting the relationship with a linear 

function, both E0 and Ed can be solved for by setting E0/Ed equal to the y-intercept and -(E0Ed)
-1

 

equal to the slope.  An example of the method is presented in Figure 4.12 for the behavior of a 

sample deposited with a nitrogen flow of 9 sccm.  When fitting a linear function to the plot it was 

seen that the data would only remain linear until the photon energy approached the band edge 

causing a deviance in the plot [76].  This observation resulted in the fitting of only the linear 

regions at low photon energies so as to obtain the most accurate modeling of the optical energies. 
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Figure 4.12: Singular (n
2
-1)-1 vs. E

2
 plot, at 9 sccm nitrogen flow rate, fitted using a linear 

expression.  In order to approximate the band gap using this method E0 and Ed must 

be calculated by setting E0/Ed equal to the y-intercept and -(E0Ed)
-1

 equal to the 

slope. 

The (n
2
-1)

-1
 vs. E

2
 plots for all of the compositions of the W-O-N nano-coatings samples 

are displayed in Figure 4.13.  It can be seen that all of the plots show sufficient linearity to 
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ensure accuracy of the data calculated using this method, interestingly a pattern in the deviation 

from linearity is also observed.  It can be seen that two regions appear in the plots; the first 

region includes the plots with nitrogen flow rate from 0-9 sccm, indicating those samples with 

little or no nitrogen incorporation, with a negative curvature at higher energies and the second 

region shows a positive curvature at the same energies.   
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Figure 4.13: (n
2
-1)

-1
 vs. E

2
 plots for the index of refractive (n) fitted using the single-oscillator 

model 

Overall the plots allowed for the calculation of accurate and dependable data, the results 

of which are shown in Table 4.3.  Along with the oscillator energy (E0) and dispersion energy 

(Ed), the band gap (Eg) was also approximated using the relation 2Eo≈Eg and are also displayed 

in Table 2 [44-45].  The Eg values approximated using this method are in agreement with the 

values calculated using the Tauc-Lorentz fitting of the raw SE data with values of ~3.0 eV for 

samples with a WO3 composition and a drop in values to 2.289 eV for W-O-N samples with the 

highest amounts of nitrogen incorporation.   
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Table 4.3: Calculated values for Eg, E0 and Ed as gathered by the single-oscillator method for 

fitting the index of refraction (n) 

N
2
 flow rate 

(sccm) E
g
 (eV) E

0
 (eV) E

d 
(eV) 

0 2.912 5.825 19.689 

3 2.978 5.957 20.129 

5 2.945 5.889 20.047 

7 3.085 6.170 21.326 

9 2.932 5.864 20.521 

11 2.789 5.579 19.741 

13 2.716 5.431 19.547 

15 2.537 5.074 19.097 

17 2.289 4.578 22.243 

 

Besides the approximated band gap values, the oscillator and dispersion energies also 

show interesting trends that can be seen in Figure 4.14.  Both E0 and Ed decrease with in 

increased amount of nitrogen flow, this trend matches with the results of Mohamed et al. for E0 

in magnitude and decreasing value, but the behavior of Ed is contrary to that seen previously [44-

45].  This trend can be seen as in indication of an increased amount of disorder in the coating‟s 

structure as nitrogen flow rate is increased during deposition and nitrogen atoms displace oxygen 

atoms leaving voids in the lattice. 
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Figure 4.14: E0 and Ed, as calculated by fitting the index of refraction (n) to the single-oscillator 

model, and as a function of the flow rate of nitrogen gas 
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 This theory prompted further investigation into the dispersion energy, since this value is 

related to the chemical bonding within the coatings as a characteristic parameter that depends on 

charge distribution.  The dispersion energy Ed is related to the coordination number and chemical 

valency of the coating through Equation 15 [44-45, 76]; 

 

 

 

Ed = βNcZaNe (15) 

where β is an ionic or covalent value constant (βi = 0.26 ± 0.03 eV and βc = 0.37 ± 0.04 eV, 

respectively), Nc is the effective coordination number of the cation (nearest the anion), Za is the 

chemical valency of the anion(s) and Ne is the number of valence electrons per anion(s).  For β 

the ionic value was chosen due to the nature of W-O-N coatings, and Za and Ne were calculated 

using the coating‟s chemical composition as found by RBS, using W the cation and O and N as 

the anions in bonds formed in the coatings.  In Figure 4.15, Za and Ne are displayed as a function 

of nitrogen gas flow, where opposite trend can be noted.  The increase in Za and decrease in Ne 

are attributed to a valence electron shift in the coatings due to increased nitrogen incorporation. 
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Figure 4.15: Za and Ne as calculated using the chemical composition of the W-O-N nano-coatings 

as calculated by RBS analysis 
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With these values, it is possible to find the effective coordination number of tungsten (Nc) 

using the relation described above.  The results of the analysis of Ed, along with results for the 

energies attributed to the single-oscillator model are shown in Table 4.4.  It can be seen from 

viewing the results, that Ed can be directly attributed charge distribution and is closely related to 

the chemical bonding within the material.  The behavior of Ed can then be said to be a result of 

increased disorder within the coatings, causing chemical bonding to be affected. 

 

Table 4.4: The results of the complete analysis of the fitting of the refractive index (n) to the 

single-oscillator model taking into account the chemical composition of the nano-

coatings 

N
2
 flow rate 

(sccm) Composition E
g 
(eV) E

0 
(eV) E

d 
(eV) Z

a
 N

e
 N

c
 

5 WO
3
 2.945 5.889 20.047 2 8 4.819 

9 WO
2.60

N
0.40

 2.932 5.864 20.521 2.133 7.867 4.703 

13 WO
2.48

N
0.52

 2.716 5.431 19.547 2.173 7.827 4.420 

17 WO
2.20

N
0.80

 2.289 4.578 22.243 2.267 7.733 4.881 

 Assuming that a transition exists between the edges of the valence and conduction bands, 

the Tauc-Relation can be used to analyze the transmittance data gathered by UV-VIS-NIR 

spectroscopy.  The optical band gap Eg can then be calculated using the relations described in 

chapter 3.  By using transmittance data to find the absorption coefficient, it is possible to find Eg 

by plotting (αhν)
1/2

 vs. hν and extrapolating the linear region to hν = 0 resulting in the value of 

the sample‟s optical band gap [43, 56-58, 67].  Figure 4.16 shows an example (9 sccm nitrogen 

flow) of this relation and how it was used to find the band gap for each sample indicated by the 

arrow.   
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Figure 4.16: (αhν)
1/2

 vs. hν plot for W-O-N nano-coatings deposited with 15 sccm of nitrogen.  

The linear region of the plot is extrapolated to hν = 0 in order to calculate the value 

for Eg 

This method is then applied to all of the compositions of W-O-N (Figure 4.17) results of 

which show a gradual trend towards lower energies as the flow of nitrogen gas is increased.   
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Figure 4.17: (αhν)
1/2

 vs. hν plot for various W-O-N thin nano-coatings deposited increasing 

nitrogen gas flow rates 
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The results for Eg for both the Single-Oscillator model and Tauc-Relation are presented 

in Figure 4.18.  Each set of data matches well in both magnitude and behavior as it relates to the 

flow of nitrogen gas.  Using either method, there is an observed decrease in the optical band gap, 

from an initial value of ~3.0 (±0.09) eV, as the nitrogen flow increases.  Like the values 

determined by directly applying the raw SE data to the TL model, the initial values match well 

with previous values of ~ 2.99 (± 3%) eV for WO3 films [5-10, 43, 47, 67] and decreasing values 

with increased nitrogen content match well with results of previous authors as well [10, 43-45].  
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Figure 4.18: Optical band gap (Eg) values as a function of nitrogen flow rate as determined by 

applying the Single-Oscillator model and Tauc Relation to the optical constants 

found by SE 

4.5 MECHANICAL PROPERTIES  

 The results of the nano-indentation testing are seen in Figure 4.19 in terms of both the 

nano-coating‟s hardness and Young‟s modulus.  By using load control nano-indentation, the 

stiffness (S) of each sample was determined from the slope of the unloading curve of the load vs. 

displacement graph of each coating.  Since the geometry, and thus the area of contact (A) at peak 

load, and mechanical properties of the indenter were known, the mechanical properties of the 
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coatings were calculated using the method described previously in a work authored by Oliver 

and Pharr and outlined in Methodology [68].  As can be seen in Figure 4.19, both the hardness 

and Young‟s modulus follow the same trajectory as one another and the same can be seen in the 

results given by Khamseh and Parreira et al. [46, 53].  Both the hardness and Young‟s modulus 

initially increase to maximum values of 4.46 GPa and 98.5 GPa, respectively, at a flow of 5 sccm 

then decrease from this point reaching minimum values of 3.57 GPa and 72.91 at a nitrogen flow 

rate of 15 sccm.  This is only a fraction of the values found by previous authors whose values 

ranged between 15 and 30 GPa [46, 52-53], but the low values can be attributed to the 

amorphous structure of the nano-coatings, the substrate material used and a lower thickness 

characterized than previously investigated coatings [60, 77].  The decreasing trend seen in Figure 

4.19 however, only exists commonly with samples characterized as having an increase of oxygen 

incorporation that contributes to a relaxation of internal stresses [46, 53].  This is not the case 

since all characterization of the W-O-N coatings indicate that the coating‟s mechanical properties 

are decreasing in value as there is an increase in nitrogen incorporation, especially after 9 sccm 

of nitrogen flow as evident by XPS and RBS analysis.  These observations, however, indicate 

that the samples grown encounter a decrease in hardness and Young‟s modulus because of the 

competition between nitrogen and oxygen atoms to form bonds with tungsten, causing an 

increasingly amorphous surface.  Evidence of this phenomenon can be seen in the earlier 

analysis done to determine the dispersion energy (Ed) of the coatings which can help describe 

physical parameters of the material and chemical bonding [44, 76].  Seen in the dispersion 

energy is the same decreasing trend in value, which can signify an increase in the disorder of the 

atoms forming the bond of the W-O-N nano-coatings.   
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Figure 4.19: Mechanical properties, hardness and Young‟s modulus, of W-O-N nano-coatings 

represented as a function of nitrogen gas flow rate and measured by nano-

indentation tests. 

Optical properties were considered to model the physical density of the W-O-N coatings, 

accounting for the observed optical properties and to describe the physical significance of said 

properties.  The densities of the W-O-N coatings were calculated using the Lorentz-Lorentz 

relation described in Equation 16 [6, 69]: 

 
  

  
  [

(     )
 

(     )
  
(     )

 

(     ) 
]   (16) 

where ρf and ρd are the densities of the deposited coatings and buk material, respectively, nf is the 

refractive index for the W-O-N nano-coatings and nb is the estimated refractive index for bulk 

W-O-N.  The rule of mixtures was employed to calculate the bulk density.  In order to estimate 

the density and index of refraction (nb) values for the bulk materials, the fraction of W-O and W-

N bonds within WOxNy were calculated using the chemical composition found through XPS and 

RBS analysis.  The fractions of each bond were then used to estimate the new value of the bulk 

material by assuming the index of refraction for bulk WO3 and WN, at ~ 633 nm, to be 2.0 [78] 

and 3.8 [79-80], respectively, and the bulk densities to be 7.16 g/cm
3
 [16] and 17.7 g/cm

3
 [37], 
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respectfully.  The measured values, n, at ~ 633 nm from SE for W-O-N coatings were then used 

to calculate the approximate values of the density for the deposited W-O-N thin coatings as a 

function of nitrogen flow rate.  The results of the analysis are presented in Figure 4.20 and it can 

be seen that there is a direct correlation between the measured index of refraction and density of 

the coatings.  The index of refraction and density both increase as a direct consequence of 

increased nitrogen content in coatings with increasing nitrogen gas flow rate.  Mohamed et al. 

theorizes that the index of refraction increases in films are due to increased density and 

molecular polarizability, thus providing a link between the physical characteristics of W-O-N 

and the optical properties [45].   

 

0 5 10 15 20

8

10

12

14

16

 

 

D
e

n
s

it
y

 (
g

/c
m

3
)

Nitrogen Flow (sccm)

 W-O-N

 

Figure 4.20: Density variation of W-O-N nano-coatings with nitrogen flow rate. It is evident that 

the coating‟s density increases with increasing nitrogen gas flow rate. 
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Chapter 5: Physical, Mechanical, Chemical and Optical Property Correlation  

 The purpose of this chapter is to present a physical, mechanical, chemical and optical 

property correlation in amorphous W-O-N nano-coatings based on the results and discussion 

presented in chapter 4. Additional analysis and modeling of the data is presented if there is a 

further need to establish such a correlation between the processing conditions and properties.  

In this work, most important observation is a decrease in band gap values with increasing 

nitrogen flow rate.  Two separate regions of band gap values can be seen in the reported data; the 

first region including samples deposited with 0 to 9 sccm of nitrogen flow rate show values near 

that of stoichiometric WO3, subsequent band gap values above 9 sccm show much lower values 

characteristic of tungsten nitrides.  The shift in band gap values are thus a direct result of 

nitrogen incorporation taking place, subsequently increasing at nitrogen flow rates above 9 sccm, 

as indicated by XPS and RBS analysis.  Even though direct comparison of nitrogen content and 

band gap values is not possible since both depend on processing conditions, it is possible to 

conclude that nitrogen content plays a major role.  Similar trends have been reported by several 

authors, explaining that band gap values fall when there are increased amounts of nitrogen 

incorporation [6, 43-45].  There are two approaches at understanding the physics involved in this 

phenomenon, the first attributes the loss of band gap to a change in ionicity as nitrogen atoms are 

incorporated into the oxide lattice.  Initially suggested by Futsuhara et al., the author bases the 

change in iconicity due to the incorporation of nitrogen atoms as the cause for the decreasing 

band gap values in zinc oxynitrides [54].  Since metal-oxygen (M-O) bonds have a higher 

iconicity than that of metal-nitrogen (M-N) bonds, because the electronegativity of oxygen is 

higher than that of nitrogen, a decrease in iconicity can be expected in samples with more 

nitrogen incorporation [43].  Thus with the increase of W-N bonds in the mixture of W-O and 

W-N in W-O-N coatings, the increased nitrogen content causes the observed band gap decrease.  

An additional explanation presented later for decreasing band gap values is the narrowing of the 

band gap due to the existence of both the N 2p states with O 2p states simultaneously [43-44].  
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Corresponding to the electronic transitions from the top of the valence band to the conduction 

band [5-8, 10, 43, 47, 60], band gap values in WO3 are formed by the transition from the valence 

band formed by the filled O 2p states and the conduction band formed by the empty W 5d states. 

The decrease in band gap values can then be said to be caused by nitrogen incorporation 

increasing the intermixing of N 2p states with O 2p states in the valence band [43-44].  The 

expansion of the valence band by N 2p states occupied above the O 2p states, results in lower 

band gap values.  A representation of this phenomenon is presented in Figure 5.1 to 

schematically visualize the change in electronic transitions as nitrogen is incorporated into the 

coating.  The higher values of Eg match the samples that are predominantly WO3 in composition, 

and the band gap corresponds to the energy gap between valence and conduction bands formed 

by O 2p and W 5d states, respectfully.  Lower Eg values correspond to the electronic transitions 

from the valence band formed from a mixture of O 2p and N 2p states, formed as nitrogen is 

incorporated into the coating at 9 sccm of nitrogen flow rate and above.  Such phenomena has 

been reported in past transition metal oxynitrides that act as a composite-like material, 

experiencing a transition from insulating M-O to semi-metallic M-N behavior [54-55, 57, 59]. 
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Figure 5.1: Proposed electronic structure model to account for the observed changes in the band 

gap of W-O-N nano-coatings.  The variable, lower band gap in W-O-N corresponds 

to the electronic transitions from the new valence band, which is formed by a 

mixture of O 2p and N 2p states. 

The optical constants n and k were also affected by the change in nitrogen incorporation.  

As can be seen in the dispersion profile of n in Figure 22, there is a clear distinction between n 

values above and below 9 sccm of nitrogen flow rate.  Part a of Figure 22 shows the n-rofile of 

those samples with ≤9 sccm nitrogen flow, and indicates the coatings are comprised of a W-

oxide phase closely related to stoichiometry of WO3.  Above 9 sccm, it is observed that the 

magnitude of n increases, and a positive shift in n-profiles occurs as the amount of nitrogen 

content increases.  At 17 sccm of nitrogen flow rate the n-profile demonstrates elevated values 

for n.  The evolution of the n-profiles, indicated by Figure 22b, demonstrates that a composite of 

W-oxide and W-nitride is formed, leading to n values behaving in a manner resembling a hybrid 

of insulating WO3 and W-nitride.  The increasing magnitude of both n and k, with increasing 

nitrogen content, is also indicative of the shift in electronic structure as a result of the coating‟s 

compositional change.  This shift due to compositional changes is best represented by the change 

in density of the coatings.  As a result of increasing nitrogen incorporation, the density, as 

calculated by the Lorentz-Lorentz relation, increases at values that correspond to the increase in 

the index of refraction since n values are known to be related to a material‟s density and/or 

molecular polarizability [45].   

As further vindication of a shift in optical properties, the analysis done using the W-D 

single oscillator model indicated a dependence of optical dispersion on the chemical 

composition.  Using this method, it was shown that the oscillator energy E0, which simulates 

electronic excitations involved [76], shows a clear decreasing trend with increasing nitrogen 

flow.  Band gap values estimated from E0 also show a clear trend and match well with band gap 

values calculated by other methods.  More interesting are the values associated with the 

dispersion energy Ed, which measures the intensity of interband optical transitions [76].  The 

values for Ne and Za are calculated by the analysis of Ed which can help us further understand the 
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chemical bonding involved in the coating and the extent of charge transfer taking place to form 

such bonding.  The increase in Za and corresponding decrease in Ne are a result of charge 

redistribution due to the increase in nitrogen content in the coatings.  This redistribution is due to 

the same shift in ionicity described above and can also be related to values for E0 and Eg also 

gathered by this method.  This analysis thus provides further proof that the optical properties 

depend heavily on the material‟s chemical composition.   

As mentioned in the previous chapter, overall values for the mechanical properties, as 

tested by nano-indentation, were significantly lower than those values reported in the literature.  

This observation can be attributed to the coating‟s amorphous structure and the mechanical 

integrity of the substrate material.  As indicated by the lack of crystalline formation across all 

nitrogen flow rates in the GIXRD results, the coatings formed are all amorphous in nature.  Also, 

the coatings were grown on silicon substrates rather than substrates made of steel or a superalloy, 

which can lead to lower values in nano-indentation tests [77].  Widely accepted in the literature 

and reported by several authors, mechanical properties are demonstrated to decrease when films 

and coatings exhibit an amorphous structure and when the coating‟s internal stresses become 

relaxed [51, 53, 60].  As Dubey et al. demonstrated, binary and ternary nitrides differing in only 

structure will show a dependence on how well grain growth can provide a hindrance to 

dislocation movements [60].  Nitrides formed in face center cubic (FCC), hexagonal close pack 

(HCP) and amorphous structures showed the lowest values for mechanical properties in films 

with an amorphous structure, and this trend can be attributed to the increased degree in which the 

film is disordered.  

Because of the observed change in chemical composition and chemical bonding, a shift in 

the mechanical behavior of the W-O-N coatings was expected with an increase in nitrogen 

content.  A correlation can then be formed between the increasingly amorphous and disordered 

coatings and increasing nitrogen gas flow rate, due to the competitive nature of nitrogen and 

oxygen atoms during reactive deposition.  Shen et al. reported that, with increasing oxygen 

concentration, there will be a competing tendency between nitrogen and oxygen atoms and the 
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relaxation of internal compressive stresses occur for either oxygen atoms taking the place of 

nitrogen atoms or nitrogen atoms substituting for oxygen within the lattice [49-50].  The 

decreasing hardness values then also lie in the fact that nitrogen incorporation is also known to 

hinder grain growth [50].  It has been demonstrated in studies of nitrides that nitrogen reduces 

the mobility of tungsten, or other metallic particles, or nitrogen can even act as a nucleation site 

for defects [38, 60].  These factors may lead to an increasingly amorphous structure, thus lower 

hardness and Young‟s modulus values, until enough nitrogen exist to begin to promote 

polycrystalline growth [38].  The drop in hardness and Young‟s modulus can then be understood 

as a relaxation of internal compressive stresses due to an increase in the disorder of the coating 

as indicated by the dispersion energy, representing the disorder term, as calculated by optical 

analysis.  To demonstrate the relationship between the mechanical and optical properties of W-

O-N coatings, Figure 5.2 shows the comparison in trends between the hardness, cation 

coordination number and density of the coatings.  As a drop in the mechanical values occurs, 

there is a simultaneous decrease in the cation coordination number (Nc), as calculated from the 

dispersion energy, and stagnation in density values.  This indicates that before the density and 

cation coordination number of the coatings increase with higher nitrogen contents, the disorder 

of the coatings is increased due to vacancies in the lattice being formed by the substitution of 

oxygen by nitrogen atoms in the W-oxide lattice.  This increased disorder hinders the coating‟s 

ability to counter dislocation movements, thus resulting in decreased mechanical properties as 

nitrogen content increases.   
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Figure 5.2: The hardness, cation coordination number (Nc) and density of W-O-N coatings as a 

function of nitrogen flow rate.  A direct relation between the mechanical properties 

(hardness) and physical properties (Nc and Density) determined from optical 

properties is apparent in this comparison. 

 

Finally, optical properties were considered to model the physical density of the W-O-N 

coatings, accounting for the observed optical properties and to describe the physical significance 

of said properties.  The densities of the W-O-N coatings were calculated using the Lorentz-

Lorentz relation described in Equation 17 [6, 69]: 
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(     ) 
]   (17) 
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where ρf and ρd are the densities of the deposited coatings and buk material, respectively, nf is the 

refractive index for the W-O-N nano-coatings and nb is the estimated refractive index for bulk 

W-O-N.  The rule of mixtures was employed to calculate the bulk density.  In order to estimate 

the density and index of refraction (nb) values for the bulk materials, the fraction of W-O and W-

N bonds within WOxNy were calculated using the chemical composition found through XPS and 

RBS analysis.  The fractions of each bond were then used to estimate the new value of the bulk 

material by assuming the index of refraction for bulk WO3 and WN, at ~ 633 nm, to be 2.0 [78] 

and 3.8 [79-80], respectively, and the bulk densities to be 7.16 g/cm
3
 [16] and 17.7 g/cm

3
 [37], 

respectfully.  The measured values, n, at ~ 633 nm from SE for W-O-N coatings were then used 

to calculate the approximate values of the density for the deposited W-O-N thin coatings as a 

function of nitrogen flow rate.  The results of the analysis are presented in Figure 5.3 and it can 

be seen that there is a direct correlation between the measured index of refraction and density of 

the coatings.   
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Figure 5.3: Density variation of W-O-N nano-coatings with nitrogen flow rate. It is evident that 

the coating‟s density increases with increasing nitrogen gas flow rate. 
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The index of refraction and density both increase as a direct consequence of increased 

nitrogen content in coatings with increasing nitrogen gas flow rate.  Mohamed et al. theorizes 

that the index of refraction increases in films are due to increased density and molecular 

polarizability, thus providing a link between the physical characteristics of W-O-N and the 

optical properties [45]. Based on the observed results, discussion, analysis, and modelling of the 

data, the following correlation between electron structure, chemical composition, and physical 

properties (density) is proposed. 

 

   
 

Figure 5.4: Proposed correlation between physical properties (density), chemistry (composition), 

and electronic structure (optical properties) of W-O-N nano-coatings.  
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Chapter 6: Conclusions 

Amorphous tungsten oxynitride nano-coatings were fabricated with varying nitrogen gas 

flow rate. The effect of chemical composition on the optical and mechanical properties is studied 

in detail. XPS and RBS analysis both demonstrate that no significant nitrogen incorporation 

takes place until 9 sccm of nitrogen flow rate.  Optical analysis demonstrated the coating‟s 

optical properties strong dependence on nitrogen content.  Optical transmittance spectra 

illustrated a red shift in the absorption and an overall decrease in transmission with increased 

nitrogen content.  Further analysis of data gathered by SE by application of the TL model 

demonstrated an alteration in band gap (Eg) values, showing a decrease in magnitude from values 

close to those reported for WO3 (~2.99 eV) to values resembling W-nitrides (~1.89 eV).  

Application of the Tauc-Relation and W-D single oscillator model further demonstrated a 

decrease in Eg values as the nitrogen content within the coatings increased and overall similar 

magnitudes, as found by the application of the TL model.  Other optical properties affected by 

the change in chemical composition were the refractive index (n) and the extinction coefficient 

(k); both values increasing with the nitrogen content.  The shift in both Eg and n values was a 

direct result of the formation a composite-like material with the intermixing of W-N bonds and 

W-O bonds significantly influencing optical properties.   

The W-D single oscillator model also provided insight into the chemical bonding of the 

coating.  The dispersion energy shows a decreasing trend in values as a function of nitrogen flow 

rate and signifies an increase in the disorder of the coatings.  The optical disorder, consistency of 

the physical density in lower nitrogen flow rates and the competitive nature of nitrogen and 

oxygen atoms during deposition all account for the decreasing values for the mechanical 

properties as nitrogen gas flow is increased. By connecting these properties to the mechanical 

characterization, it is possible to form a relation between the optical and mechanical properties.  

Nano-indentation experiments yielded maximum values of 4.46 GPa and 98.5 GPa for hardness 

and Young‟s modulus, respectfully.  These values were significantly lower than those reported in 
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the literature, but the lower values can be attributed to the lack of mechanical integrity of the 

substrates and amorphous structure of the coatings, regardless of nitrogen incorporation.  A 

correlation between processing conditions, nitrogen chemistry, physical properties, electronic 

structure, optical constants and mechanical properties of amorphous W-O-N nano-coatings is 

established. Such a correlation derived in this study could provide a road-map to optimize the 

conditions to produce W-O-N coatings with enhanced performance in a given technological 

application. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 



 67 

Chapter 7: Future Work 

 To further provide a complete characterization and analysis of W-O-N nano-coatings, it 

is required to pursue a more complete understanding of the key factors to tuning optical and 

mechanical properties.   

1. Investigate the effect of thermal treatment on the structural, compositional, optical and 

mechanical properties. 

2. Perform thermal treatment in both an Ar atmosphere and in the presence of oxygen in 

order to investigate any advantage either method can have on the optical and mechanical 

properties. 

3. Perform thermal treatment at varying temperatures to investigate what thermal energy 

input can induce changes in optical and mechanical properties and to what extent.   

4. Perform thermal treatment with the goal of forming a crystalline structure in the coating, 

in order to improve mechanical behavior. 

5. Apply numerical analysis with software that forms relations between all of inputted 

empirical data. 

6. Numerical modeling can provide direct formation of relations otherwise previously 

unknown, connecting physical, optical and mechanical properties of W-O-N nano-

coatings 
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