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ABSTRACT

The effect of post-deposition thermal treatment on the optical and mechanical properties of W-
O-N thin films is reported. W-O-N thin films were deposited onto silicon (100) and quartz
substrates utilizing direct current (DC) sputtering under the variable flow of reactive gas mixture.
Post-deposition annealing was performed at a temperature (T,) of 400 °C under inert (argon) and
oxygen (air) atmosphere. For annealing in an inert atmosphere, spectroscopic ellipsometry (SE)
revealed changes to the dispersion profiles and magnitudes of the index of refraction (n) and
extinction coefficient (k) as a result of thermal treatment. X-ray photoelectron spectroscopy
(XPS) measurements revealed the loss of both nitrogen and oxygen during the annealing process
in an inert atmosphere while the samples remain amorphous as evidenced in X-ray diffraction
measurements. The chemical changes correlate with the changes seen in the optical constants for
annealed W-O-N films. Furthermore, the physical changes during post thermal treatment probed
by calculating the film-density using the Lorentz-Lorenz relation indicate a decrease in density
that supports the changes in chemical composition and optical properties. Density values for
annealed W-O-N films vary in the range ~9-12 g/cm?, the low-to-high end of density values are
noted for low and high values of nitrogen flow rate, respectively, employed during deposition.
Mechanical properties of W-O-N films were demonstrated a drastic improvement as a result of
post thermal treatment. The hardness values generally were improved but the W-O-N films
annealed in air showed the significant improvement, up to ~10 GPa. XRD measurements
indicated the amorphous-to-crystalline transition with m-WQOj3; phase as dominant component for

samples annealed in an air due to the abundance of oxygen absorbed during annealing.

Keywords: Tungsten Oxynitride; Thin Films, Nano-indentation; Mechanical Properties; Optical

Constants



1. Introduction

Transition metal oxides (TMOs), which are well known for their diversity in crystal
structure, optical properties, and electronic behavior, have been the subject of intense research
for their utilization in modern optical and electro-optical device technologies. Tungsten oxide
(WOs3), one among the TMOs, is categorized as a wide band gap semiconductor with exemplary
physical and chemical stability [1-15]. With a band gap ~3.0 eV [1-10], WO3 thin films and
nanostructures have the ability to use a wide portion of electromagnetic spectrum with a
characteristic high absorption extending from the blue part of the visible spectrum to the
ultraviolet region [7-12]. WOj; is also recognized as a “chromogenic” material. Combined
optical and electrical properties allowed WO3 to be applied in a wide range of energy related
applications such as energy efficient windows, water splitting technology for hydrogen

production, photocatalysis and solar cells [4-9, 12-15].

The mechanical properties of WO3 are also quite important while the material was
primarily sought for application in the fields of optics, optoelectronics and photovoltaics. For
instance, WOj3 has been studied for intended application as a material with wear resistance in
highly oxidative environments [16-18]. The oxidation resistance of WOs;, especially when
compared to tungsten nitride [17-18], is the primary reason for considering this material for such
applications. On the other hand, well known hard coatings based on tungsten nitride (W-N) are
often studied for use as wear resistant hard coatings for industrial applications [18-23]. W-N thin
films display hardness values of 28-40 GPa [19-21], much greater than the values that can be
obtained from WO3; which are typically in the range of 7-25 GPa [16-18]. Even though
mechanical behavior for the W-N is favorable, low oxidation resistance is detrimental to the

wear resistance of hard coatings in high temperature, oxygen rich environments.



The focus of the present work is towards tungsten oxynitride (W-O-N) thin films. Note
that the transition metal oxynitride materials, which can be represented chemically by MOyN, or
M-O-N, are receiving considerable interest in recent years due to the fact that the advantage of
the mechanical properties of transition metal nitrides and the optical and electro-optical
properties of transition metal oxides combined. For WO3, anion and cation doping has recently
gained much interest in order to design materials with the ability to tune optical and electrical
properties. By controlling the nitrogen chemistry and composition, tungsten oxynitride (W-O-N)
thin films provide a means to obtain tunable properties. By incorporating nitrogen into WQO3,
band gap values are tuned in order to extend absorption to longer wavelengths; improving photo-
electrochemical performance for water splitting by reducing charge recombination and enhanced
light absorption [24]. Along with the ability to tune desired properties, W-O-N with tailored
composition combine the traditional advantages of WO3 with those of W-N resulting in a set of
materials with high hardness, oxidation resistance and thermal stability at elevated temperatures.
While efforts exist in the literature to characterize the micro-structure, chemical composition,
electrochromic, optical properties and mechanical behavior of W-O-N thin films [24-33], studies
focused towards fundamental understanding of the effect of post-deposition thermal treatment
are scarce [34-38]. Furthermore, while results that have been published for W-O-N films
regarding thermal treatment are not comprehensive, such a deeper understanding of the effect of
thermal treatment and conclusive results can provide insights into the expected behavior of
transition metal nitrides and oxynitrides in general. Experiments involving Zn-O-N and Ta-O-N
have revealed that the annealing process has some effect on the optical properties of metal

oxynitrides, depending on the temperature and processing atmosphere employed [39-40].



In this paper, we investigate and report on the effect of thermal annealing in both an inert
atmosphere and an open atmosphere (air) on the optical and mechanical properties of W-O-N
films. The chemical composition, microstructure, physical characteristics, mechanical behavior
and optical properties of annealed W-O-N thin films deposited under variable nitrogen content
are studied in detail to derive a better understanding of the post-deposition thermal treatment.
Using the results obtained, it is demonstrated that both the index of refraction (n) and extinction
coefficient (k) can be tuned by the post-deposition annealing while controlling the hardness and

Young’s modulus of the W-O-N films.
2. Experimental
2.1  Fabrication

W-O-N thin films were fabricated using direct current (DC) sputter-deposition. The
deposition was made onto silicon (Si) (100) and quartz substrates. Before introducing into the
vacuum chamber, substrates were cleaned by the standard RCA (Radio Corporation of America)
methodology and dried with nitrogen. A tungsten (W) metal target with a 2’ diameter and
99.95% purity was employed for reactive sputtering of the thin films. The vacuum chamber was
evacuated to a base pressure ~3 x 10”7 Torr and 20 sccm of argon was subsequently introduced
into the chamber. In order to ignite the plasma 100 W of power was supplied to the sputtering
gun, positioned 80 mm from the substrates, by an Advanced Energy MDX 500 DC power
supply. Pre-sputtering of the target was performed for 10 minutes before each deposition in
order to remove any contaminants. For the fabrication of W-O-N thin films, reactive deposition
required the use of oxygen (O,) and nitrogen (N2) along with argon (Ar) during deposition. The

total flow of gases for each deposition was kept at a constant 40 sccm. With Ar flow kept at 20



sccm, the remaining ratio of O, to N, was adjusted prior to each deposition in order to
understand the effect of nitrogen content on the optical and mechanical properties. The working
pressure for sputtering was kept at 10 mTorr with a pumping speed of 50 L/s. Each deposition
was performed at room temperature (25 °C) and for the appropriate period of time to reach a

thickness of ~100 nm as measured, in situ, by an ellipsometer.

In order to investigate the effect of post thermal treatment on W-O-N thin films the
samples were annealed in different atmospheres and temperatures. Two sets of W-O-N thin
films, deposited onto Si substrates, were annealed at a temperature of 400 °C for 1 hour. The first
set of samples was annealed in an inert atmosphere by placing the thin films in a tube furnace
that was specially fitted so that Ar was continuously flowed at a constant rate through the
furnace. The second set of samples was annealed in an open atmosphere, requiring only a
conventional furnace set up. A third group of W-O-N thin films, deposited onto quartz
substrates, was also annealed in an inert atmosphere of Ar but at a temperature of 400 °C for 1
hour. All annealing was performed with a ramp up time of 30 minutes and the samples were
allowed to cool to room temperature after the target time was reached without external cooling.

A summary of the post-deposition thermal treatment performed is presented in Table 1.

2.2 Characterization

Chemical, structural, optical and mechanical properties of annealed W-O-N thin films
were investigated using an array of analytical techniques. In order to investigate any losses of
nitrogen or oxygen during the annealing process data was gathered utilizing an X-ray
photoelectron spectroscopy (XPS) system for films grown on Si substrates. Concentration

determination was performed using Gaussian-Lorentzian line shapes with Shirley background



subtraction in order to fit high energy resolution spectra and determine the peak areas. However,
XPS analyses were performed on only the as-deposited W-O-N films and those films
thermally treated with a flow of Ar gas. Rutherford backscattering spectrometry (RBS)
measurements were also performed on those as-deposited and annealed W-O-N samples to
further understand thermally induced changes (if, any) in the chemical composition.
Coupled with XPS, RBS measurements were helpful in probing the changes upon thermal
annealing, especially under Ar flow. An incident ion probe containing 1.5 MeV “He* with a
normal incident to the sample was used. The backscattered ions were detected using a
silicon barrier detector at a scattering angle of 150°. Composition profiles were determined
by comparing SIMNRA computer simulations [41,42] of the spectra with the experimental

data.

X-ray diffraction (XRD) measurements were performed using a Bruker D8 Advance x-
ray diffractometer. Since the W-O-N thin films only had a thickness of ~100 nm it was deemed
beneficial to perform grazing incidence X-ray diffraction (GIXRD) in order to avoid substrate
interaction. Measurements were performed ex situ, at room temperature, for all of the samples
deposited on Si substrates. GIXRD patterns were recorded using Cu Ka radiation (A=1.54056
A), at a voltage of 40 kV to generate the X-rays. Grazing incidence was kept at 2° for the X-ray
beam while the detector was free to movie in the plane of incidence in the “detector scan” mode.
Scanning was performed in a 20 range of 20-50° with a step size and scan speed of 0.05° (20)

and 5°/min, respectively.

Optical characterization of W-O-N thin films annealed with a flow of Ar was
performed utilizing spectroscopic ellipsometry (SE) and spectrophotometric measurements. SE

measurements were done ex-situ, on samples grown on Si substrates, employing a J. A. Woollam
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VVASE spectroscopic ellipsometer and performed at wavelengths of 200 to 1500 nm.
Measurements were taken at a step size of 2 nm and at angles of incidence of 65°, 70°, and 75°,
near the Brewster’s angle of silicon. Analysis of the SE data was completed by commercially
available WVVASE32 software [43]. The optical transmittance of W-O-N films deposited on
quartz substrates was investigated using a Cary 5000 UV-VIS-NR double-beam

spectrophotometer.

Mechanical characterization of the hardness and reduced elastic modulus was performed
for all samples grown on Si substrates. Utilizing a Hysitron Tl 750 Tribolndenter, nano-
indentation experiments were performed with a Berkovich tip with a 396 nm radius of curvature.
Load control nano-indentation was performed in order to obtain loading and unloading curves
for each experiment. A maximum load of 100 uN was used to penetrate the films between 10
nm and 20 nm, depending on the mechanical characteristics of the respective sample. For
improved reliability of the mechanical characterization each sample was loaded and unloaded at

12 separate positions and the results averaged.

3. Results

Annealed W-O-N films showed significant changes in structural, chemical, physical,
mechanical and optical properties when compared to those of as-deposited W-O-N thin films.
Optical constants for W-O-N thin films annealed at 400 °C, for 1 hour in an inert atmosphere
were analyzed using SE data. Ellipsometric parameters, ¥ (azimuth) and A (phase change) are
obtained measuring the relative changes in both phase and amplitude of linearly polarized light
reflected from the sample. The spectral dependencies of SE parameters, ¥ and A, are fitted

using appropriate models to acquire the thickness and optical constants, i.e., the index of



refractive (n) and extinction coefficient (k) of the films [44,45]. Two Gaussian oscillators were
applied to fit the spectral dependencies of SE parameters. Results obtained on the dispersion
profiles of both n and k are shown in Figures 1 and 2, respectively. It can be observed that both
the dispersion profiles of n and k display peaks at shorter wavelengths. After the observed peaks,
values for both n and k decrease and undergo tailing behavior at longer wavelengths. This
behavior is an indicative of changes to both physical and electro-optical properties as a result of
post-deposition thermal treatment when compared to typical dispersion curves of W-O-N thin
films [28-30]. Figure 3 presents the optical constants of annealed W-O-N thin films at 633 nm
compared to values obtained for as-deposited films i.e., prior to thermal treatment. Annealed W-
O-N films displayed n values of ~2.2 at low nitrogen flow rates and reduced to ~2.0 with
increasing nitrogen flow values then increase after a nitrogen flow rate of 13 sccm. Values for k,
corresponding to annealed W-O-N films, increase from ~ 0 to ~ 0.2 as a function of nitrogen
flow rate. It is evident that thermal treatment strongly influence the optical behavior and optical
constants (n and k) of W-O-N films, while nitrogen content during deposition is also an
influential factor contributing to the degree or extent of overall changes in the optical
characteristics. The values of n steadily decrease with increasing nitrogen flow while k values
increase at the same nitrogen flow rates. The change in magnitude for the n and k values
corroborate well with the change in their dispersion profiles, providing evidence that the thermal

treatment altered the physical and electro-optical states of W-O-N films.

The change in optical properties is an indicative of a transformation in the electronic
structure of the films caused by a change in structure, especially chemical composition, as a
result of post-deposition thermal treatment in an atmosphere of Ar. To further understand the

materials’ response under thermal annealing, XPS measurements were used to determine any



change in the relative contents of N and O which would indicate changes in the amount of W-N
and W-O bonds within the W-O-N films. Figures 4 and 5 present the comparison of nitrogen
and oxygen contents in W-O-N films prior to and after subjected to post-deposition thermal
treatment with a flow of Ar, respectively. The data is presented as a function of variable
nitrogen gas flow rate. By the inspection of N 1s and O 1s peak area evolution, it is evident that

the thermal treatment causes the loss of oxygen and nitrogen in the films.

The loss of nitrogen and oxygen upon annealing in Ar atmosphere was also noted in
RBS measurements. The RBS data of annealed W-O-N samples are shown in Figure 6.
Experimental RBS spectra (circles) along with simulated curves (line) were shown. The
backscattered ions observed were due to various elements and their respective energy
positions were as indicated with arrows for the experimental spectra. The scattering due to
W, the heaviest among the elements present in either the film or substrate, occurs at higher
backscattered energy as seen in Fig. 6. Similarly, peaks attributed to backscattering events
from Si, O, and N are as shown in the RBS spectra of annealed W-O-N films (Fig. 6). The
measured height and width of the respective peaks are related to the concentration and
thickness distribution of W, O and N atoms in the oxynitride film. Peak areas serve as a
calibration check for composition and thickness since known Rutherford scattering cross
section and experimental parameters can be used to calculate this height and width. The
composition of the films were determined by simulating the experimental spectrum for the
set of experimental conditions. The simulated curve was calculated using SIMNRA code
[41] 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. It can

be seen in Figure 6a that the simulated curves (solid line) calculated using the experimental
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parameters are in good agreement with the experimental RBS spectra. This observation
indicates that film composition reasonably simulates the spectra and, hence, provides the
estimate of film composition. As reported elsewhere [32], the W-O-N films grown without
any nitrogen corresponds to stoichiometric WO3; (W:25% and O:75%). For as-deposited
W-O-N films, as reported previously [32,33], the chemical composition i.e.,, x and y in
WO,Ny, follows the sequence of WO3;>WO;2Nggo With increasing nitrogen flow rate.
Corroborating with XPS analyses, RBS measurements also indicate loss of nitrogen and
oxygen in the W-O-N films annealed under Ar atmosphere. While RBS data confirms both
nitrogen and oxygen loss, the average ratio of nitrogen to oxygen was changed although the
change is not significant for samples grown under nitrogen flow rates in the intermediate
range of 5-13 sccm. The chemical loss is more dominant at the end members, where the
incorporation of nitrogen is effective as well as the samples containing the highest amount
of nitrogen. As noted in Fig. 6b, the samples grown without any oxygen suffered even
interdiffusion. It is noted that Si step edge slightly moves forward while W peak
experiences a slight modification towards high-energy end of the peak. These two changes,
as indicated by arrows in their respective directions, clearly indicate that there is some
degree of intermixing of Si from the underlying substrate and W in the films. Thus, the
chemical analyses made using XPS and RBS measurements indicate that the W-O-N films
undergo a substantial chemical composition change upon annealing in Ar atmosphere at
400 °C. However, chemical composition alone is not accounted as the primary factor that can
affect the optical behavior of thin films. Especially, index of refraction values are sensitive to
changes in the material density, molecular polarizability or both simultaneously. In order to

account for these changes the optical properties were considered to model the changes in
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physical density of the W-O-N films. The density for the films was calculated using the Lorentz-

Lorenz relation [14, 46]:

Pr_ (ns- 1)2 (np + 1)?
Pb (nf + 1)2 (n,- 1)?

[1]

where pr and pp are the densities of the deposited films and bulk material, respectively, n¢
corresponds to the refractive index of the annealed or as-deposited W-O-N films and nj is the is
the refractive index for bulk W-O-N. Bulk values for both density and refractive index were
calculated using the rule of mixtures. Using the chemical compositions presented in a previous
publication [32] the fraction of W-O and W-N bonds in each film was used to estimate bulk
values. New values for bulk W-O-N were calculated using the index of refraction for bulk WO3
and WN, at ~ 633 nm, to be 2.0 [47] and 3.8 [48,49], respectively, and their bulk densities to be
7.16 g/cm?® [18] and 17.7 glcm® [50], respectively. Thus, using the n values obtained from SE for
both annealed and as-deposited W-O-N films, the density values are calculated. The effect of
post-deposition annealing, under the flow of Ar, on the density of W-O-N films is presented in
Figure 7. Density values for annealed W-O-N films range from 9.1 g/cm?® for lower nitrogen
flows and eventually reduce to 6.1 g/cm® before climbing again after 13 sccm of nitrogen flow.
A reduction of film-density is seen as a function of nitrogen flow rate and correlates with the
change in refractive index seen due to thermal annealing. Interestingly, the changes in these
values can also be related to the change in oxygen and nitrogen contents as evident in the XPS

data.

Additional optical characterization has been performed on the samples annealed in an

inert atmosphere. The optical transmittance spectra for annealed W-O-N films are displayed in
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Figure 8. Incremental changes in the spectral transmission curves can be seen as a result of
nitrogen incorporation. The annealed W-O-N films show a high transparency in the measured
spectral region (250-800 nm) which is an indicative of high-quality and transparent films;
however, this characteristic feature is dominant only at lower nitrogen flow rates. Optical
transparency drops off where incident radiation is absorbed across the band gap (Eg) and
assuming an electronic transition occurs between the valence and conduction bands, E4 values
can be determined [1, 3, 6, 8, 13-14, 26-28, 31, 39]. The E4 values for thin films can be

calculated using the Tauc relation:
(@) = B(hv—E,)°  [2]

where a is the absorption coefficient, hv is the energy of the incident photon and B is the
absorption edge width parameter [3, 6, 14, 27-29, 31, 39-40]. If reflectance is assumed to be

negligible, absorption coefficient values are approximated using:

2= -2 3

t

where T is the measured transmittance values and t is the thickness of the W-O-N films [3, 6, 14,

27, 29, 39]. Optical band gap is determined by plotting (ahv)Y?2

vs. hv and extrapolating the
linear region to zero absorption i.e., hv=0. Calculated E4 values for both annealed and as-
deposited W-O-N thin films are presented in Figure 9, where it can be seen that values for
annealed films range from 2.8 eV to 2.1 eV as a function of nitrogen flow. It can be also seen

that the Eq values are not very much affected by annealing despite optical constants and

dispersion profiles demonstrating significant changes.
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Due to the alteration of optical and physical properties observed thus far, changes to the
mechanical properties of W-O-N thin films caused by thermal treatment were anticipated. The
method developed by Oliver and Pharr was employed to calculate the mechanical characteristics,
namely hardness and reduced elastic modulus. Using this method, the reduced elastic modulus
(Ey) is calculated by finding the stiffness (S) of the film from the slope of the unloading curve.
The relation between E; and S can be described using:

_Vr.s

Eo=5 [4]

where A is defined as the area of contact at peak load [51]. The mechanical properties of the
films are then calculated using the known geometry and mechanical properties of the indenter.
The results gathered from nano-indentation measurements for both sets of samples annealed at
400 °C are presented in Figure 10 and compared to those values obtained for as-deposited W-O-
N samples. The results for the reduced elastic modulus reveal similar trend (not shown). All
sets of samples show a decreasing trend in hardness values as the amount of nitrogen flow is
increased but hardness values are greater for those annealed W-O-N films, especially those
samples annealed in an air (oxygen) environment. W-O-N thin films annealed in air show
hardness values between 9.6 GPa and 6.7 GPa which still remain low compared to the literature
[36-38] but are significantly improved over the as-deposited samples. This increase in hardness
corresponds well with previous results showing similar improvements to W-O-N films due to

post-deposition thermal treatment [37].

Grazing incidence X-ray diffraction (GIXRD) patterns for W-O-N films annealed in an
inert atmosphere (not shown) did not indicate any significant changes or peaks. This observation
indicates that the W-O-N films remain amorphous even after annealing at 400 °C in an inert
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atmosphere. However, significant changes were seen when the W-O-N films are annealed in the
presence of oxygen. Figure 11 displays the GIXRD patterns as a function of nitrogen flow rate
for the W-O-N films annealed in an open atmosphere. For comparison, the XRD data of as-
deposited W-O-N films deposited under variable nitrogen gas flow rates are also presented
(left panel). It is evident that all the as-deposited W-O-N films are amorphous. It is evident
(Fig. 11, right panel) that the samples exhibit the well-defined and resolved XRD peaks
indicating thermally induced amorphous-to-crystalline transition in W-O-N films. The peaks
correspond to the formation of the monoclinic WO3 (m-WO3) phase at all nitrogen flow rates.
Peaks positioned at ~23.4 ° and ~24.5 ° correspond to diffraction from the (002) and (200)
planes, respectively, of m-WO; [3, 46].  However, the texturing of the films is completely
different and dependent on the nitrogen flow rate employed for the deposition of W-O-N films.
For a set of nitrogen flow rates up to 7 sccm, samples exhibit an intense (200) peak indicating the
preferred orientation while samples beyond this point shift to a (002) orientation. For the W-O-
N film deposited with 20 sccm of nitrogen flow, a weak peak at ~36.3 ° is observed
corresponding to hexagonal tungsten nitride (3-WN) [22, 30, 52]. The existence of this peak
indicates the simultaneous existence of the WO3; and WN phases in W-O-N thin films deposited
with high nitrogen flow rates. The formation of well-structured m-WOj3; phase planes correlates
well with improvement of mechanical properties for W-O-N thin films annealed in an open

atmosphere.

4. Discussion

The most notable changes seen in the properties of W-O-N films as a result of annealing
are changes in the optical constants and mechanical properties. We first focus on the changes
in optical characteristics and subsequently consider the mechanical properties of annealed
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W-O-N films. While accounting for the observed changes through a fundamental
mechanism derived based on the observed experimental results and their implications, an
attempt will be made to establish a structure-chemistry-property correlation in thermally
annealed W-O-N films. It is evident from the dispersion profiles of optical constants that
the n values for the W-O-N films annealed in an inert atmosphere become increasingly
diminished (Fig. 3) as the flow of nitrogen is increased. The driving factor for this change comes
from the fact that the samples annealed under a flow of Ar experience a chemical change due
to the loss of nitrogen and oxygen as is evident from XPS and RBS analyses. However,
nitrogen loss during Ar thermal treatment occurs at a higher rate than the loss of oxygen,
changing the ratio of W-O bonds to W-N bonds and manifesting as a change in the ionic
character of W-O-N films. The change in ionic character, which is heavily related to
nitrogen chemistry and the optical changes of W-O-N films, occurs due to the difference in
electronegativity of tungsten and oxygen (3.5) and nitrogen (3.0) atoms, respectively. Thus
metal-nitrogen bonds (M-N) tend to be less ionic than metal-oxygen bonds (M-O)
increasing the ionicity of Ar annealed W-O-N films due to the greater loss of nitrogen
content [53]. This shift in chemical behavior also affects the overall polarizability of W-O-
N films and can be modeled as a change in the physical density due to a shift in n-values as
modeled by the Lorentz-Lorenz relation. The density determined using spectroscopic
ellipsometry (Fig. 7) clearly indicates a decrease in values for W-O-N films as a result of
thermal annealing in an inert atmosphere of Ar. Mohamed and Shaaban reported that a change
in film-density does affect n values for W-O-N films through a shift in overall polarizability,
as M-N bonds tend to have a higher polarity than M-O bonds [29]. The same shift in

ionicity seen to decrease refractive index values can be used to explain the decrease in
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polarizability due to the increase ratio of W-O bonds to W-N bonds that now exist after Ar
thermal treatment. The change in chemical composition and physical density in the films can
also be related to the increase seen in k values. An increase in extinction coefficients is
indicative of a decrease in the optical quality due to an increase defect and absorption centers
[28]. Band gap values are also affected by a shift in overall ionicity as well as electronic states
mixing in the valence band of a material [40, 53-55]. As previously stated, the band gap for
semi-conducting materials exist due to electronic transitions from the top of the valence band to
the conduction band. For W-O-N the valence band is formed from a intermixing of N 2p and O
2p states while the conduction band consist of empty W 5d states. Additional N 2p or O 2p
states will expand or compress the valence band and change Egy values accordingly. Despite
nitrogen losses occurring at a greater rate than that of oxygen, the change in the ratio
between oxygen content and nitrogen content is not great enough to expand the valence
band consistently and cause Eg values to closer resemble those associated with

stoichiometric WOs.

We now direct our attention to the effect of annealing on the mechanical properties
of W-O-N films. Mechanical characterization demonstrated an improvement to the mechanical
properties of W-O-N films as a result of annealing, despite the type of atmosphere used. It is
well known that the mechanical properties of thin coatings are influences by several
factors; most importantly, the microstructure, grain size, phase formation, chemical
composition and internal stress. Films annealed with a flow of Ar show increased hardness
values despite remaining amorphous and showing lower density values. This phenomenon
was previously observed by Louro el al. who calculated increased hardness for W-O-N films

despite a loss of nitrogen during the annealing process [37]. The increased hardness values
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can then be attributed to the loss of nitrogen being greater than the loss of oxygen during
thermal treatment in Ar. The greater loss of nitrogen then promotes the mobility of
metallic W patrticles since nitrogen has been shown to act as a roadblock to the diffusion of
metallic particles [56]. This in turn provides a gateway to phase formation and grain
growth, despite no discernable peaks in the GIXRD patterns of W-O-N films annealed with
Ar. Also, as noted for optical properties, the tendency to become more ionic due to partial
loss of constituent elements can affect the overall hardness and Young’s modulus of the W-
O-N films upon annealing in Ar atmosphere. However, post-deposition thermal treatment in
an open atmosphere exposed to oxygen offered even greater increases in mechanical properties
as presented in Figure 10. In spite of being annealed at equal temperature and duration of time,
W-0O-N films annealed in the presence of oxygen evidenced crystalline phase formation as can
be seen in Figure 11. Thermal treatment in an open environment has been shown to cause
the absorption of oxygen present in the atmosphere which is conducive to promoting oxide
phase formation. Thus, at first place, the mechanical characteristics of W-O-N films
annealed in oxygen atmosphere are dominantly affected by the amorphous to crystalline
transformation and oxide phase formation. Studies of Zn-O and Zn-O-N demonstrated that
the thermal treatment of films in air promotes the absorption of oxygen, decreasing oxygen
vacancies and defects in the films [39, 56]. Thus, the oxygen absorption coupled with energy
provided by the temperature induces the crystallization and stability of the films leading to the
formation of m-WO3; phase dominant in W-O-N films. We believe stable phase formation was
vital to improving the resistance to surface deformation as documented for W-based materials in
the literature. Dubey et al. demonstrated that hardness values are higher for Zr-W-N films with

phase or multi-phase formation, than for films with an amorphous structure due to an increase of
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grain boundaries to resist dislocation movements [57,58]. The grain size of W-O-N films after
thermal treatment under oxygen exposure was estimated using the standard Debye-

Scherrer formula [39]:

, _ 0.9 [5]
~ BcosO

where L is the crystallite size, A is the X-ray wavelength, p is the full width half maximum
(FWHM) of the peak in radians and 0 is the angle of the peak. The average size
determined is presented in Figure 12 as a function on nitrogen flow rate. To establish a
correlation and for direct comparison, the variation of hardness and Young’s modulus of
the annealed W-O-N films is presented in the insert of Fig. 12. It can be noted that the
average grain size remains high for samples with lower nitrogen flow rates but then
decreases drastically when nitrogen incorporation becomes more significant in as-deposited
W-O-N samples. Furthermore, the average size values (Fig. 12) are more or less constant
upon oxide phase formation during thermal annealing leading to a set of mechanical
characteristics dominated by the phase formation rather than size variation. Thus, the
initial decrease in the hardness and Young’s modulus seen might be due to the combined
effect of improved crystalline quality and higher grain size [59] as noted in Fig. 12. Such,
behavior was also noted in Cu-oxide thin films as a function of growth temperature, which
induced structural transformation and grain size increase leading to reduced values of
hardness and Young’s modulus [60]. However, at 20 sccm nitrogen flow, the hardness and
reduced Young’s modulus increase to their highest values coinciding with the significant
drop seen in grain size (Fig. 12). Perhaps, the effect of grain size coupled with amorphous-
to-crystalline structural transformation may be the responsible mechanism that accounts

for the observed mechanical properties in these W-O-N films. The same observation was
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made by Khamseh in which the author noted increased hardness for W-O-N films with the
lowest grain sizes [38]. The results of the mechanical characterization of annealed W-O-N films
are then a prime example of improved mechanical behavior due to phase formation and

microstructure as a result post-deposition thermal treatment.

5. Conclusions

The effect of post-deposition thermal treatment on the structure, mechanical
characteristics and optical properties of W-O-N films deposited under variable nitrogen gas flow
rate is evaluated. For Annealing at 400 °C in argon, dispersion profiles of n and k displayed a
systematic change as a result of increased nitrogen flow rate. Values for n and k showed an
alteration in magnitude as a result of thermal treatment and nitrogen flow rate. XPS analysis
corroborated with the observed changes due to thermal treatment of the W-O-N films and
displayed a decrease of both oxygen and nitrogen contents. Loss of oxygen and nitrogen, as
evidenced in XPS and RBS analyses, leading to changes in the ionic character of W-O-N
films found to be the origin of changes noted in the optical constants and mechanical
properties. Density calculations provide a strong evidence the intrinsic changes in materials
behavior, showing a decrease in values that supports the observed optical behavior and chemical
composition changes as a result of annealing. However, optical band gap values for annealed
W-O-N films under Ar atmosphere did not exhibit the same drastic changes due to the ratio of
W-O bonds to W-N bonds remaining intact. Nano-indentation of W-O-N thin films
demonstrated an improvement of mechanical properties as a result of thermal treatment, in both
an inert atmosphere and an open atmosphere exposed to air. Annealed at an equal temperature of
400 °C, the films exposed to air during thermal treatment reached the highest hardness values

(9.6 GPa) for W-O-N films. The increase in hardness values for W-O-N films annealed in an
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open atmosphere was due to the formation of the monoclinic WO3 phase facilitated by the
absorption of oxygen atoms from the environment. The dominant mechanism for improved
hardness and elastic modulus in annealed films was primarily a phase formation coupled
with amorphous-to-crystalline structural transformation at lower nitrogen flow rates while
the effect of grain size coupled with amorphous-to-crystalline structural transformation is

responsible for W-O-N films at higher nitrogen flow rates.
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Figure Captions

Figure 1. The spectral dependence of n for W-O-N films annealed in Ar at 400 °C for 1

hour, at various nitrogen flow rates.

Figure 2. The spectral dependence of k for W-O-N films annealed in Ar at 400 °C for 1

hour, at various nitrogen flow rates.

Figure 3. Refractive index (n) and Extinction coefficient (k) plots for W-O-N films
annealed in Ar at 400 °C for 1 hour, as a function of nitrogen flow rate. Displayed is the
alteration of n and k values as a result of thermal treatment compared to values obtained for

as-deposited films.

Figure 4. N 1s peak area evolution for both annealed and as-deposited W-O-N films at
variable nitrogen flow rates, obtained from high resolution XPS spectra. Annealed at a

temperature of 400 ° for 1 hour, annealed W-O-N samples display a loss in nitrogen content.

Figure 5. O 1s peak area evolution for both annealed and as-deposited W-O-N films at
variable nitrogen flow rates, obtained from high resolution XPS spectra. Annealed at a

temperature of 400 ° for 1 hour, annealed W-O-N samples display a loss in nitrogen content.

Figure 6. RBS data of annealed W-O-N films. (a) W-O-N films deposited at 9 sccm and

(b) W-O-N films deposited at the highest nitrogen content.
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Figure 7. Film-density of annealed and as-deposited W-O-N films as a function of nitrogen
flow rate. Films annealed in an inert atmosphere at 400 °C for 1 hour display a loss of

density due to thermal treatment.

Figure 8. Spectral transmittance curves of W-O-N films annealed in Ar at 400 °C for 1

hour, at various nitrogen flow rates.

Figure 9. Eq values for annealed W-O-N films compared to as-deposited films as a function
of nitrogen flow rate. Ey remain virtually unchanged even after undergoing thermal

treatment at 400 °C for 1 hour.

Figure 10. Hardness values, as measure by nano-indentation tests, for samples annealed in
Ar and air (O2) compared to values of as-deposited W-O-N films. The results are displayed
as a function of nitrogen flow rate and thermal treated samples were annealed at 400 °C for 1

hour.

Figure11.  GIXRD patterns for W-O-N films annealed in air at 400 °C for 1 hour, at various
nitrogen flow rates. Annealed films display peaks corresponding m-WQOj3; phase and 6-WN,
for the sample with 20 sccm nitrogen flow rate. An insert is also displayed to demonstrate
the amorphous character of as-deposited W-O-N films.

Figure 12.  Crystallite size variation of W-O-N films annealed in oxygen. An insert of the
nano-indentation results for the same set of samples is added to demonstrate an

increase in mechanical properties when crystallite size sharply decreases.
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8
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Figure 9
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Figure 10
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Figure 11

Before Annealing
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Figure 12
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Table 1

Conditions used for the post-deposition thermal treatment of W-O-N thin films fabricated by DC

sputter-deposition.

Substrate Temperature (°C) Time (hrs.) Atmosphere

Silicon 400 1 Argon
Silicon 400 1 Air
Quartz 400 1 Argon
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Highlights

Amorphous W-O-N coatings of ~100 nm thick were sputter-deposited by varying nitrogen gas
flow rate

Effect of annealing in inert and oxygen atmosphere on the mechanical and optical properties of
W-O-N coatings is evaluated

The hardness values were improved upon annealing
W-0O-N coatings annealed in air showed the significant improvement, up to ~10 GPa.

For oxygen annealing, W-O-N coatings exhibit amorphous-to-crystalline transition
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