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Optical properties, including the index of refraction, extinction coefficient and band gap of 100 nm thick
tungsten oxynitride (W-0-N) films are reported. In addition, the Wemple and DiDomenico (WDD) model
was used to calculate the dispersion energies and oscillator energies of the films, establishing a corre-
lation among the films’ optical, chemical, and physical properties, as a function of nitrogen content.
Nitrogen concentration in the W-0-N films was varied by adjusting the nitrogen gas flow rate from 0 to
20 sccm while keeping total gas flow (nitrogen + oxygen + argon) constant at 40 sccm. Both the index of
refraction (n) and extinction coefficient (k) of W-O-N films demonstrated a high degree of sensitivity to

!lfi}rl]v;:tred;.oxynitride the nitrogen content during deposition. The optical constants of films fabricated without any nitrogen
Thin films correspond to transparent W-oxide (WOs3) where nsso = 2.1 and ksso = 0.0. The magnitude of the spectral
Optical constants response for both n and k tends to increase with increasing nitrogen content. Systematic increases of the
Ellipsometry films’ nitrogen content lead to the formation of W-oxide (E; = 3 eV) — W-O-N oxynitride semi-

conductor (Eg = 2 eV) — N-rich W-O-N semi-metal (Eg < 2 eV) — WN; type metallic transition was
evident in dispersion profiles of n and k for W-O-N films with increasing nitrogen content. The corre-
sponding mechanical characteristics, namely hardness (H) and Young’s modulus (E), attain a maximum
of 4.46 GPa and 98.5 GPa, respectively, at a nitrogen flow rate of 5 sccm, at which point H and E values
decrease to attain 3.57 GPa and 72.91 GPa, respectively. The trend observed in H and E values correlate
with the W-0 and W-N bonds formation in W-O-N along with the interruption of local epitaxy attributed
to increasing nitrogen content within the growth chamber. A correlation among the nitrogen content,
optical constants and physical properties, along with the associated dispersion model, is presented to
account for the optical properties of sputter-deposited W-O-N films. The results demonstrate that
tailoring the properties of W-O-N films for desired applications can be achieved by tuning the nitrogen
content and chemical composition.

© 2016 Published by Elsevier B.V.

1. Introduction tune the desired properties based on the chemical composition. In

addition, oxynitrides can combine the traditional advantages of

Optical and electro-optic (EO) thin films and devices based on
transition metal oxynitrides, which combine the mechanical
properties of transition metal nitrides with the optical and elec-
trical properties of their counterpart metal oxides, are gaining
remarkable recent interest. The oxynitride family of materials,
which can be represented chemically by MOxNy or M-0-N, can offer
advantages over the nitride-oxide end members, provide ability to
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oxides and nitrides, such as high hardness, oxidation resistance and
structural stability at elevated temperatures.

Tungsten oxide (WO3) is an n-type semiconductor, which ex-
hibits attractive physical, chemical and electronic properties for
application in numerous scientific and technological applications in
the fields of optics, photovoltaics and optoelectronics [1—10]. WO3
is commonly referred to as a “chromogenic material” in view of its
coloration properties under variable physical and chemical condi-
tions [1—4]. The favorable optical properties described make WOs3
an interesting material, specifically for optics, photovoltaics and
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optoelectronics [1—10]. For instance, WO3 thin films are often
applied in display devices due to their ability to perform oxidation
state alterations by field-aided ion intercalation [1—4]. Further-
more, the electronic structure of WOj3 films and nanostructures
allow the efficient use of the solar spectrum including absorption in
the blue part of the visible region and the ultraviolet region, as well
as a high transmission region that extends from the near-infrared
(IR) to the visible spectrum [1—4]. When these properties are
combined with good charge-transport characteristics, photosensi-
tivity, 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 [1—11]. However,
WO3 exhibits absorption in the near ultraviolet and blue regions of
the solar spectrum [12—14]. Tuning the band gap of WOj3 is,
therefore, critical to extend the absorption to the longer wave-
lengths in order to increase the photo-electrochemical perfor-
mance for water splitting by reducing charge recombination and
enhanced light absorption [9,14]. One method that has shown
significant promise for tuning the band gap of various is the
incorporation of nitrogen, which has demonstrated significant ef-
fects on the electronic structure of constituent materials. For
instance, there were numerous efforts on nitrogen (N) doping into
TiO; and ZnO illustrating the electronic structure changes [15—20].
Furthermore, efforts directed at doping anions into TiO», the very
first successful photo-anode, to improve the photoresponse, have
proven that N-doping is the most promising approach [15—21].
However, experiments exploring the fabrication and characteriza-
tion of tungsten oxynitrides (W-0-N) are not as common as Ti-O-N
or N-doped ZnO [15—21]. Specifically, while there are some overall
efforts on the effect of N-doping on the microstructure, studies
focused on the comprehensive understanding of the optical pa-
rameters and their dependence on the effective nitrogen content,
and the associated electronic structure changes, are scarce. On the
other hand, such studies proved to be valuable in deriving a
comprehensive understanding of the electronic properties and
photochemical performance of Ti- and Zn-based materials. The
present work was, therefore, performed on reactively sputter-
deposited tungsten oxynitride films. Reactive sputtering enables
the user to fabricate high quality films with a large degree of control
of chemical composition, structure and thickness, depending on the
deposition parameters chosen. Reactive sputtering is also known to
improve mechanical properties of transition metal nitride thin
films by enabling nitrogen to react with metal to form the metal
nitride films.

The objective of the present work is to derive a comprehensive
understanding of the optical constants and dispersion energy pa-
rameters of W-O-N films with varying nitrogen content. Determi-
nation of the optical properties, specifically the index of refraction
(n), extinction coefficient (k) and band gap, for oxides and oxy-
nitrides is not only important to study their fundamental optical
properties but also to tailor their electrical conductivity to best suit
the given practical applications. However, for thin films and
nanomaterials, the optical constants and their dispersion profiles
are highly sensitive to structure and composition. Optical proper-
ties are influenced by various factors such as chemical composition,
surface and interface morphologies, crystal structure, packing
density, lattice parameters, and defect structure. Therefore, un-
derstanding the optical properties of W-O-N, as a function of pro-
cessing conditions, allows the user to tailor the spectral dispersion
of both n and k, providing a road-map for engineering modern
electronic and optical devices such as organic solar cells, electro-
optic sensors, and optical transistors. In order to investigate the
relationship between nitrogen content and optical performance in
the W-O-N material system, spectroscopic ellipsometry (SE) has

been employed to measure the optical properties of sputter-
deposited W-O-N films. SE is a non-destructive method and pro-
vides a detailed account of the optical properties of thin films and
coatings. The mechanical properties of W-O-N films were also
investigated in order to evaluate their hardness and Young's
modulus as a function of processing parameters. As presented and
discussed in this paper, the results demonstrate that the optical and
mechanical properties of W-O-N films can be tailored by tuning the
processing conditions.

2. Experimental

W-0O-N films were deposited onto clean silicon (Si) (100) sub-
strates by direct current (DC) sputtering. Silicon substrates were
cleaned by RCA (Radio Corporation of America) cleaning and were
dried before introducing into the vacuum chamber, which had been
evacuated to a base pressure of ~3 x 10~/ Torr. A Tungsten (W)
target (Plasmaterials Inc.) of 50 mm diameter and 99.95% purity
was employed for reactive sputtering. DC power was supplied to
the W-target by an Advanced Energy MDX 500 DC power supply
with the sputter source at a distance of 80 mm from the substrates.
Once an adequate base pressure was reached, 20 sccm of argon was
introduced into the chamber and the plasma was ignited at a power
of 100 W. For reactive deposition, and to fabricate W-O-N films,
oxygen (0) and nitrogen (N,) were employed alongside argon (Ar).
The total gas flow was kept constant at 40 sccm, resulting in a
working pressure of 10 mTorr at a pumping speed of 50 L/s. While
Ar flow was maintained constant at 20 sccm, the net O, and N3 gas
flow rates were adjusted to a total of 20 sccm. The effect of the ratio
of nitrogen to oxygen was varied in order to understand the effect
of nitrogen content on the mechanical and optical properties of W-
O-N films. Before each deposition, the target was pre-sputtered for
10 min in Ar with the gun shutter closed. The depositions were
carried out at room temperature (25 °C) for a time period sufficient
to reach a film thickness of =100 nm.

Optical properties were evaluated using spectrophotometric
and ellipsometry measurements. Spectroscopic ellipsometry (SE)
was performed ex-situ on the films grown on silicon wafers using a
J. A. Woollam «-SE instrument. Measurements were done in the
range of 381—900 nm with a step size of 2 nm and at angles of
incidence of 65°, 70°, and 75°, near the Brewster’s angle of silicon.
The ellipsometry data analysis was performed using commercially
available CompleteEase software [22]. Films grown on optical grade
quartz were employed for optical property measurements to probe
the transparent nature and band gap of the W-O-N films. Spec-
trophotometry measurements were made using a Cary 5000 UV-
VIS-NR double-beam spectrophotometer.

Mechanical properties, hardness and reduced elastic modulus,
of W-O-N films deposited on Si (100) substrates were measured
using a traditional nano-indentation method. Load control nano-
indentation was performed using a Hysitron TI 750 Tribolndenter
employing a Berkovich tip with a 396 nm radius of curvature.
Loading and unloading curves were produced by using a maximum
load value of 100 pN, which allowed a shallow penetration depth of
the W-O-N between 10 nm and 20 nm, depending on the hardness
of each respective sample. In order to obtain reliable information
and best possible values of mechanical characteristics, 12 in-
dentations were performed on each sample and the results were
averaged to a single set of data.

3. Results and discussion
The representative XRD patterns obtained for W-O-N films

deposited under variable nitrogen gas flow rate are shown in Fig. 1.
All the films exhibit diffuse patterns, the characteristic of
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Fig. 1. X-ray diffraction patterns of representative W-O-N films deposited at various
nitrogen gas flow rates. The absence of peaks is due to the amorphous nature of the W-
O-N films.

amorphous nature of the W-O-N films. While a detailed discussion
of the results and data is reported elsewhere [2], the results are
summarized briefly for the benefit of understanding the current
work. The lack of additional energy, either by substrate heating
(thermal energy) or substrate bias voltage (electrical energy), is the
main reason for the amorphous character of the W-O-N films under
variable gas flow rates. This is in agreement with earlier reports,
where an amorphous structure is noted for several of W-oxide or
W-Ti mixed oxide thin films [2,9]. Scanning electron microscopy
(SEM) images of W-O-N films deposited under variable nitrogen
gas flow rate are shown in Fig. 2. The SEM images show a smooth
featureless characteristic morphology, indicating a lack of particu-
lates on the film surface. Given the absence of diffraction peaks in
GIXRD patterns and the lack of nano-particles in the high resolution
SEM images (Fig. 2), it can be concluded that the films are
completely amorphous. The cross-sectional SEM images of W-O-N
interfaces with Si substrate for W-O-N films deposited at repre-
sentative nitrogen flow rates are shown in Fig. 3. The W-O-N film
and Si-substrate regions are as indicated in Fig. 3. The cross-

3 sccm N, Flow

11 sccm N, Flow

W-0O-N Film

200 nm

11 scem N,

W-0O-N Film
200 nm

Fig. 3. Cross-sectional SEM images of representative W-O-N films.

sectional SEM images indicate that there is no significant reaction
or Si-oxide formation at the interface. Furthermore, the SEM im-
ages also provide a means to validate the W-O-N film thickness
determined from Ellipsometry modeling (described later below) as
they are in excellent agreement with each other.

The spectral dependencies of the ellipsometric parameters, ¥
(azimuth) and A (phase change), obtained for W-O-N films grown
under variable nitrogen content are shown in Fig. 4. SE measures
the relative changes in the amplitude and phase of the linearly
polarized white light source upon oblique reflection from the
sample surface. The experimental SE parameters, ¥ and A, are

7 sccm N, Flow

20 sccm N, Flow

Fig. 2. SEM data of W-O-N films deposited at variable nitrogen gas flow rates. The images indicate a smooth, featureless morphology.
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Fig. 4. The spectral dependencies of ¥ and A for W-O-N films deposited at various
nitrogen flow rates. The experimental data obtained and modeling curves are shown.

related to the microstructure and optical properties, defined by
Refs. [23—25]:

p =Rp/Rs =tan ¥ exp(iA) (1)

where R;, and Rs are the complex reflection coefficients of the light
polarized parallel and perpendicular to the plane of incidence,
respectively. The spectral dependencies of ellipsometric parame-
ters ¥ (azimuth) and A (phase change) can be fitted with appro-
priate models to extract the film thickness and optical constants
based on the best fit between experimental and simulated spectra
[23,24].

The experimental and simulation data curves obtained for W-O-
N films are in good agreement with each other (Fig. 4). The
Levenberg-Marquardt regression algorithm was used for mini-
mizing the mean-squared error (MSE) [22,23], where the measured
(experimental) and calculated ellipsometry functions (Wexp, Wcalc
and Aexp, Acalc) were used. MSE values higher than 10 were rejected
in the fitting procedure to obtain best possible fits. Extracting
meaningful physical and optical parameters from SE requires the
construction of an optical model of the sample which generally
accounts for a number of distinct layers with individual optical
dispersions. Interfaces between these layers are optical boundaries
at which light is refracted and reflected according to the Fresnel
relations. The optical stack model (Fig. 5) employed in this work to
simulate the spectra for the purpose of determining the optical
constants of W-O-N material contains, from top, W-O-N film, SiO;
interface and Si substrate. The surface and interface roughness
were also considered in order to accurately fit the experimental
data. A Tauc—Lorentz (TL) model was used to fit the raw ellips-
ometry data, and the resulting empirical parameterization is based
on the Tauc expression for the imaginary part () of the dielectric
function [26]. For a single transition, the complex dielectric func-
tion ¢; is defined as [23,26]:

ALEoC(E —Eg)® 1

&(E) = (E2 - Eé)z g2 E

(2)

where Eg is the resonance energy, Eg represents band gap energy, E
photon energy, and Aj, C are the amplitude and broadening coef-
ficient of e, peak, respectively, The aforementioned model allowed
for the determination of n and k as well as thickness. Note that the
real and imaginary parts of the dielectric function are related to n
and k as: g1 = n? — k?; 5 = 2nk.

The dispersion profiles of both n and k are shown in Figs. 6 and 7,
respectively. The data shown are for W-O-N films deposited under
variable nitrogen content. The k-values show a distinct behavior for
the samples with increasing nitrogen content during deposition.
The W-O-N films deposited at nitrogen gas flow rates <9 sccm
exhibit more or less similar trend as shown in Fig. 6a. It is evident
that ‘k’ values are low and very close to zero in most part of the
spectrum (Fig. 6a) which indicate very low optical losses due to
absorption. The sharp increase in ‘k’ at short wavelengths is due to
the fundamental absorption across the band gap. An understanding
of the quality of W-O-N films can also be derived from the
dispersion profiles of k(). Specifically, the curves (Fig. 6a) indicate
that the k value of the samples is almost zero in the visible and near
infrared spectral regions, while for photon energies towards ul-
traviolet region, ‘k’ increases sharply. Strong absorption with no

Surface Roughness

W-0O-N Film
" si0, (Interfacial Oxide) |

Si Substrate

Fig. 5. Stack model of the sample constructed for ellipsometry data analysis.
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Fig. 6. The spectral dependence of k for W-O-N films deposited at various nitrogen
flow rates. (a) k-dispersion curves of samples deposited at a nitrogen flow rate
<9 sccm; (b) k-dispersion curves of samples deposited at a nitrogen flow rate >9 sccm.
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Fig. 7. The spectral dependence of n for W-O-N films deposited at various nitrogen
flow rates. (a) n-dispersion curves of samples deposited at a nitrogen flow rate
<9 sccm; (b) n-dispersion curves of samples deposited at a nitrogen flow rate >9 sccm.

weak shoulders or tailing behavior for the W-0-N films without any
nitrogen in the reactive gas mixture can be attributed to the typical
oxide (insulating) behavior with very high transparency [2,25]. A
remarkable change in k(1) profiles can be noted for W-O-N films
deposited at higher nitrogen gas flow rates (>9 sccm). Evidently,
incorporation of nitrogen above the threshold of 9 sccm has a

significant effect on the spectral dispersion of k. A progressive shift
of k() profiles to higher values with increasing nitrogen gas flow
rate can be seen in Fig. 6b. This transformation of k(A) profiles is
attributed to the electronic structure change, where the insulating
oxide phase is transforming to semiconducting oxynitride phase. At
the maximum nitrogen gas flow rate (17 sccm), W-O-N films
exhibit a completely different k() profile with trend and values
typical to more metallic materials. This is a clear indication of
decreased levels of oxygen as well as nitrogen-incorporation
induced changes in the optical behavior of W-O-N films.

The n(A) profiles (Fig. 7) of W-O-N films indicate a sensitivity to
nitrogen and oxygen gas flow rates, as noted in k() profiles. The n
dispersion curves also indicate a sharp increase at shorter wave-
lengths related to the fundamental absorption of energy across the
band gap. A gradual positive shift of the n profiles with increasing
nitrogen content is also shown within Fig. 7, analogous to the shifts
demonstrated by k in Fig. 6. Similar to k() profiles, the n() profiles
can also be conveniently grouped into two different sets corre-
sponding to nitrogen gas flow rates above and below 9 sccm. The n
values obtained (Fig. 7a) in this work for W-O-N films without any
nitrogen in reactive gas mixture are close to that of bulk WOs3,
indicating that the films are comprised of a W-oxide phase with
stoichiometry close to WOs3 [2]. The optical constants of the W-O-N
films, deposited at nitrogen gas flow rates at <9 sccm, indicate
more or less similar behavior and magnitude. An increase in
magnitude, as well as positive shift in the n-profiles, can also be
noted for W-O-N films deposited at higher (>9 sccm) nitrogen flow
rates (Fig. 7b). It can be seen that the n-profiles and magnitude for
the W-O-N films deposited at the highest nitrogen content
(17 sccm) are quite different compared to those deposited at lower
nitrogen gas flow rates. Most notable are the elevated values of n for
samples deposited at the 17 sccm N,. Progressive increases in both
n and k values with increasing nitrogen content indicate a potential
compositional-change induced electronic structure transformation
in the W-O-N films. It should be noted that the n value is directly
related to the material density and molecular polarizability.
Therefore, the increasing n-values for W-O-N films with increasing
nitrogen flow rate ratio must be a result of changes in the material
density as well as changes in molecular polarizability, or a com-
bined effect thereof [2,25].

The optical transmittance spectra of W-O-N films deposited at
variable nitrogen gas flow rate are shown in Fig. 8. In general,
relatively high transparency of the W-O-N films is evident in the
measured spectral region, except where the incident radiation is
absorbed across the band gap (Eg). It is also evident that the spectral

100 T T T T
§ 80} f\/
o \
g 60+ —ON A
—3N
S — 5N
= 40r ——oN
g — 11N
20+ 13N
% 15N
1S —_—
= . . 17
750 1500 2250

Wavelength (nm)

Fig. 8. Spectral transmittance characteristics of W-O-N films deposited at variable
nitrogen gas flow rates. The transparent nature of the films is evident from these
curves.
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transmission curves undergo incremental changes as a result of
increasing the nitrogen content. Most notable is the red-shift in
spectral absorption coupled with decreased spectral transmittance
for W-O-N films with increasing nitrogen gas flow rate. This ob-
servations indicates a significant change in the electronic structure
of the W-O-N films as a function of nitrogen content. Furthermore,
since ellipsometry analyses were performed over a limited spectral
region, the transmittance data of W-O-N films provide a means to
validate the model employed and optical quality the W-O-N films
determined using the ellipsometry functions. The E; values were
determined using the optical absorption coefficient [2] calculated
from transmittance curves and are listed in Table 1.

Further analysis of the optical dispersion, and the correlation
between optical parameters and material characteristics of W-O-N
films, has been made by considering the evolution of n-profiles as a
function of nitrogen content. For W-O-N films with varying
composition, the dispersion of refractive index is simulated with
Wemple and DiDomenico (W-D) single oscillator dispersion model
[27,28], which is proven to be valuable and applicable to several
single-bond simple oxides as well as a number of multiband,
complex oxides with multiple cations assuming different coordi-
nation numbers [27—-32]. In the W-D dispersion model, the
refractive index can be expressed as:

2_q__ Eokd
(%)

where E (=hw) is the incident photon energy, Eg is the oscillator
energy and Eq is the dispersion energy [27,28]. Plots of (n> — 1)~ vs.
E? for W-O-N films deposited at various nitrogen flow rates are
shown in Fig. 9. The linear relationship indicating the validity of W-
D model for the n-dispersion of W-O-N films is evident from these
plots. Eg and Eq were calculated using linear plots of (n®> — 1)~ ! vs. E
by determining the slope and y-intercept. The resulting parameters
of the model are presented in Table 1. It is evident that both Eg and
Eq4 are dependent on the nitrogen gas flow rate which is an indic-
ative of chemical changes in W-O-N films strongly influence their
optical behavior. The data from Table 1 excludes the data from the
refractive index at a flow of 17 sccm since this data did not fit the
model properly to allow an accurate calculation of the energies.
Along with the oscillator energy and dispersion energy, band gap
(Eg) was also approximated using the relation proposed by Tanaka
[32]. These calculated values are comparable to those determined
from UV-VIS-NIR spectroscopy and ellipsometry measurements.
Furthermore, the decreasing trend of band gap as a function of
nitrogen flow is also confirmed again with the data presented in
Table 1, a comparison of the data is presented in Fig. 10. The overall
decreasing trend is indicated by a solid line in Fig. 10.

The significance of Eg and Eg and the trend observed for W-O-N
films as a function of nitrogen content can be understood as fol-
lows. Eq is the measure of intensity of interband optical transitions

(3)

Table 1
Optical properties determined from the Wemple and DiDomenico (WDD) dispersion
modeling of the refractive index data.

Nitrogen flow (sccm) UV Eg (eV) WDD Eg (eV) Eo (eV) Eq (eV)
0 2.90 3.25 6.50 2245
3 2.89 3.24 6.48 2224
5 2.88 3.04 6.07 20.91
7 2.84 3.05 6.10 21.18
9 2.67 2.86 5.72 19.99
11 2.65 2.78 5.56 19.85
13 2.56 2.58 5.17 18.40
15 2.30 2.36 4,71 17.48

0.28 T r r

E2 (eV) 2

Fig. 9. Plots of (n?> — 1)~" vs. E? for W-O-N films. The data fitting was made using the
Wemple and DiDomenico (WDD) dispersion model. As indicated by the arrow there is
a clear effect on the plots as the flow of nitrogen increases.
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Fig.10. Comparison of Eg values determined from different methods. The solid line is a
guide to the eye to understand the decreasing trend of E; values with increasing ni-
trogen content in the W-O-N films.

[27,28]. Eq is an important optical parameter for optical or electro-
optic materials and quite useful in designing devices for optical
communication and for spectral dispersion applications. On the
other hand, single-oscillator energy EO simulates all the electronic
excitations involved [27,28]. According to W-D model, the disper-
sion energy is a characteristic parameter that depends on the
charge distribution, which would be closely related to chemical
bonding of the material [27—32]. Eq is, therefore, related to the
materials’ physical parameters through the following empirical
relationship:

Ed = BNcZaNe (4)

where N is the effective coordination number of the cation nearest
neighbors to the anion, Z, is the formal chemical valence of the
anion, Ne is the effective number of valence electrons per anion and
B is a two-valued constant with the either an ionic or a covalent
value. As documented widely in the literature, § = 0.26 for ionic
compounds and = 0.37 for covalent compounds [29—31]. Thus, all
the material characteristics (N¢, Ne and Z,) of W-O-N films were
determined considering the chemical composition of the films
(oxygen to nitrogen ratio) and taking 3 = 0.26. It is seen that the N,
Ne and Z, values are sensitive to the nitrogen content in the reactive
gas mixture and the final chemical composition of the resulting W-
O-N films. While N¢ and N, values decrease with increasing nitro-
gen content, Z, values increase with increasing nitrogen content.
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The variation of N and Z, with nitrogen flow rate is shown in
Fig. 11. Note that these two parameters are directly connected to the
chemical bonding involved and the extent of charge transfer to
form such chemical bond. Therefore, Ne and Z, values determined
using W-D model and their variation with nitrogen flow rate have
important implications and provide insights into the underlying
chemistry and physics of electronic structure changes in W-O-N
films. The decreasing tendency of N. can be understood as follows.
According to Pauling’s electronegativity rules, the ionic character
(ionicity) of a chemical bond between two atoms is due to the
difference in electronegativity values of those two atoms involved.
The metal-oxygen (M-0) bonds usually have a higher ionicity than
that of metal-nitrogen (M-N) bonds due to the fact that the elec-
tronegativity of oxygen (3.5) is higher than that of nitrogen (3.0).
Therefore, the M-O bonds involve a higher level of charge transfer
than the M-N bonds. A direct consequence of this charge transfer
difference between M-O and M-N bonds to the present study is the
overall decrease in ionic character with effective nitrogen incor-
poration resulting in W-O-N oxynitride films [33]. However, the net
increase in Z, or decrease in N, is not effective until the critical
nitrogen flow rate since the material is predominantly W-oxide
with essentially no contribution from W-N bonds. At, or above, the
critical nitrogen flow rate, the W-N bonds will increase relative to
W-0 bonds in the W-O-N films. Thus, while Z, increases due to
increase in nitrogen content in the W-O-N films, the overall charge
redistribution results in decreasing N values. As a consequence, the
Ep and Eg values also decrease. However, the observed decrease in
Eo and Eg values can also be explained from a different perspective
based on electronic states mixing. Eg and Ep decrease with
increasing nitrogen is due the narrowing of the band gap due to the
existence of both the N 2p states with O 2p states simultaneously
[33—36]. The band gap energy (Eg) value corresponds to energy of
electronic transitions from the top of valence band to the conduc-
tion band [2,4,6,7,10,11,37—39]. The valence and conduction bands
in WOs are formed by the O 2p and W 3d states, respectively. When
nitrogen is introduced into the WOs lattice, since N 2p states are
energetically close and favorable to O 2p states, the N 2p states tend
to intermix with O 2p states. As a result, the valence band in W-O-N
is now consists of both O 2p states and N 2p states while the con-
duction band is still with empty W 3d states. Thus the nitrogen
incorporation into tungsten oxide results in the expansion of the
valence band since N 2p states are occupied above O 2p states
[33,34]. The consequence of this phenomenon is a decrease in band
gap values corresponding to the amount of nitrogen incorporated
into the films. No significant changes seen in the initial set of W-O-
N films, due to the fact that the nitrogen incorporation into WOs is
not effective and the valence band is essentially consists of O 2p
states. When an increase in nitrogen content is seen above 9 sccm, a
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Fig. 11. The variation of N. and Z, with nitrogen flow rate in W-O-N films.

variably lower band gap is observed in this work. With the addition
of N 2p states to the valence band, so that both N 2p and O 2p states
exist, a significant narrowing of band gap occurs due to the
expansion of the valence band. Ti-O-N and Zn-O-N films have
shown similar behavior with comparable band gap values [33—36].

The direct evidence for the aforementioned chemical changes
and relative increase or decrease of W-N and W-O bonds is pro-
vided by the chemical analyses made using X-ray photoelectron
spectroscopy (XPS) and Rutherford backscattering spectrometry
(RBS) analyses on the W-O-N films. While the specific details of XPS
and RBS experiments and preliminary data are reported elsewhere
[2], a summary of the chemical composition and relative changes in
nitrogen and oxygen concentration is presented in Fig. 12. The lines
and arrows are provided to guide the eye. It is evident that the film
chemical composition i.e., the relative content of nitrogen versus
oxygen, changes with increasing nitrogen flow rate. The W-O-N
films grown without any nitrogen correspond to stoichiometric
WOs. The visual examination of these films revealed a bluish color,
which matches with the well-known, fully stoichiometric tungsten
oxide. Similarly, the W-O-N films grown without any oxygen
correspond to stoichiometric WN,. The visual appearance of these
films is brownish, metallic in nature. Thus, this end member also
has a clear distinction with a brown color of electrically conductive
tungsten nitride. Both XPS and RBS analyses indicate that the ni-
trogen incorporation is not very effective for the set of samples
deposited under nitrogen flow rates <9 sccm, at which point an
increase in the nitrogen concentration is significant leading to the
formation of W-O-N films. Incorporation of nitrogen content in the
films accompanied by a decrease in oxygen content. The estimated
composition, at 9 sccm of nitrogen, from RBS data is WO2,60No 40.
Further increases in nitrogen content, and decreases in oxygen, are
noted in the W-O-N films for nitrogen flow rates >9 sccm. The
chemical analyses confirm that the chemical composition and the
oxygen to nitrogen ratio in the W-O-N films progress through the
sequence:

WO3 — WO, 0N 490 > W03 48Ng 5 > WO; 290Ng g0 > WN>

Mechanical characteristics of the W-O-N films were considered
anticipating that the aforementioned chemical changes will also
reflect changes in the surface hardness and Young’s modulus. The
results obtained from nano-indentation measurements are shown
in Fig. 13, where variation in the hardness and Young’s Modulus
with nitrogen flow rate is presented. Well known Oliver and Pharr
method has been employed to calculate the mechanical charac-
teristics; known geometry and mechanical properties of the
indenter were used in the calculation. Both the hardness and
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Fig. 12. Evolution of oxygen and nitrogen content in W-O-N films with reactive ni-
trogen gas flow rate.
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Fig. 13. Mechanical properties, hardness and Young’s modulus, of W-O-N films as
measured by nano-indentation tests.

Young’s modulus follow the same trend with increasing nitrogen
flow rate. It is evident that the hardness initially increases with
increasing nitrogen gas flow rate and attains a maximum of
~4.5 GPa at 5 sccm. Similarly, the Young’s modulus of the W-O-N
films also increases with increasing nitrogen flow rates and attains
a maximum of 98.5 GPa. However, further increases in nitrogen
flow rate beyond 5 sccm result in a decrease of the hardness and
Young’s modulus values. The hardness and Young’s modulus reach
minimum values of ~3.6 GPa and 72.9 GPa, respectively, at a ni-
trogen flow rate of 15 sccm. Note that the values determined for W-
O-N films in this work are significantly lower compared to those
values found in the literature, where the range reported is
15—30 GPa. The low values obtained in this work can be attributed
to the amorphous structure of the films and mechanical integrity of
the substrate material [40—42]. For the W-O-N films produced with
variable nitrogen content, as reported previously elsewhere [2], the
GIXRD analyses indicate that the W-O-N films were amorphous in
the entire range of nitrogen flow rates. The other contributing
factor to the lower values observed is the fact that the W-O-N films
were grown on silicon substrates rather than substrates made of
steel or superalloy [43]. As reported by several authors and widely
accepted in the literature, mechanical properties decrease when
the film exhibits an amorphous structure and also when the in-
ternal stresses in the films become relaxed [41,42,44]. For instance,
as demonstrated by Dubey et al., the magnitudes of hardness and
Young’s modulus are directly related to the structure [44]. In their
work on binary and ternary nitrides, it was shown that that the
hardness and elastic modulus decrease when the film becomes
amorphous due to the lack of hindrance to dislocation movements
that grain growth tends to promote [44]. The observed decrease in
hardness and Young’s modulus for W-O-N films can, therefore, be
attributed to the high degree of structural disorder correlated to
increased nitrogen flow. The degree of such disorder may increase
with increasing nitrogen due to the competitive nature of nitrogen
and oxygen atoms during reactive deposition. This is also evident
from optical analyses, which indicate that the disorder energy in-
creases with increasing nitrogen gas flow rate. Shen et al. reported
that, with increasing oxygen concentration, there will be a
competing tendency between nitrogen and oxygen atoms and the
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 [45,46]. Furthermore, it
has been demonstrated for nitrides that nitrogen reduces the
mobility of tungsten, or other metallic particles, or nitrogen can
even act as a nucleation site for defects [44,47]. These factors, as
well as an increase of oxygen content seen in the same range as the
lower values for the mechanical properties (Fig. 13), lead to an

increasingly amorphous structure, lowering hardness and Young’s
modulus values [48]. Thus, the decreasing trend observed (Fig. 12)
in our W-O-N films is commonly seen in samples where oxygen
incorporation and nitrogen content contributes to the relaxation of
internal stresses [41,42]. The results are in good agreement with
those reported by Parreira et al. [41] and Khamseh [41,42].

Finally, optical properties were considered to model the physical
density of the W-0O-N films not only to account for the observed
optical properties but also to account for the significance of the
optical properties. The density of the W-O-N films was calculated
using the Lorentz-Lorentz relation [9,25]:

2
o | (1) 2] 5)
Pb <nf+1)2 (n,—1)? |’

where pr and py, are the densities of the deposited films and bulk
material, respectively, nr is the refractive index for the W-O-N film
and ny, is the refractive index for bulk W-O-N. The rule of mixtures
was employed to estimate the bulk density. Using the chemical
composition found through XPS and RBS analyses, the density and
index of refraction (np) values for the bulk materials were calcu-
lated using the fraction of W-O and W-N bonds within WOxNy. The
fractions of each bond was then used to estimate the new value of
the bulk material by assuming the index of refraction for bulk WO3
and WN, at ~630 nm, to be 2.0 [48] and 3.8 [49,50], respectively,
and their bulk densities to be 7.16 gjem® [51] and 17.7 g/cm? [52,53],
respectively. The measured values n at ~630 nm from SE for W-O-N
films were then used to calculate the approximate values of the
density for the deposited W-O-N thin films as a function of nitrogen
flow rate. The results of the analysis are presented in Fig. 14, where
it can be seen that there is a direct correlation between the
measured index of refraction and density of the films. Increases in
both the index of refraction and the density of the W-O-N film
increases are a direct consequence of growing nitrogen content in
the films proportional to the nitrogen gas flow rate. While the
quantitative analysis is not attempted, Mohamad and Shaaban have
also reported that the index of refraction increase in W-O-N films
could be due to augmentation of the film density [54]. Thus, the
density increase and molecular polarizability changes due to rela-
tive changes in W-N and W-0 bonds account for the observed
changes in the optical parameters namely, the index of refraction,
absorption coefficient and dispersion energy parameters of W-O-N
films as a function of nitrogen gas flow rate. The n and k changes are
also correlated to the electronic structure changes in W-O-N films
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Fig. 14. Density variation of W-O-N films with nitrogen flow rate. It is evident that the
film density increase with increasing nitrogen gas flow rate.
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as a function of increasing nitrogen content.
4. Conclusions

Amorphous W-O-N thin films were fabricated using DC sputter-
deposition by varying nitrogen gas flow rate in the range of
0—20 sccm while keeping the total gas flow constant at 40 sccm.
The index of refraction (n) and extinction coefficient (k) of W-O-N
films were shown to be highly sensitive to the gas mixtures within
the deposition chamber, increasing alongside nitrogen content.
Changes in the electronic structure, in the sequence of W-oxide
(~3 eV) - W-0O-N oxynitride semiconductor (2 eV) — N-rich W-0-
N semi-metal (<2 eV) — WN; type transition, were evident in
dispersion profiles of n and k for W-O-N films with increasing ni-
trogen gas flow rate from O to 20 sccm. The evolution of the
chemical composition, and the formation of both W-N and W-0
bonds in the W-O-N films, affects both the optical and mechanical
properties of the films. The optical band gap, determined from the
WDD model, decreases from the highest value at E; ~ 3.0 eV, in
samples grown with no nitrogen flow, to ~2.1 eV as the nitrogen
flow increases. The trend observed for the dispersion energy pa-
rameters, Ne and Z. values determined from WDD model, correlate
with the chemical structure changes in W-O-N films as conse-
quence of the changing ionicity due to an increase of W-N bonds
and the intermixing of N 2p and O 2p states in the valence band.
The correlation between the nitrogen content and optical con-
stants, along with associated dispersion energy parameters, dem-
onstrates that tailoring the optical behavior of W-O-N films for
selective applications can be readily achieved by tuning the nitro-
gen content and chemical composition.
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