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Abstract. In-situ and real-time Spectroscopic Ellipsometry (SE) has been employed for the investigation of the correlation between visual appearance and optical and electronic properties of TiNx
nanocrystalline coatings. These films were deposited onto c-Si substrates by Reactive Magnetron
Sputtering in an unbalanced configuration. It has been found that the N2 content in the gas discharge, which controls the nitrogen composition in the film, plays a major role in the color control
for TiNx films. The effect of the nitrogen amount on the color of the TiNx thin films has been investigated by the analysis of the measured pseudo-dielectric function <ε(ω)>. We also present a
comparison between the electronic properties of these films and TiNx coatings fabricated with
Balanced Magnetron Sputtering in similar deposition conditions. Insights on the optical and electronic properties were arisen from the analysis of SE spectra, using the combined Drude-Lorentz
model, which describes the optical response of the conduction and valence electrons. The energy,
strength and broadening of the interband transitions as well as intraband absorption provided by
the conduction electron density were studied with respect to the applied bias voltage, Vb.

1. INTRODUCTION
Titanium nitride (TiNx) thin films exhibit a unique
combination of high hardness, good chemical inertness, beautiful lustrous color, and excellent wear
resistance and thus are widely used as wear-resistant coatings for tools and wear parts, as well
as surface decoration for commercial goods [1-3].
Decorative coatings are designed not only for attractive surface coloration, but also to protect the
substrate material against wear and corrosion [4,5].
In this respect, TiNx thin films have attracted the
interest for decorative applications. Spectroscopic
Ellipsometry (SE) can provide major information
on their optical and electronic properties and has
been applied successfully to characterize the color
of various decorative coatings [6-8].
In this work, we investigate the influence of N2
partial pressure and the applied negative bias volt-

age (Vb ) at the substrate on the TiNx optical properties in order to obtain precise color control using
SE, which addresses the optical properties of thin
sputtered TiNx films in terms of their complex dielectric function (ε(ω) = ε1 + iε2). For the consideration of the visual effect of the coatings we used
the Tauc-plot method, in order to calculate the onset of the interband transitions and thus the fundamental gap (Eg) which is responsible for the color
presence. This method provides a relatively wide
band gap via linear extrapolation of [E×ε2(Å)]1/2 to
zero ordinate [9].
Furthermore, we analyzed the dielectric function of TiNx films based on the intraband and
interband transitions. The intraband absorption was
studied in terms of the free electron (Drude) model
[10,11] and the interband transitions with the
Lorentz oscillator model [10].
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2. EXPERIMENTAL
TiNx thin films were deposited on n-type c-Si(100)
by dc reactive unbalanced magnetron sputtering
from a Ti target of 99.95% purity in a high vacuum
chamber (base pressure ~1.3.10-4 Pa), using working (Ar) and reactive (N2) gas (99.999% purity) at
partial pressures of 0.347 Pa and 0.307 – 0.427
Pa, respectively. Prior to the loading into the deposition chamber the c-Si wafers were cleaned in air
using chemical etching in an ultrasonic bath, following a standard chemical procedure [12], and in
vacuum with dry low energy Ar ion etching in order
to remove the native SiO2. The deposition has been
performed at target power 2.5 kW for various values of bias voltage, Vb, applied to the substrate,
from 0 (referred also as floating condition, Vf = +20
V) to -150 V during deposition and N2 partial pressure (0.307 – 0.427 Pa). The deposition time was
adjusted based on previous deposition rate data
[13] in order to deposit films with maximum thickness ~100 nm.
In situ and real-time SE spectra were obtained
with a Jobin–Yvon Horiba MultiWavelength Spectroscopic Ellipsometer of 16 wavelengths, operating in the energy region 1.5 – 4.22 eV. The MWE
monitoring results concerning the variations of the
unscreened plasma energy with time can be used
to identify the stoichiometry (x) of the TiNx films,
based on the results reported in the literature [14].
The speed of the real-time measurements depends
on the integration time (IT) used for the acquisition
at each wavelength. The smaller IT value, the closest monitor of the growth processes is achieved,
since the acquisition time for every step measurement sampling time ST, which embodied the 16
wavelengths, is defined by IT. The smaller IT 10
ms were set by the accuracy and the reproducibility of the MWE measurements and the deposition
rate of the material. In addition to MWE measurements, ex-situ SE measurements, in the energy
region 1.5-6.5 eV, were performed in order to obtain more detailed information about the energy
position, the strength and the broadening of the
interband transitions of the films and be compared
with the properties of TiNx films deposited in a balanced magnetic field. This is due to the more extended spectral range of the ex-situ measurement
and also the use of a monochromator which gives
more accurate spectra measurement.

3. RESULTS AND DISCUSSION
SE is a nondestructive, surface-sensitive technique
which determines the ratio between the parallel and

Fig. 1. Real (ε1) and imaginary (ε2) parts of the dielectric function of two representative TiNx thin films
grown for Vf and Vb = -150 Volts.

perpendicular complex reflection coefficients,
through which the complex dielectric function,
ε(ω)=ε1(ω)+i×ε2(ω) is calculated [15]. The determination of the complex dielectric function enables
the investigation of the material electronic structure (ε2(ω) is directly related to the conduction electron density and the density of states for interband
absorption and structural characteristics). Since the
dielectric function is the consequence of the electronic properties, it provides direct information about
the origin of the spectral reflectivity and absorption. Therefore, it allows the investigation of the
effect of changes in composition and (electronic)
structure on the optical properties and hence the
color of the material [4].
In the case of a thin film, the measured ε(ω) by
SE accounts for the effect of the substrate and film
thickness in addition to the film optical properties.
However, for TiNx films thicker than 60 nm, SE directly provides the complex dielectric function of
the bulk film, without any contribution from the Si
substrate [16]. Fig. 1 shows the real (ε1) and the
imaginary (ε2) parts of ε(ω) obtained from two representative TiNx films deposited at RT at Vb = Vf
and Vb = -150 V.
Of special interest is the unscreened plasma
energy ωpu of the material [17]. In an ideal metal
with all electrons free, ωpu is defined by the energy
position where the real part of the dielectric function is almost zero (ε1 = 0). However, in real metals, the existence of interband transitions (bounded
electrons) at energies lower than ωpu shifts the point
where ε1 = 0 to lower energy, which is called
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Fig. 2. The experimental real part (ε1) of dielectric
function of TiNx thin film grown for Vf . Individual
contributions of the Drude term (dashed line) and
the two Lorentz oscillators (dot, dashed-dot lines)
are presented separately.

screened plasma energy ωps. The ωps is shown in
Fig. 2, denoted by arrows in the ε1 spectra of a TiNx
thin film grown at Vb = Vf . The individual contributions of the Drude term (dashed line) describing
the optical response of the Ti 3d conduction electrons, and the two Lorentz oscillators located at
3.65 eV (dot line) and 6.15 eV (dashed-dot line),
which correspond to the TiNx interband transitions,
are presented separately.
The unscreened plasma energy, ωpu, depends
on the concentration of the conduction electrons in
the film and is defined by the relation [10]:
ω pu =

Ne

2

ε0m *

,

(1)

where N is the conduction electron density, e is the
electron charge, εo is the permittivity of free space,
and m* is the electron effective mass, in SI units.
Since ωpu is directly correlated with the conduction
electron density, it can be used to determine the
metallic character of the TiNx. The dielectric functions of TiNx films were analyzed, through appropriate modeling, with regards to the contributions
of intraband and interband transitions described by
the Drude term and two Lorentz oscillators, respectively [10]:
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Fig. 3. Variation of the Drude parameters in respect to the bias voltage – a comparison between
the calculated values and values that have been
reported in literature [9].
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In Eq. (2), ε∞ is a background constant, larger than
unity, due to the contribution of the higher energy
transitions that are not taken into account in the
Lorentz term. The Drude term is characterized by
the unscreened plasma energy ωpu and the damping factor Γd. This parameter is due to the scattering of electrons and, according to the free-electron
theory, is the inverse of the electron relaxation time
τd. Each of the Lorentz oscillators is located at an
energy position ω0j, with strength fj and damping
(broadening) factor γj.
The values of the unscreened plasma energy
(ωpu) appear to be slightly higher comparing to the
values reported in literature [15] as it is shown in
Fig. 3. This is due to the more intensive ion bombardment of the surface of the growing film, which
introduces the unbalanced magnetron sputtering
technique. Increasing the energy, which is transported in the substrate, results to higher nucleation
density eliminating Ti-vacancies and finally leading to a more dense structure [18]. The higher the
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Fig. 5. The variation of ωps versus N2 partial pressure. As N2 partial pressure increases in the gas
discharge the [N]/[Ti] ration increases also leading
to lower values of ωps.

Fig. 4. The variation of the Lorentz oscillator parameters (ω0j, γj, fj) in respect to the bias voltage.

values of mass density, the higher the number of
free electrons of the film, leading to higher values
of ωpu. The broadening factor of the Drude term,
Γd, in bulk materials depends mainly on the defects (Ti vacancies), and therefore mass density
determines the Mean Free Path (MFP). On the
other hand, in nanocrystalline coatings the MFP of
free electrons is comparable to the grain size. Thus,
increasing the ion bombardment either by increasing the Vb or the plasma density leads to lower values for Γd.
The parameters of the Lorentz oscillators in TiNx
thin films vary with the deposition conditions such
as Vb as shown in Fig. 4. The negative Vb, applied
to the substrate, induces the ion bombardment of
the film surface during deposition, changing its
structure and stoichiometry. Values of ω01, ω02 are
higher as the unbalanced magnetic field further
induces the ion bombardment. This fact affects also
the values of f1 and f2 as well. More specifically, it
leads to lower values for f1 and higher values for f2.
This is due to the defacement of energy bands near
the centre of the Brillouin zone, in the case of the

first oscillator, and the activation of transition across
the high symmetry lines of the Brillouin zone in the
case of the second oscillator, leading to higher values of the f2 parameter.
The dependence of the γ1, γ2 parameters is more
complex as they depend not only on the shape and
the size of the grains, but also on defects, crystallographic orientation, etc. [19].
The visual appearance of a thin film is the consequence of selective absorption / reflection in the
visible spectral range. Visible light interacts with
the electrons in a metallic material via intraband
transitions (interaction with free electrons, described by the Drude model) and interband transitions (interaction with bound electrons, Lorentz
model) [20]. For the investigation of the influence
of the N2 partial pressure on the TiNx physical properties, to obtain precise color control several thin
films were fabricated for different values of N2 partial pressure and bias voltage.
As shown in Eq. (1), the plasma energy is proportional to the square root of N and the density of
the free electrons is mainly due to Ti content in the
material; the decrease of free electrons with increasing nitrogen content in the TiNx film will result
in a decrease in the plasma energy [14]. Therefore, when the molar x increases, the ωp decreases
and the color of the sample changes from grey to
yellow or gold-like (x=1) and then to brown for
overstoichiometric material. In order to determine
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Fig. 6. Tauc-plot method. The extrapolation of the
E×[ε2(E)]1/2 of the first interband transition in zero
coordinate provides the fundamental gap (Eg ). This
interband transition is responsible for the visual
appearance of the films.

the TiNx films stoichiometry during deposition, we
used the value of plasma energy ωps that was found
to be about 2.6 eV when x = 1 [21]. Fig. 5 presents
the overall results for ωps, for all the growing films
in the different deposition conditions.
The onset of the interband transition is responsible for the color of the TiNx nanocoatings and
occurs at lower energies than the calculated transition energies. This weak absorption, which is the
fundamental interband transition, cannot be experimentally identified and discriminated from the
strong, dominating contribution of the intraband
absorption of the SE spectra at low photon energies. For the determination of this weak interband
transition we used the Tauc-Plot method. Eg was
determined by the extrapolation of the linear region of the E×[e2(E)]-1/2 graphic to zero ordinate, as
shown in Fig. 6 [9].
This energy gap permits the absorption of a
specific wavelength and thus a specific color, as
long as Eg is in the visible spectra region. For example, Eg = 2 eV permits the absorption of violet
and some blue, but none of the other colors, leading to a yellow color. A yet smaller Eg, lower than
1.71 eV (700 nm), upper limit of the visible spectra, leads to black color, as all light is absorbed.
For Eg higher than 3 eV no light in the visible region can be absorbed and so these materials appear to be colorless.
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Fig. 7. The calculated values of the fundamental
gap (Eg ). In the graph it is shown the visual spectra. The color of the films is the complementary of
the color that corresponds to each value for the Eg.

Finally, in Fig. 7 the results for the calculated
energy gaps through the Tauc-Plot method are
shown for the films grown at Vb = -30 V and -150 V,
at various values of N2 partial pressure. There is
also presented the visible color spectra (energy
region between 1.71 – 3 eV). The color of the film
is the complementary of the color shown in Fig. 7.
So, films with Eg between 3 – 2.83 eV appear to be
green-yellow, films with Eg between 2.83 – 2.44 eV
appear to be yellow and finally films with Eg between 2.44 – 2.11 eV appear to be red.

4. CONCLUSIONS
TiNx thin films were fabricated using reactive magnetron sputtering in an unbalanced configuration.
The coatings were deposited at various values of
Vb and N2 partial pressure. The aim of this work
was to investigate the optical response of these
films with respect to the Vb and the N2 partial pressure, and compare the results with TiNx films developed in same deposition conditions in balanced
magnetron sputtering. TiNx, as metallic material,
can be described by the Drude model combined
with two Lorentz oscillators that describe the
interband transitions. It has been shown that the
Drude parameters that describe the behavior of the
free electrons follow a specific dependence on the
bias voltage. This is due to changes of the stoichi-
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ometry and the raise of the mass density of the
films leading to raised electron density. On the other
hand, Γd is decreased as the percentage of defects; thus the mean free path of the free electrons
is increased. Moreover, the Lorentz parameters are
also influenced by the Vb and it has been confirmed
that this dependency is following previous results
that associate the energy position and the strength
of the oscillators with the size of the unit cell while
appointing the broadening as a more complex parameter which depends from the shape of the unit
cell, the grain size, structural defects and crystallographic orientation.
In addition to the above analysis we managed
to investigate, in-situ, the color of the sputtered TiNx
films through the use of SE. Using the Tauc-Plot
method, the onset of the interband transitions has
been determined and therefore the prediction of
the color of the TiNx thin films has been realized.
We have also correlated these color variations with
the N2 partial pressure, which guides the nitrogen
concentration in the films, and therefore with the
ωps and consequently with the stoichiometry (x).
Rising the N2 partial pressure leads to a decrease
of ωps and higher values of [N]/[Ti] ratio and more
reddish colors. In the search for new colors in the
decorative coatings, SE has been proved to be a
power tool for the in-situ control of the color of the
films.
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