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Abstract
This paper reports on a systematic investigation of the optical properties
of Ta1−x ZrxN single-phase and ZrN–Ag multi-phase films fabricated by
unbalanced magnetron sputtering using vacuum ultraviolet spectroscopic
ellipsometry (VUV-SE). VUV-SE is a newly developed technique that
was used to evaluate the strength and energy of the interband electronic
excitations/transitions in these films. The energy of the interband transition was
found to be altered by any changes in the elemental composition for single-
phase materials. For example, it was found to increase with the increase in
the covalent character of the bond as more Zr atoms are substituted for by
Ta atoms in the ZrN rock-salt structure. In contrast, the peak positions did
not vary in the multi-phase structures because the constituent phases were
immiscible and retained their electronic structure. However, the strength and
width of the interband transition were found to change to reflect changes in
phase composition and microstructure. The optical and electronic properties
of these materials were simulated using density functional theory (DFT) within
the generalized gradient approximation. The calculated refractive indices and
density of states were in good agreement with the VUV-SE data.

1. Introduction

Transition metal nitrides have been used for over three decades as protective coatings for
various applications including moulds, punches, cutting tools, machine parts for motors,
diffusion barriers for integrated circuits, solar reflectors, and biomedical implants [1–8]. More
recently, the addition of one or more elements was found to improve the properties of the
more traditional binary nitride thin films. Depending on the thermodynamic properties of the
compound to be formed and on process parameters, there are two alternative film designs that
may be produced [9–15]: (1) the additional element(s) may substitute in the lattice of the
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original material to form a single-phase material, or (2) there is phase segregation due to the
immiscibility (or partial miscibility) of the additional element or compound and formation of a
multi-phase material. A multitude of characterization techniques have been used to understand
the contribution of the following factors that affect the overall mechanical properties of these
materials: elemental and phase composition (single phase or multi-phase, and what phases
are formed?), microstructure (grain size, film architecture), and bonding information. Some
of the techniques that are routinely used to analyse these properties include x-ray diffraction
(XRD), transmission electron microscopy (TEM), x-ray photoelectron spectroscopy (XPS),
Rutherford backscattering (RBS), and ultra-violet photoelectron spectroscopy (UPS). Each of
the listed techniques has its advantages and disadvantages and researchers usually necessitate
two or more complementary techniques to evaluate most of the important physical and chemical
properties that characterize any investigated sample.

Vacuum ultra-violet spectroscopic ellipsometry (VUV-SE) is a newly developed technique
that extends the conventional range of SE to higher photon energies. In this region, the optical
response for most materials is dominated by band-to-band transitions. Light is absorbed by the
material to excite an electron from the occupied valence band to the unoccupied conduction
band. Hence, the measured optical properties depend on the density of states in each band
and on transition probabilities. Detailed discussions of material optical properties and their
relationship to electronic structure can be found in many references [16, 17]. Since the
bonding properties of a material may be correlated to its valence band electronic structure,
VUV-SE might prove to be another useful technique that provides information about the
bonding properties of a material. If VUV-SE is used in tandem with ab initio calculations
based on density functional theory, this analytical tool may even be able to provide additional
information about other physical and chemical characteristics of the material. In addition,
bonding properties may be used to predict the intrinsic mechanical properties of a material.
In general, bonding properties correlate well with the measured elastic modulus E since the
latter depends mostly on the former [18]. However, the hardness of a material depends more
on dislocation motion and the extrinsic contribution to the hardness, which results from the
presence of defects in the film, becomes significant [18].

The objective of this work is to use VUV-SE as a technique to investigate single-phase and
multi-phase ternary nitride-based protective coatings. The following materials were selected:
Ta1−x Zrx N [19] single phase and ZrN–Ag [19] two-phase nanocrystalline materials. Both
materials are based on the addition of a single element (Ta or Ag) to ZrN. The mechanical
properties of these two films were investigated by our group as a function of composition and
deposition parameters in articles that were published earlier [19, 20]. The optical properties
of these materials were evaluated using VUV-SE and the measured quantities were simulated
using ab initio density functional theory calculations to elucidate the main contributions to
the various measured quantities. Various experimental tools were subsequently utilized and
include x-ray diffraction (XRD), Rutherford backscattering (RBS), and VUV-SE in order to
determine their structure, chemical composition, and their interband electronic transitions,
respectively.

2. Methodology

Ta1−x Zrx N single-phase and ZrN–Ag multi-phase films with a thickness of 1.5 µm
were deposited on Si(111) wafers by reactive unbalanced magnetron dc sputtering from
individual metallic sources. The system, manufactured by AJA International, was described
elsewhere [19, 20]. A system pressure of ≈1 × 10−5 Pa was achieved prior to each film
deposition. The Ar and N2 pressures were set to 0.2 and 0.01 Pa, respectively, and the
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Table 1. Deposition conditions and composition for TaZrN and ZrN–Ag film samples.

Power to Ta or
Sample Ag target (W) Ag (%) Ta (%) Zr (%) N (%)

TA1 0 — 0 50 ± 2 50 ± 2
TA2 13 — 10 ± 2 36 ± 2 53 ± 4
TA3 20 — 14 ± 2 34 ± 2 60 ± 4
TA4 34 — 22 ± 2 27 ± 2 59 ± 4
AG1 0 0 — 50 ± 2 50 ± 2
AG2 2 6 ± 2 — 46 ± 2 48 ± 4
AG3 3 9 ± 2 — 45 ± 2 46 ± 4
AG4 4 13 ± 2 — 43 ± 2 44 ± 4
AG5 5 18 ± 2 — 41 ± 2 41 ± 4

films were produced using a bias voltage of −70 V. The substrate was not heated during
the deposition of ZrN–Ag and was heated to 440 ◦C during the growth of Ta1−x Zrx N. The
power to the Zr target was kept at 70 W. The power to the additional target (for Ta or Ag)
was varied as shown in table 1. The crystallographic structure of the films was analysed using
1.54 Å wavelength Cu Kα radiation with a Rigaku Geigerflex D-MAX x-ray diffractometer and
a graphite diffracted beam monochromator. The chemical composition was determined using
Rutherford backscattering (RBS). The RBS probe consisted of 2 MeV He+ ions incident at an
angle of 22.5◦ relative to the sample surface normal with the detector set at a 150◦ scattering
angle. The VUV-VASE™ variable angle spectroscopic ellipsometer for the vacuum ultraviolet
was used to measure the optical response of our films in the spectral ranging from 130 to
1700 nm. Two angles of incidence were used during measurement: 60◦ and 75◦. The entire
optical path is enclosed inside a dry nitrogen purge to eliminate absorption from ambient water
vapour and oxygen. A convenient sample load cell allows access to the stage to load samples
up to 300 mm in diameter. The VUV-VASE uses a rotating analyser ellipsometer (RAE)
configuration with the addition of an AutoRetarder™. The AutoRetarder adds a computer
controlled MgF2 Berek waveplate into the optical path of the rotating analyser ellipsometer
configuration. The amount of retardation can be automatically adjusted to provide higher
accuracy measurements [21].

3. Computational method

The ground state energies, optical constants, and electronic structure of ZrN, Ta1−x Zrx N, and
Ag were calculated within the density functional theory (DFT) formalism using CASTEP
(Cambridge Sequential Total Energy Package) software [22–25]. CASTEP uses a total energy
plane-wave pseudo-potential method. In the mathematical model of the material, CASTEP
replaces ionic potentials with effective potentials acting only on the valence electrons in the
system. The electronic wavefunctions were expanded with a plane-wave basis set-up to a plane-
wave cut-off energy sufficient for convergence, which varies depending on the convergence
of each pseudopotential. The electronic energies were mapped to a set of special k-points
in the reduced Brillouin zone and the number of k-points was determined by the spacing in
the reciprocal space. The exchange–correlation functional used in this study was the gradient
corrected local density approximation of Perdew and Wang, or GGA-PW91 [26]. In order to
achieve a high level of convergence of the total energy, a plane-wave cut-off of 360 eV was
selected. The total self-consistent field (SCF) energy change was 5 × 10−6 eV/atom and the
energy between optimization steps was 5 × 10−5 eV/atom. An eight-atom cubic unit cell
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model with rock-salt structure was used to calculate the optical constants and density of states
for ZrN and Ta1−x Zrx N. In order to study the effect of alloying on the various properties
of the films, one or more Zr atoms were replaced by Ta atoms in the ZrN lattice. Similarly,
an FCC structure was utilized to calculate the optical constants and the density of states for
crystalline Ag.

4. Results and discussion

4.1. TaZrN system

XRD measurements indicated that these samples formed a single-phase solid solution typical
of a rock-salt structure. A general shift in the 2θ -positions towards higher d-values was
observed with increasing tantalum content in the films. In addition, the average grain sizes
were calculated from the widths of the XRD peaks and were found to be independent of the
amount of Ta in the sample (about 28 nm). The elemental composition deduced from RBS
measurements is reported in table 1. A more detailed analysis of the structural and chemical
properties of these materials may be found in a recently published article [19].

Figure 1 shows the measured refractive index and absorption coefficient as a function of
wavelength. This figure indicated that the addition of tantalum had an effect on the intraband
(larger wavelengths) and interband electronic contributions (peak around 245 nm) to the optical
response of the films. Measuring the optical constants of a material gives a powerful insight into
their electronic band structure since it can show the various allowed carrier excitations (electron
transitions). As a result, the measured optical data in figure 1 were modelled as a superposition
of a Drude term and two Lorentz oscillator terms. The Drude term corresponds to contributions
from the free-electron gas (intraband transitions or transitions between two states in the same
band) to the dielectric function whereas the Lorentz oscillator terms describe contributions
from bound electrons (interband transitions between two states in different bands) [27, 28]. The
Lorentz terms are more relevant for the understanding of the electronic structure of these films:
interband transitions between bands are specific to the constituent phases of the investigated
materials. In contrast, the contribution from the free electron gas is more prone to defects and
is affected substantially by scattering from imperfections such as grain boundaries, vacancies,
interstitials, etc.

Figure 2 shows the variation of the centre energy of the two Lorentz oscillators that
correspond to transitions from the eg and t2g bands with Ta content [29]. These results indicate
that there is a shift in the peak position, represented by E, of the Lorentz oscillators to higher
energies (lower wavelengths). The peak position of the interband transitions depends on the
stoichiometry of the films and may be used as a tool to predict the chemical composition of the
films.

Figure 3 shows the theoretical and experimental refractive index and absorption coefficient
for ZrN. The peak positions and widths for n and k were reproduced by the simulation. For
example, the peak position for n was 245 and 235 nm for the measured and the calculated
spectra, respectively. This insignificant difference could be due to various factors including
computational errors and the non-stoichiometry of the films. Our samples are also slightly
over-stoichiometric, and this would lead to a slight shift in the peak position to higher energies,
as predicted by our simulations (not shown here), due to the less metallic character nature of the
bonds. The peak shifts observed experimentally with increasing Ta content in the films were
accurately predicted by the simulation when Zr atoms are substituted for by Ta atoms.

To explain the optical properties discussed above, the theoretical partial p- and d-state
densities for Ta1−x Zrx N were calculated for x = 0.00, 0.25, 0.50, and 1.0 (figure 4). The
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Figure 1. Experimental refractive index and absorption coefficient for Ta1−x Zrx N films.

DOS for ZrN consists of a broad peak between −8 and −3 eV, a feature that is loosely
referred to as the 2p band, which originates from the non-metal 2p orbitals hybridizing with
the metal d orbitals [29]. This feature actually corresponds to a double-peaked structure with
the d contribution in the 2p band of both eg and t2g symmetry, with the eg part dominating. The
eg and t2g peaks are centred at 5.0 and 6.5 eV for ZrN (x = 0.0). A shift to higher energies
by about 1.0 eV results from the variation of x from 0.0 to 0.5, which corresponds to a film
composition of Ta0.5Zr0.5N. These observations are in agreement with the shift of 1.0 eV shown
in figure 2 that corresponds to transitions from the eg and t2g bands. The non-metal 2p orbital
hybridization with the metal d orbitals is strongest for the TaN system. The intrinsic hardness
and elastic modulus are therefore expected to be higher for TaN than for ZrN.

4.2. ZrN–Ag system

The structure of ZrN and ZrN–Ag films was determined by XRD [20]. The films were found
to exhibit strong ZrN(200) and (111) preferred orientations. The width of the two peaks
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Figure 2. Energy of the interband transitions for Ta1−x Zrx N films determined from simulating the
VUV-SE data with a Drude–Lorentz oscillator model.
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Figure 3. Overlay of experimental and theoretical refractive indices for ZrN films.

increased significantly with the addition of silver, which indicated that the grain size became
very small. The matrix, i.e. silver, was primarily XRD amorphous. The average grain sizes
for ZrN nanocrystals were calculated from the widths of the XRD peaks using the Scherrer
formula and were found to decrease from 25 to 8 nm. The Ag content was determined by RBS
and is listed in table 1. XRD measurements in tandem with TEM measurements (not shown
here) suggest that these films consisted of ZrN nanocrystals embedded in a silver matrix [20].

Figure 5 shows the refractive index and absorption coefficient for ZrN–Ag films as a
function of wavelength. The data were simulated using a Drude–Lorentz model and the
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Figure 4. Calculated DOS for Ta1−x Zrx N.

results of the simulation indicate major differences between the optical response for ZrN–
Ag and Ta1−x Zrx N films. First, the simulation for Ag–ZrN required an additional Lorentz
oscillator, centred at 4.4 eV, which suggests the formation of a second phase. Second, the
peaks that correspond to transitions from the eg and t2g bands to the conduction band remained
fixed, which suggested the immiscibility of the two phases that constitute the nanocomposite
structure. The two phases were previously shown to be immiscible using XRD and XPS [20].
Finally, the strength of the three peaks, shown in figure 6, varied with changes in the phase
composition and reflects a decrease in ZrN content and an increase in Ag content. In addition,
the three peaks became broader due to the grain refinement that resulted from the formation of
a nanocomposite structure [30].

To explain the optical properties of the Ag phase in the nanocomposite structure, the
theoretical density of states for crystalline Ag was calculated and is shown in figure 7. The
DOS for the ZrN phase has already been shown in the previous sub-section (figure 4). The
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Figure 5. Experimental refractive index and absorption coefficient for the ZrN–Ag films.

DOS for crystalline Ag consists of a broad peak between −5 and −2 eV, which corresponds
to the 4d orbitals of Ag. Only one Lorentz oscillator was required to simulate Ag because the
features observed for crystalline Ag are smeared out as a result of the amorphous nature of the
phase.

4.3. Discussion

The results presented in this paper show the potential of combining VUV-SE and DFT
calculations to provide important information about novel protective films, namely single-phase
and multi-phase nanostructures. This is due to the fact that VUV-SE probes the electronic
structure of these films, which depends on elemental/phase composition and the presence of
defects in the films. In the case of ternary compounds, for example, if the energy of the
interband transition shifts with the addition of the third element, then this element is soluble in
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Figure 7. Calculated DOS for Ag.

the initial binary phase. Also, there is total solubility if there are no new interband transitions
that contribute to the optical response of the films; otherwise, the solubility may be limited. The
phase information provided by VUV-SE is, therefore, similar to the data inferred from XRD. In
the case of Ta1−x Zrx N, there was total solubility since no new Lorentz oscillator was required
to model the films in the range investigated in this work. In the case of ZrN–Ag, however, VUV-
SE indicated the formation of a second phase, as revealed by the additional Lorentz oscillator
at 4.4 eV. Moreover, the energy of the Lorentz oscillators that correspond to ZrN or Ag did not
vary, which suggested the immiscibility of these phases.

VUV-SE may provide bonding information as well. For single-phase ternary materials,
for example, the energy shift in the Lorentz oscillator provides information about changes in
the bonding structure of the films. Shifts to higher energies, as was the case for Ta1−xZrx N,
indicate a more covalent bond since the interband transitions provide information about the
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valence band. Shifts in the electronic structure have been used by many workers to study the
nature of the bonds using UPS (shifts in the valence band) or XPS (shifts in deeper bands). So,
VUV-SE is similar to UPS or XPS in that it probes the electronic structure of these materials.
But unlike UPS and XPS, VUV-SE is not a destructive technique since it does not require that
the surface impurities and oxide layer be sputter-etched prior to making measurements. Finally,
VUV-SE can provide quantitative data as well. In single-phase ternary materials, for example,
the peak position of the Lorentz oscillators may be correlated to the elemental composition
since it varies linearly with the content of the additional element. Ab initio calculations may be
used in tandem with VUV-SE to provide such information more readily. In addition, in the case
of nanocomposite structures, a correlation between the areas under the curves for the various
phases may be made to explain changes in phase compositions.

5. Conclusions

In this paper, thin films of Ta1−xZrxN and Ag–ZrN were deposited using reactive unbalanced
magnetron sputtering from dual sources. The Ta1−x Zrx N and Ag–ZrN films formed a
solid solution and a nanocomposite structure, respectively. Rutherford backscattering was
used to determine the chemical composition of the films. Vacuum ultraviolet spectroscopic
ellipsometry was used to evaluate the strength and energy of their interband electronic
excitations/transitions and, hence, indirectly probe the valence band electronic structure. The
electronic structure (density of states) and the optical response (dielectric function) of the films
were simulated using ab initio density functional theory. An excellent agreement between
the theoretical and experimental data was observed. For single-phase ternary nitrides, the
valence band shifted by 1.0 eV for x = 0–0.5, indicating that the bonds are more covalent.
For nanocomposite structures, the optical response was a superposition of the optical response
of the constituent phases and no changes in the energy of the Lorentz oscillators were observed,
indicating the total immiscibility of the two phases. This study has provided an understanding
of the various contributions to the optical properties of single and multi-phase nanocrystalline
protective films and could enable the prediction of the optical properties of novel nitride
materials as well. Optical properties in the VUV are dominated by high-photon energy
electronic transitions from the valence to conduction band and provide important information
about the electronic structure of these materials, which can, in turn, be correlated to bond
strength, elemental composition, vacancies, etc. In addition, the bonding properties of these
materials may be associated with their ‘intrinsic’ mechanical properties.
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