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Raman spectra and structural analysis in ZrOxNy thin films
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Abstract

Raman spectroscopy has been used as a local probe to characterize the structural evolution of magnetron-sputtered decorative zirconium
oxynitride ZrOxNy films which result from an increase of reactive gas flow in the deposition. The lines shapes, the frequency position and widths
of the Raman bands show a systematic change as a function of the reactive gas flow (a mixture of both oxygen and nitrogen). The as-deposited
zirconium nitride film presents a Raman spectrum with the typical broadened bands, due to the disorder induced by N vacancies. The recorded
Raman spectrum of the zirconium oxide film is typical of the monoclinic phase of ZrO2, which is revealed also by X-ray diffraction. Raman
spectra of zirconium oxynitride thin films present changes, which are found to be closely related with the oxygen content in films and the
subsequent structural changes.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Themetal oxynitrides,MeNxOy (Me = early transitionmetal),
belong to a new class of materials that is gaining importance
because of their high potential to be used for decorative
applications in high quality consumer products. During last
years there has been published work about the production and
characterization of metal oxynitride thin films [1–7], but the
understanding of the fundamental mechanisms that explain both
structural and mechanical behaviour is yet insufficient. To
prepare these films, very careful control of the gas flow rates is
needed since the final properties will depend much on their
atomic ratio, and oxygen exhibits a stronger reactivity than
nitrogen with the metal [2].

Tuning the oxide/nitride ratio changes the crystallographic
order between oxide and nitride, hence elucidating the
relationship between the corresponding physical, structural
and mechanical properties [6]. Most of the published work
related with Raman scattering in zirconium oxide concerns
dynamical properties [8–10], structural transformations in-
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duced by the additions of stabilizers [11–13] and nano-sized
effects [14].

Zirconium oxide can be found basically in three different
phases, cubic (c-ZrO2), tetragonal (t-ZrO2) and monoclinic (m-
ZrO2). The structure of t-ZrO2 belongs to the symmetry group
D4 h
15 (P42/nmc) with two units of ZrO2 per unit cell, and 6

Raman active modes. Cubic zirconia belongs to the Oh
5 (Fm3̄m)

group with one unit of ZrO2 per unit cell and only one Raman
active mode, while the monoclinic structure belongs to the D2 h

5

(P21/c) with four units of ZrO2 per unit cell and 18 Raman
active modes [10,15]. Many transition-metal nitrides, like ZrN,
crystallise in the sodium-chloride-type structures and, in an
ideal “perfect” crystal, first order Raman scattering is forbidden.
Nevertheless sputtered coatings are known to have vacancies
that induce distortion in the structure [7], and in consequence
the Raman spectrum is composed of broadened bands due to
disorder and second order processes.

The main purpose of this work is the preparation of single-
layered zirconium oxynitrides, ZrOxNy films and the relation-
ship between the composition and structure. Thin films, pre-
pared by DC reactive magnetron sputtering, were characterized
by Raman Spectroscopy (RS), and the results are correlated
with the composition, evaluated by Rutherford Backscattering
spectrometry (RBS), and the structure obtained by X-ray dif-
fraction (XRD).
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2. Experimental details

ZrOxNy thin films were deposited onto high-speed steel
(AISI M2), glass and single crystal silicon (100) substrates, by
reactive dc magnetron sputtering. Details on film preparation
conditions can be found elsewhere [6].

The atomic composition of the as-deposited samples was
measured by Rutherford Backscattering Spectroscopy (RBS)
using a 1.4 MeV He+ beam and a 2MeV proton beam to increase
the accuracy in the oxygen signals. The analyzed area was about
0.5×0.5 mm2. Ball crater tests were used to measure the thick-
ness of the samples. In order to examine the film structure, X-ray
diffraction experiments (XRD) were undertaken in a Philips PW
1710 apparatus, using Cu Kα radiation, with a step size of 0.02°,
a counting time of 1.25°/s and a gas detector. Raman measure-
ments were performed at room temperature with a Dilor triple
monochromator, equipped with a liquid nitrogen cooled charge
couple device (CCD) detector, with a resolution better than
1 cm−1. The excitation line, 514.5 nm, of an argon ion laser was
focused onto the sample using a ×100 MS Plan objective of an
Olympus Microscope BHSM, in a backscattering geometry. The
spectra were obtained with a measured power of about 10 mWon
the sample, during an integration time of 120 s, over the range
80–1200 cm−1.

3. Results and discussion

3.1. Chemical analysis

The samples thickness, measured by ball cratering, and the
atomic composition determined by RBS are given in Table 1. A
closer look of these results indicates three distinct zones of the
composition of the thin films. The films deposited with reactive
gas flow lower than 10 sccm present a non-metal to zirconium
atomic ratio less than one, with a constant increase of the
oxygen and nitrogen content. With further increase of the re-
active gas flow (10–14 sccm) the samples present an (N+O)/Zr
atomic ratio varying from 1.17 to 1.44 with further increases in
the oxygen content resulting in approximately the same nitrogen
content. For the sample deposited with the highest reactive gas
flow (15 sccm), there is a stabilization of the non-metal to metal
atomic ratio. When compared to the sample produced with a
Table 1
Composition, thickness and non-metal to metal ratio [(CO+CN) /CZr] of the
samples prepared with different reactive gases flow rate

Sample Gas flow
(sccm)

Zr
(at.%)

O
(at.%)

N
(at.%)

Thickness
(μm)

Ratio (CO+
CN) /CZr

ZrO.05N.49 6 65 ≤3 32 3.1±0.4 0.49
ZrO.05N.67 7 58 ≤3 39 2.8±0.3 0.67
ZrO.09N.79 8 53 5 42 2.8±0.5 0.89
ZrO.10N.83 9 52 5 43 3.5±0.3 0.92
ZrO.20N1.02 10 45 9 46 4.3±0.4 1.22
ZrO.26N.91 11 46 12 42 3.2±0.4 1.17
ZrO.28N1.05 12 43 12 45 3.9±0.6 1.33
ZrO.37N.95 13 43 16 41 3.4±0.5 1.33
ZrO.37N1.07 14 41 15 44 6.2±0.5 1.44
ZrO.73N.71 15 41 30 29 3.3±0.4 1.44
14 sccm flow, a substantial increase in the oxygen content, is
observed compared to samples prepared with lower gas flow.
This evolution, observed for higher flow rates, with an abrupt
increase in the oxygen content when the non-metal to metal
atomic ratio is kept almost constant, suggests a change in the
structural arrangement of the coatings, as we will discuss in this
paper.

3.2. X-ray diffraction

In order to understand the mechanism of structure evolution
with variation of the reactive gas flow, X-ray diffraction (XRD)
analysis was carried out. Fig. 1 shows the X-ray diffraction
patterns for samples prepared with increasing reactive gas flow.
From the obtained diffraction patterns, it is possible to observe
the formation of three different types of structures. The first of
these zones corresponds to the films prepared with gas mixture
flows varying from 6 to 10 sccm, will be noted in the text as
zone I, developed a face centred cubic ZrN type structure.

For higher gas mixture flows, a change in structure occurs and
a second zone, indexed as zone T, is developed. This second zone
is what one might call a transition zone, whose diffraction pat-
terns (very reduced and difficult to index) revealed the possibility
of having the formation of poorly crystallized oxygen-doped
orthorhombic, Zr3N4-type structures [6,7,16–19].

For the highest flows there is another structural change,
revealing the development of a third zone, which will be re-
ferred throughout the text as Zone II, corresponding to films that
the diffraction patterns (again very reduced and quite difficult to
index) might indicate the preparation of films that crystallize in
a zirconium oxynitride-type structure. The exact nature of this
possible oxynitride structure is not yet accurately determined.

Furthermore, by comparing the evolution of the diffraction
data of the oxynitride films prepared with low gas flows (from 6
to 8 sccm), it is possible to observe some texture change,
decreasing the dominant b111N growth to approximately
randomly oriented crystals, with the fcc-ZrN structure. This
change could be associated with the increase of nitrogen content
of the sub-stoichiometric fcc-ZrN structures (see Table 1).

For the films prepared with reactive gas flows higher than
10 sccm (zone T), the results of composition analysis revealed
the presence of over-stoichiometric films, where the non-metal
to metal atomic ratio varies from 1.17 to 1.44 (Table 1), and thus
indicating the possibility to form different crystalline structures
beyond the previously mentioned ZrN films. The sample pre-
pared with a gas flow of 10 sccm seems to present already
another phase, which is evident in the large broad peak around
2θ=30°, becoming even more pronounced in the sample
prepared with 13 sccm (Fig. 1). For this sample, the diffraction
data reveals also a broad peak located at 2θ≈32.2°. The
broadening of the peak at 2θ≈32.2°, which would correspond
to the (320) plane of the o-Zr3N4 structure, could result from the
small grain size and/or some reduction of the crystalline volume
fraction of the coating, or even to a superposition of several
peaks predicted in this region for this structure. The indexation
of a particular crystalline structure to this sample is very dif-
ficult to fulfil due to the reduced number of diffraction peaks,



Fig. 1. XRD diffraction patterns of ZrOxNy films for different reactive gases flow
rates.
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although the available literature data suggest the formation of a
structure very similar to that of Zr3N4-type, but with possible
oxygen inclusions [16]. This change is also confirmed by the
composition data, with the abrupt increase of the concentration of
non-metallic elements. Looking into Table 1 it is possible to
observe that the samples deposited with reactive gas flow varying
from 10 to 13 sccm, present a concentration of the non metallic
elements that varies from 1.22 to 1.33, which in fact is very close
to the stoichiometric value of a Zr3N4-type structure. With a
Fig. 2. Raman spectra: (a) Zirconium Nitride; (b) Zirconium Oxide.
continuous increase of the reactive gas (higher than 14 sccm),
there is another structure change, zone II. This structural change is
well correlated with the evolution of the oxygen and nitrogen
content of the coatings (Table 1). The semi-transparent sample,
deposited with 15 sccm, shows a significant increase of the
oxygen content along with a significant decrease of the nitrogen
and its stoichiometry could correspond to an oxynitride-type
structure. However, the exact determination of the crystalline
structure is again very difficult due the reduced number of visible
diffraction peaks. Nevertheless, and according to very few re-
search studies [19–22] the diffraction peaks located at 2θ≈21.1°,
2θ≈30° and 2θ≈32.9° could correspond to a bcc γ-Zr2ON2-
type structure (ICDD card n° 48-1635) [23].

3.3. Raman spectra

To correlate the changes in Raman spectra of all samples,
each spectrum was normalized to the total scattering intensity.
To analyse the changes due the deposition parameters, the “true”
line shape of the spectra must be found. To recover this line
shape, the position and the widths of the scattered bands, a least
squares best fit with five Lorentzian profiles was performed.

In order to compare the evolution of structural modifications
in ZrOxNy samples, the spectra of ZrN and ZrO2, deposited in
the same chamber, are depicted in Fig. 2a and b, respectively. In
zirconium nitride, first order Raman scattering is forbidden as a
consequence of selection rules. However due to disorder,
induced by the deposition technique, the translation symmetry
is lost, and thus all the modes can participate in the scattering.
Raman spectra will be an “image” of the density of vibrational
Fig. 3. Raman spectra of films as a function of reactive gases flow rate, from 6 to
10 sccm.



Fig. 5. Variation of the Raman shift of low frequency bands, as function of reactive
gases flow rate.
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states (DVS) [24]. The Raman spectrum of ZrN, as expected, is
dominated by an asymmetric band centred at around 500 cm−1,
and in the low frequency region by the presence of two bands
centred at around 165 and 220 cm−1, reflecting the material's
DVS. In the low frequency range, the bands are attributed to the
disorder of single phonons and second order processes. For
higher frequencies the presence, and the asymmetry, of the
bands is due to the superposed contributions of disorder of
optical phonons and second order combination of acoustic and
optical processes [25].

The spectrum of as-deposited zirconia, ZrO2, is depicted in
Fig. 2b, and is formed by several peaks, well defined, that can be
identified as the characteristic features of the Raman spectrum of
zirconia's monoclinic phase [14,26,27]. Even if the deposited
sample is not a perfect crystal and even if some of the features are
not very well resolved, it is noted that 16 of the 18 theoretical
calculated features for the m-ZrO2 phase are present [10].

In Figs. 3 and 4, the Raman spectra of the coatings deposited
with increasing reactive gas flow are presented. The analysis of
the evolution of the Raman signal, with the variation of gases
flow, will be centered on two aspects: the first one will be the
changes in the spectral shapes; the second a quantitative analy-
sis based on band or peak position and the relative intensities of
some of the detected peaks. As can be seen from these figures,
with the variation of gas flow (in fact inducing the variation of
the non metallic content) the lines shapes continuously change,
and the appearance of new bands in spectra reflects the changes
in composition and, consequently, in the structure. The absence
of sharp and well defined peaks could be attributed to the local
structural disorder of the prepared films.
Fig. 4. Raman spectra of films as function of reactive gases flow rate, from 11 to
15 sccm.
The first note is that the spectral shape of Fig. 3a and b
presents some similarities to spectrum of zirconium nitride. It is
clearly seen that in the region below 300 cm−1, two bands
occur, which possess positions close to the bands observed in
the spectrum of as-deposited ZrN. For frequencies higher than
300 cm−1, the presence of a large band extended up to
frequencies around 800 cm−1 is noticed, with lower intensity
when compared with the band in the as-deposited ZrN spectrum
[see Fig. 2a]. With the increase of the oxygen content, the
spectral shape continues to change: a shoulder located at around
420 cm−1 starts to appear, as can be seen in Fig. 3d − e. The
overlap of low frequency range features is also observed for
flow rates around 10 sccm, as it can be seen in spectrum of Fig.
3e, and the transformation to a asymmetrical band centered at
∼170 cm−1. A considerable modification of the spectral shape
occurs for flow rates higher than 10 sccm, as can be seen in
spectra depicted in Fig. 4, where the number of visible bands
increases: the appearance of new bands in the region between
200 and 300 cm−1, and also in the region between 400 and
700 cm−1. For flow rates higher then 13 sccm, another
modification of the spectral shape is observed. In the present
case, the reduced number of visible Raman bands seems closely
related to the overlap of bands in the region between 200 and
400 cm−1 and the decrease in intensity of the band located at
640 cm−1. In consequence the spectra are dominated by a large
band centered around 460 cm−1. In all the spectra presented in
Fig. 4, some of the features appear in positions close to the
expected frequencies of modes belonging to monoclinic and
tetragonal phases of zirconium oxide. On the other hand, the
presence of broad bands, indicative of local disorder, could be
due to a non-stoichiometric phase of ZrOxNy-type structure and
to a poorly crystallized Zr3N4 structure, as discussed in XRD
results. All these changes reflect modifications in local arrange-
ments that lead to the conclusion that the increase of oxygen
fraction induces the formation of new structural arrangements.
This observation will be later discussed.



Fig. 6. Variation of the Raman shift of high frequency bands, as function of
reactive gases flow rate.

1136 C. Moura et al. / Thin Solid Films 515 (2006) 1132–1137
In order to clarify the changes induced by the deposition
conditions, in Figs. 5 and 6 are depicted the fittings results of the
position for some bands, which have been chosen to perform a
qualitative study: two bands situated in the low frequency range,
centered around 167 and 220 cm−1; and two bands situated at
higher frequencies, centered around 475 and 680 cm−1.

As can be seen in both figures, it is possible to divide the
evolution of the band position in three zones, and correlate the
observed behaviour with the observations that have been
discussed for XRD-results. The observed shifts in band position
could be attributed to film stresses, to non-stoichiometry of the
deposited films and to changes in local structural arrangements,
resulting from the deposition conditions itself.

A shift, to low frequency positions, is observed in the bands
of the first region with the increase of flow rate. Incorporation of
either O atoms into Zr nitride lattice, or N atoms in Zr oxide, in
interstitial sites or by substitution, is expected. In spite of the
fact that oxygen is more reactive than nitrogen, the nitrogen
fraction in the working atmosphere is much more important
than the oxygen and, obviously, this fact has consequences in
the resulting structural evolution. As already discussed, the
displayed spectra, for samples deposited with flow rates up to
7 sccm (in region zirconium nitride-like), are very similar to the
as-deposited zirconium nitride sample. With the increase of
oxygen content in the films, that increases at an almost constant
rate as has been seen by RBS results, some incorporation of
oxygen in zirconium nitride lattice is expected, or the sub-
stitution of nitrogen atoms by oxygen ones, and consequently
the appearance of new bands in Raman spectra: the shoulder
located at ∼400 cm−1 and a large band located at ∼690 cm−1

(see Fig. 4). These bands are present for flow rates higher than
8 sccm, but they vanish for flow rates equal to 10 sccm. The
effect of oxygen content on Raman spectra is clearly seen in
zone T and zone II, where the number of observed bands is
higher than those observed in spectra of films of zone I. The
observed shifts for the bands located at ∼240 and ∼480 cm−1,
to higher and low frequency respectively could not be attributed
only to compressive stress, but also to lattice dynamics. In fact
the changes in local structural arrangements observed in t-ZrO2

samples were correlated to changes in tetragonality [28]. Some
of the band positions, approach the characteristic positions of
m-ZrO2 ant t-ZrO2 indicating the possible coexistence of these
phases with a ZrOxNy-type structure.

4. Conclusions

Thin Zr–O–N films were prepared by dc reactive magnetron
sputtering. Structural analysis carried out by both XRD and
Raman revealed a definite correlation of the obtained results
with the composition analysis, implying the existence of 3
different structural regimes. The first, zone I, corresponded to
films prepared with the lowest reactive gas flows, present a
zirconium nitride type structure. For the highest flows, a second
zone was observed, zone II, and the XRD results show the
possibility to have a bcc γ-Zr2ON2-type structure. Between
these two zones, there is a transition zone, whose diffraction
patterns revealed the possibility of having the formation of very
poorly crystallized oxygen-doped orthorhombic Zr3N4-type
structure. The Raman line shapes continuously change with the
variation of the material composition. The observed changes
reflect the modifications in local arrangements induced by the
increase of oxygen fraction in the films. The appearance of new
bands in spectra reflect also the changes in the local structure,
induced by the particular composition of the samples. The XRD
results, associated with Raman data, revealed the possibility of
coexistence of different phases.
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