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a b s t r a c t
High-quality epitaxial TiNxOy ﬁlms with different oxygen content were deposited on MgO(001) substrates by
pulsed laser deposition method. The chemical composition of the deposited ﬁlms was determined by X-ray
photoelectron spectroscopy. X-ray diffraction results showed that the TiNxOy ﬁlms are heteroepitaxially
grown on MgO with good crystallinity and their lattice parameters decrease with increased oxygen
concentration. Transmission electron microscopy analyses showed that TiNO ﬁlms contain a low density of
dislocations. Atomic force microscopy revealed very smooth surfaces of TiNxOy ﬁlms with roughness of
0.26–0.29 nm. The resistivity of TiNxOy ﬁlms determined by Hall measurement was about 28–33 μΩ cm.
Nanoindentation measurements showed the ﬁlm hardness and Young's modulus of about 23–26 GPa and
400–430 GPa, respectively.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
Titanium nitride (TiN) belongs to the family of refractory transition
metal nitrides and possesses excellent optical, chemical, and physical
properties that lead to many applications such as hard coating material,
hard mask, and diffusion barriers [1–6]. The addition of oxygen to TiN
matrix to form a new composition, i.e., titanium oxynitride (TiNxOy),
has recently attracted attention. This is due to the fact that titanium
oxynitride beneﬁts from many remarkable properties of both metallic
oxides (chemical stability, optical properties) and nitrides (hardness,
wear resistance). Moreover, the optical and electrical properties of
TiNxOy can be tailored between those of metallic nitrides and those of
corresponding ionic oxides by varying the oxygen/nitrogen ratio [7,8].
Therefore, titanium oxynitride has been widely used in a wide range
of applications such as decorative and wear-resistant coating [7,8],
transparent IR window electrodes [7], solar collector devices [7,9], electrical switchable windows [10], and photocatalysis [11]. In comparison
with TiN, titanium oxynitride has shown new interesting properties
that can be used as biomaterials [12,13], memory devices [14]. In addition, titanium oxynitride nanocrystals with NaCl (rock-salt) structure
especially show ultraviolet light emission in photoluminescence spectra
at room temperature contrasted with the TiN case [15]. Another attractive motivation to study TiNxOy is that the presence of oxygen in the
TiN ﬁlms has beneﬁcial effects on diffusion barrier performance for Al,
e.g., the possibility of reducing the grain boundary diffusion and decreasing the contact failure rate during high temperature cycling
[16–20].
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TiNxOy ﬁlms have been deposited by various processes, including
the oxidation of TiN [21], nitridation of TiO2 [22], and simultaneous
mixing of elements or precursors methods such as magnetron
sputtering [8], evaporation [9], metal organic chemical vapor deposition
(MOCVD) [23], and pulsed laser deposition (PLD) [24]. In most cases,
however, titanium oxynitride ﬁlms have been reported to be amorphous or polycrystalline. Epitaxial growth of TiNxOy has been rarely
studied in contrast with the case of TiN. The deposition of epitaxial TiNxOy can improve electrical conductivity and overcome the problem of
fast grain boundary diffusion of dopants and impurities along the columnar grains of the polycrystalline ﬁlms [18–20,25]. Furthermore,
the study of epitaxial ﬁlms can improve our understanding of the
basic properties of TiNxOy.
In this article, we report the successful growth of high-quality
epitaxial titanium oxynitrides with NaCl structure on MgO(001) substrates by pulsed laser deposition (PLD). The crystallinity, lattice
parameter, microstructure, morphology, electrical, and mechanical
properties of TiNxOy with different oxygen content were investigated.
Defect analyses were also performed under various two-beam transmission electron microscopy (TEM) conditions.
2. Experimental
Titanium oxynitride ﬁlms were grown in the PLD chamber with base
pressure of 1 × 10−6 Torr. A 2-inch MgO(001) substrate was
ultrasonically cleaned in acetone, then dried with nitrogen gas, and immediately loaded into the vacuum chamber. The substrate was placed
opposite to a 2-inch oxygen-containing TiN target (TiNO0.064) at a distance of 14 cm. The target was irradiated with a KrF (λ =248 nm)
laser beam at an angle of 45°, and rotated during deposition. Before
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TiNxOy deposition, the MgO substrates were heat-treated at 700 °C for
30 min to obtain a smooth and clean surface. The deposition process
was then carried out under several different conditions to obtain TiNxOy
ﬁlms with different oxygen content while the substrate temperature
was ﬁxed at 700 °C for all cases. After the deposition process had been
completed, the substrate was cooled down to room temperature in
90 min. Chemical composition of the deposited ﬁlms was determined
by X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI, PHI Quantera
SXM) by using a monochromatic Al Kα radiation source. For the XPS
quantitative analysis, the peak area was corrected with relative sensitivity factors from a manufacturer's program and database. A Bede D1
high-resolution X-ray diffractometer, equipped with a two-bounce Si
220 channel-cut collimator crystal, a dual channel Si 220 analyzer crystal, and CuKα1 radiation (λ = 1.5406 Å), was used to investigate the
crystallinity and strain state of the ﬁlms. Cross-sectional TEM specimens
were prepared by tripod polishing method and focused ion beam (FIB)
technique (FEI Nova 200). The tripod polished specimens were Ar-ion
milled at angles of 4–6° and acceleration voltage of 4–5 kV. TEM specimens were then examined in a JEOL 2010F microscope. Atomic force
microscopy (AFM) (D3100) was used to investigate the surface morphology of the ﬁlms. Hall measurements were carried out to determine
the resistivity and carrier concentration of the TiNxOy ﬁlms.
The mechanical properties of the deposited TiNxOy ﬁlms were
characterized by using a MTS Nanoindenter XP system with a diamond Berkovich tip. The continuous-stiffness-measurement (CSM)
mode was used with a harmonic force at 45 Hz imposed on the increasing load. To extract the accurate hardness and elastic modulus
of the thin TiNxOy ﬁlms on the MgO substrates, we applied the
model developed by Han Li et al. [26], in which the substrate effect
caused by elastic mismatch between the ﬁlm and substrate was
taken into account.

the addition of oxygen atoms occurred in the overstoichiometric
TiNx (x > 1). The chemical states of both TiNO ﬁlms were identiﬁed
by examining Ti-2p, O-1s, and N-1s XPS spectra in high-resolution

3. Results and discussion
The chemical composition of the deposited ﬁlms was determined
by XPS. Fig. 1 shows the XPS depth proﬁles of samples A and B with
different oxygen content. As seen in Fig. 1, the chemical composition
of both samples A and B is uniform and can be determined as
TiN0.97O0.23 (sample A) and TiN1.11O0.10 (sample B), suggesting that

Fig. 1. XPS depth proﬁles for samples A and B with different oxygen content.

Fig. 2. XPS spectra for A) Ti-2p, B) N-1s, C) O-1s after Ar sputtering for one minute of
samples A and B. The spectra are deconvoluted into components of titanium nitride,
titanium oxynitride, and titanium dioxide [21,27,28].
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mode after Ar sputtering for 1 min (~ 2 nm). As shown in Fig. 2A, the
Ti-2p3/2 peak of samples A and B can be deconvoluted into two main
components of Ti–N bonding (454.9 eV corresponding to titanium
nitride) and N–Ti–O bonding (~ 456.7 eV corresponding to titanium
oxynitride) with a very small amount of Ti–O bonding (458.4 eV
corresponding to titanium dioxide) [21,27,28]. The N-1s spectra for
samples A and B (Fig. 2B) reveal a small amount of chemisorbed molecular nitrogen (398.7 eV) and two main components of titanium nitride (397 eV) and titanium oxynitride (396.2 eV) [27] in agreement
with the results determined from the Ti peaks. In Fig. 2C, sample A
shows a stronger O-1s signal compared with that of sample B due to
the higher oxygen concentration incorporated into sample A.
The X-ray diffraction (XRD) patterns of both samples A and B in
Fig. 3 show only TiNxOy(002) and TiNxOy(004) reﬂections in addition
to the MgO ones, suggesting that (001) oriented single-phase titanium
oxynitride have been deposited on MgO(001) substrates in our experimental conditions. Also, TiNxOy(002) and TiNxOy(004) reﬂections
appear at 42.46° and 92.82° for sample A, and 42.41° and 92.63° for
sample B, indicating that they have larger out-of-plane interplanar
spacing than MgO. The X-ray rocking curves in the inset of Fig. 3 show
that the full width at half maximum (FWHM) of (002)TiNxOy is about
58 arcsec for sample A, and 64 arcsec for sample B, implying that both
TiNxOy ﬁlms deposited on MgO have a very good quality (the FWHM
of the MgO substrate is 42 arcsec). The X-ray ϕ-scan was done on
both ﬁlms to verify the orientation relationship between the TiNxOy
and MgO substrates. As seen in Fig. 4, four {022} peaks of MgO and
TiNO appear at the same ϕ angles with a separation of 90°. This result
suggests that the TiNO ﬁlms have epitaxially grown on the MgO substrates with the cube-on-cube relationship of TiNO(001) // MgO(001)
and TiNO[100] // MgO[100].
To investigate the effect of oxygen content on the strain state as
well as the lattice parameters of TiNxOy ﬁlms, XRD reciprocal space
maps (RSM) of the asymmetric (113)MgO and (113)TiNxOy reﬂections were acquired. As shown in Fig. 5, the asymmetric (113)MgO
and TiNxOy reﬂections for both samples are almost vertically aligned,
implying that TiNxOy lattices are in coherency with the MgO one.
Hence, both TiNxOy ﬁlms may be under fully compressive strain as a
result from lattice mismatch and thermal mismatch with MgO. The
thermal strain was induced due to a large difference in the coefﬁcient
of thermal expansion (CTE) of MgO and TiNxOy (αMgO =13× 10−6 K −1
and assume αTiNO ~ αTiN = 9.35 × 10 − 6 K − 1 [29]). When substrate
temperature dropped from 700 ° C down to room temperature, the

Fig. 3. XRD 2θ-θ scans for TiNxOy ﬁlms. XRD ω-scan is shown in the inset.
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Fig. 4. XRD ϕ-scan of {022} reﬂections for TiNxOy ﬁlm grown on the MgO substrate,
showing epitaxial relationship between the ﬁlm and the substrate is TiNxOy(001) //
MgO(001) and TiNxOy[100] // MgO[100].

MgO substrate contracted more than the TiNxOy layer, resulting in
the generation of a compressive strain of −0.27% in the TiNxOy layer.
The out-of-plane, c, and in-plane, a, latticepparameters
of TiNO can be
ﬃﬃﬃ
determined as follows: c = 3/Qz, and a ¼ 2=Q x , where Qz and Qx are
vertical and horizontal vectors that lie along MgO[001] and MgO[110]
directions, respectively [29]. The relaxed lattice parameter ao can be calculated from c and a by using equation: ao = c[1− 2ν(c − a) / c(1+ ν)]
[29], where ν is the Poisson ratio of the deposited ﬁlms. Due to the slight
difference in the Poisson ratio between TiN and TiO (νTiN = 0.22 [29]
and νTiO = 0.232 [30]) and the large ratio of N/O of the deposited
TiNO ﬁlms, we can assume that νTiNO ~ νTiN. By using MgO(113)
peak as reference (aMgO = 4.2112 Å [29]), the lattice parameters (c,
a, and ao) and in-plane residual strain ε|| of samples A and B can be
calculated and are listed in Table 1. The results show that the lattice
parameters of TiNxOy ﬁlms decrease with the increase of oxygen concentration but still lie in the lattice parameter range between bulk
TiN (aTiN = 4.2417 Å from the powder diffraction ﬁle PDF 38-1420)
and bulk TiO (aTiO = 4.1770 Å, PDF 8-117). Those results are also in
good agreement with the values reported in ref. [31]. Due to the
fact that the radius of oxygen anion is smaller than that of the nitrogen anion, the substitution of oxygen for nitrogen enables the lattice
parameter to decrease with increased oxygen concentration [32].
Additional to the effect of anion radii on the lattice parameter, the effect of electrostatic repulsion between N and O anions around Ti vacancies has also been taken into consideration [33]. Indeed, the XPS
results above suggest that the substitution of oxygen for nitrogen occurs
in the over-stoichiometric TiNx, and such a non-stoichiometric structure
has been reported to contain many Ti vacancies [34]. Therefore, there
may have been an electrostatic repulsion between anions around Ti vacancies. Besides, the N atoms need three electrons to close its shell in
order to achieve the most stable conﬁguration (N−3) while the O
atoms only need two (O−2) [33]. Hence, the replacement of N3− by
O−2 induces a decrease in the electrostatic repulsion between the anions around the Ti vacancies and consequently the lattice parameter
decreases.
The second source of compressive strain can be generated from the
ﬁlm/substrate lattice mismatch that is determined as δ= [aMgO − aﬁlm] /
aMgO. δ is −0.73% for pure TiN, −0.716% for sample B, and −0.655% for
sample A. The result also shows that more oxygen content incorporated
into the deposited ﬁlms can reduce the lattice mismatch between MgO
and TiNxOy. The corresponding critical thickness of samples A and B can
be estimated theoretically as ~10 nm at room temperature. In other
words, the addition of oxygen can result in the high-quality titanium
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Fig. 5. Reciprocal space maps of the asymmetric (113)MgO and (113)TiNxOy reﬂections for A) sample A and B) sample B.

Table 1
In-plane a, out-of plane c, and relaxed ao lattice parameters, and in-plane residual
strain ε|| of TiNxOy ﬁlms.
Sample

a (Å)

c (Å)

ao (Å)

ε|| (%)

A (TiN0.97O0.23)
B (TiN1.11O0.10)

4.2116
4.2124

4.2541
4.2577

4.2388
4.2414

–0.65
–0.69

oxynitride with a composition which can make the deposited ﬁlms to
be excellently coherent with MgO, contrasting with the case of pure
TiN on MgO. Indeed, the authors in ref. [29] have shown that the stoichiometric TiN ﬁlm is semi-coherent with MgO that resulted from the
generation of misﬁt dislocations at the TiN/MgO interface.
The surface morphology of the MgO substrates and the deposited
ﬁlms was examined by AFM. The ﬁlm surface of samples A and B
(Fig. 6) and the MgO substrate (not shown) is very uniform and
smooth with root-mean-square roughness of 0.29 nm (sample A),
0.26 nm (sample B), and 0.18 nm (MgO).
The resistivity of TiNxOy ﬁlms measured by the Hall measurement
method was found to be 33 μΩ cm and 28 μΩ cm for samples A and B,
respectively. In addition, the carrier concentration of samples A and B
can be determined as high as 3.2 × 10 22 cm −3 and 2.8 × 10 22 cm −3,

indicating the metallic conduction behavior of the deposited ﬁlms.
The resistivity of the TiNxOy ﬁlms are much smaller than that of the
bulk TiO (190 μΩ cm) and about two times larger than that of the
pure epitaxial TiN (~ 15 μΩ cm) [25]. It has been shown that the
increasing resistivity in the series of TiN, TiNxOy, and TiO can be
explained by considering the free electron concentration [35]. The
lower free electron concentration results in poor conductivity of
TiO and to a lesser extent TiNxOy [35]. The results can be compared
with those reported in ref. [25], in which the resistivity of the epitaxial TiNxOy ﬁlms, with oxygen concentration of 7.02–11.11 at.%, is
about 21.0–32.3 μΩ cm [25]. Hence, compared with the polycrystalline TiNO ﬁlms that have been shown to have the resistivity in the
order of magnitude from mΩ cm to Ω cm [27,28] the epitaxial growth
of the TiNO ﬁlms certainly can greatly improve electrical conductivity.
The hardness (H) and Young's modulus (E) values are determined
to be 23 ± 1.1 GPa and 400 ± 4.3 GPa for sample A, whereas sample B
showed higher values of 26 ± 1.2 GPa and 430 ± 5.5 GPa, respectively. The results are closed with the reported values of stoichiometric TiN(001) with H ~ 20 ± 0.8 GPa and E ~ 445 ± 38 GPa [36]. It
also clearly shows that both the hardness and elastic modulus of the
TiNxOy ﬁlms decrease as the amount of oxygen increases. The hardness and elastic modulus may also depend on the nitrogen content
as they increase for the x in TiNxOy that increases from 0.97 to 1.11.

Fig. 6. AFM images of TiNxOy surface for A) sample A and B) sample B.
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crystalline pattern, even though the RSM maps above show the
MgO and TiNO reﬂections being separated from each other. This
implies that TiNO has been epitaxially grown on MgO with the
cube-on-cube relationship, but due to a very small lattice mismatch
between TiNO and MgO, their diffraction spots cannot be distinguished
due to the limit of the SAD resolution. To investigate the microstructural
defects in the TiNO epilayers, the two-beam TEM technique was
performed for sample B along [100] zone axis. As seen in Fig. 8B and
C, cross-sectional bright-ﬁeld TEM images obtained with different
two-beam conditions of g= 002 and g =022 show that no dislocations
can be identiﬁed in the range of 250 nm. The dislocation density can be
estimated from the XRD data [39,40] to be around ~5 × 10 6 cm−2.
Therefore, to identify one dislocation, the required observation range
can be up to 10 μm that is far beyond the limited observation range in
our specimens.

A

B

4. Conclusions

Fig. 7. Cross-sectional HRTEM images of A) sample A and B) sample B along [100] zone
axis showing sharp and smooth interfaces between TiNxOy and MgO (indicated by
arrows). No misﬁt dislocations at the interfaces can be observed over the range of
12–14 nm.

A similar evolution of H and E with oxygen content has also been
reported for polycrystalline, textured, and bulk TiNxOy [7,33,37,38].
It could be due to that oxygen has a softening effect on those deposited ﬁlms.
The epitaxial growth of TiNO on MgO is also conﬁrmed by
cross-sectional high-resolution TEM as shown in Fig. 7A and B for
samples A and B along [100] zone axis. The high-resolution TEM images reveal sharp and smooth interfaces without any interlayer
between the ﬁlms and the substrates. No misﬁt dislocations at the
coherent interface between TiNxOy and MgO in both samples can be
identiﬁed in the range over 12–14 nm as a result of the very small
in-plane lattice mismatch between them, consistent with the XRD
data above.
Fig. 8A shows the cross-sectional bright ﬁeld TEM image for sample B viewed along [100] zone axis. The corresponding selected area
diffraction (SAD) pattern at the interface appears as a single-

A

B
g002

C
g002

Fig. 8. A) Cross-sectional TEM image of sample B in [100] bright-ﬁeld and the corresponding diffraction pattern at the ﬁlm/substrate interface. Cross-sectional bright-ﬁeld TEM images of sample B under two-beam condition of B) g=002 and C) g=022.

It has been illustrated that high-quality epitaxial TiNxOy ﬁlms with a
low density of defects have been grown successfully on MgO(001) substrates by pulsed laser deposition. The epitaxial relationship between
the deposited ﬁlms and substrates is TiNO(001) //MgO(001) and TiNO
[100]// MgO[100]. The chemical composition of two epitaxial samples
determined by XPS is TiN0.97O0.23 and TiN1.11O0.10 and the distribution
is uniform throughout the ﬁlm thickness. XRD and TEM show that
both TiNxOy ﬁlms have excellent coherency with MgO. It has also been
demonstrated that the addition of oxygen reduces the lattice mismatch
between TiNxOy and MgO. The surface of the deposited ﬁlms is atomically smooth. The TiNxOy ﬁlms are electrically conducting with the resistivity increasing with the oxygen content and decreasing with the
nitrogen content. The oxygen-rich TiN0.97O0.23 ﬁlm shows the hardness
and Young's modulus values lower than those of the TiNO ﬁlm enriched
with nitrogen (TiN1.11O0.10).
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