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A B S T R A C T

The resistance to high-temperature oxidation of Ti1-xAlxN films determines performance in numerous applica-
tions including coated cutting tools. Here, we present a comprehensive study covering Ti1-xAlxN films with
0≤ x≤ 0.83 annealed in air for 1 h at temperatures Ta ranging from 500 to 800 °C. Layers are grown by the
combination of high-power impulse and dc magnetron sputtering (HiPIMS/DCMS) in Ar/N2 atmospheres. We
use X-ray photoelectron spectroscopy to study the evolution of surface chemistry and to reconstruct elemental
distribution profiles. No dependence of oxidation process on the phase content, average grain size, or preferred
orientation could be confirmed, to the accuracy offered by the employed X-ray diffraction techniques. Instead,
our results show that, under the applied test conditions, the Ti1-xAlxN oxidation scenario depends on both x and
Ta. The common notion of double-layer Al2O3/TiO2 oxide formation is valid only in a limited region of the x-Ta
parameter space (Type-1 oxidation). Outside this range, a mixed and non-conformal Al2O3-TiO2 layer forms,
characterized by larger oxide thickness (Type-2 oxidation). The clear distinction between different Ti1-xAlxN
oxidation scenarios revealed here is essential for numerous applications that can benefit from optimizing the Al
content, while targeting a given operational temperature range.

1. Introduction

Thin films of metastable NaCl-structure Ti1-xAlxN exhibiting high
hardness and good high-temperature oxidation resistance are of lin-
gering scientific and technological interest due to applications ranging
from wear-resistant coatings on high-speed cutting tools [1,2] to use as
bio-implant coatings [3]. Greatly improved oxidation resistance of Ti1-
xAlxN was first reported by Münz who showed clear advantage of
Ti0.50Al0.50N films with respect to TiN and ascribed this effects to the
formation of surface Al2O3 layer upon annealing in air which passivates
the surface [4]. These results were confirmed by Hofmann et al. [5]
who performed X-ray and Auger photoelectron spectroscopy (XPS and
AES, respectively) investigations of Ti1-xAlxN films sputtered from a
50:50 Ti:Al target and estimated the activation energy for the Al dif-
fusion at 200 kJ/mol in the temperature Ta range of 500 to 800 °C.
McIntyre et al. [6] established that annealing of polycrystalline single-
phase NaCl-structure Ti0.50Al0.50N films in pure O2 results in growth of
a stable double-layer oxide that passivates the surface. The upper layer
was Al-rich while the lower one was Ti-rich. The thicknesses of the two
sublayers were approximately the same. They concluded that the
growth of the oxides is determined by outward diffusion of Al and N

and inward diffusion of oxygen, as revealed by inert-marker transport
experiments.

The formation of a double-layer oxide was confirmed by photo-
electron spectroscopy studies of Ti1-xAlxN oxidation by Esaka et al. [7],
who investigated Ti0.55Al0.45N after 1 h anneal in dry air at Ta=500 °C.
By exploiting the fact that the probing depth increases with increasing
the energy of incident photons the authors could demonstrate in a non-
destructive way that the surface oxide is comprised of a top Al2O3 layer
and a bottom TiO2 layers, 0.5 and 3 nm thick. N2 was detected in the
TiO2 layer, which was ascribed to the presence of the capping Al2O3

layer acting as the diffusion barrier for both oxygen (inward) and ni-
trogen (outward). Lower Al-content films, x=0.12, were studied with
XPS by Kim et al. [8] who found that Al had diffused to the surface after
a 10min anneal at 600 °C.

Ti1-xAlxN oxidation studies covering a large range in Al concentra-
tion are rather sparse and report apparently contradictory results. Some
groups present data suggesting an increasing resistance to oxidation
with increasing x, at least up to 60% Al on the metallic sublattice
[9,10,11,12], while others reported no significant change for
0.25≤ x≤ 0.5 [13]. Increasing the Al content above x=0.60 typically
results in a lower resistance to oxidation [11,13,14], which is ascribed
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to the precipitation of the wurtzite-type AlN [15,16], that could po-
tentially either increase the rate of oxygen inward diffusion or decrease
the rate of Al diffusion to the surface [13]. A contradictory evidence
exists, for example Chen et al. studied the oxidation resistance of Ti1-
xAlxN films with x ranging from 0.52 to 0.75 and reported the lowest
oxide thickness after 20 h anneal in air at 850 °C for the single phase
wurtzite structure film with x=0.75 [17]. In addition, Vaz et al.
concluded that Ti0.35Al0.65N layers show slightly better oxidation re-
sistance than Ti0.62Al0.38N [18]. In each case the sample microstructure
could further complicate interpretation as, for example, the degree of
porosity can be expected to play an important role.

The above review of the high-temperature oxidation of Ti1-xAlxN
suggests that some confusion exists as to the influence of Al content on
the type and the thickness of the surface oxide. Explanations for the
potential increase of oxidation resistance with increasing x are lacking
and the hypotheses behind deterioration at higher x remains to be
tested. To address these issues, we present a comprehensive study
covering dense Ti1-xAlxN films with 0≤ x≤ 0.83 grown by the com-
bination of high-power impulse and dc magnetron sputtering (HiPIMS/
DCMS) [19] annealed at temperatures in the range from 500 to 800 °C.
The evolution of the surface chemistry as a function of x and Ta is es-
tablished and the results provide determining evidence for the different
mechanisms governing oxidation. Data on the oxide growth rate as a
function of Al content are also presented and explained.

2. Experimental details

Metastable Ti1-xAlxN (0≤ x≤ 0.83) thin films are grown by re-
active magnetron sputter deposition using a combination of HiPIMS and
DCMS [19,20]. Layers are deposited in CemeCon CC800/9 industrial
system from elemental Ti and Al targets (Al-HiPIMS/Ti-DCMS) onto Si
(001) substrates at 500 °C. The system base pressure is better than
2.3×10−6 Torr (0.3 mPa) while the total pressure Ptot is 3 mTorr
(0.42 Pa). Ar flow is set at 350 cm3/min (sccm) and the N2 flow is
controlled by a feedback loop to maintain Ptot constant. A bias of
−200 V is applied to the substrate in synchronous with the metal-ion
rich portion of the HiPIMS pulses [21]. Except for the reference TiN
film, layer composition is controlled by varying the power to the dc
magnetron equipped with Ti target (Ti-DCMS) from 5.3 kW (x=0.25)
to 0.9 kW (x=0.83), while maintaining the average Al-HiPIMS power
constant at 2.5 kW (500 Hz, 10% duty cycle). In order to prevent in-
fluence of venting temperatures Tv on the surface oxide layer thickness
[22], all films are exposed to the laboratory atmosphere at very similar
Tv=160 ± 20 °C.

Ti1-xAlxN film compositions are determined with the accuracy of
~1 at.% by time-of-flight elastic recoil detection analysis (ToF-ERDA)
employing a 36MeV 127I8+ probe beam incident at 67.5° with recoils
detected at 45°. Phase content, grain size, and preferred orientation is
determined based on θ-2θ X-ray diffraction (XRD) scans acquired as a
function of the tilt angle ψ (defined as the angle between the surface
normal and the diffraction plane containing the incoming and dif-
fracted X-ray beams), varied from 0° to 75° in steps of 5°. XRD is carried
out using a Philips X'Pert MRD system operated with point-focus Cu Kα
radiation.

Ti 2p, N 1s, O 1s, and C 1s core-level XPS spectra are obtained from
Ti1-xAlxN films in an Axis Ultra DLD instrument from Kratos Analytical
(UK). The base pressure of the system during spectra acquisition,
1.1× 10−9 Torr (1.5× 10−7 Pa), is achieved by a combination of
turbomolecular and ion pumps. Monochromatic Al Kα radiation
(hν=1486.6 eV) is used and the anode power is set to 150W. All
spectra are collected at normal emission angle. To avoid uncertainties
related to using the C 1s signal from adventitious carbon as the energy
reference [23] BE scale is calibrated to the Fermi energy cut-off of the
sputter-cleaned polycrystalline Ag film, resulting in Ag 3d5/2 peak po-
sition of 368.3 eV. The analyzer pass energy is set to 20 eV, which yields
the full width at half maximum of 0.55 eV for the Ag 3d5/2 peak. No

charge compensation is used during analyses. XPS depth profiles are
obtained by sputter-etching with 0.5 keV Ar+ ions incident at an angle
of 70° with respect to the sample normal, and with the beam rastered
over a 3× 3mm2 area. The low Ar+ energy and shallow incidence
angle are selected to minimize the influence of the sputter-damage on
core level spectra [24,25,26]. The area analyzed by XPS is
0.3× 0.7mm2 and centered in the middle of the ion-etched crater.
Spectra deconvolution and quantification is performed using CasaXPS
software package and sensitivity factors supplied by instrument man-
ufacturer [27]. The depth scale for all experiments is based on the ca-
libration performed for the reference TiO2 thin film sample grown by
magnetron sputtering, which was determined to be 0.8 nm/min as-
suming that sputter rate does not change significantly for Al-oxide, as
supported by the results in Ref. [6].

Annealing experiments are performed in air using a high tempera-
ture furnace from MTI Corporation (GSL-1100×-S). A temperature
ramp of 5 °C/min is applied to reach all annealing temperatures Ta
(500, 600, 700, and 800 °C). Ta is maintained for 1 h after which
samples are allowed to cool down. A pristine sample piece is used for
each temperature. The influence of the annealing time is tested for
selected samples. Fig. 1 shows the XPS depth profiles obtained from
Ti0.75Al0.25N films annealed at 600 °C for (a) 1 h and (b) 5 h. While
leaving the detail discussion of the Ti, Al, O, and N profiles for later, one
can conclude that the effect of five times longer anneal on elemental
concentrations is marginal. There is a slight increase in the thickness of
the surface oxide from 35 nm with 1-h-long anneal to 45 nm with 5-h-
long anneal. The shapes of all distribution curves are essentially iden-
tical, indicating that the 1 h anneal is sufficient to reach the steady state
profiles. Hence, in the remaining part of this study 1 h anneal is used to
investigate the oxidation chemistry of all Ti1-xAlxN films.

3. Results

In agreement with previous results on the Ti1-xAlxN film growth by
hybrid HiPIMS/DCMS involving Al subplantation [28,29] XRD
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Fig. 1. XPS elemental concentration depth profiles for Ti0.75Al0.25N films after
(a) 1 h anneal at 600 °C, and (b) 5 h anneal at 600 °C.
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characterization reveals that layers with x≤ 0.70 are single-phase
NaCl-structure, while the sample with the highest AlN content of 83mol
% is dominated by wurtzite-AlN structure. Grain size 〈D〉 estimated
from Scherrer's formulae [30] vary from 8 nm for x=0.25 to 51.5 nm
for x=0.45, Thereafter 〈D〉 decreases with increasing Al content to 34,
21, and 18 nm with x=0.64, 0.70, and 0.83. The preferred crystal-
lographic orientation is 220 for x=0.25; 111 for x=0.45 and 0.64;
random for higher x.

3.1. Reference core-level spectra from sputter-cleaned Ti1-xAlxN films

Fig. 2 shows Ti 2p, Al 2p, and N 1s XPS spectra from non-annealed
low-energy Ar+ ion sputter-cleaned Ti1-xAlxN surfaces recorded at
depth of ~26 nm, used as references. The Ti 2p spectra (cf. Fig. 2(a))
consist of a spin-orbit split doublet with Ti 2p3/2 and Ti 2p1/2 peaks at
455.1 and 461.0 eV, respectively. There are satellite features on the
high binding-energy (BE) sides of the primary lines, shifted by ap-
proximately 2.7 eV, which is in agreement with previously reported
XPS data recorded in-situ during growth of polycrystalline TiN layers
[31,32]. The origin of the satellite peaks is debated in the literature,
and several options have been suggested such as a decrease in the
screening probability of the core-hole created during photoionization
by Ti 3d electrons [31,33,34], and t1g→ 2t2g intraband transitions be-
tween occupied and unoccupied electron states near the Fermi level
(shake-up events) [35,36]. Interestingly, the relative intensity of the
satellite peaks increases with increasing AlN content, and eventually for
x=0.83 the original Ti 2p peaks are hardly visible. Because of the
strong intensity, the satellite peaks can be misinterpreted as being due
to TiO.

The Al 2p spectra shown in Fig. 2(b) exhibit a single peak, with an
intensity that scales with the Al content in the sample, centered at a BE
that varies slightly from 74.1 with x=0.25 to 74.4 eV with x=0.83.
The corresponding N 1s spectra (see Fig. 2(c)) show that the peak from
TiN present at 397.3 eV broadens to the lower BE side with increasing x,
which results in a somewhat lower BE of 397.1 eV. For samples with the
highest Al concentration, x=0.83, the N 1s peak shifts towards higher
BE of 397. 4 eV, which we ascribe to surface charging in accordance
with the wide-band gap nature of AlN, as a shift of similar magnitude is
also observed in the corresponding Al 2p and Ti 2p spectra.

3.2. Core-level spectra as a function of sputtering depth

To illustrate how the chemical composition of the oxidized samples
can be reconstructed from XPS depth profiles, we discuss first the ty-
pical evolution of the primary core level spectra from annealed Ti1-
xAlxN films as a function of sputtering depth d. A complete set of Ti 2p,
Al 2p, N 1s, and O 1s signals from Ti0.75Al0.25N sample annealed at
Ta=700 °C is shown in Fig. 3(a)-(d). The Ti 2p spectra acquired for

d < 100 nm consists of a broader peaks at lower BE (with 2p3/2 com-
ponents in the region 454–457 eV) due to reduced (lower oxidation
state) oxide from the sputter damaged layer, as well as, characteristic
TiO2 contribution with the 2p3/2 component at 459.4 eV originating
from the sample region situated deep enough to not be affected by the
Ar+ ion etch [37]. The Ti signal intensity is low at shallow depths in-
dicating that the surface is depleted of Ti. With increasing d, the Ti 2p
signal intensity increases and at d ~ 100 nm there is an abrupt change
in the appearance of the Ti 2p spectrum, which becomes essentially
identical to that acquired from the reference Ti0.75Al0.25N film (cf.
Fig. 2(a)), indicating that for d > 120 nm the original film is intact.
Complementary information about the changes in the surface chemistry
induced by the heat treatment is provided by the Al 2p spectra (see
Fig. 3(b)). For d≤ 25 nm, the Al 2p peak is present at 75.5 ± 0.2 eV,
which is characteristic of Al2O3, while for d≥ 120 nm the peak position
changes to 74.1 eV, identical to that of Al in Ti0.75Al0.25N reference
sample (cf. Fig. 2(b)). The latter is consistent with the changes in the Ti
2p spectra indicating that the original film is not affected at these
depths. Noteworthy is that the Al peak is not detected for
40≤ d≤ 80 nm, revealing a 40–50 nm thick Al-depleted TiO2 layer just
below the top Al2O3 layer. Such double-layer oxide formation has been
observed previously for Ti1-xAlxN with x in the range from 0.12 to 0.50
[6,7,8,13]. The conditions for oxidation and the characterization of
oxide dual layers are discussed in Section 4.1.

The evolution of N 1s spectra with depth (cf. Fig. 3(c)) agrees with
the information extracted from Ti 2p and Al 2p signals. First, no ni-
trogen is found at d≲ 80 nm, e.g., in the Al2O3/TiO2 double-oxide layer.
For d≳ 100 nm, N 1s spectra are dominated by the peak at 397.1 eV,
corresponding to N atoms in Ti0.75Al0.25N. The satellite feature on the
high BE side of the primary peak (~400 eV) is further indicative of
Ti0.75Al0.25N (cf. the reference N 1s spectra in Fig. 2(c)). In addition, the
small peak at ~404 eV at depths exceeding 100 nm is a signature of
NeN bonding, which can be assigned to interstitial N which bonds to N
in the lattice or to the formation of N2 [38,39].

To present a more complete picture of the surface chemistry, we
also include the set of O 1s spectra recorded as a function of sputter
depth in Fig. 3(d). Closer to the very surface, i.e., for d≲ 15 nm the
spectra are dominated by a high-energy component at 532.4 eV corre-
sponding to O in Al2O3. The lower BE component at 531.0 eV due to O
in TiO2 becomes more intense with increasing d, and eventually for
d≥ 25 nm, it dominates the O 1s spectra. Thus, the evolution of O 1s
core level signal nicely corroborates the conclusions drawn based on
the three other signals. For d > 140 nm no O signal is detected, which
is an effective measure of the oxidation depth.

Important for the correct interpretation of the sputter depth profiles
presented in the remaining part of this paper is also the fact that the
nature of the XPS measurement itself contributes to smoothen the
transition between all layers. First, there is intermixing caused by the
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Fig. 2. (a) Ti 2p, (b) Al 2p, and (c) N 1s core level spectra from Ar+ ion sputter-cleaned (non-annealed) reference Ti1-xAlxN films with 0≤ x≤ 0.83.
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Ar+ ion beam. The extent of this effect is quantified by primary-ion and
recoil projected ranges due to Ar ion irradiation and can be estimated
with the help of Monte Carlo simulations of ion/surface interactions
performed with the TRIM (Transport of Ions in Matter) software
[40,41]. For 500 eV Ar+ ions incident at the angle of 20o from the
surface Ti, Al, and N recoil projected ranges are 1.2, 1.0, and 0.6 nm,
respectively [42]. Significantly larger effect is that due to the XPS
probing depth, which under present experimental conditions is in the
range of 5–8 nm [43]. Hence, all interfaces are expected to be sig-
nificantly sharper than what is seen in the XPS depth profiles.

Sets of core level spectra acquired from higher-Al-content Ti1-xAlxN
film with x=0.70 after annealing at Ta=700 °C are shown in
Fig. 4(a)-(d). The evolution of all signals with depth is distinctly dif-
ferent from that observed for the Ti0.75Al0.25N film revealing that the Al
concentration strongly effects the surface oxidation. First, there is no
dramatic loss of the Ti 2p spectra intensity at shallow depths indicating
that no double oxide layer has formed (Fig. 4(a)). The Ti 2p spectra at
d≲ 100 nm signifies TiO2 and evolves at larger depths towards the

appearance very similar to that of the reference Ti0.30Al0.70N (cf.
Fig. 2(a)) film. Thus, the oxidation depth assessed from the Ti 2p
spectra is somewhat larger than for the x=0.25 film. The set of Al 2p
spectra (see Fig. 4(b)) reveals another essential difference: unlike the
case of the lower Al content film, a complete loss of Al intensity does
not occur at any depth. Instead, the Al 2p peak at 75.5 eV is present for
d≤ 100 nm indicating Al2O3 formation, with a distinct shift to 74.2 eV
at d≥ 140 nm characteristic of Al in Ti0.30Al0.70N. These BE values are
essentially identical to those recorded for the Ti0.75Al0.25N layer.

The spectrum recorded at d=120 nm contains contributions from
Al atoms in both compounds. This allows for a clear distinction between
BE assigned to the AleO vs. AleN bond, which is usually not a trivial
task. The reported Al 2p BE values assigned to these two chemical states
exhibit large spread, from 72.3 to 75.9 eV for AleO (Al2O3) and from
70.4 to 73.1 eV for AleN [44]. Hence, both BE ranges overlap often
resulting in ambiguous spectral assignment. The primary reason is
surface charging caused by low conductivity in both Al2O3 and AlN. In
the present case, however, the charging effect is minimized as the Al-

80 75 70

Ti0.75Al0.25N, Ta =700 oC
Al 2p

Binding Energy [eV]
470 465 460 455 450

Ti0.75Al0.25N, Ta = 700 oC
Ti 2p

Depth [nm]
240
220
200
180
160
140
120
100
80
60
40
25
15
5

]
UA[

ytisnetnI

Binding Energy [eV]

TiAlN
Al2O3

TiAlNTiO2

TiAlN
(sat.)

(a) (b)

535 530

Ti0.75Al0.25N, Ta = 700 oC
O 1s

Binding Energy [eV]
405 400 395 390

Ti0.75Al0.25N, Ta = 700 oC
N 1s

]
UA[

ytisnetnI

Binding Energy [eV]

TiO2
Al2O3

TiAlN

N2

TiAlN
(sat.)

TiAlOxNy

(c) (d)

Fig. 3. Ti 2p, Al 2p, N 1s, and O 1s spectra obtained from Ti0.75Al0.25N film annealed at Ta=700 °C as a function of sputter depth.
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oxide is present only as a relatively thin surface layer, while AlN is an
integral part of the TiAlN structure with significant electric con-
ductivity. It allows us to determine the contribution due to AleO bond
to be shifted by 1.3 eV towards higher BE with respect to that of AleN
bond. In addition, we note that the full-width-at-half-maximum is sig-
nificantly larger for Al in Al2O3, with 2.1 vs. 1.3 eV for the Al 2p peak
assigned to AleN bond.

N 1s spectra (see Fig. 4(c)) at d≤ 100 nm exhibit a residual in-
tensity at relatively low BE of ~394 eV, which can be assigned to
minute TiAlOxNy [38,45,46,47]. For d≥ 120 nm, the primary N 1s peak
at 397.0 eV due to N atoms in Ti0.30Al0.70N is restored, indicating a non-
distorted material at these depths. Interestingly, N-N/N2 contribution at
~403.5 eV is observed only within a very limited range from 100 to
120 nm, corresponding to the interface between oxidized and un-
affected film.

The lack of an Al-depleted TiO2 layer in the case of x=0.70 Ti1-
xAlxN film is fully confirmed by the O 1s spectra in Fig. 4(d), which
exhibit a single peak at 532.0 eV assigned to Al2O3 for d≤ 140 nm and
no intensity at larger depths. Thus, the initial Al concentration seem to
have a profound influence on the surface chemistry upon annealing in
air. This point will be further discussed below.

3.3. A closer look at the N signals and NeN formation using Ti0.30Al0.70N
as a test case

The interstitial N detected in Ti0.75Al0.25N film at d≥ 100 nm and
Ti0.30Al0.70N film at 100≤ d≤ 120 nm is due to TiN oxidation, which
proceeds according to TiN+2O→ TiO2+ 1/2 N2. Its onset has been
observed during 4 h anneals of TiN at 450 °C in O2 atmosphere [39] and
1 h anneal at 400 °C in dry air [38]. The N-N/N2 formation being an
artefact of Ar+ etching is excluded as no such species are detected in
any of the reference samples (see Fig. 2(c)). More insight is presented in
Fig. 5(a)-(c), which shows the three sets of N 1s spectra recorded as a
function of sputtering depth from Ti0.30Al0.70N layers annealed at (a)
600, (b) 700, and (c) 800 °C, respectively. Independent of the annealing
temperature Ta, the original N signal due to nitride is absent at the very
surface. The thickness of the layer with no nitride signal, corresponding
to the fully oxidized region, increases with increasing Ta from 25 nm
when annealed at 600 °C to 100 nm at 700 °C, and 130 nm at 800 °C.
Small amount of nitrogen, of the order of few at.%, is detected in all
cases, however, at different depths. In the case of the lowest Ta atomic
nitrogen is present for d≤ 40 nm, while after the 700 and 800 °C an-
neals from 100 to 140 nm and from 140 to 160 nm, respectively. This
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progressive shift in the N-N/N2 occurrence towards deeper sample re-
gions corresponds to the increase in the thickness of the oxidized layer.
N-N/N2 is a byproduct of the Ti1-xAlxN oxidation and it is produced at
the front of the oxidation zone from where it diffuses out towards the
surface as atomic N. This scenario is corroborated by the fact that the
detected N-N/N2 decreases with increasing Ta, hence increasing the N
diffusion rate. Thus, N-N/N2 detected predominantly at the interface
region between the oxidized and nonaffected layer (which for the
lowest anneal temperature is located close to the surface) can be con-
sidered residuals of the oxidation process which became trapped as N is
immiscible in Al2O3 at these temperatures [48]. Consequently, excess
free atomic N may preferentially locate as interstitials or even generate
metal vacancies in the cubic Ti1-xAlxN, as opposed to an energetically
less favored uptake in the oxide phases at the reaction front. This is
further supported by the N 1s spectra shown in Fig. 5 where small
amounts of TiAlOxNy (cf. peaks at ~394 eV) [45,46,47,38] exist in
samples annealed at 600 and 700 °C.

3.4. Depth profiles as a function of annealing temperature and AlN content

Ti, Al, N, and O distributions obtained from the low-energy Ar+ XPS
depth profiles are shown in Figs. 6–10 for Ti1-xAlxN films with x=0.25,
0.45, 0.64, 0.70, and 0.83. In each case data acquired from samples
annealed at four different temperatures, 500, 600, 700, and 800 °C are
presented.

In the case of Ti0.75Al0.25N film (cf. Fig. 6) the extent of the oxidized
layer determined from the rapid decrease in the O signal varies from
12 nm with Ta=500 °C to 35 and 105 nm after 1 h anneal at 600 and
700 °C, respectively. For Ta=800 °C the oxide thickness exceeds
250 nm. Interestingly, the composition of the oxidized layer is a func-
tion of the annealing temperature. At low Ta the surface oxide is a
mixture, where not only Ti and Al are present, but also significant
amounts of N, while at higher Ta a distinct segregation of the metal
species is accompanied by a complete loss of N. The metal segregation
is a result of Al diffusion to the surface, where it reacts with oxygen to
form Al2O3 (see Fig. 3(b)). As a consequence, an Al-deficient layer
forms deeper in the film where remaining Ti atoms, after Ti0.75Al0.25N
decomposition, react with oxygen. Oxygen reaches this layer through
diffusion in atomic form by vacancy diffusion and/or as O2 via grain
boundary diffusion through the Al2O3 layer, to form TiO2. This is best
visible for the film annealed at 700 °C, in which case the double oxide
layer consists of 20 nm Al2O3 and 80 nm of TiO2. At even higher Ta of
800 °C, the Al2O3 thickness increases to 75 nm, while that of the TiO2

exceeds 180 nm. Hence, as expected based on the Al diffusion scenario,

there is a strong correlation between the Al2O3 thickness and the
thickness of the Al-depleted TiO2 layer, both being influenced by the
starting Al concentration in Ti1-xAlxN (cf. Section 4.1 for detailed
treatment).

Elemental concentrations as a function of depth for Ti0.55Al0.45N
and Ti0.36Al0.64N films, shown in Figs. 7 and 8, respectively, indicate
qualitatively the same behavior as for the Ti0.75Al0.25N layer. The es-
sential observation is that with increasing x the anneal temperature
necessary to induce particular change in the Al distribution profile cAl
increases. For example, cAl observed for the Ti0.75Al0.25N film at
Ta=600 °C, with a dip at around 20–30 nm characteristic of in-
complete Al diffusion (cf. Fig. 6(b)), resembles that for the Ti0.55Al0.45N
film annealed at 700 °C (Fig. 7(c)) or the Ti0.36Al0.64N layer annealed at
800 °C (Fig. 8(d)). Also, cAl from the Ti0.75Al0.25N film annealed at
700 °C (Fig. 6(c)) shows a completely Al depleted layer between 40 and
90 nm, which is similar to the Ti0.55Al0.45N film annealed at 800 °C
(Fig. 7(d)). In accordance with that, the total oxide thickness for Ti1-
xAlxN films with 0.25≤ x≤ 0.64 decreases with increasing x.

Depth profiles from the Ti0.30Al0.70N film shown in Fig. 9 reveal a
qualitative difference with respect to films with lower Al content. The
Al concentration in the unaffected volume is higher than in the oxidized
layer (see Fig. 9(b)-(c)). Independent of the annealing temperature,
formation of an Al2O3/TiO2 bilayer is not observed. Instead, both
oxides coexist at all depths in oxide layer, which extends from 8 nm
with Ta=500 °C to 40, 130, and 180 nm with Ta increased to 600, 700,
and 800 °C. Hence, irrespective of the annealing temperature, the oxide
thickness is larger than for the x=0.64 film. Except for the Ta=800 °C
case, there is also a significant amount of N incorporated in the oxidized
layer. At the highest Ta tested, cAl exhibits a dip at around 120–150 nm
indicating that at this temperature Al becomes mobile. Corresponding
mobility of Al is reported for cubic Ti0.75Al0.25N during post-deposition
annealing experiments of spinodal decomposition [49].

No signs of Al mobility are observed for the Ti1-xAlxN film with the
highest Al content x=0.83 (cf. Fig. 10) in the tested Ta range. Mixed
oxide layers form with a thickness that increases with increasing Ta
from 10 nm at Ta=500 °C to ~70, ~200, and ~220 nm at Ta=600,
700, and 800 °C, respectively. Hence, at each annealing temperature the
oxide thickness is larger than for the Ti0.30Al0.70N film.

An alternative way to view the XPS depth profiles is to present them
in a form of inter-sample comparisons for selected elements, which
facilitates the understanding of the underlying processes. Fig. 11 shows
Al concentration profiles cAl for Ti1-xAlxN films with x=0.25, 0.45,
0.64, 0.70, and 0.83 annealed at Ta ranging from 500 to 800 °C. What
could be intuitively expected is well illustrated by this set of data: the
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tendency for Al to diffuse to the surface and leave an Al-depleted layer
behind depends not only on Ta, but also on x. For the lowest Al content
sample Ti0.75Al0.25N, cAl plots exhibit traces of Al diffusion already after
an anneal at 500 °C. With increasing Ta, the Al concentration profile
evolves in such way that cAl reaches ~40 at.%, which is typical of Al2O3

at the very surface, on the expense of deeper regions where the Al
concentration is well below that of Ti0.75Al0.25N averaging at ~13 at.%
for Ta in the range 600–700 °C. Similar behavior is also observed for the
Ti0.55Al0.45N film, however, all cAl plots are offset by ~100 °C to higher
Ta values indicating better oxidation resistance. For example, cAl re-
corded for Ti0.55Al0.45N annealed at 800 °C, with the Al-depleted zone
ranging from 70 to 170 nm, is qualitatively similar to that of

Ti0.75Al0.25N sample after the 700 °C anneal, where essentially no Al is
found from 20 to 110 nm. Similar progression can be observed when
comparing the Al concentration profiles acquired from the Ti0.55Al0.45N
and Ti0.36Al0.64N films. Hence, for any Ta value in the temperature
range tested, cAl distributions indicate that the extent of changes in-
duced by annealing decreases with increasing x. However, significantly,
this trend ends at x=0.64. Further increase in x to 0.70 results in a
shift of the cAl profile towards larger depths with respect to those from
the Ti0.36Al0.64N film indicative of worsened oxidation resistance.
Further degradation is observed for the films with the highest Al con-
tent, x=0.83, in which case the oxide/nitride interface shifts to even
larger depths.
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Fig. 6. XPS elemental concentration depth profiles for Ti0.75Al0.25N films annealed for 1 h in air at: (a) 500, (b) 600, (c) 700, and (d) 800 °C.
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The variation in the oxide thickness dO extracted from oxygen ele-
mental profiles is summarized in Fig. 12 for all Ti1-xAlxN film compo-
sitions and temperature range from 500 to 800 °C. The tremendous
improvement in the TiN oxidation resistance by alloying with AlN is
very clear: at Ta=500 °C, the thickness of the oxidized surface layer
decreases from approximately 140 nm for TiN to only 5–15 nm for Ti1-
xAlxN. At this low Ta the differences between layers with x > 0 are not
that apparent. This, however, changes already after the anneal at
600 °C. In this case, dO≃ 35 nm for both Ti0.75Al0.25N and Ti0.55Al0.45N
and decreases significantly to ~15 nm for the Ti0.36Al0.64N films, which
exhibits the thinnest oxide of all samples. Further increase in the Al

content results in the formation of thicker oxide: ~40 nm for
Ti0.30Al0.70N and ~65 nm for Ti0.17Al0.83N. This trend in dO as a func-
tion of x is preserved for all other Ta values. The dispersion in oxide
thickness between the Ti1-xAlxN film with the lowest and the highest Al
content increases after annealing at 700 °C: dO ranges from 60 nm with
x=0.64 to 205 nm with x=0.83, again the highest Al content re-
sulting in the worst oxidation resistance. After 1 h at Ta=800 °C the
thinnest oxide layer of 145 nm is found for the Ti0.36Al0.64N sample,
followed by 165, 175, and 220 nm for x=0.45, 0.70, and 0.83. The
worst result of all Ti1-xAlxN films is obtained for the x=0.25 sample, in
which case dO exceeds 250 nm.
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Clearly, independent of Ta the thinnest oxide forms on the film with
x=0.64, followed by the sample with x=0.45. Increasing AlN con-
centration improves oxidation resistance in the range x= 0.25 to 0.64.
Counterintuitively, further increase in x to 0.70 and 0.83 results in the
growth of thicker oxide layer.

4. Discussion

The extensive set of data presented in Section 3 reveals essential
influence of Al content in Ti1-xAlxN films on the oxidation scenario.
Layers with lower x exhibit clear signs of Al diffusion to the surface and
are prone to form Al2O3/TiO2 double-layers (e.g. Ti0.75Al0.25N at Ta ≳

700 °C), while in the case of films with higher Al content a mixed oxide
layer forms irrespectively of Ta (e.g. Ti0.30Al0.70N and Ti0.17Al0.83N).
The total oxide thickness dO increases with Ta for all Ti1-xAlxN films. In
the temperature range 600–800 °C and for 0.25≤ x≤ 0.64, dO shows a
tendency to decrease with increasing Al content (cf. Fig. 12). However,
for films with even higher x, for which oxidation proceeds through the
formation of a mixed oxide layer, dO is in general larger than for
samples that exhibit Al2O3/TiO2 formation (except for the Ti0.75Al0.25N
films annealed at 800 °C).

There is no obvious correlation between the preferred crystalline
orientation (PO) and Ti1-xAlxN oxidation resistance. A gradual decrease
in the oxide thickness with increasing Al content observed for films
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with 0.25≤ x≤ 0.64 cannot be explained by variation in PO which
changes from 220 in the case of Ti0.75Al0.25N film to 111 for both
Ti0.55Al0.45N and Ti0.36Al0.64N layers. Similarly, there is no obvious
reason for why random orientation observed for higher-x films,
Ti0.30Al0.70N and Ti0.17Al0.83N, should have a negative impact on their
oxidation resistance.

The worsened oxidation properties of Ti1-xAlxN films with higher Al
content have been previously ascribed to the presence of wurtzite AlN
phase, which was assumed to have a negative effects by either in-
creasing the oxygen inward diffusion rate and/or decreasing the rate of
Al diffusion to the surface [13]. Our results disprove this hypothesis. All
films in the Al concentration range 0.25≤ x≤ 0.70 are single-phase
NaCl-structure, while the Ti0.30Al0.70N film clearly exhibits worse oxi-
dation resistance than the Ti0.36Al0.64N layer, as evidenced by dO(Ta)
plots in Fig. 12. Moreover, the type of oxidation observed for the latter
sample (mixed oxide formation) is the same as for the Ti1-xAlxN film
with the highest x of 0.83 which possess large fraction of hexagonal AlN
grains. Hence, we can conclude that the oxidation behavior is not
controlled by the phase content.

Another parameter that could potentially affect oxidation resistance
is the average size of crystalline grains. Smaller grains imply higher
density of grain boundaries that could act as preferred diffusion paths
for oxygen. However, we find no correlation between the average grain
size 〈D〉 of the Ti1-xAlxN alloys and their resistance to oxidation as-
sessed from dO(Ta) curves. For example, 〈D〉 increases from 8 nm with
x=0.25 to 51.5 nm with x=0.45 and decreases after that to 34 nm
with x=0.64, while the oxide thickness shows a continuous decrease
in this compositional range, irrespective of Ta, as reflected by the data
in Fig. 12. Hence, the Ti0.55Al0.45N layer possessing largest grain size of
all samples does not provide best oxidation resistance. Similarly,
Ti0.75Al0.25N film with the lowest 〈D〉 is more resistant to oxidation
than Ti0.30Al0.70N and Ti0.17Al0.83N layers, both having larger crystal-
lites. Since films included in this study are fully-dense with low-to-
moderate residual compressive stresses [28], which together with a
larger molar volume of related oxides effectively block gas transport
through the film, the grain boundary transport of oxygen and nitrogen
species is not expected to be dominant. Instead, lattice diffusion of O, N,
and Al are the likely rate-limiting processes under the tested conditions.

The here presented evidence strongly suggests that the high-tem-
perature oxidation resistance of Ti1-xAlxN alloys is solely determined by
thermodynamics, that is, by a driving force to minimize Gibbs free
energy. The latter is accomplished by converting AleN and TieN bonds
into AleO and TieO, both associated with significant energy gain as
evidenced by large differences in the corresponding heat of formation:
ΔfHAlN

0=−3.3 eV vs. ΔfHAl2O3

0=−17.4 eV and ΔfHTiN
0=−3.5 eV

vs. ΔfHTiO2

0=−9.7 eV [50]. The energy gain calculated per metal atom
is larger for Ti, hence formation of titanium oxide is preferred over that
of aluminum oxide. Consequently, Ti1-xAlxN oxidation is typically
considered in the literature to be driven by outwards diffusion of N and
Al (released by Ti oxidation) towards the oxide/vapor interface
[6,7,9,10,13,14], and an inward diffusion of atomic O to the oxide/
nitride interface.

In order to explain worsened oxidation resistance observed for Ti1-
xAlxN films with higher Al content, reported previously [13,14] and
confirmed by our results (cf. Fig. 12), we present two plausible oxida-
tion scenarios with x and Ta being crucial parameters. The discussion
below is illustrated by Fig. 13 which summarizes our findings in the
form of a two-dimensional map of two distinctly different oxidation
schemes together with a transition region in-between. We propose that
the Ti1-xAlxN oxidation is determined by a balance between Al supply at
the surface and the oxidation rate. The former is controlled directly by x
and indirectly by Ta through its effect on the oxygen diffusion rate. The
surface oxidation rate increases with Ta as the oxygen flux impinging
onto the surface increases and so does the O diffusion rate.

4.1. Type-1 oxidation: Al diffusion active

In the case of Type-1 oxidation (marked as a blue region in Fig. 13)
observed for Ti1-xAlxN films with relatively low x and at high Ta, oxygen
impinging onto the surface diffuses in and reacts primarily with Ti to
form TiO2 according to TiN +2O→ TiO2+1/2 N2 [39,38], with N2 or
N diffusing out, depending on local microstructure. As the Al solubility
in TiN and TiO2 is very limited [48,51,52,53], released Al tends to
diffuse towards the surface where it oxidizes to Al2O3. Thus, the Al
concentration gradient results within the volume defined by the oxygen
penetration depth, which further enhances Al diffusion to the surface
acting under these circumstances as a sink for Al atoms. The Al2O3 layer
grows on top of the original Ti1-xAlxN film, as evidenced by the close-to-
zero Ti concentration in the top Al oxide layer (see e.g. Figs. 6(d) and
7(d)) and prevents the surface from further oxidation (self-terminating
process). As a result of that, deeper film regions are depleted of Al and
become essentially TiO2. Hence, both metal species get well-segregated
and react with oxygen at different depths leading to a double Al2O3/
TiO2 layer formation. Each oxide grows undistorted, thus forming a
conformal layer of two stoichiometric compounds passivating the sur-
face. The total oxide thickness Al2O3+TiO2 for a film with given x
increases with Ta as a result of an increased oxygen diffusion rate. With
increasing Al content in Ti1-xAlxN smaller sample volume is sufficient to
supply the amount of Al necessary to form the top Al2O3 layer with the
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thickness required to provide good protection towards further oxida-
tion, hence a decrease in the total oxide thickness is observed (see
Fig. 12). The Type-1 oxidation scenario applies up to a critical TiO2

thickness above which spallation takes place because of high com-
pressive stresses in the oxide layer generated by large difference in TiN
and TiO2 molar volumes [6,54].

Good examples of Type-1 oxide growth include Ti0.75Al0.25N film
annealed at 700 and 800 °C, as well as, the Ti0.55Al0.45N film annealed
at 800 °C. In all these cases the Al concentration at the surface is close to
40 at.% indicative of stoichiometric oxide formation.

For films and conditions characteristic of Type-1 oxidation, in-
creasing Al content in Ti1-xAlxN while keeping Ta constant results in a
decrease of the TiO2 thickness dTiO2

since sufficient amounts of Al can be
supplied to the surface from a thinner Al-depleted subsurface layer. This
is best seen by comparing Ti0.75Al0.25N and Ti0.55Al0.45N films annealed
at 800 °C, Figs. 6(d) and 7(d), respectively. While the Al2O3 thickness
dAl2O3

is very similar for both layers, 75 and 65 nm, respectively, dTiO2

increases from 120 nm with x=0.45 to>200 nm with x=0.25.
The numerical relationship between the thickness of the TiO2 layer

dTiO2
and that of the formed aluminum oxide dAl2O3

assuming corundum
Al2O3 formation is

=
× −d

d
x

x
0.0117 (4.24 0.13 ) .TiO

Al O

3
2

2 3 (1)

To derive Eq. (1) we used ao=4.785 Å and co=12.99 Å for tri-
gonal Al2O3 [55], as well as the fact that the relaxed lattice parameter
of Ti1-xAlxN, expressed in Å, decreases with x according to the empirical
relation: 4.24–0.13× [56]. Some of the concentration profiles shown in
Figs. 6–7 are particularly suited to test the validity of Eq. (1). For ex-
ample, in the case of Ti0.75Al0.25N film annealed at 700 °C, dAl2O3

esti-
mated from the slope of the Al concentration profile (by taking the
depth at which signal intensity is at 50% of the maximum value) is
~20 nm while dTiO2

≃ 80 nm (estimated from the N concentration pro-
file, which reaches 50% at d=100 nm). Hence, dTiO2

/dAl2O3
≃ 4, which,

given the number of uncertainties (change of the sputter rate between
Al2O3 and TiO2, phase purity, etc.), agrees well with ~3.5 obtained
from Eq. (1) for x=0.25.

Even better agreement is obtained for Ti0.55Al0.45N film annealed at
800 °C: dTiO2

/dAl2O3
obtained from XPS depth profiles ~1.8 is very close

to the theoretically predicted oxide thickness ratio of ~1.9. These
simple estimates allow also to understand why the TiO2 thickness ex-
ceeds 250 nm in the case of Ti0.75Al0.25N film annealed at 800 °C (cf.
Fig. 6(d)). Here, based on the measured dAl2O3

of ~75 nm the expected
dTiO2

is 263 nm, hence, no signal from native Ti0.75Al0.25N is observed
down to 250 nm.

4.2. Transition zone: non-complete Al displacement

With increasing x while keeping the annealing temperature constant
(corresponding to moving from left to right in Fig. 13) more Al is
available in the surface region to react with oxygen, thus, at a given
oxidation rate (set by Ta) lower Al concentration gradient results and
the Al diffusion rate decreases. Under such conditions the oxide growth
is characterized by an incomplete Al displacement towards the surface
(cf. a yellow region in Fig. 13) visible as a characteristic dip in the Al
concentration profile. The most prominent examples of such Type-T
scenario include Ti0.75Al0.25N film annealed at 600 °C (cf. Fig. 6(b)),
Ti0.55Al0.45N film annealed at 700 °C (cf. Fig. 7(c)), and Ti0.36Al0.64N
film annealed at 800 °C (cf. Fig. 8(d)). The oxide growth transfers from
Type-1 to intermediate Type-T when decreasing annealing temperature
for a given x (see, e.g., Ti0.75Al0.25N film oxidation at Ta≳ 700 °C vs.
that at Ta=600 °C) due to lowered Al mobility and surface oxidation
rate (resulting in lowered Al concentration gradient).

4.3. Type-2 oxidation: no Al diffusion

For a combination of sufficiently high x and relatively low annealing
temperature, no Al diffusion to the surface is observed. The balance
between surface oxidation rate of Al and its supply from the lattice
(following TiO2 formation associated with Al and N release, as de-
scribed above) is such that no Al gradient forms. We refer to this regime
as Type-2 oxidation (cf. red region in Fig. 13). In contrast to the Type-1
route described above, the oxide growth proceeds through the con-
sumption of Ti1-xAlxN, while Ti is the preferred oxidation site. Once all
Ti is consumed, oxygen reacts with Al present in the same volume and a
mixed oxide Al2O3-TiO2 layer forms which is not conformal and, hence,
does not perform well in terms of passivating the surface. As a con-
sequence, in the Ta range studied (500–800 °C), the total thickness of
the oxidized layer is typically larger than with the Al diffusion active
(Type-1 oxidation). This is evident from the data in Fig. 12 which show
that Ti1-xAlxN films with highest Al content, x=0.70 and x=0.83,
possess the highest oxide thickness.

Typical examples of Type-2 oxidation from this study include
Ti0.55Al0.45N film annealed at Ta≲ 600 °C (cf. Fig. 7), or Ti0.36Al0.64N
and Ti0.30Al0.70N films annealed at Ta≲ 700 °C (cf. Figs. 8 and 9).

As indicated in Fig. 13, increasing Ta for a sample with given x ty-
pically results in that oxidation switches back to Type-1. The reason is
an increased surface oxidation rate, which leads to Al concentration
gradient (within the volume attacked by oxygen) that triggers diffusion.
This is, for example, observed between 600 and 700 °C with x=0.25,
between 700 and 800 °C with x=0.45, and above 800 °C with
x=0.64.

For films with x≳ 0.80, Al concentration in the Ti1-xAlxN film is
higher than what is required to form Al2O3, thus, no Al gradient exists
within the surface region, irrespectively of the annealing temperature.
All Al necessary to form Al2O3 is directly supplied by the Ti1-xAlxN
lattice. This is the case for x=0.83 film (cf. Fig. 10): mixed oxide
formation takes place as evident by the fact that the Al content in the
oxidized layer is lower than in Al2O3 (40 at.%) and lower than in the
unaffected bulk.

5. Conclusions

X-ray photoelectron spectroscopy reveals details of high-tempera-
ture oxidation of Ti1-xAlxN films, with x varying from 0 to 0.83, grown
by a hybrid high-power impulse and dc magnetron sputtering (HiPIMS/
DCMS). Layers are annealed in air for 1 h at temperatures in the range
from 500 to 800 °C. No dependence of oxidation process on the phase
content, average grain size, or preferred orientation could be con-
firmed, to the accuracy offered by the employed X-ray diffraction
techniques. Instead, under the applied test conditions, Ti1-xAlxN oxi-
dation is entirely determined by two key parameters: annealing tem-
perature Ta and Al concentration x. Two distinct oxidation routes and
one intermediate scenario can be identified.

The Type-1 oxidation is observed for Ti1-xAlxN films with relatively
low x and at higher Ta. Here the best examples include Ti0.75Al0.25N
films annealed at 700 and 800 °C, as well as, the Ti0.55Al0.45N film
annealed at 800 °C. Within this regime, oxygen impinging onto and into
the surface diffuses in primarily through vacancy diffusion and reacts
preferably with Ti (higher energy gain than upon reaction with Al) to
form TiO2. Released Al has a tendency to diffuse towards the surface
where it oxidizes to Al2O3, resulting in the formation of Al concentra-
tion gradient within the volume defined by the oxygen penetration
depth. This further enhances Al diffusion to the surface. As a con-
sequence, the deeper regions are depleted from Al and become essen-
tially TiO2. Thus, both metals get well-separated and react with oxygen
at different depths leading to a double Al2O3/TiO2 layer formation with
Al oxide growing on top of the original Ti1-xAlxN film. Due to un-
distorted growth of stoichiometric compounds conformal film structure
results, which passivates the surface. For a given x, the total oxide
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thickness, Al2O3+ TiO2, increases with Ta as a result of longer diffusion
range of oxygen. Within this oxidation scenario the thickness of the
oxidized layer decreases with increasing x, as more Al can be supplied
by the lattice, which effectively reduces the TiO2 thickness.

With increasing Al concentration in Ti1-xAlxN, more Al becomes
available at the surface region to react with O2, thus, at a given oxi-
dation rate (set by Ta) lower Al concentration gradient exists and the Al
diffusion rate decreases. This results in only a partial Al displacement
towards the surface. The typical examples are x=0.25/Ta=600 °C,
x=0.45/Ta=700 °C, and, x=0.64/Ta=800 °C. This region in the
Ta-x parameter space is a transition (T) zone situated between Type-1
and Type-2 oxidation.

The Type-2 oxidation take place for films with sufficiently high x
and at relatively low Ta. Typical examples include Ti0.55Al0.45N film
annealed at Ta≲ 600 °C, or Ti0.36Al0.64N and Ti0.30Al0.70N films an-
nealed at Ta≲ 700 °C. Here, the balance between surface oxidation rate
and Al supply from the lattice (following Ti reaction with O) is such that
no Al gradient forms, hence, no Al diffusion to the surface is observed.
Once all Ti is consumed oxygen reacts with Al present in the same
volume to form Al2O3-TiO2 mixed oxide layer, which is not conformal
and does not perform well in terms of passivating the surface. As a
consequence, in the Ta range studied (500–800 °C), the total thickness
of the oxidized layer is typically larger than with Al diffusion active
(Type-1 oxidation).

Thus, a common notion of Al2O3/TiO2 formation on the surface of
Ti1-xAlxN films upon annealing is only valid in a limited x and Ta range.
The clear distinction between different oxidation routes of Ti1-xAlxN
revealed in this work is essential for optimization of the Al content with
respect to typical working temperatures experienced during, say, a
cutting tool operation.
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