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(Ti1−x ,Alx)N films were prepared by ion beam assisted deposition (IBAD). The films were
synthesized by depositing titanium and aluminum metal individual vapor under
simultaneous bombardment with nitrogen ions in the energy range of 0.2–20 keV with the
(Ti1−x ,Alx)/N transport ratio in the range of 0.5–2.0. The films were formed onto Si(111)
wafers at room temperature. Structural characterization of the films was performed with
x-ray diffraction and selected area electron diffraction. The crystalline structure of the
(Ti0.64,Al0.36)N and (Ti0.33,Al0.67)N films were found to be a metastable single-phase B1-NaCl
structure. The (Ti0.29,Al0.71)N films revealed a two-phase mixture consisting of NaCl and
würtzite structural phases. The AlN solubility limit into TiN, which approximately equal with
x value, calculated by using electron theory was about x = 0.65, which shows good
agreement to the experimental results. Phase separation after half a year of aging at room
temperature in air was observed on the (Ti0.33,Al0.67) films whose AlN content is close to the
solubility limits. C© 2000 Kluwer Academic Publishers

1. Introduction
Recently, the synthesis of (Ti1−x,Alx)N films have been
attracting an increasing interest as a mean of obtaining
wear-protective coatings with higher oxidation resis-
tance at elevated temperatures [1, 2] and an improved
performance in machining operations [3]. (Ti1−x,Alx)N
coatings with such desirable properties may provide a
promising alternative to conventionally used TiN coat-
ings [4]. These (Ti1−x,Alx)N film have been prepared
by using a variety of physical vapor deposition (PVD)
techniques [1–7].

In the equilibrium Ti-Al-N ternary-phase diagram,
Ti, Al and N appear to have essentially no solubil-
ity in AlN, TiN and TiAl, respectively, and Ti2AlN,
Ti3AlN and Ti3Al2N2 are found as the only equilibrium
ternary phases [8]. So far the investigations on the vari-
ation of the microstructure and the metastable phases in
the (Ti1−x,Alx)N films by PVD techniques have been
mainly discussed as a function of the aluminum content
in the films.
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This study aims to investigate the microstructure of
the (Ti1−x,Alx)N films prepared using IBAD technique,
which exhibits advantages in the controllability of the
energy, and, the ion to atom ratios, over a variety of
PVD. The (Ti1−x,Alx)N films are prepared by vapor
deposition of Ti and Al individually under simultane-
ous bombardment with N ions in the energy range of
2–20 keV. Crystalline structure of the films was charac-
terized using x-ray diffraction (XRD) and selected area
diffraction (SAD). Secular instability was also studied.

2. Experimental
A compact IBAD system with a bucket-type 2.45 GHz
electron-cyclotron-resonance ion source and an elec-
tron beam evaporation source was used for the
preparation of the (Ti1−x,Alx)N films. Details of the
deposition system have been described elsewhere [9].
Acceleration voltage of the extracted nitrogen ions was
varied in the range of 0.2–20 kV. The ion current mea-
sured using a Faraday cup with an entrance aperture
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of 3 cm diameter was typically 0.7 mA; i.e., the ion
current density onto a substrate was 0.1 mA/cm2. The
base pressure of the deposition system, evacuated with
a 1500 l/s cryopump, was 9× 10−5 Pa. The working
pressure of nitrogen during the ion source operation
was 2–3× 10−3 Pa. The substrate temperature was
limited to be less than 250◦C by a water cooling
system.

The (Ti1−x,Alx)N films were prepared on Si (111)
wafers by depositing the evaporated titanium and alu-
minum individually under simultaneous bombardment
with N ions. The elemental composition of the de-
posited films was measured using energy-dispersive
X-ray spectroscopy (EDX) and X-ray fluorescence
(XRF) analysis. The atomic percent of aluminum in the
films was measured to be higher than that in the evap-
oration source, possibly because of the lower melting
point for aluminum than titanium. The transport ratio
(Ti1−x,Alx)/N was varied in the range of 0.5–2.0.

The crystalline structure of the films were character-
ized by using XRD and SAD. XRD measurements were
performed by using a diffractometer (Rigaku Corp.
RINT2000 series) with Cu Kα radiation. Glancing-
incidence thin-film optics were employed with the theta
drive locked at 1.00◦.

TEM observations were also performed to analyze
the phases that consisted. For these investigations, the
films with a thickness of∼600Å were deposited onto
electron-transparent Si (111) substrates. The prepa-
ration of these specific substrates was accomplished
before the film deposition, which consisted of grind-
ing, followed by etching in hydrofluoric acid to ob-
tain electron-transparent specimens. This method for
preparing TEM samples has advantages that which re-
quire thinning processes after the deposition of the
films. The method enables the plan-view observa-
tions in a very thin layer (possibly∼500Å) of as-
deposited films without degrading and/or changing
the microstructure due to chemical-etching and/or ion-
milling processes. The post-thinning process with ion
milling technique may simply add significant ambi-
guities to the examinations of the microstructure that
resulted from the ion-beam irradiation during film
growth. TEM observations and SAD measurements
were performed by using HITACHI H800 and JEOL
2010 electron microscope operated at 200 kV.

Microhardness measurement was carried out by a
UMIS2000 using a Berkovich (Triangular pyramid) in-
denter [10, 11]. The indentation load was incrementally
increased in 30 steps and at each step the indentation
depth was measured. Even at the lowest load (1 mN) the
indenter penetrated about 500–600Å. Since the coating
thickness is about 1000̊A indentations at higher loads
were significantly influenced by the substrate and are
not used for further analysis in this work.

3. Results and discussion
3.1. AlN content dependence on the

structures
The phase of the (Ti1−x,Alx)N films for variousx value
was identified by using SAD. Typical SAD patterns
from the (Ti1−x,Alx)N films forx= 0.36, 0.67, 0.71 and

0.84 are shown in Fig. 1a–d, respectively. Here the films
were prepared with 2 keV N ion beam at a transport
ratio (Ti1−x,Alx)/N of 2.0, and the composition of Al
to metal (Ti+Al) in the films was obtained from EDX
measurements.

The SAD patterns from the films forx= 0.36 and
0.67 show a single-phase B1-NaCl structure which is
typical for TiN. It should be noted that Ti-Al inter-
metallic compounds such as Ti3Al and TiAl and TiAl3,
or solid solutions such asα-Ti, β-Ti dissolving Al are
not observed, which is in contrast to our previous IBAD
study [12] to prepare the Ti-Al films with (Ti+Al) va-
por deposition under simultaneous Ar-ion-beam bom-
bardment. Possibly, this is attributed to the reactivity of
N ions, which may tend to stabilize the Ti-Al-N sys-
tem as a metastable nitride rather than in a multiphase
mixture composed of the intermetallic phases together
with nitride phases. Then a question arises whether Al
is actually incorporated or not in the single-phase NaCl
structure typical of TiN. To answer this question, ele-
mental mappings constructed from Ti and Al signals in
EDX are compared to the plan-view TEM images from
the films. As a result the spatial distributions of Ti and
Al atoms are found to be homogeneous over the entire
film region and obviously consistent with the plan-view
TEM images.

With increasingx value, the film forx= 0.71 shows
a two-phase mixture consisting of NaCl and w¨urtzite
crystalline phases, as being found in Fig. 1c. The varia-
tion of the phases from the B1 structure to the two-phase
mixture (NaCl and wurtzite structures) with increas-
ing x value in the Ti-Al-N system is consistent with
the result obtained from the films deposited using the
cathodic arc ion plating [6] and the dual-target mag-
netron sputtering [7]. The SAD pattern from the film
for x= 0.84 shows a single w¨urtzite.

The phase diagram of (Ti1−x,Alx)N films for various
x value prepared by IBAD with 2 keV N ion beam at
a transport ratio (Ti1−x,Alx)/N of 2.0 is summarized
in Fig. 2. The structures of the films forx= 0–0.67 are
single B1-NaCl structures. Whenx value exceeds 0.71,
two phases structures (NaCl+würzite) were observed.
A further increase inx value above∼0.84 resulted in
shingle-phase B4-w¨urtzite structure.

We have reported a dependence of AlN content on
the lattice parameter of the (Ti1−x,Alx)N films in our
previous IBAD study [13]. The lattice parameters of
the B1-single phase (Ti1−x,Alx)N films were decreased
with increasing AlN content, probably caused by Al
substituting to Ti in the TiN lattice.

3.2. Comparison of the AlN solubility limit
with the theoretical prediction

In this subsection, the experimental solubility limit of
AlN was compared with the predicted one, which is
calculated by using crystal structure map based on the
two band parameters.

The prediction of AlN solubility limit for B1 TiN is
quite important for the practical applications, because
the B1 single phase (Ti1−x,Alx)N films with the high
AlN content are considered to obtain excellent oxida-
tion resistance and hardness which are necessitated for
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Figure 1 Typical SAD rings of the (Ti1−x ,Alx)N films with x= (a) 0.36, (b) 0.67, (c) 0.71 and (d) 0.84. The films were prepared with 2 keV N ion
beam at the transport ratio (Ti1−x ,Alx)/N= 2.0. The net patterns were corresponded to the Si substrate.

the application of wear coating. Although we studied
this solubility limit experimentally as shown in Fig. 2,
we compared it with the theoretical model based on the
crystal structure mapping constructed from two band
parameters.

In the previous paper [14], it has been indicated
that the critical solubility of AlN into transition metal
nitrides with B1 crystal structure can be predicted by
the two band parameters and the structural map based
on these parameters. The critical solubility corresponds
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Figure 2 Phase diagram of the (Ti1−x ,Alx)N films prepared by IBAD
at the transport ratio (Ti1−x ,Alx)/N of 2.0.

to the critical composition at which the pseudobinary
nitrides containing AlN transform the B1 structure to
a B4 one. Here, the prediction method to calculate the
critical composition for the phase transition in the pseu-
dobinary nitride is briefly explained because it is nec-
essary to compare the predicted composition with the
experimental result on the Ti-Al-N films.

Using the two band parameters based on the pseu-
dopotential radii of Zunger [15] and the bond orbital
model [16], the structural map for the several funda-
mental crystal structures such as B1(NaCl), B2(CsCl),
B3(zincblende) and B4(w¨urtzite) type can be con-
structed in a two dimensional expression. The structural
coordinates are constructed by the two band parameters
{hybrid function (H ) and gap reduction parameter (S)}

x = { finv (MN)(2.78SMN HMN)}
{ finv (AlN) (HAlN − 2.78SAlN )− finv (MN)(HMN − 2.78SMN)}

and compositional factor (finv), and those for sp bond-
ing are expressed as follows;

H (sp)=
(
αs

nav

)1/2

+
(
αp

nav

)1/2

,

S(sp)=
[ {Ssp(A)+ Ssp(B)}

nav

]1/2

finv = (4NA NBxAxB)

(NAxB + NAxB)2

whereαs= |(Z/rs)
1/2
A + (Z/rs)

1/2
B |, αp= |(Z/rp)1/2

A +
(Z/rp)1/2

B |, Ssp= |(Z/rs)
1/2
i + (Z/rp)1/2

i |, (i , A or B),
andrs, rp, nav andZ are the Zunger’s pseudopotential
radii of s and p electrons, the average quantum num-
ber and valence, respectively. Further,NA andNB are
the valence electron numbers of A and B atoms, and
xA andxB are the atomic fractions of A and B atoms,
respectively. When B atom is a transition metal,αd and
Ssd(B) are used instead ofαp andSsp(B) in the above de-
scribed equations, whereαd = |(Z/rs)

1/2
A + (Z/rd)1/2

B |
and Ssd = |(Z/rs)

1/2
B + (Z/rp)1/2

B |. The two band pa-

Figure 3 Structural map for AB compounds with B1 and B4 structures
by two band parameters.

rameters and compositional factor were explained in
details elsewhere [17, 18]. In general,S corresponds
to a band gap reduction due to the formation of crys-
talline state, whileH corresponds to the contributions
of s and p electrons to the difference between bonding
and anti-bonding levels.

The critical composition for the phase transition of
(Ti1−x,Alx)N films from the B1 type crystal structure
to the B4 one was determined by the boundary line be-
tween B1 and B4 structures and the positions of TiN and
AlN in the structural map as shown in Fig. 3. The numer-
ical value (x) is calculated by the following equation;

where HMN, SMN and finv(MN) are the hybrid func-
tion, gap reduction parameter and compositional factor
of transition metal nitride (MN), andHAlN , SAlN and
finv(AlN) are those of AlN, respectively. The numerical
value of 2.78 is the slope of the boundary line between
B1 and B4 domains in the structural map.

The values of critical solubility of AlN into titanium
nitrides with B1 structure are 65 atomic percent. These
results mean that the phase is B1 structure typical for
TiN below 65 at.% AlN, and is B4 structure typical for
AlN above 65 at.% AlN. Taking into account the accu-
racy of EDX composition measurement, this prediction
of AlN solubility limit into TiN (65 at.%) shows a good
agreement with the experimental results (67 at.%) from
the viewpoint of the AlN solving limitation.

This prediction indicated that the phase transforms
B1-single to B4-single directly with increasing AlN at
the 65 at.%. But many researchers reported that there
is the composition range of B1+ B4 mixed structure
[6, 7], also shown in Fig. 2 in our results. We consider
that this discrepancy was caused by the fact that this pre-
diction could not include the factor concerning the de-
gree of non-equilibrium such as a temperature, cooling
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Figure 4 The dependence of hardness of the (Ti1−x ,Alx)N films on AlN
content.

rate, and the pressure effects of ions or other considera-
tions. Also the nonstoichiometry (Metal to Nitrogen) is
considered to be another reason why this discrepancy
arise. We additionally remark that it is possible to ob-
tain the single B1 structured (Ti1−x,Alx)N film with the
critical composition (65 at.% AlN) by ideal processes
which are able to achieve the ultimate condition.

We discussed the details of this theory in the ref-
erence [17–19] including its application to other pseu-
dobinary nitrides system such as (Cr1−x,Alx)N [20, 21]
or intermetallic compounds [22].

3.3. Microhardness
The microhardness of the (Ti1−x,Alx)N films for vari-
ousx value are shown in Fig. 4. The hardness increased
with x up to about 0.65, and decreased rapidly within
the composition range of the (NaCl+ würtzite) mixed
structure.

Although increasing hardness caused by substitution
of Al atom to Ti atom in B1 type TiN lattice has been re-
ported by some researchers [6, 23, 24], the explanation
on the hardening mechanism has not been discussed
in details. We suggest that one solution is to use the
solution hardening mechanism. Here, we consider the
hardening mechanism from the stand point of mechan-
ical property.

Cohen reported the relation between bulk modulus
(GPa) and the nearest neighbor distance (Å) of AB com-
pounds with tetrahedral coordination [25]. This relation
is expressed as follows;

B = 1761d−3.5

With decreasing the interatomic distance, the poten-
tial for affecting the atoms increased; in other words, the
bonding strength between A-B is increased. Although
there is some problem for applying this relation to
the Ti-Al-N system directly because of neglecting
the effects of d electrons, bulk moduli increases with
decreasing interatomic distance [26]. Decreasing of
interatomic distance caused by the aluminum substi-

tuting to Ti into the TiN lattice were reported by many
researchers, and we also obtained the same results as
shown in the reference [13]. Thus the hardening of
Ti-Al-N pseudobinary films can be interpreted by the
increase of their bulk moduli.

3.4. Secular structure instability (room
temperature-aging behavior)

The boundary ofx value between B1 single phase and
B1+B4 mixture phase was found to be about 0.65
as shown in the experimental results (Fig. 2) and the
prediction by using structure mapping obtained from
the band parameters. Although the TEM observation of
(Ti0.33,Al0.67)N showed B1-NaCl single crystal struc-
ture even after passing one month (Fig. 1b), the struc-
ture changed into the NaCl+würtzite mixed phase af-
ter half a year has passed at room temperature in air.
Fig. 5a and b shows the comparison of the SAD pat-
terns taken from the same sample before and after half a
year room temperature aging (RT-aging), respectively.
It should be noted that these SAD patterns were typical
ones at each of the TEM observation. The SAD pattern
taken before RT-aging as seen in Fig. 5a shows that the
diffraction rings from the film were broadening. This
broadening of the diffraction rings was considered to
be caused by, 1) the strain in the films, 2) the certain
width of the lattice parameters caused by the composi-
tion fluctuation of the matrix.

It is considered that the films have not so large stress
as cubic boron nitride films do, because no film bend-
ing was observed as prepared onto the Si substrates.
The (Ti1−x,Alx)N films with the composition close to
aluminum solubility limit are supposed to be very un-
stable, so that the spinodal decomposition may arise in
order to decrease the free energy of the matrix.

There may be high possibility of spinodal decompo-
sition. A schematic path for spinodal decomposition is
shown in Fig. 6 as example of case at the (Ti0.33,Al0.67)N
films close to the critical composition.

Should spinodal decomposition in the (Ti1−x,Alx)N
films arise, an aluminum composition perturbation re-
sults; i.e. Al-rich and -poor areas are made. Al-poor
areas still would exist as a B1-(Ti0.33− δ,Al0.67+ δ)N,
otherwise a Al-rich area would precipitate as a B4-
(Ti0.33+ δ,Al0.67− δ)N. The latter is AlN where Ti sub-
stituting in Al into AlN lattice. As a result, taking such a
decomposition path, the SAD patterns of the two phases
were observed as shown in Fig. 5b. Finally, these two
phases would change into equilibrium TiN and AlN,
respectively.

Furthermore, oxidation was considered to be the
mechanism which promoted the spinodal decomposi-
tion. The sample prepared onto the Si substrates and
RT-aged for about 2 years shows the broadening diffrac-
tion peak at the XRD pattern as shown by the arrow in
Fig. 7. Also in the TEM observations, broadening pat-
terns were observed as shown in Fig. 8. These broad-
ening patterns were possibly due to the existence of
titanium oxide. The (Ti1−x,Alx)N films prepared by
IBAD include about 10 atomic percent oxygen which
was contaminated during the deposition. This oxygen
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Figure 5 The comparison of typical SAD patterns from the (Ti0.33,Al0.67)N sample at the observations of (a) before, and (b) after half a year RT-aging.

Figure 6 A schematic path for spinodal decomposition of the
(Ti0.33,Al0.67)N films.

Figure 7 XRD patterns from the (Ti1−x ,Alx)N sample which was RT
aged for about 2 years.

that existed in the films causes the oxide formation, also
oxidation during RT-aging occurred considerably eas-
ily, because of the diffusion of oxygen seems easy to
obtain due to the small crystalline as can be seen from
the fact that SAD did not showspotty patternsbut show
rings patterns.

Ichimuraet al. reported that TiO2 was formed at the
first stage of the oxidation process of the (Ti1−x,Alx)N
films [5]. Once the (Ti1−x,Alx)N films oxidized,x value
of (Ti1−x,Alx)N films would increase relatively. In the
case of the (Ti1−x,Alx)N with the critical composition

Figure 8 SAD patterns from the (Ti1−x ,Alx)N sample which was RT
aged for about 2 years.

(x=∼0.65), the aluminum composition would easily
exceed the solubility limit. As a result, the NaCl-single
phase separated into two phases (NaCl+ würtzite).

(Ti1−x,Alx)N films are synthesized with various
methods by many researchers. The (Ti1−x,Alx)N films
for critical x value are expected to obtain the best oxi-
dation resistance and the hardness. In a practical us-
age of the (Ti1−x,Alx)N films, the films will suffer
thermal hysteresis for a long-time service. We worried
about the (Ti1−x,Alx)N films with highx value would
change their consisted phase after a long period us-
age, and the elevated temperatures promoted a spinodal
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decomposition and impaired the oxidation resistance
and the hardness. It should be noted that research about
secular instability and characteristic degradation is
required.

4. Summary
The (Ti1−x,Alx)N films were prepared by ion-beam-
assisted-deposition. The (Ti1−x,Alx)N films for x =
0.36 and 0.67 atomic percent revealed a metastable
single-phase B1-NaCl structure. With increasing alu-
minum content, the (Ti0.29, Al0.71)N films were found to
be a two-phase mixture consisting of NaCl and w¨urtzite
structure phases, while the (Ti0.16,Al0.84)N showed
single-würtzite structure.

The AlN solubility limit into TiN was studied exper-
imentally and theoretically. Both values of AlN solu-
bility limit shows close agreement; i.e. 67 at.% AlN by
the experimental results, 65 at.% AlN by the theoretical
calculation.

The hardness of the (Ti1−x,Alx)N films increased
with x up to about 0.60, and decreased rapidly caused
by the existence of B4 structure as a second phase. The
hardening mechanism resulting in the Al solving into
TiN lattice was discussed by the decrease of lattice pa-
rameters using Cohen’s theory.

In the Ti-Al-N system, there may be the question
of spinodal decomposition which reduced the intrinsic
properties for the application of wear protective coat-
ings such as hardness and oxidation resistance.
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