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Transition metal nitrides such as TiN, CrN and HfN,
which normally have the NaCl (B1) type lattice struc-
ture, possess excellent mechanical and chemical prop-
erties which make them suitable for applications as
wear resistant, corrosion resistant, and diffusion bar-
rier coatings. It has been shown that the hardness and
the oxidation resistance quality of these nitride coat-
ings can be improved by adding a third element such
as aluminum [1–3]. Since aluminum also forms its own
nitride, AlN, which normally has the Wurtzite (B4) type
lattice structure, the incorporation of Al or AlN in the
B1-type nitride coatings will lead to phase transition
from B1 to B4 if the solubility limit of AlN in the B1
phase is exceeded [4, 5]. In many cases, nitride films
with B4-type structure are not desired due to the low
hardness and poor ductility associated with the hexag-
onal structure. Many studies have thus been conducted
on the B1-B4 phase transition, particularly in the Ti-
Al-N and Cr-Al-N systems [4–7].

It has been shown that among transition metal nitrides
with the B1 structure, CrN has the highest solubility
limit for aluminum nitride (AlN) [4]. Theoretical cal-
culation predicted that the solubility limit of AlN in B1
CrN is about 77%, above which the transition from B1
to B4 structure occurs [5]. Since Al has a smaller atomic
radius than Cr, the dissolution of AlN in CrN will lead
to contraction of the lattice of the cubic B1 structure
from that of pure CrN towards that of metastable cubic
AlN. Fig. 1 schematically shows the variation of the lat-
tice parameter of the B1 CrAlN phase with AlN content
and the transition from B1 to B4. This prediction has
been observed by experimental work on co-sputtered
Cr-Al-N films on both heated and unheated substrates
[4, 5, 8–11]. This has significant implications that the
high temperature oxidation resistance of CrN films can
be much improved by adding a large amount of alu-
minum without altering the B1 structure [12].

In the present work, attempts have been made to de-
posit Cr-Al-N films with Al contents within the solubil-
ity limit in B1 structure onto several substrate materials.
It was found that the substrate material has a strong in-
fluence on the phase constituents in the films. Deviation
from theoretical prediction and previous experimental
results was observed.

The substrate materials used are polished (100) sil-
icon wafer, commercial aluminum alloy AA6061, and
M42 high speed steel (HSS). A planar magnetron sput-
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tering system was used for film deposition. Two sput-
tering power supplies are available in the system: one
is in direct current (DC) mode and the other in ra-
dio frequency (RF) mode with an impedance-matching
network for the optimization of the RF power input.
Cr-Al-N films were fabricated by co-sputtering of the
chromium target and the aluminum target in an ar-
gon/nitrogen gas mixture with argon to nitrogen flow
rate ratio 1:1. The size of the targets is 75 mm in diam-
eter and 5 mm in thickness. The chromium target was
sputtered in DC mode, while the aluminum target was
sputtered in RF mode, due to the formation of an insu-
lating AlN layer at the target surface. During deposition,
the substrate temperature was kept constant at 300 ◦C
and the working pressure was 0.67 Pa. The sputtering
power (DC) of the chromium target was kept constant
at 250 W, while the sputtering power (RF) of the alu-
minum target was varied from 50 to 300 W for differ-
ent depositions. This allowed for the variation of alu-
minum content in the resultant Cr-Al-N films. A Rigaku
Dmax 2200 X-ray diffraction (XRD) instrument with
Cu Kα radiation (λ = 0.15406 nm) was used for XRD
measurement to determine the phase constituents in the
films. Grazing angle incidence scan with a fixed inci-
dence angle of 2 ◦ was used. Electron probe microanaly-
sis (EPMA) attached to a scanning electron microscope
was performed to measure the chemical compositions
of all the films.

Fig. 2 shows the chemical composition of the Cr-
Al-N films as a function of aluminum target power.
It can be seen that although the chemical composi-
tion of the films is slightly dependent on substrate
material, at a constant chromium target power (250
W), the aluminum content increases linearly and the
chromium content decreases linearly with increasing
aluminum target power, while the nitrogen content re-
mains nearly constant at about 50% for all the films.
This suggests that the films produced are nearly stoi-
chiometric (Cr:Al)N. From the chemical composition
analysis (Fig. 2), it can also be derived that the AlN
concentration in all the films produced is less than 35%,
which is within the solubility limit of AlN in CrN, as
discussed previously.

It is thus expected that all the films produced should
have a single B1 CrAlN phase structure, with all the
AlN dissolved in CrN. This is indeed the case for the
films deposited on the (100) Si substrates, as can be seen
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Figure 1 Schematic diagram showing the lattice parameter of CrAlN
phase and B1-B4 transition as a function of AlN content in the film.

Figure 2 Film composition as a function of aluminum target power for
the Cr-Al-N films deposited on the three substrate materials. Constant
chromium target power: 250 W.

from the XRD patterns (Fig. 3). Two diffraction peaks
corresponding to B1 CrAlN were detected from each
film on (100) Si, with the peak positions being shifted
to higher 2θ angles with increasing aluminum content
in the film, i.e., the average lattice parameter calculated
from the CrAlN (111) and (220) peaks decreases with
increasing aluminum content, as can be clearly seen in
Fig. 6.

However, each XRD pattern generated from the films
deposited on the aluminum alloy substrates is split into
two sets of fcc patterns, one corresponding to CrN and
the other to metastable cubic AlN (Fig. 4). The peaks
from B1 CrN are shifted to higher 2θ angles with in-
creasing aluminum content in the film, indicating the
dissolution of some AlN in the B1 CrN lattice. While
all the peaks from cubic AlN are shifted to lower 2θ an-
gles, which suggests that some CrN is dissolved in the
metastable B1 AlN, causing lattice expansion. Fig. 6
also shows the variation of lattice parameters of the
two cubic phases with aluminum content in the film.
The lattice parameter of the cubic CrN phase decreases
with increasing Al content, suggesting an increasing
amount of AlN dissolved in CrN, while the lattice pa-
rameter of the AlN phase remains nearly constant in all
the films, suggesting that the amount of CrN dissolved

Figure 3 XRD patterns from the Cr-Al-N films with varying amounts
of aluminum deposited on (100) Si substrates.

Figure 4 XRD patterns from the Cr-Al-N films with varying amounts
of aluminum deposited on aluminum alloy substrates.

in cubic AlN is similar in all the films. The formation of
a separate cubic AlN phase in the films also means that
the amount of AlN dissolved in the cubic CrN is less
than that in the films deposited on (100) Si substrates.
This explains the observed larger lattice parameter of
the CrN phase on aluminum alloy substrates (Fig. 6).
It is also noted that the lattice parameter of the CrN
phase on both silicon and aluminum alloy substrates
decreases at a similar rate with increasing aluminum
content in the film.

For the films deposited on the HSS substrates, in
addition to the CrN(111) and CrN(220) peaks, a rel-
atively broad peak positioning at 2θ angle between
that for CrN(200) and cubic AlN(200) was detected,
while the cubic AlN(111) and (220) peaks were not
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Figure 5 XRD patterns from the Cr-Al-N films with varying amounts
of aluminum deposited on high speed steel substrates.

Figure 6 Variation of lattice parameter of B1-CrN and B1-AlN with
aluminum content in the Cr-Al-N film.

detected (Fig. 5). The average lattice parameter of the
CrN phase calculated from the (111) and (220) peaks
also decreases with increasing aluminum content in
the film, but at a slower rate than that found for the

films deposited on silicon and aluminum alloy sub-
strates (Fig. 6). It thus seems that the aluminum atoms
(cations) mainly cluster at the {200} planes of the cubic
CrN lattice, causing the large contraction in interplanar
spacing along the {200} planes, while in the {111} and
{220} planes, the interplanar spacings are less affected
by aluminum dissolution.

In summary, substrate material influences phase evo-
lution in reactively co-sputtered Cr-Al-N films with Al
contents favorable for B1 phase formation. The films
deposited on (100) Si substrates coincide with theo-
retical prediction and previously experimental results
in that a single B1 phase (CrAl)N is evolved. However,
two B1 phases, i.e., cubic CrN and cubic AlN, evolve in
the films deposited on aluminum alloy substrates, with
dissolution of Al in CrN and Cr in AlN. In the films de-
posited on the HSS substrates, clustering of Al cations
at the B1 CrN {200} planes seems to occur, which leads
to the large contraction of interplanar spacing along the
{200} planes.
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