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Ti–V–Cr–Al–N films were prepared by dc magnetron co-sputtering by utilizing TiVCr and Al targets. By
using glancing incidence X-ray diffraction, a single NaCl solid solution phase with (200) preferred orien-
tation for the Al-doped films was revealed, as opposed to the undoped films that possessed predomi-
nantly (111) preferred orientation. This indicates that Al addition can lead to the enhancement of
adatom mobility and consequently, to a thermodynamically favorable (200) orientation. This also leads
to grain growth and increased surface roughness. However, based on results from transmission electron
microscopy, the microstructure morphology seemed independent of the Al concentration, implying that
adatom mobility is not sufficient for the barriers present at the grain boundaries. Accordingly, hardness
was enhanced by the increase in Al concentration.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Binary transition metal nitride films, such as TiN and CrN, among
others, are widely used to increase the application range of underly-
ing materials. Increasing the hardness of the films, as well as ensur-
ing their appropriate chemical and thermodynamical stability, can
protect materials from damage in aggressive environments [1–4].
To improve these properties, the best known method is adding a
third element such as Al and Si to form solid solution and nanocom-
posite films. Several recent studies have shown that ternary nitride
films in Ti–Al–N, Cr–Al–N, Ti–Si–N, and Cr–Si–N systems have im-
proved hardness and thermal stability, which provide significant
improvements in various applications [5–8]. Moreover, great efforts
have also been done by alloying nitride film with other elements,
such as Ti–Cr–N, Cr–V–N, and Ti–V–N [9–11]. They exhibited
improved mechanical properties and thermal stability. In view of
the foregoing, depositing multi-element mixed films would be an
effective path to developing further the properties of material.

More recently, Ti–V–Cr–N films with three strong nitride form-
ing elements were designed to deposit strong nitride films by dc
magnetron reactive sputtering [12]. The crystal structures,
microstructure, and mechanical and electrical properties were
investigated in detail. The influence of Al contents in binary
nitrides is intensively investigated in literature, but the role of Al
content in Ti–V–Cr–N films is not yet clarified. This study is thus
intended to investigate the Al effect on Ti–V–Cr–N films by dc
magnetron reactive co-sputtering of equi-molar TiVCr and Al
targets. The Al input powers is monitored to prepare different
Al-containing coatings for investigating the Al effect on the struc-
ture, mechanical and electrical properties.

2. Experimental

Ti–V–Cr–Al–N films were formed in an high-vacuum dual-target
sputter deposition system by dc magnetron sputtering onto the
p-type Si(100) substrate using 4-inch-diameter TiVCr and Al
targets in a pure N2 atmosphere (Fig. 1). Prior deposition, p-Si
(100) wafers were cleaned in an ultrasonic bath and then rinsed
thoroughly with ethanol and distilled water, after which they were
placed in the vacuum system. In carrying out dual-target sputter
deposition, the distance of the target to the substrate was
150 mm and the deposition angle was 45� relative to the substrate.
The sputtering system consisted of a stainless steel vacuum
chamber and a cryopump with a rotary pump, providing an
ultimate vacuum of 6.67 � 10�5 Pa before introducing the gases.
High-purity nitrogen (4 N) was used as sputtering gas. Nitrogen
flow was kept at 70.5 standard cubic centimeters per minute
(sccm). TiVCr target power was 300 W with Al target power rang-
ing from 0 to 300 W in order to obtain (TiVCr)1�xAlx nitride films
with a different content of Al. During deposition, the working
pressure was kept at 4.0 � 10�1 Pa and the deposition time was
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Fig. 1. Schematic diagram of the reactive magnetron sputtering system.

Fig. 2. ESCA determined composition of the Ti–V–Cr–Al–N thin films prepared at
various input power of Al target.

Fig. 3. X-ray diffraction pattern of the Ti–V–Cr–Al–N thin films with various Al
concentrations.

Table 2
Relative intensities of diffraction peaks and average grain sizes of the Ti–V–Cr–Al–N
films.
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set to 100 min. The substrates were rotated at 30 rpm during depo-
sition in order to produce smooth and uniform films. The process
parameters are listed in Table 1. The TiVCr and Al targets were
presputtered in pure argon atmosphere to remove the surface
oxide layer of the target before deposition.

The chemical compositions of the nitride films were analyzed
by electron spectroscopy for chemical analysis (ESCA, PHI 500 Ver-
saProbe). Crystalline structures were analyzed by glancing-inci-
dence (1�) X-ray diffractometer (XRD, MacScience MXP3) using
Cu Ka radiation at a scanning speed of 0.2�/min. Furthermore,
based on the full width at half maximum, the average grain sizes
of the films were calculated using Scherrer’s formula [13]. Mor-
phology studies and thickness measurements were carried out
using field emission scanning electron microscopy (SEM, JEOL
JSM-6700F). Microstructural examinations were conducted with
an analytical transmission electron microscope (TEM, JEM
1200EX II). The surface morphology of the films was observed by
atomic force microscopy (AFM, Seiko SPA400). The root mean
square (RMS) surface roughness values of the films were derived
from the AFM images. The microhardness and elastic modulus of
the films were measured at a load of 200 lN using a TriboLab
nanoindenter (Hysitron).
Al concentration
(at.%)

Relative intensity XRD-measured average grain
size (nm)

(111) (200) (220)

0 62.4 9.4 28.3 11.9
10.51 25.8 206.0 43.9 14.4
15.74 19.5 210.7 44.9 15.6
19.45 23.2 254.4 66.8 16.0
3. Results and discussion

Fig. 2 presents the ESCA-determined composition of the Ti–V–
Cr–Al–N thin films prepared at various input powers of the Al tar-
get. By varying the power on the Al target, the chemical composi-
tion of thin films was controlled separately. The N concentration
did not significantly vary with Al concentration, maintaining al-
Table 1
Deposition conditions of the Ti–V–Cr–Al–N films.

Process parameter Values

Base pressure (Pa) <6.67 � 10�5

Working pressure (Pa) 4.0 � 10�1

N2 flow (sccm) 70.5
Dc power on the TiVCr target (W) 300
Dc power on the Al target (W) 0, 100, 200, 300
Deposition time (min) 100
Deposition temperature Room temperature
Target-to-substrate distance (mm) 150
most constant at values of 50 at.%; hence, this can be regarded as
saturated nitride films.

Fig. 3 shows X-ray diffraction pattern of the Ti–V–Cr–Al–N thin
films with various Al concentrations. Results indicate that all of the
films exhibited a single NaCl solid solution structure. This is possi-
ble because TiN, VN, and CrN were all present in the NaCl structure.
(TiVCr)N thin films also exhibited a single NaCl solid solution
structure. Although AlN exhibited a wurtzite structure with alter-
nating layers of Al and N atoms when approaching thermodynam-
ically favorable situations, it also presented an NaCl metastable
structure under high-pressure conditions. Typically, another meth-
od of obtaining the NaCl phase is epitaxial stabilization. Metastable
structures can be stabilized by multilayer superlattices. Therefore,



Fig. 4. Plan-view and cross-sectional SEM micrographs for the Ti–V–Cr–Al–N thin films with various Al concentrations. (a) 0 at.%, (b) 10.51 at.%, (c) 15.74 at.%, and (d)
19.45 at.%.

D.-C. Tsai et al. / Nuclear Instruments and Methods in Physics Research B 310 (2013) 93–98 95
(TiVCrAl)N thin films can also exhibit a single NaCl solid solution
structure in which Al, Ti, V, and Cr atoms are randomly distributed
over the metal sublattice. The relative theoretically predicted and
experimental results have already been reported by many studies.
A single NaCl structure was exhibited in Ti–Al–N, Cr–Al–N, Ti–Cr–
N, Cr–V–N, and Ti–V–N systems [5,6,9–11]. Additionally, Kimura
et al. systematically showed that (TiAl)N and (CrAl)N films pre-
sented a single NaCl structure even if the Al ratio is increased to
about 0.6 [14,15]. (TiCrAl)N films can also be synthesized with
B1 structures up to an Al ratio of 0.73 [16]. The solubility limits
of AlN incorporated into several transition nitrides with NaCl
structure has been predicted by Makino [17] using the structural
map constructed from two band parameters; the critical concen-
trations of AlN in TiN, VN, and CrN for phase change are 65.3%,
72.4%, and 77.2%, respectively. All the investigations mentioned
above completely concur with our results.



Fig. 5. Plan-view, cross-sectional TEM micrographs, and selected area diffraction patterns of the Ti–V–Cr–Al–N thin films with various Al concentrations. (a) 0 at.%, (b)
10.51 at.%, (c) 15.74 at.%, and (d) 19.45 at.%.
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(TiVCr)N films exhibited a predominantly (111) preferred ori-
entation with minor crystallites oriented at (200), (220), (311),
and (222). However, this predominant preferential orientation in
(TiVCrAl)N films transformed into a (200) preferred orientation.
Moreover, the crystalline and grain size of the (TiVCrAl)N films sig-
nificant increased with increase in Al concentration. The relative
intensities of the diffraction peaks are listed in Table 2. Interest-
ingly, the structure observed for the Ti–V–Cr–Al–N thin films were
significantly modified by the addition of Al atoms. This indicates
that the substitution of TiVCr atoms by Al in the metallic sublattice
leads to a significant enhancement of adatom mobility on the
growing crystallite. According to several authors [18–20], the tran-
sition from (111) to (200) of the predominant preferential orien-
tation can also occur in TiN, CrN, and ZrN films after adding Al
atoms. Therefore, the different activation energies of Ti in TiN
and of Al in TiN play important roles. A wide range of activation



Fig. 6. Surface roughness of the Ti–V–Cr–Al–N thin films with various Al
concentrations.

Fig. 7. Hardness of the Ti–V–Cr–Al–N thin films with various Al concentrations.
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energies for atomic diffusion in TiN (2.1–2.2 eV for N and 2.6 eV for
Ti) was reported previously [21]; for Al atoms, the activation en-
ergy of 0.3 eV was mentioned for Al diffusion along the grain
boundaries in TiN. As the diffusion activation energy of Al is much
lower than that of Ti in TiN, the diffusivity of atoms is enhanced. In
other words, the substitution of Ti, V, and Cr atoms by Al atoms in
the metallic sublattice leads to a significant enhancement of ada-
tom mobility on growing films and consequently, to a thermody-
namically favorable (200) orientation.

Fig. 4 shows the plan view and cross-sectional SEM micrographs
of the Ti–V–Cr–Al–N thin films with various Al concentrations. One
can notice a typical columnar structure with a dome-like surface.
The individual columns, however, are compact and hard to sepa-
rate. Evidently, even if the Al concentration was increased to
19.45 at.%, no significant changes in the morphology of undoped
and Al-doped state could be observed.

Fig. 5 shows the plan view, cross-sectional TEM micrographs,
and selected area diffraction (SAD) patterns of Ti–V–Cr–Al–N thin
films with various Al concentrations. On top of the Si substrate,
there is a randomly oriented small grain Ti–V–Cr–Al–N layer and
a columnar Ti–V–Cr–Al–N layer. It is believed that in the initial
stage of deposition, Ti–V–Cr–Al–N films nucleate to form randomly
oriented small grains, leading to reduced surface energy; thereaf-
ter, they develop into grains (column) with larger lateral sizes
along the growing direction, after which they produce typical V-
shaped columns that are typical for transition (T zone) morphology
[22]. The overall microstructure was quite compact, but void
boundaries were still visible. When Al atoms were introduced into
films from 0 at.% to 19.45 at.%, the microstructure did not exhibit
any significant variation. This implies that the addition of Al can
only cause significant increases in surface diffusion along the
planes; however, an increase in adatom mobility proves insuffi-
cient to overcome the barrier located at the boundary. In effect,
the microstructures of the thin films were all similar. Similar to
XRD result, SAD patterns analysis shows that the films only exhibit
a simple NaCl solid solution structure.

Fig. 6 shows the RMS surface roughness of the Ti–V–Cr–Al–N
thin films as a function of Al concentration. With increase in Al
concentrations, surface roughness also increased, but only very
slightly. This variation in surface roughness conforms to that of
grain size. This could be attributed to the enhanced adatom mobil-
ity causing grain aggregation or growth, thereby promoting the
development of surface roughness.

Fig. 7 shows the hardness of Ti–V–Cr–Al–N thin films as a func-
tion of Al concentration. Pure (TiVCr)N film exhibited hardness of
14.6 GPa. Hardness and elastic modulus intensified with increase
in Al concentration (i.e., up to 18.6 GPa and 173.6 GPa for an Al
concentration of 19.45 at.%, respectively.). The hardening of the
Ti–V–Cr–Al–N films as a function of the Al concentration could
be attributed to solid solution strengthening and the hindered dis-
location motion caused by lattice distortion. In addition, valence
electron concentrations could have also affected the bonding state.
Specifically, reduced valence electrons, which were contributed by
the Al atom, decreased the retention of the anti-bonding states,
thereby partially strengthening the stability and hardness of the
structure [23]. In this study, chemical mixing enthalpy assisted
the authors in investigating the phenomenon. The chemical mixing
enthalpy of Al–Ti, Al–V, and Al–Cr were �30, �16, and
�10 kJ mol�1, respectively; meanwhile, the chemical mixing en-
thalpy of Ti–V, Ti–Cr, and V–Cr were �2, �7, and �2 kJ mol�1,
respectively [24]. Results imply that the combinative force of Al
with other elements was strongest among all the elements in the
alloy. As reported by Chung et al. [25], hardness intensifies with in-
crease in Al concentration.
4. Conclusions

The influence of Al incorporation into (TiVCr)N in terms of
microstructure and morphology, as well as electronic and mechan-
ical properties, was studied using films deposited by a dual dc
magnetron co-sputtering system onto TiVCr and Al targets. Pure
(TiVCr)N films exhibited predominantly (111) preferred orienta-
tion, with minor amounts of crystallites preferentially oriented at
(220), (311), and (222). When Ti, V, and Cr were substituted with
Al, the aforementioned preferential orientation predominantly
transformed into a (200) preferred orientation; grain growth was
also promoted. Results indicate that adatom mobility can be en-
hanced by adding Al. Such findings can be attributed to lower dif-
fusion activation energy of Al in TiN. Surface roughness was
affected by grain growth. Accordingly, hardness intensified with
increase in Al concentration, which could be attributed to solid
solution strengthening and strong covalent bonds.
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