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CrAIN films have been prepared using a pulsed DC reactive sputtering system. The effects of N, /Ar ratio
and pulse width on the film’s structure and properties have been investigated.

The total sputtering pressure decreased with increased N;/Ar ratio. All CrAIN films showed NaCl-type
CrN structure, while mixed structures of wurtzite-type Cr, N, wurtzite-type AIN and NaCl-type CrN phases
formed in the films produced under lower sputtering pressure and higher pulse width. Increasing the
sputtering pressure resulted in a decrease in the films internal stress. Moreover, the plastic hardness of
the films prepared under different pulse widths was higher at the lower sputtering pressure.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

It is well known that the energy delivered to a growing film by
bombarding particles (Ep;) has a strong effect on its microstructure
and properties [1-5]. Polakova et al. [6] showed that, in a collision-
less discharge, the energy delivered per deposited volume can be
determined from three measured quantities, i.e. the substrate bias
(Us), the substrate ion current density (is) and the deposition rate
(ap) of the film, according to the following formula:

isUs L
Epi = ( o ) exp (_)Tz) at Ts = const (1)

where (L) is the sheath thickness, (1;) is the mean free path of the
ion for collisions leading to losses of the ion energy in the sheath [6].
In DC magnetron sputtering system it has been found that changes
in sputtering rate (ap), caused by a change in the partial pressure of
reactive gas (prc) (RG =Ny, O,, CHy, etc.) under constant deposition
conditions, induce very large changes in the energy (Ey;) delivered
to the film during its growth [6,7]. Therefore, it can be expected
that changes in the properties of the reactively sputtered films will
strongly depend on the partial pressure of reactive gas [7]. Pre-
vious reports demonstrated that pulsed DC magnetron sputtering
enhances both the plasma density and electron temperature, and
therefore increases the ion energy and ion flux to the growing film
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atthe substrate [8-11]. However, little is currently known about the
role of the partial pressure of reactant gas on the microstructure of
the films prepared in pulsed DC magnetron sputtering systems.
CrAlN films are well known for their outstanding properties
such as high toughness, high compressive residual stress, excel-
lent film adhesion, low surface energy and high wear resistance
[12-20]. Over recent years a general approach aimed at improv-
ing the properties of CrAIN film has been to increase its Al content
to improve its structure and increase its thermal stability. In our
previous report we showed that, with a Cr/Al (=30/70 (at.%)) alloy
target in the pulsed DC balanced magnetron sputtering system,
CrAlN films with moderate hardness and a mixed structure of NaCl-
type CrN and wurtzite-type AIN form [21]. However, these CrAIN
films did not show good mechanical properties. In contrast, using a
Cr/Al (=50/50 (at.%)) alloy target and different pulse widths, CrAIN
films with the correct microstructure and good mechanical prop-
erties were formed [22]. There are some reports on the effect of
sputtering conditions and pulsing parameters on the properties
and structure of CrAlN film in unbalanced magnetron sputtering
systems, but there are only few reports on these effects in a bal-
anced magnetron sputtering system. Facing target-type sputtering
is one of the balanced magnetron sputtering systems, frequently
used for the deposition of magnetic materials [23,24], hard coat-
ings [25] and transparent conducting coatings [26]. We need to
investigate the effect of sputtering conditions and pulsing param-
eters on the microstructure and mechanical properties of CrAIN
films in balanced magnetron spattering system. In this paper, we
report on CrAIN films prepared in a balanced magnetron sputtering
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Table 1

Details of deposition parameters and properties of the films that prepared under different deposition conditions.
Sample No. Total sputtering pressure (Pa) N, /Ar Pulse width, 7, (ns) Composition (at.%) Internal stress (GPa) Hpl (GPa)

Cr Al N

S-1 2.7 x107! 20/15 576 26.1 24.6 49.3 -2.7+04 28425
S-2 2.6x 10! 20/15 1136 - - - -2.6+0.7 30+£1.5
R-1 23 x10! 30/10 576 - - - -3.5+09 33+25
R-2 22x10°! 30/10 1056 241 245 51.4 -3.6+1.1 42+28

system under different N, /Ar ratios and pulse widths with a Cr/Al
(=50/50 (at.%)) alloy target. The microstructure and properties of
the deposited films were studied.

2. Experimental procedure

CrAIN films were prepared in a pulsed DC sputtering apparatus with facing
target-type sputtering (FTS) configuration (Osaka Vacuum Co., Ltd., FTS-2R). For
more details about the deposition conditions of the films we refer to our previ-
ous reports [21,22]. A mirror-polished silicon wafer 25 mm square was used as the
substrate. All the substrates were cleaned ultrasonically with acetone, ethanol, and
2-propanol, in that order, before sputtering deposition.

The hardness was measured by a nanoindentation system (Fischer scope,
H100C) at room temperature. The load was selected to keep an impression depth
not more than 10% of the film thickness, so that the influence of the substrate could
be neglected.

The measurement of the internal stress value of the films is described in detail
in our previous articles [21,22].

The crystal structure of the films was assigned using X-ray diffractometry (Cu
Ko radiation) with either a thin film or 6-26 goniometer (Philips X'pert system).
When using the thin film goniometer, scans were made in the grazing angle mode
(Seeman-Bohlin mode) with an incident beam angle of 1°.

3. Results and discussion

Details of the deposition of films and magnetron pulsing param-
eters for each N, /Ar ratio are summarized in Table 1. Films were
prepared at two different pulse widths (low and high) with two
N,/Ar ratios of 1.3 (named group-S) and 3 (named group-R). The
pulsing power was 1.5kW and the frequency 240 kHz. The total
sputtering gas pressure ranged between 0.26 and 0.27 Pa for group-
S, and 0.22-0.23 Pa for group-R.

As shown in Table 1 the total sputtering pressure is lower for
films of the group-R which are prepared under higher N, /Ar ratio.
On increasing the nitrogen flow rate in group-R, target poisoning
became apparent. Moreover, with increased nitrogen flow rate, the
Ar flow rate decreased simultaneously. Consequently, the num-
ber of whole sputtered species decreased as a result of combined
actions of target poisoning and lower Ar partial pressure. Finally,
the total sputtering gas pressure was lower at higher N, /Ar ratio.

The development of XRD patterns for CrAIN films, prepared at
different N /Ar ratios and pulse widths is given in Fig. 1. Films pre-
pared at the lower N,/Ar ratio (S-1, 2) and one film prepared at
higher N, /Ar ratio and lower pulse width (R-1), exhibited a NaCl-
type CrN structure. In contrast, a film prepared at higher N, /Ar ratio
and higher pulse width (R-2) showed a mixed structure of wurtzite-
type CryN and wurtzite-type AIN phases in addition to some weak
peaks of NaCl-type CrN phase at high diffraction angles. For more
details about the formation of mixed structure in the R-2 film, we
refer to our previous paper (this sample is named as D-5 film) [22].

An increase in sputtering pressure also affected the internal
stress values of the films. The residual stress values in CrAlN films
deposited at different deposition conditions are summarized in
Table 1. All stress values in CrAlN films are compressive. The CrAIN
films deposited at lower sputtering pressure (group-R) exhibited
higher compressive stress values compared to the films deposited
at higher sputtering pressure (group-S). The intrinsic stress occurs
as a consequence of an accumulation of crystallographic defects
that are built in to the film during its deposition and is connected

Fig. 1. X-ray diffraction patterns of CrAIN films at different deposition conditions.

with the energy delivered to the growing film by bombarding ions
and condensing particles [11]. According to Eq. (1) this energy (Ej;)
is determined not only by (is), (ap) and (Us) but also by the total
sputtering pressure (pr). Thus, a decrease in total sputtering pres-
sure at higher N, /Ar ratios will increase the mean free path of ions
(A;) which in turn increase the delivered energy to the growing
film (E,;). It has been shown that, when the incident species on
the surface of the growing film have relatively low energies and
subplantation ratios, their energy is transferred to the surface of
the growing film and affects the surface roughness [27-31]. On the
other hand, when the energy of the incident species increases, their
energy is dissipated in the bulk of the film which, in turn, results
in higher internal stresses [30,32,33]. The film composition for S-1
and R-2 films is shown in Table 1. It can be seen that the percent-
age of atomic nitrogen in the R-2 film is higher than that of S-1.
We conclude that more nitrogen species with higher energy are
incorporated into the films of group-R which result in the observed
higher internal stress.

The hardness values of CrAlN films deposited at different sput-
tering pressures and pulse widths are summarized in Table 1. CrAIN
films prepared at lower sputtering pressures (group-R) showed
slightly higher hardness, ranging between 33 and 42 GPa, com-
pared to the films prepared at higher sputtering pressures (group-S)
which ranged between 28 and 30 GPa. Polakova et al. reported
formation of super hard (Ti,ALV)N films at lower total sputtering
gas pressures [6]. However, they demonstrated that super hard
film can be formed only at energies (E,;) greater than a minimum
(threshold) energy (Ej;) but a certain minimal energy (E,;) is only a
necessary condition to enhance film’s hardness and is not the single
dominating one. A second condition necessary to cause high hard-
ness in the film is an optimum structure [6]. In this study, films
at higher sputtering pressures show higher internal stress values.
Moreover, the R-2 film shows mixed structure of wurtzite-type and
the NaCl-type phases. In our previous article, the R-2 film was char-
acterized as a nanocomposite film composed of a mixture of grains
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with different chemical composition [22]. These together can yield
an optimal structure which can result in higher hardness values of
group-R.

4. Conclusions

From the results of the present study, the following conclusions
can be drawn:

(1) An increase in the N;/Ar ratio leads to a decrease in total sput-
tering gas pressure. This decrease can increase the energetic
bombardment of the growing film.

(2) All CrAIN films showed NaCl-type CrN structure, while mixed
structures of wurtzite-type CryN, wurtzite-type AIN and NaCl-
type CrN phases were formed in the film with lower sputtering
pressure (higher N, /Ar ratio) and higher pulse width.

(3) Higher energetic bombardment of the films at lower sputter-
ing pressure leads to the formation of CrAIN films with higher
internal stress and hardness.

(4) Anincrease in the energy of bombarding particles with decreas-
ing total sputtering pressure (pr) significantly influences the
structure and properties of deposited films in a pulsed DC bal-
anced magnetron sputtering system.

Acknowledgement

The authors wish to express their thanks for the financial sup-
port by a grant for scientific research from Japan Society for the
Promotion of Science.

References

[1] J. Musil, S. Kadlec, Vacuum 40 (1990) 435.

[2] J. Musil, S. Kadlec, V. Valvoda, R. KuZel Jr., R. Cerny, Surf. Coat. Technol. 43-44
(1990) 259.

[3] V. Poulek, J. Musil, V. Valvoda, L. DobiaSova, Mater. Sci. Eng. A 140 (1991)
660.

[4] L. Hultman, W.-D. Munz, J. Musil, S. Kadlec, 1. Petrov, J.E. Greene, ]. Vac. Sci.
Technol. A9 (1991) 434.
[5] J. Musil, V. Poulek, V. Valvoda, R. Kuzel Jr., H.A. Jehn, M.E. Baumgartner, Surf.
Coat. Technol. 60 (1993) 484.
[6] H.Polakova, J. Musil, . VICek, J. Allaart, C. Mitterer, Thin Solid Films 444 (2003)
189.
[7] J. Musil, H. Polakova, . Stina, J. VelEek, Surf. Coat. Technol. 177-178 (2003) 289.
[8] J.W. Bradley, H. Backer, P.J. Kelly, R.D. Arnell, Surf. Coat. Technol. 135 (2000)
221.
[9] J.W. Bradley, H. Backer, P.J. Kelly, R.D. Arnell, Surf. Coat. Technol. 142-144
(2001) 337.
[10] J.W. Bradley, H. Backer, Y. Aranda-Gonzalez, PJ. Kelly, R.D. Arnell, Plasma
Sources Sci., Technol. 11 (2002) 165.
[11] J.Lin,].J. Moore, B. Mishra, W.D. Sproul, J.A. Rees, Surf. Coat. Technol. 201 (2007)
4640.
[12] H.C. Barshilia, N. Selvakumar, B. Deepthi, K.S. Rajam, Surf. Coat. Technol. 201
(2006) 2193.
[13] A. Sugishima, H. Kajioka, Y. Makino, Surf. Coat. Technol. 97 (1997) 590.
[14] A. Kimura, M. Kawate, H. Hasegawa, T. Suzuki, Surf. Coat. Technol. 169-170

(2003) 367.

[15] S. Khamseh, M. Nose, T. Kawabata, K. Matsuda, S. Ikeno, Mater. Trans. 51 (2)
(2010) 271.

[16] E. Spain, ].C. Avelar-Batista, M. Letch, ]. Housden, B. Lerga, Surf. Coat. Technol.
200 (2005) 1507.

[17] H.Willmann, P.H. Mayrhofer, P.0.A. Persson, A.E. Reiter, L. Hultman, C. Mitterer,
Scripta Materialia 54 (2006) 1847.

[18] R. Wuhrer, W.Y. Yeung, Scripta Materialia 50 (2004) 1461.

[19] M. Kawate, A.K. Hashimoto, T. Suzuki, Surf. Coat. Technol. 165 (2003) 163.

[20] A.E.Reiter, V.H. Derflinger, B. Hanselmann, T. Bachmann, B. Sartory, Surf. Coat.
Technol. 200 (2005) 2114.

[21] S. Khamseh, M. Nose, T. Kawabata, A. Saiki, K. Matsuda, K. Terayama, S. Ikeno,
Mater. Trans. 49 (9) (2008) 2082.

[22] S. Khamseh, M. Nose, Sh. Ueda, T. Kawabata, T. Nagae, K. Matsuda, S. Ikeno,
Mater. Trans. 49 (11) (2008) 2737.

[23] H.Ito, M. Yamaguchi, M. Naoe, J. Appl. Phys. 67 (1990) 5307.

[24] E..Jiang, Z]. Wang, ]. Mag. Magn. Mater. 81 (1989) 25.

[25] W.K. Lee, T. Machino, T. Sugihara, Thin Solid Films 224 (1993) 105.

[26] D.C.Sun, E.Y. Jiang, H. Liu Ming, C. Lin, Z. Phys. D 28 (1995) 4.

[27] ].E.Greene, J.E. Sundgren, L. Hultman, L. Petrov, D.B. Bergstrom, Appl. Phys. Lett.
67 (1995) 2928.

[28] P. Patsalas, C. Gravalidis, S. Logothetidis, . Appl. Phys. 96 (2004) 6234.

[29] Y. Lifshitz, S.R. Kasi, J.W. Rabalais, Phys. Rev. Lett. 62 (1989) 1290.

[30] J. Robertson, Mater. Sci. Eng., R 37 (2002) 129.

[31] L Petrov, P.B. Barna, L. Hultman, J.E. Greene, J. Vac. Sci. Technol., A, Vac. Surf.
Films 21 (2003) S117.

[32] H. Windischmann, J. Appl. Phys. 62 (1987) 1800.

[33] C.A. Davis, Thin Solid Films 226 (1993) 30.



	Influence of total gas pressure on the microstructure and properties of CrAlN films deposited by a pulsed DC balanced magn...
	Introduction
	Experimental procedure
	Results and discussion
	Conclusions
	Acknowledgement
	References


