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The compositional andstructural evolutionof Ti-Al-N thinfilmsas a functionof the totalworkinggas pressure (pT),
theN2-to-total pressure ratio (pN2/pT), the substrate-to-targetdistance (ST), the substrate position, themagnetron
power current (Im), the externally appliedmagnetic field, and the energy and the ion-to-metal flux ratio of the ion
bombardment during reactive sputtering of a Ti0.5Al0.5 target is investigated in detail. Based on this variation we
propose that the different poisoning states of the Ti and Al particles of the powder-metallurgically prepared
Ti0.5Al0.5 target inaddition to scattering andangular lossesof the sputterfluxcause a significantmodification in the
Al/Ti ratio of the deposited thin films ranging from ~1.05 to 2.15.
The compositional variation induces a corresponding structural modification between single-phase cubic, mixed
cubic-hexagonal and single-phasehexagonal. However, themaximumAl content for single-phase cubic Ti1−xAlxN
strongly depends on the deposition conditions andwas obtainedwith x=0.66, for the coating deposited at 500 °C,
pT=0.4 Pa, ST=85 mm, and pN2/pT=17%. Our results show, that in particular, the N2-to-total pressure ratio in
combinationwith the sputtering power density of the Ti0.5Al0.5 compound target has a pronounced effect on the
Al/Ti ratio and the structure development of the coatings prepared.
Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.
1. Introduction
Magnetron sputtering of thin films is a major field of physical vapor
deposition (PVD) technologies [1–5], where various material combina-
tions and compounds are accessible. In general, compound films can be
prepared by reactive sputtering, where in addition to the sputtered target
material a reactive gas like N2 is introduced to the PVD chamber, or by
sputtering of a compound target itself [6–9]. Due to the massive move in
industry and research from binary to ternary and further towards
multinary systems, compound target development became a major field
forPVD [10–17].While it isnoticed that the compositionof the coating can
vary from that of the corresponding target [18–22] depending on the
deposition conditions used, such as gas flow, sputtering power, substrate
bias, etc., little is understood on the origin of these influences. In order to
benefit from these effects of deposition-parameters-induced variations in
coating composition,with respect to the corresponding compound target,
we use a model-system, Ti-Al-N, for detailed studies of their composi-
tional and structural evolution as a function of specific parameters during
unbalanced magnetron sputtering.

Ti-Al-N hard coatings with cubic NaCl (c) structure, where Al
substitutes for Ti in the TiN based structure (i.e., Ti1−xAlxN), are widely
used for wear resistant applications like cutting tools, due to their unique
properties, such as high temperature oxidation resistance and age-
hardening abilities [23–29]. The chemical composition of Ti-Al-N thin
films depends to a great extent on the deposition parameters, which
x: +43 3842 402 737.
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basically determine their structure and properties [30–33]. Single phase
cubic Ti-Al-N films with high Al contents exhibit excellent mechanical
properties and oxidation resistance. For Al contents exceeding the cubic
solid solubility, which is reportedwith xbeing in the range of 0.65-0.75, a
mixed cubic-NaCl and hexagonal-ZnS (h-AlN) structure is formed, which
results in reducedfilmproperties, e.g., decreasinghardness, bulk-, elastic-,
and shear-moduli, as well as wear resistance [11,26–33]. Therefore, the
compositional variation of Ti-Al-N films, arising from the deposition
parameters, influence their structure evolution and mechanical proper-
ties. Extensive studies of the correlation between film composition,
structure and performance of Ti-Al-N films deposited by magnetron
sputtering have already been reported [10–17]. However, only little is
known and understood on the correlation between deposition para-
meters during reactive sputtering of a compound target and the resulting
film composition and structure.

To study the effect of various deposition parameters on the
composition and structure of Ti-Al-N thin films we varied the total
working gas pressure (pT), the ratio of the N2-partial pressure (pN2) to
total pressure (pN2/pT), the substrate-to-target distance (ST), the
substrate position with respect to the center of substrate holder (SP),
which is above the center of the parallel aligned target, themagnetron
power current (Im), the externally applied magnetic field (Bext), the
ion energy (Ei), and the ion-to-metal flux ratio ( Jion/Jme).

2. Experimental details

Ti-Al-N films were deposited onto Si substrates (20×7×0.3 mm3)
by unbalanced magnetron sputtering from a powder-metallurgically
ghts reserved.
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Table 1
Total working gas pressure (pT), N2-to-total pressure ratio (pN2/pT), substrate-to-target
distance (ST), distance of the substrate to the center of the substrate holder (SP),
magnetron power current (Im), externally applied magnetic field (Bext), applied
substrate bias potential (Vb), and ion energy (Ei) used during deposition.

pN2/pT (%) pT (Pa) ST (mm) SP (mm) Im (A) ±Bext (G) –Vb (V) Ei (eV)

0–100 0.4 85 32 1.5 −40 60 43
17 0.4–2.24 85 32 1.5 −40 60 43
17, 23 0.4 57–85 32 1.5 −40 60 43
0, 17, 100 0.4 85 0–80 1.5 −40 60 43
27 0.4 85 32 1.5–4.0 −40 60 43
17 0.4 85 0 1.5 −120–+120 30–86 30
17 0.4 85 0 1.5 −40 37–112 20–95
0, 100 4 85 32 1.5 −40 60 43
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prepared Ti0.5Al0.5 compound target (diameter of 152 mm and purity of
99.9%, PLANSEE) in a mixed Ar+N2 (both of 99.999% purity) glow
discharge. More details on the magnetron sputtering system used are
described in Ref. [34]. Prior to the deposition with a constant substrate
temperature (Ts) of 500 °C and a base pressure≤0.8mPa, the substrates
were etched for 20 min using an Ar+ glow discharge with ~1250 V and
25mA, at a pressure of 3.0 Pa. Before loading the chamber, the polished
Si substrates were ultra-sonically cleaned in acetone and ethylene. The
total working gas pressure pT was varied between 0.4 and 4 Pa, the N2-
to-total pressure ratio pN2/pT was varied between 0 and 100%, the
substrate-to-target distance ST was varied between 57 and 85 mm, the
substrate distance to the center of the substrate holder SP was varied
between 0 and 80 mm, the magnetron power current Im was varied
between 1.5 and 4.0 A, and the ion energy Ei was varied between 20 and
95 eV.

The externally appliedmagneticfield (Bext) using a pair of Helmholtz
coilswas varied between−120 and+120G. This notification refers to a
broadening (−) or concentration (+) of the sputtering zone at the
target surface and theplasmazoneat the substrateholder by influencing
the permanent magnetic field of the planar magnetron.

The plasma characteristics like ion flux Jion and plasma potential Vp,
were determined by Hiden ESP Langmuir wire probe measurements
following the procedures described in Refs. [35,36]. Themetalflux Jmewas
estimated from the deposition rate (R), which itself was calculated from
Fig. 1. Schematic of the substrate and target arrangement with indicated substrate-
to-target distance ST and substrate position SP. Dimensions are given in mm.
the film thickness, measured by the ball crater method, deposition time,
and assuming a theoretical density for cubic Ti1−xAlxN [37–39]. The ion
energycanbeestimated fromthedifferencebetween theplasmapotential
(Vp) and the substrate bias potential (Vb) with Ei=e(Vp−Vb) [40]. Details
on the deposition parameters are presented in Table 1, and the schematic
of the substrate holder and target arrangement is given in Fig. 1.

The chemical composition of the filmswas determined using energy
dispersive X-ray analysis (EDX) with an Oxford Instruments INCA EDX
unit attached to a scanning electron microscopy (SEM) operated with
25 kV. Structural investigations were conducted by X-ray diffraction
(XRD) with CuKα radiation using a Bruker D8 in Bragg/Brentano mode.
3. Results and discussion

3.1. Plasma characteristics and deposition rate

Increasing the N2-to-total pressure ratio pN2/pT from 0 to 100% at a
constant total pressure of 0.4 Pa induces a reduction in deposition rate
from 59 to 9 nm/min. The strong change in the dependence of the
deposition rate on the N2-to-total pressure ratio suggests a change in
sputtering mode from metallic towards poisoned in the pN2/pT range
17–23%, see Fig. 2a. However, Jion/Jme almost continuously increases
from 0.5 to 5.0 and Vp increases from −15.8 to −20.2 V when
increasing pN2/pT from 0 to 100%, respectively. The sputtering yields
for Ti, Al, TiN, and AlN are ~0.5, 0.9, 0.1, and 0.2 using argon ions with
an energy of 500 eV [21]. Consequently, nitridation of the target is
responsible for a decrease in deposition rate. The degree of the target
nitridation determined by the partial pressure of reactive gas N2 plays
a significant role in deposition rate. As shown in Fig. 2a, initially the
deposition rate strongly decreases to 20 nm/minwith increasing pN2/pT
to 15%, which indicates a transition of the target surface frommetallic to
nitridic. With increasing pN2/pT to 23% the deposition rate only slightly
decreases from 20 to 17 nm/min suggesting that the target is still in
transition mode. For a further increase in pN2/pT the deposition rate
initially decreases more pronounced and then approaches to an almost
constant value of ~10 for pN2/pT≥60%, indicating a poisoned target
surface, in agreement to Ref. [18,41]. Consequently, we have chosen a
pN2/pT ratio of 17% (within the transition mode) as the standard value
for further investigations.
Fig. 2. Dependency of the incident ion-to-metal flux ratio (Jion/Jme), plasma potential (Vp),
and deposition rate (R) on the (a) N2-to-total pressure ratio (pN2/pT) for pT=0.4 Pa, and
the (b) total working gas pressure (pT) for pN2/pT=17%. The additional deposition
parameters used were kept constant: Ts=500 °C, ST=85 mm, SP=32 mm, Im=1.5 A,
Bext=−40 G, and Ei=43 eV.



Fig. 3. Dependency of the incident ion-to-metalflux ratio ( Jion/Jme), plasmapotential (Vp),
and deposition rate (R) on the (a) substrate-to-target distance (ST) for SP=32 mm, and
the (b) substrate position (SP) for ST=85mm. The additional depositionparameters used
were kept constant: Ts=500 °C, pN2/pT=17%, pT=0.4 Pa, Im=1.5 A, Bext=−40 G, and
Ei=43 eV.

Fig. 4. Dependency of the incident ion-to-metalflux ratio ( Jion/Jme), plasmapotential (Vp),
and deposition rate (R) on the (a) magnetron power current (Im) with pN2/pT=27%,
SP=32 mm, Bext=−40 G, and the (b) externally applied magnetic field (Bext) with pN2/
pT=17%, SP=0 mm, Im=1.5 A. The additional deposition parameters used were kept
constant: Ts=500 °C, pT=0.4 Pa, ST=85 mm, and Ei=43 eV.
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Increasing the total pressure from 0.4 to 2.8 Pa at constant pN2/pT
of 17% results in a decrease in deposition rate from 18 to 7 nm/min.
This decreasing deposition rate with increasing total pressure pT can
be attributed to increasing scattering losses as themean free pathMFP
[22,42] (MFP = 1

ffiffi

2
p kBT

p
1

π rAr;N2 + rTi;Alð Þ with kB being Boltzmann's con-

stant, T the temperature, p the pressure, and r the covalent radius),
decreases for Ti from ~95 to 14 mm and for Al from ~159 to 24 mm,
when increasing pT from 0.4 to 2.8 Pa, respectively. The effect of target
voltage variation in our experiments is minimal as it reduces only
from 330 to 310 V when increasing pT from 0.4 to 2.8 Pa.

For the standard total pressureof 0.4Pa, used forall otherexperiments,
the MFP for Ti and Al is longer than the standard substrate-to-target
distance ST of 85 mm. Consequently, scattering losses are minimal and
further reduce when decreasing ST at constant pT and pN2/pT. As the
substrates dive deeper into the denser plasma regionwhen decreasing ST
from85 to 57mm the ion-to-metal flux ratio increases from1.8 to 3.4, see
Fig. 3a, although the deposition rate increases from 18 to 25 nm/min. As
the reduced scattering losses with decreasing ST can not account for the
deposition rate increase, additional mechanisms are important such as
the cosine emission distribution of the sputtered species [43–45]. The
latter are responsible for an increased arrival rate of sputtered species at
the substrate (which in our arrangement is small as compared to the
target area) when decreasing ST. The angular distribution of the sputter
flux is further investigated by varying the substrate position SP from0 to
80mmwith respect to the centerof the substrate holder (which is in line
with the center of the parallel aligned target, see Fig. 1). Increasing SP
from 0 to 80 mm causes a reduction of the deposition rate from 20 to
15 nm/min, see Fig. 3b, confirming a pronounced angular distribution of
the sputter flux. With increasing SP, hence moving the substrate away
from the target center, fewer target areas can provide particles that can
reach the substrate.

Increasing the current supply for the target from 1.5 to 4.0 A
increases the deposition rate from 15 to 53 nm/min, respectively, see
Fig. 4a. To ensure, that also the coatings prepared with Im=4 A are
stoichiometric in nitrogen we used a N2-to-total pressure ratio of 27%
for this experiment. The pronounced increase in deposition rate from
23 to 38 nm/min when increasing Im from 2.5 to 3 A indicates a
change in sputtering mode towards less poisoning, respectively.
Nevertheless, Jion/Jme changes only between 2.2 and 1.6 and Vp
changes only between −15.5 and −16.7 V when increasing Im from
1.5 to 3 A, respectively.

When increasing the external magnetic field Bext from −120 to
+120 G, which focuses the sputtering zone of the target towards the
center, the ion-to-metal flux ratio Jion/Jme increases from 0.3 to 22.4 and
the plasma potential Vp increases from−0.6 to−63.6 V at the center of
the substrate holderwithST=85mm, seeFig. 4b. This is in agreement to
previous studies showing that the external magnetic field strongly
influences Jion/Jme and Vp [34,39]. Themost pronounced increase in Jion/
Jme from 1.7 to 18.8 and Vp from −17.8 to −47.6 V is obtained with
increasing Bext from −40 to +40 G. The deposition rate initially
decreases from31nm/minwithBext=−120G to theminimumvalue of
17 nm/minwith Bext=0 G, see Fig. 4b. The reduction in deposition rate,
determined by the film thickness, can be attributed to changes in film-
morphology from open columnar to fine columnar and dense. With
increasing Jion/Jme the film becomes more dense and thereby suggests a
lower deposition rate. Increasing Bext from 0 to +120 G causes a
concentration of the glow discharge towards the center of the target,
hence the average magnetron-power density increases, and thereby,
also the deposition rate for the substrate above the target-center
increases again from 17 to 32 nm/min.

3.2. Film composition and structure

The Ti-Al-N films investigated maintain always a higher Al/Ti ratio
than the target for all deposition parameters used. Generally, sputter
erosion from the compound target will produce an identical ratio of
emitted Ti to Al atoms with that of the bulk target composition,
considering no diffusion of the target elements [46]. The compositional
deviation between our Ti-Al-N films and the Ti0.5Al0.5 target mainly
derives from the different sputtering conditions for Al and Ti allowing
angular and scattering losses. The decreased MFP value with increasing
total pressure causes more collisions and in turn intensifies the
scattering losses. To study the effect of scattering loss on the Al/Ti
ratio of our films, we conducted sputtering experiments in Ar or N2

atmosphere (i.e., pN2/pT=0 or 100%) with varying the total pressure.
Increasing pT from0.4 to 4 Pa results in a decrease of the Al/Ti ratio from
1.33 to 1.05 in Ar and from 1.57 to 1.22 in N2. The reduction in Al/Tiwith
increasing pT in Ar or N2 reveals that scattering losses are more



Fig. 5. Al/Ti ratio of the deposited films as a function of the substrate position SP for three
different N2-to-total pressure ratios ofpN2/pT=0,17, and 100%, i.e., sputtering inAr, Ar–N2,
and N2 atmospheres, respectively. The additional deposition parameters used were kept
constant: Ts=500 °C, pT=0.4 Pa, ST=85mm, SP=32mm, Im=1.5 A, Bext=−40 G, and
Ei=43 eV. Fig. 6. (a) Al/Ti ratio and (b) XRD patterns of the Ti1−xAlxN thin films as a function of the

substrate position SP (mm) with Ts=500 °C, pN2/pT=17%, pT=0.4 Pa, ST=85 mm,
Im=1.5 A, Bext=−40 G, and Ei=43 eV.

Fig. 7. (a) Al/Ti ratio and (b) XRD patterns of the Ti1−xAlxN thin films as a function of
the N2-to-total pressure ratio pN2/pT (%) with Ts=500 °C, pT=0.4 Pa, ST=85 mm,
SP=32 mm, Im=1.5 A, Bext=−40 G, and Ei=43 eV.

6638 L. Chen et al. / Thin Solid Films 517 (2009) 6635–6641
pronounced for the lighter Al atoms, althoughmore scattering collisions
occur for Ti due to its shorter MFP. The deviation in Ti/Al ratio between
film and target at low total pressure canmainly be attributed to angular
losses as scattering losses are minimal when the MFP is larger than the
substrate-to-target distance ST.

As mentioned in the previous chapter the effect of angular losses is
investigated by varying the substrate position SP from 0 to 80mm from
the substrate holder center (Fig. 1) using a total pressure pT of 0.4 Pa. As
the Ti and Al particles from the Ti0.5Al0.5 target exhibit a different
sputtering distribution, also theAl/Ti ratio of thefilmshas a dependence
on the substrate position SP, in addition to the deposition rate, compare
Figs. 3b and 5. The decreasing Al/Ti ratios for pN2/pT=0, 17 and 100%
with increasing distance of the substrate position SP suggest a wider
sputtering distribution for Al than for Ti inmetallic or poisonedmode. In
the centerwith SP=0 the sputtering clouds around the radial race track
exhibit the largest overlap and therefore the Al/Ti ratio is maximal. Also
estimations by the SRIM code (sputtering ions: Ar+ andN2

+with energy
of 300, 350,1000 eV) exhibit a larger angular sputtering distribution for
Al as for Ti using Ar+ and N2

+ sputtering species with different energies.
Generally, the angular sputtering distribution depends on the target

surface state aswell as the energyandmass of the sputtering ions [47–49].
The films deposited within a mixed atmosphere with pN2/pT=17% yield
the highest value and themost pronounced decrease of Al/Ti ratio, which
decreases from 2.04 to 1.47 with increasing the distance from the target
center to 80 mm. Especially, when SP increases to values above 48 mm,
the decrease is pronounced, see Fig. 5. This is attributed to different
poisoning states of the Ti and Al target particles for pN2/pT=17%. As the
Gibbs free energy for TiN with ΔGTIN

0 =−308.3 kJ/mol is more negative
than for AlN with ΔGAIN

0 =−287.0 kJ/mol [50] the Ti particles of the
powder-metallurgically preparedTi0.5Al0.5 target are easier poisoned than
the Al particles. Consequently, when the Ti particles are already poisoned,
the Al particles can still be inmetallic mode. This can explain the result of
higher Al/Ti ratios when sputtering with pN2/pT=17% as compared to
sputtering in Ar or N2 atmosphere, see Figs. 5 and 6a. The Ti-Al-N films
deposited at the positions SP=0 and 16 mm exhibit a hexagonal
contribution to the cubic supersaturated Ti1−xAlxNphase, due to thehigh
Al/Ti ratio of 2.04 and 1.99, respectively, see Fig. 6b. By increasing SP to
values above 32 mm the films exhibit a single-phase cubic structure, as
thereby also the Al/Ti ratio decreases to values below 1.93.

This study already indicates that varying the N2-to-total pressure
ratio pN2/pT at a constant total pressure pT of 0.4 Pa causes a
pronounced change in Al/Ti ratio. While increasing pN2/pT from 0 to
23% results in an increase of Al/Ti from 1.33 to 2.01, a further increase
in pN2/pT from 23 to 100% promotes a reduction in Al/Ti from 2.01 to
1.57, respectively, see Fig. 7a. For pN2/pT=23% at which the Al/Ti ratio
yields the peak value of 2.01 corresponds to the transition frommixed
metallic-nitridic to the poisoned mode, compare Fig. 3a. This suggests
that in addition to sputtering losses due to scattering and angular
distribution the transition from metallic to nitridic sputtering mode
influences the Al/Ti ratio. Hence, the Al/Ti ratio is un-proportionally
high for pN2/pT values between 17 and 27%, where the Ti particles are
already mainly poisoning but not the Al particles. Further increasing
pN2/pT results also in nitriding of the Al particles of the target and the
Al/Ti ratio decreases again to 1.57 with pN2/pT=100%, see Fig. 7a.

Analysis of the XRD results showed that the film obtained with
pN2/pT=0% is composed of the tetragonal TiAl phase [51]. Films
grown with pN2/pT of 15 and 17%, corresponding to an Al/Ti ratio of
1.62 and 1.93, respectively, exhibit a single-phased cubic structure, see
Fig. 7b. Films grown at pN2/pT=23%, and hence containing the
maximum Al/Ti ratio of 2.01, exhibit a mixed cubic-hexagonal
structure. Further increase in pN2/pT from 23 to 100% results in
increasing intensities of the hexagonal and decreasing intensities of
the cubic reflexes, towards an almost single-phase hexagonal
structure, although the Al/Ti ratio decreases from 2.01 to 1.57,
respectively. This is attributed to the concomitant decrease in
deposition rate from 17 to 9 nm/min when increasing pN2/pT from
23 to 100%. Thereby, the time available for surface-diffusion processes
during film growth increases, allowing for phase separation. It is
noteworthy, that the calculated deposition rate is increasingly over-
estimated with increasing hexagonal phase content due to its lower



Fig. 8. (a) Al/Ti ratio and (b) XRD patterns of the Ti1− xAlxN thin films as a function of
the total pressure pT (Pa) with Ts=500 °C, pN2/pT=17%, ST=85 mm, SP=32 mm,
Im=1.5 A, Bext=−40 G, and Ei=43 eV.

Fig. 10. (a) Al/Ti ratio and (b) XRD patterns of the Ti1−xAlxN thin films as a function of
the magnetron power current Im (A) with Ts=500 °C, pN2/pT=17%, pT=0.4 Pa,
ST=85 mm, SP=32 mm, Bext=−40 G, and Ei=43 eV.
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density as compared to the cubic phase used for the estimation of the
deposition rate (see the Experimental details section). In addition to
the deposition rate, the presence of excess atomic N and/or N2

+ at the
film-surfaces during competitive growth can promote hexagonal
phase formation at the expense of cubic phases, in agreement to
observations of the 001–111-texture development during TiN growth
with varying N2-partial pressure [34,52]. The combination of these
effects results in the formation of a single-phase hexagonal structure
when increasing pN2/pT to 100%, although the Al/Ti ratio decreases to
1.57 (i.e., x~0.61).

A pronounced decrease in Al/Ti ratio by 32.4% from 2.01 to 1.38 of
our Ti-Al-N films is obtained when increasing the total pressure from
0.4 to 2.8 Pa, respectively, at a constant pN2/pT ratio of 17%, see Fig. 8a.
This change in Al/Ti ratio of the films towards the target composition
by increasing the total pressure suggests increased scattering losses
for the lighter Al compared to Ti. Regardless of a decreasing Al/Ti ratio
with increasing pT the structure of the Ti-Al-N films changes from
single-phase cubic to binary phased cubic-hexagonal, respectively, see
Fig. 8b. This can be attributed to decreased energies of the sputtered Ti
and Al particles due to increasing collisions with increasing pT
promoting the deposition rate R to decrease, compare Fig. 2b.

Decreasing the substrate-to-target distance ST from the standard
value of 85mm to 57mm at a constant low total pressure of 0.4 Pa and
pN2/pT=17% results in decreasing Al/Ti ratios from 1.93 to 1.65. A
corresponding change in Al/Ti from 2.01 to 1.71 with decreasing ST
Fig. 9. (a) Al/Ti ratio and (b) XRD patterns of the Ti1− xAlxN thin films as a function of
the substrate-to-target distance ST (mm) with Ts=500 °C, pN2/pT=17%, pT=0.4 Pa,
SP=32 mm, Im=1.5 A, Bext=−40 G, and Ei=43 eV.
from 85 to 57 mm is obtained for a higher pN2/pT of 23%, see Fig. 9a. As
the energy of the sputtered species is almost not influenced and the
deposition rate even increases, contrary to the previous study with
increasing pT, the structure of the films is in agreement to the chemical
variation. Hence, the reduction of ST from 85 to 57 mm causes a
transformation from the binary cubic-hexagonal phased films towards
single-phased cubic films, see Fig. 9b.

Fig. 10a presents the Al/Ti ratio of films deposited at 0.4 Pa with
pN2/pT=27% as a function of Im. The composition of the films remains
almost stable with increasing Im from 1.5 to 2.5 A indicating little
changes in the target state. Further increase of Im reduces the
poisoning degree of the target as thereby the ratio to N2 increases,
compare Fig. 7a. Consequently, in agreement to the study with
decreasing pN2/pT from 27 to 15% the Al/Ti ratio decreases with
increasing Im above 2.5 A as Al particles change from poisoned to
metallic mode easier than the Ti particles of our powder-metallurgi-
cally prepared Ti0.5Al0.5 compound target. As thereby also the
deposition rate increases, and hence the time for surface-diffusion
processes during film growth and the presence of atomic N or N2

+ on
the growing film decreases, the structure of the films changes from
binary phased cubic-hexagonal at Im=1.5 A towards single phased
cubic for Im=3 A, according to the chemical variation, see Fig. 10b.

Fig. 11a shows the compositional response on changing the energy
of the ion bombardment. The Al/Ti ratio retains its initial value of 2.04
while increasing the ion energy Ei from 20 to 65 eV. Further increasing
Fig. 11. (a) Al/Ti ratio and (b) XRD patterns of the Ti1−xAlxN thin films as a function of
the energy of the bombarding ions Ei (eV) with Ts=500 °C, pN2/pT=17%, pT=0.4 Pa,
ST=85 mm, SP=32 mm, Im=1.5 A, and Bext=−40 G.



Fig. 12. (a) Al/Ti ratio and (b) XRD patterns of the Ti1−xAlxN thin films as a function of
the externally applied magnetic field Bext (G) with Ts=500 °C, pN2/pT=17%,
pT=0.4 Pa, ST=85 mm, SP=32 mm, Im=1.5 A, and Ei=30 eV.
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Ei to 95 eV causes a slight decrease in Al/Ti to 1.96. This is due to the
preferential resputtering of the deposited films, indicated by a
decreasing deposition rate from 19 to 18 nm/min, where the higher
sputtering yield for Al causes a more pronounced loss in Al.
Nevertheless, the structure of the films changes from pronounced
cubic (with a small fraction of hexagonal) towards binary cubic-
hexagonal, although the Al/Ti ratio decreases with increasing Ei.
Compared to the cubic, the hexagonal crystals provide easier
channeling directions and thus have a higher surviving-probability
during energetic ion bombardment with increasing Ei. Therefore,
increasing Ei results in increased intensities of the hexagonal reflexes
and reduced intensities of the cubic reflexes, although the Al/Ti ratio
decreases, see Fig. 11a and b.

Applying an external magnetic field Bext strongly influences the ion-
to-metal flux ratio Jion/Jme, the plasma density aswell as sputtering area
on the target. With an increase in Bext from −120 to +40 G the Al/Ti
ratio increases from 1.64 to 2.15. Further increasing Bext from +40 to
+120 G results in decreasing Al/Ti ratio from 2.15 to 1.87, respectively.
The pronounced increase in Jion/Jme from 1.65 to 18.76 (Fig. 4b) with
increasingBext from−40 to+40G indicates nomajor correlation to the
Al/Ti ratio of the film with a peak value of 2.15 for Bext=+40 G. These
results further confirm that the different sputter distribution of Al and Ti
in addition to the different poisoning state of the Ti0.5Al0.5 compound
target (Figs. 7 and 10) play amajor role in determining the Al/Ti ratio of
the film. By increasing Bext from−120 to+120 G the sputtering area of
the target decreases and focuses towards the target center. Hence, the
sputtering power density increases and for the used substrate position
SP=0 above the target center a pronounced variation in Al/Ti with Bext
is obtained. The structure of the films is in good agreement to the Al/Ti
variation inducedbyBext. Films depositedwith Bext ranging from−40 to
+80G, having a high Al/Ti ratio between 1.99 and 2.15, exhibit a binary
phased cubic-hexagonal structure whereas films with Al/Ti ratios
between 1.64 and 1.87 grow single-phase cubic, see Fig. 12b. The peak
value in Al/Ti of 2.15 forBext=+40G can further be increased to 2.23 by
increasing pN2/pT from 17 to 23%, in agreement to an increase in
sputtering power densitywhen increasingBext as thereby the sputtering
area of the target decreases.

4. Conclusions

Here, we present a detailed study on the effect of varying
deposition parameters (i.e., the total working gas pressure pT from
0.4 to 2.8 Pa, N2-to-total pressure ratio pN2/pT from 0 to 100%,
substrate-to-target distance ST from 57 to 85 mm, substrate position
with respect to the center of substrate holder SP from 0 to 80 mm,
target current Im from 1.5 to 4 A, externally applied magnetic field Bext
from −120 to +120 G, and ion energy Ei from 20 to 95 eV) on the
deposition rate, composition and structure evolution of Ti-Al-N films
sputtered from a Ti0.5Al0.5 composite target, using a substrate
temperature of 500 °C. Due to this variation in deposition conditions
the Al/Ti ratio in our films changed between ~1.05 (for pT=4 Pa, pN2/
pT=0, ST=85mm, SP=32mm, Im=1.5 A, Ei=43 V, andBext=−40G)
and 2.15 (for pT=0.4 Pa, pN2/pT=17%, ST=85 mm, SP=32 mm,
Im=1.5 A, Ei=43 V, and Bext=+40 G). Based on our studies we can
conclude that mainly losses due to scattering and angular distribution of
the sputterflux togetherwith the different poisoning state of the Ti andAl
particles of the powder-metallurgically prepared Ti0.5Al0.5 target lead to
the huge deviation in Al/Ti ratio of the films as compared to the target.

In particular the different poisoning states of the target constitu-
ents account for the broad variation in Al/Ti, which first increases
from 1.33 to 2.01 when increasing pN2/pT from 0 to 23% and then
decreases again from 2.01 to 1.57 when increasing pN2/pT further from
23 to 100%. Scattering losses are responsible for the reduction in Al/Ti
ratio from 2.03 to 1.38 when increasing pT from 0.4 to 2.8 Pa, due to
increased effects on the lighter Al atoms. Losses due to the angular
distribution of the Ti and Al sputter flux where investigated by
increasing SP from 0 to 80 mm, resulting in a decrease of Al/Ti from
2.04 to 1.47. Consequently, the sputter flux exhibits a broader angular
distribution for Al than for Ti.

Due to the chemical variation of the Al/Ti ratio in the thin films,
induced by the deposition conditions, also their structure changes
correspondingly between single-phase cubic, mixed cubic-hexagonal,
and single-phase hexagonal. However, the maximum Al content for
single-phase cubic Ti1−xAlxN is strongly determined by the deposi-
tion parameters and could be obtained with x=0.66 when using at
total pressure of 0.4 Pa, a N2-to-total pressure ratio of 17%, a sputtering
power current of 1.5 A, an externally applied magnetic field of−40 G,
an energy of the bombarding ions of 43 eV, a substrate-to-target
distance of 85 mm and a substrate position of 32 mm. In particular the
N2-to-total pressure ratio in combination to the sputtering power
density was found to strongly influence the maximum Al content in
single-phase cubic structured Ti-Al-N thin films when prepared by
sputtering from a powder-metallurgically prepared Ti-Al target.
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