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Incorporation of substitutional Al into the TiN lattice of the ternary alloy TiAIN results in a
material with improved properties compared to TiN. In this work, TiAIN thin films were grown by
the simultaneous ablation of Ti and Al targets in a nitrogen containing reactive atmosphere. The
deposit was formed on silicon substrates at low deposition temperature (200 °C). The dependence
of the Al content of the films was studied as a function of the ion density of the plasma produced
by the laser ablation of the Al target. The plasma parameters were measured by means of a planar
Langmuir probe and optical emission spectroscopy. The chemical composition of the films was
measured by energy dispersive X-ray spectroscopy. The results showed a strong dependence of the
amount of aluminum incorporated in the films with the plasma density. The structural
characterization of the deposits was carried out by Raman spectroscopy, X-ray diffraction, and
transmission electron microscopy, where the substitutional incorporation of the Al into the TiN

was demonstrated. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4879025]

I. INTRODUCTION

TiN thin films exhibit very interesting physical and chem-
ical properties such as high hardness, good wear resistance,
low friction coefficient, and elevated chemical inertness.!
Additionally, the thermal stability, electric conductivity, and
other characteristics, such as for diffusion barriers, make TiN
an interesting material for many mechanical, decorative,
thermal, and microelectronics applications, among others.”
However, TiN has the disadvantage of forming the rutile
phase TiO, at temperatures above 500 °C, and this causes sig-
nificant degradation of the properties. The incorporation of
different elements such as Si or Al into the TiN lattice has
been demonstrated to be beneficial for the mechanical and tri-
bological properties.”™ In particular, Al atoms can substitute
Ti in the TiN lattice to form the ternary alloy TiAIN and this
is of great interest because, as well as improving the mechani-
cal and tribological properties; it also enhances the oxidation
resistance of the material. Additionally, the thermal conduc-
tivity of TiAIN is lower than that of TiN, making the system
TiAIN interesting for many applications such as coatings for
high speed cutting tools. TiAIN thin films have been grown
using a variety of physical vapor deposition (PVD) techni-
ques: cathodic arc evaporation,®’ sputtering,*'° and laser
ablation or pulsed laser deposition (PLD).' Growth of TiAIN
has also been reported by chemical vapor deposition (CVD),
where toxic gases are needed for the process.'""'? The proper-
ties of TiAIN are strongly dependent on the Al amount, thus a
precise control of the Al incorporation is required. For PVD
processes, it is necessary to use multiple Ti-Al targets of dif-
ferent composition and this can be expensive. For the CVD
processes, a precise control of the gas flow ratios, pressure,
etc., is needed and this complicates the control of the Al
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content. Acquaviva et al. reported the growth of TiAIN thin
films by means of laser ablation,' where they obtained poly-
crystalline films with a mixture of TiN and TiAIN phases.

Previously, the deposition of good quality TiN films ori-
ented in the (111) or (200) by laser ablation has been
reported by the present authors;'® the preferential orientation
was shown to depend on the plasma parameters used. In the
present work, it was studied the combination of two plasmas
produced by the simultaneous laser ablation of a Ti and an
Al target in a reactive atmosphere containing nitrogen, and
the influence of the plasma density on the chemical composi-
tion and structural properties of TiAIN thin films. Moreover,
with this arrangement, there is no need for the fabrication of
a set of targets with different compositions, in order to
change the composition of deposited films. As will be
shown, the variation of the density of the plasma of one of
the targets (Al in this case) allows varying the composition
of the deposited films.

Il. EXPERIMENTAL

The experiments were carried out in a vacuum chamber
evacuated to a base pressure of 2.6 x 10~*Pa with a turbo-
molecular pump. During the deposition, the chamber was
backfilled with a gas mixture of 60/40 Ar/N, to a working
pressure of 1.06Pa. For the ablation process, a Nd:YAG
laser with 500 mJ of maximum output energy, a wavelength
of 1064nm, 5Sns pulse width, and frequency of 10 Hz was
used. The TiAIN thin film depositions were carried out by si-
multaneous ablation of high purity Ti and Al targets
(2.54 cm in diameter), which were rotated at 15 rpm during
the ablation process in order to avoid drilling of the target.
The Ti target was placed 6 cm in front of, and parallel to the

© 2014 AIP Publishing LLC
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substrate, while the Al target was placed between, and
below, the Ti target and the substrate. The distance from the
ablation point on the aluminum target and the central part of
the substrate was varied between 2.5 and 5 cm, see Figure 1.
The laser beam was divided into two equal beams, one
directed towards the Ti target and the other to the Al target.
The films were deposited on silicon substrates at a tempera-
ture of 200 °C.

The incident energy density on the Ti target was kept
constant at 7 J/cm? in order to have a constant mean kinetic
energy of the ions and plasma density from the Ti target.
These conditions were chosen for the Ti ablation since they
had been shown to produce good quality TiN films oriented
in the (111) direction.'® For the case of the Al target, the
incident energy density and the distance to the substrate
were varied (2.5-5 cm) such that the plasma density was var-
ied, whilst the energy of the ions was kept approximately
constant at 100 eV. The deposition time was adjusted to give
a sample thickness of approximately 700 nm for all the depo-
sition conditions.

Optical emission spectroscopy (OES) of the discharges
was performed using a 0.5 m spectrograph (Spectra Pro 500i)
equipped with a fast intensified charge-coupled device
(ICCD) for detection. The light emitted by the plasma was
collected by a system of lenses and focused on a quartz opti-
cal fiber bundle, and transported to the spectrograph. The
OES measurements were used in order to determine the type
of excited species generated during the ablation of the tar-
gets; using standard references.'*!>

The plasma parameters, mean Kkinetic ion energy and
plasma density, were measured by the time of flight tech-
nique (TOF) using a 6 mm diameter planar Langmuir probe
biased at —50 V; a value at which the ion current to the probe
was saturated. For these measurements, the substrate was
replaced by the planar probe in the exact position of the sub-
strate. The probe current was obtained by measuring the
voltage drop across a 15 Q resistor; this voltage was meas-
ured using a Tektronix 500 MHz digital oscilloscope. The
planar Langmuir probe was placed 6 cm in front of the Ti

2 ) Al Target
Substrate -

<

FIG. 1. A schematic diagram of the PLD system.
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target (which also was the position of the substrate). The
probe measurements gave TOF curves of the ions and from
these using the procedure described by Bulgakova et al., it
was possible to calculate the average kinetic energy of the
ions, Ey, present in the plasma.16 The calculation uses the
following relationship:

mL? Jo 2 (t)dr
() = 2 [Tinar

where m is the mass of the ion, L is the target to probe dis-
tance, and I(t) is the probe current as a function of time. The
plasma density was calculated from the maximum value of
current of the TOF curves.'” For the experiments reported in
this work, the mean kinetic ion energy and plasma density,
of the particles produced from the Ti target, were kept con-
stant at values of 300eV and 1.4 x 10" m™7, respectively.
The mean kinetic energy of the particles produced from the
Al target, was approximately 100eV for all the experiments
and the plasma density was varied from 9 x 10" up to 43 x
10" m>. The distance of the substrate from the aluminum
target, Dp;, was varied from 2.5 up to Scm, and this was
used to produce the changes in the plasma density. The laser
fluence on the aluminum target was varied using attenuators
in order to keep the ion energy constant. All the measure-
ments of the aluminum target plasma characteristics were
obtained without ablation of the titanium target and vice
versa for the titanium target plasma.

The chemical composition of TiAIN thin films was meas-
ured using an Oxford 3608 Energy Dispersive Spectroscopy
(EDS) equipment installed in a JEOL 5900LV scanning elec-
tron microscope (SEM). The structural properties were ana-
lyzed by X-ray diffraction (XRD), Raman spectroscopy, and
transmission electron microscopy (TEM). For the XRD meas-
urements, a Siemens D-5000 diffractometer was used. The
Raman spectroscopy measurements were carried out on a
Horiba Jobin Yvon HR 800 Raman spectrometer with the
532nm excitation line, the beam was focused using a 50x
objective lens. The TEM measurements of the samples were
made using a Jeol JEM 2010 microscope with a lanthanum
hexaboride filament at an acceleration voltage of 200k V.

lll. RESULTS AND DISCUSSION

Figure 2 shows the typical OES spectra of the plasma
formed during the ablation of the titanium target (Fig. 2(a))
and the aluminum target (Fig. 2(b)). These spectra were
obtained using the following experimental conditions: the
distance between the titanium target and the position of the
substrate was 6cm, the aluminum target was located at
2.5 cm from the central part of the substrate and the gas pres-
sure was 1.06 Pa (of the gas mixture 60/40 Ar/N,). The laser
fluence on the Ti and the Al targets were 7 and 6J/cm2,
respectively. The observation point for the light emitted by
the plasma was close to the substrate position.

In the spectrum of the plasma formed by the ablation of
the Ti target, we observed the presence of neutral excited ti-
tanium (Ti) and singly ionized titanium (Ti"). Figure 2(a)
shows the spectral region, where the most intense emission
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FIG. 2. Optical emission spectra of the plasma produced by laser ablation of
the; (a) Ti target and (b) Al target, at the gas pressure used for all the
experiments.

peaks were detected; this spectrum was measured 2 us after
the interaction of the laser beam with the target (delay time),
where the maximum of emission was observed. It is worth
noting that no emission lines from the background gases
were detected. Figure 2(b) shows the emission peaks of the
plasma produced during the ablation of the aluminum target
with 200 ns of delay time, again where the emission maxi-
mum occurred. We observed the presence of singly and dou-
bly ionized excited aluminum (Al", AI""), and neutral and
singly ionized excited molecular nitrogen (N, and N,").
When both targets were simultaneously ablated the emission
was a sum of the individual spectra; however, the titanium
species were the most intense. There was no detected emis-
sion of molecules, such as AIN or TiN, even up to 5 us of
delay time when all emission stopped.

Figure 3 shows the data obtained from the TOF meas-
urements of the plasma plume; Fig. 3(a) shows data for the
ablation of the Ti target; and Fig. 3(b) shows data for the Al
target for the different experimental conditions. The graphs
also contain the values of the plasma density for each
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FIG. 3. The data from the TOF measurements obtained using the Langmuir
probe is presented as the probe signal versus the energy of the corresponding
ion; (a) the Ti plasma and (b) the Al plasma for different laser ablation con-
ditions. The shown values of the mean kinetic energy of ions (Ey) and the
plasma density (N,,) were calculated from the data.
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FIG. 4. The Al content as a function of aluminum plasma density.

experiment. As mentioned earlier, the average ion energy
and plasma density of the Ti plasma were kept constant at
300 eV and 1.14 x 10" cm ™, respectively, and for the abla-
tion of the aluminum target the target-to-probe (target-to--
substrate) distance was varied such that the average ion
energy was close to 100 eV for all the experiments.
However, in this case, the plasma density was varied from 9
x 10'% to 43 x 10'* cm . The calculations of the plasma
density used the maximum current of the TOF curves for
each experiment and the average ion energy, (E.), was
obtained as described in Sec. II.

The change in plasma density during ablation of the alu-
minum target (for simplicity we called this the aluminum
plasma) affects the Al content on the TiAIN thin films. Fig. 4
shows the Al concentration in the deposited thin films, as
measured by EDS, as a function of Al plasma density. A lin-
ear dependence of Al content on plasma density can be
observed as the amount of Al was increased from 2 up to
~12 at. %.

Raman spectroscopy was used to qualitatively observe
the effects of the Al incorporation in the TiN lattice. Under
lattice distortion, the Raman modes of TiN would be

TA

Normalized intensity (a.u.)

.

; )
600 700 800 900

T T T T
200 300 400 500
Raman shift (cm™)

FIG. 5. Raman spectra of TiAIN thin films with different aluminum contents.
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expected to shift. Figure 5 presents the Raman spectra of a
reference TiN sample and of the TiAIN thin films with dif-
ferent Al contents. Three of the characteristic features of
TiN can be seen in all the spectra; the bands below 400 cm”!
are associated with the transverse (TA 236.cm ') and longi-
tudinal acoustic (LA 320.6cm™!) phonons, while the band
near 570cm™' is due to the optical phonons (LO
570.3cm™'). The TA band did not shift significantly as Al
was incorporated in the films. However, the LA band was
shifted to lower frequencies and the intensity of this band
decreases with the addition of Al. When the Al content was
increased the LO band shifted to higher frequencies and the
intensity decreased. Table I shows the position of the LA
and LO bands and their intensities for the different Al con-
tents in the films. Similar Raman shifts to higher frequencies
when Al is added to TiN have been previously reported.'®!°
The decrease in intensity of the LA and LO modes could be
explained by a decrease in the number of Ti-N bonds when
Al is incorporated, with this suggesting that Al atoms substi-
tute Ti atoms in the TiN lattice.

On the other hand, the shift of the LO band towards
higher values could be explained as the formation of a higher
concentration of Al-N bonds as the Al content in the films
increased. The vibrations of the AIl-N bonds are located at
614, 660, and 673 cm "% In the case of the deposited films
in this work, the LO band can be fitted with two Gaussian
curves, one of them centered at 570 cm_l, and the other one
at higher values of the Raman shift, in particular, for the case
of the sample with an aluminum content of 11.6 at. %, this
second curve is centered at 657 cm ™', which strongly sup-
ports the idea of the formation of Al-N bonds.

In order to analyze the incorporation of Al into the TiN
lattice, XRD measurements were performed. Figure 6 shows
the XRD patterns of a TiN reference sample and those of the
samples with 2 and 11.6 at. % of Al. The intensity of the
peaks was adjusted so that the displacement of the peaks
could be clearly observed. Only a single peak was present in
all the diffraction patterns. The peak of the reference TiN
was centered at 20 =36.02° and corresponds to the (111)
direction of TiN. As the Al content in the films increased,
the diffraction peaks moved towards higher values of 26. For
the case of 2 at. % and 11.6 at. % samples, the diffraction
peak was centered at 36.34° and 36.73°, respectively. The
diffraction data were used to calculate the lattice parameters
of the different samples, and the results are plotted in Fig. 7.

TABLE I. Raman peak positions and intensities of the LA and LO modes
for the samples with different aluminum concentrations.

LA LO
Al content Raman Intensity Raman Intensity
(at. %) shift (cm ™) (a.u.) shift (cm™") (a.u.)
0 320.6 0.81 570.3 0.39
2.0 317.6 0.81 576.4 0.49
6.6 317.3 0.80 594.0 0.25
9.0 313.0 0.65 596.6 0.24
11.5 319.8 0.61 599.7 0.31
11.6 315.0 0.66 608.6 0.18
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FIG. 6. XRD patterns of representative samples. The dashed line corre-
sponds to the (111) plane of TiN.

As can be seen, the lattice parameter decreased as the Al
content increased. The atomic radius of Al is less than that of
Ti; therefore, the observed shrinkage of the lattice parameter
agrees with the idea that Ti is substituted by Al as the Al
concentration increased.

A very thin film was deposited on a NaCl substrate using
a plasma density of 45 x 10'?cm 2 (according to the data
shown in Fig. 4 this corresponded to the highest Al content,
~11.5 at. %, in the films). The film thickness was estimated
to be approximately 55 nm according to the deposition rates
for samples grown on similar conditions (5.5 nm/s). The sub-
strate was then dissolved in water and the film was collected
on a TEM grid, in order to obtain high resolution TEM
images. Figure 8 shows a micrograph of the TiAIN thin film,
the square box shows the planes corresponding to the (111)
direction of TiN. The interplanar distance of these planes is
d=2.444 %+ 0.007 A and this gives a lattice parameter value
of a=4.232*=0.012 A, which is smaller than the lattice pa-
rameter of TiN (¢ =4.315 A). The value of the lattice param-
eter is very close to that obtained from the X-ray diffraction
measurements of the normal thickness samples prepared

433 ——
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4314 % ]
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4.24 4 i
4.23 % -
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FIG. 7. The variation of the lattice parameter with the aluminum content.
The dashed line is a guide for the eye.
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FIG. 8. A transmission electron micrograph of a TiAIN sample. The inset is
a reconstruction of the planes observed in the area enclosed in the box.

using the same plasma density (see Fig. 7). Extensive exami-
nation of the TEM images showed no evidence of the exis-
tence of precipitation of aluminum, or crystals of aluminum,
in the deposit and this again supports our hypothesis that the
aluminum substitutes the titanium in the TiN crystal lattice.

IV. CONCLUSIONS

TiAIN thin films were prepared by means of the simul-
taneous ablation of Ti and Al targets in nitrogen containing
reactive atmosphere. It was shown that the chemical com-
position of the films was strongly dependent on the ion
plasma density. Additionally, from the results we believe
that aluminum was incorporated into the TiN lattice by sub-
stitution of Ti by Al. Certainly for aluminum concentrations
less than 12 at. %, there was no evidence of the existence of
aluminum precipitation. From 0 to ~12 at. %, the amount
of aluminum can be precisely controlled by controlling the
plasma density. Even though OES showed the presence of
nitrogen ions the results indicated that, under the experi-
mental conditions studied, the concentration of aluminum

Phys. Plasmas 21, 053509 (2014)

ions in the Al plasma is directly proportional to the plasma
density.
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