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ABSTRACT Titanium nitride thin films were deposited at low
temperatures (less than 250 °C) using the laser ablation tech-
nique. The effect of both the laser beam energy density and the
gas pressure on the plasma parameters was studied. The film
structure, mechanical properties and surface morphology were
investigated as a function of the plasma parameters. The results
showed a strong dependence of these properties on the ion ki-
netic energy and plasma density. The gas pressure was seen to
control the preferred orientation of the films in the (200) and
(111) directions. At 1 x 1072 Torr only the (200) direction was
observed. In addition, the crystal size for all the films was found
to depend on the plasma parameters; generally, an increase of
ion energy and plasma density resulted in a decrease of the crys-
tal size. TiN films with hardness as high as 24.0 GPa, which is
suitable for many mechanical applications, were obtained. The
hardness was strongly affected by the ion energy, increasing as
the ion energy increased. These results show that the properties
of the deposited material are controlled in part by the degree of
ion bombardment and the plasma density.

PACS 81.15.Fg; 81.05.Je; 68.55.Jk; 52.70.Ds

1 Introduction

Materials in thin-film form have received great at-
tention partly because of their singular properties, which may
differ significantly from their bulk attributes making them at-
tractive for a wide variety of applications either as structural
coatings or as functional thin films. In particular, titanium ni-
tride (TiN) thin films have attracted the attention of many
research groups because of their applications in a great variety
of technological fields mainly, including mechanical appli-
cations that take advantage of the high mechanical hardness,
wear and corrosion resistance of this material [1]. Specifically,
in order to improve the performance and extend the life of cut-
ting tools, a TiN film is usually used as a protective coating
for stainless steel surfaces because of its high corrosion and
oxidation resistance. Owing to its peculiar properties titanium
nitride is also widely employed in semiconductor manufactur-
ing as a diffusion barrier [2], as an antireflection and antistatic
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coating for displays [3], as a wavelength-selective transparent
film [4] and also for decorative applications [5].

TiN thin films have been prepared by a variety of tech-
niques such as magnetron sputtering, often from a titanium
metal target in a nitrogen—argon atmosphere [6], by reactive
evaporation [7], ion-beam deposition [8], a plasma focus de-
vice [9] and laser ablation [10, 11]. Laser ablation has been
extensively used in the last few years to produce a wide variety
of materials in thin-film form because of its advantages over
other deposition techniques. Particularly, there are two major
advantages that make this technique suitable for thin-film de-
position of crystalline titanium nitride. First, the high energy
of the species present in the plasma plume enhances surface
mobility and thereby permits crystalline film growth at lower
substrate temperatures [12, 13]; second, this technique offers
the possibility for deposition in a reactive gaseous atmosphere
even at high pressures [14]. The laser ablation deposition
technique has been used for the preparation of a variety of
hard coatings such as diamond-like carbon (DLC), c-BN and
CN,. DLC thin films have been prepared using a 248-nm
excimer laser wavelength and up to 45-J/cm? laser energy flu-
ence [15], or using an Nd-YAG laser with A = 1064 nm and
fluences in the range of 1-10J/cm? [16]. Amorphous car-
bon nitride (CN,) thin films have been deposited by pulsed
laser ablation (PLA) using the infrared wavelength (1064 nm)
of a Nd:YAG laser with laser fluences up to 10J Jem? [171;
this material has been also synthesized using an ArF ex-
cimer laser at energy densities between 4 and 16 J/cm? [18].
Cubic boron nitride films have been prepared by ion-assisted
pulsed laser deposition using a high laser fluence of more than
30J/cm? [19].

Pulsed laser deposition (PLD) of titanium nitride (TiN)
thin films has been carried out with a Nd: YAG laser (1064-nm
wavelength) to ablate titanium targets in low-pressure N, at-
mospheres at room temperature and fcc stoichiometric TiN
in a (111) orientation was obtained on AISI 630 HT steel
and AISI M2 high speed steel substrates [20]. A frequency-
doubled Nd:YAG laser (532 nm) was used to evaporate tita-
nium targets at a fluence value of 8J/cm? and at substrate
temperatures from room temperature to 725 °C; the deposit
obtained was of polycrystalline fcc TiN [21].

In spite of the fact that PLD has become a well-established
technique for thin-film deposition, the processes involved are
not well understood, and plasma characterization is a way to
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gain insight in determining the role of the plasma parameters
on the properties of the deposited films. Particularly, the in-
teraction of a carbon plasma in a nitrogen background gas has
been investigated using laser fluences of 94 J/cm? of 1064-nm
radiation in order to elucidate the mechanisms of formation of
nitrides in the gaseous phase [22]. The formation of reactive
species resulting from the plasma interaction with the N, at-
mosphere after irradiation of a titanium target with a 308-nm
laser fluence of 10J/cm? has been studied in order to help
understand the reactive deposition process of TiN films [23].

It is worth mentioning that with the PLD technique, the
thin-film properties can be varied by using an appropriate se-
lection of the deposition parameters such as fluence, working
pressure and target to substrate distance. In this way it is pos-
sible to grow materials with specific properties for tailored
applications.

2 Experimental
2.1 Experimental setup

The laser ablation system used in this work con-
sisted of a vacuum chamber evacuated by a diffusion pump
to a base pressure of 7 x 107 Torr. The energy density of
the Nd: YAG laser (1064 nm, 28-ns pulse duration) was varied
from 7 J/ecm? to 19 J/cm? by keeping the spot size constant
on the target surface and adjusting the energy per pulse. The
laser beam was focused with a 25-cm focal length spherical
lens with an incidence angle of 45° to the target. The deposi-
tion chamber was initially evacuated to the base pressure and
backfilled with a mixture, 40/60 (N,/Ar), up to the working
pressures, 5 X 1073 Torr and 1 x 1072 Torr. All the experi-
ments were performed using a repetition rate of 20 Hz.

The substrates used in this study were mirror polished
4140 steel disks, 2.0-cm diameter and 0.3-cm thickness. Prior
to the deposition process the substrates were ultrasonically
cleaned in acetone and ethanol. The target and substrate were
placed parallel and the distance between them was fixed at
3.0 cm. A resistive heater in the substrate holder was used to
heat the substrate to the deposition temperature. This tempera-
ture was measured with a thermocouple mounted directly on
the substrate. All the films were grown at a substrate tempera-
ture close to 230 °C. The target was rotated to avoid depletion
of material at any given spot.

2.2 Plasma characterization

Optical emission spectroscopy (OES) was per-
formed using a 0.5-m spectrometer (Spectra Pro 500i)
equipped with a fast intensified charge-coupled device ICCD)
(Princeton Instruments model 1024E) with a 150-ns gate
for photon detection. The light was collected by a UV-Vis
fiber bundle placed at a side window of the vacuum chamber
approximately 25 cm from the plasma. Synchronization be-
tween the laser pulse and the ICCD was ensured using a fast
detector. The OES measurements were performed along the
axis of the plasma, at different distances from the target sur-
face.

Determination of the plasma parameters, the mean kinetic
energy of ions and the plasma density, was performed by the
time of flight technique (TOF) using a 3-mm-diameter Lang-
muir planar probe. In all the experiments the probe was biased
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at —40V, where saturation of the ion current takes place.
The signal from the probe was monitored through a 15-Q
resistor. The plasma density was determined from the ion cur-
rent values across the resistor. Measurements were performed
under the experimental conditions used for thin-film depo-
sition to establish a correlation between plasma parameters
and thin-film properties: that is at a distance of 3 cm from the
target.

2.3 Thin-film characterization

The crystalline structure of the deposited films
was studied by X-ray diffraction (XRD) using a Siemens
D-5000 diffractometer with a Cu K, radiation source (A, =
1.5406 A). The surface morphology and the cross section of
the films were observed with a scanning electron microscope
(SEM, Philips XL30). The film thickness was determined
with a profilometer (Sloan Dektak II). Micro-hardness meas-
urements were performed using a Vickers micro-indenter
(Shimadzu 341-64278). The surface roughness was deter-
mined using an atomic force microscope (Digital Instruments
Nanoscope IV).

3 Results

Two groups of samples were prepared in the
present experiments; the first was to determine the optimal
growing conditions and the second to test the reproducibility
of the results. In this way it was possible to study the influence
of the two deposition parameters on the plasma characteris-
tics and on the thin-film properties: the energy density used to
ablate the target and the gas pressure used during deposition.
In general, the deposited films show a mirror-like appearance
and exhibit a golden-yellow color characteristic of TiN.

31 Plasma diagnostics

The optical emission spectroscopy results revealed
a very rich emitting plasma plume due to the presence of Ti,
Ti™ and Ti™ T excited species. It is worth noting that under the
experimental conditions used in this work the most abundant
species was Tit and no signal associated with N or TiN was
detected by OES. These results do not mean that these species
are not present in the plasma and could be interpreted in terms
of a nitrogen density much lower than that of the titanium
species. The existence of excited neutral and ionized nitrogen
species when a titanium target is ablated in the presence of
a nitrogen atmosphere has been reported elsewhere but under
different experimental conditions to the present work [23].
Figure 1 shows a typical set of time of flight (TOF) curves
obtained from the Langmuir-probe measurements at different
laser fluences for a working pressure of 1 x 1072 Torr. It can
be observed that as the laser fluence decreases the maximum
in the TOF curve is shifted to longer times, indicative of a re-
duction of the ion kinetic energy. From these spectra the mean
kinetic energy of the Tit ions was obtained [24]. Figure 2
shows the mean ion kinetic energy as a function of the laser
fluence for the two values of the working pressure. The ion en-
ergy shows the same tendency to increase as the laser fluence
increases for each value of pressure. For the highest fluence
(19 J/cm?) and the lowest pressure (5 x 1073 Torr) the highest
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FIGURE 1 Typical time of flight (TOF) curves obtained from the
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n

400+ /P= 5x10° Torr

350+
S °
= 300 . .ﬁ= 1x107 Torr
o
15} /
c
0 250-] .

200+

—
8 10 12 14 16 18

Laser fluence (J/cm?)

FIGURE 2 The mean ion kinetic energy of Ti II as a function of the laser
fluence for two values of the working pressure

ion energy of approximately 410 eV was obtained. The lowest
value of ion energy, of about 120 eV, was obtained for the low-
est fluence (7 J/cm?) and the highest pressure (1 x 1072 Torr).
The observed reduction of the kinetic energy of the plasma
species as the working pressure increases can be attributed
to momentum-transfer collisions between the plasma species
and the background gas as the mean free path is reduced, pro-
ducing a greater thermalization of the plasma plume.

The plasma density values were obtained from the mean
current values calculated from the TOF curves. Figure 3
shows the plasma density as a function of the laser flu-
ence for different values of the working pressure. It can
be seen from this plot that higher laser fluence in gen-
eral resulted in a higher plasma density for each pressure
used. The obtained values for the plasma density fluctu-
ate from 9.9 x 103 ecm™ at 1 x 1072 Torr and 7 J/cm?, to
2.0x 108 cm™ at 5x 1073 Torr and 19J/cm?. From the
same figure, it is evident that the plasma density also depends
on the working pressure; the density decreases as the pressure
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FIGURE 3 The plasma density as a function of the laser fluence for
5 x 1073 Torr and 5 x 102 Torr

150 200 250 300 350 400 450
2.5x10" r r — r r 2.5x10"
s P=5x107 Torr
G H .
2.0x10" | 2.0x10"
¢ N
é 1.5x10'" 1.5x10"
g AC
3 Fa
g 1.0x10" 1.0x10"
g AB
o
E
5.0x10"1 g 5.0x10"
aA
A P=1x102Torr

150 175 200 225 250 275 300 325
lon energy (eV)

FIGURE 4 The plasma density—ion energy diagram obtained combining
Figs. 2 and 3

is increased at a given laser fluence value. This behavior can
be attributed to recombination processes that become more
important at higher pressures as the mean free path is reduced
and because the plasma beam attenuates due to multiple dis-
persion processes as the number of collision centers increases.
At the same time, at higher pressures the plasma is confined
to a smaller space and therefore fewer particles reach the
probe.

By comparing the integrated ion current per pulse with
the measured deposition rate (assuming single ionized atoms
of Ti and the bulk density of TiN for the film) we estimate
that approximately 10% of the depositing species are ionized.
In spite of the fact that we are characterizing approximately
only 10% of the plasma species, the studied properties of the
deposited material and the variation of these with the experi-
mental conditions can be described in terms of plasma density
and mean ion kinetic energy.

From the results obtained above and combining Figs. 2
and 3, a plasma density—ion energy diagram was obtained.
This diagram, shown in Fig. 4, was used to determine the
plasma conditions under which deposition of films was to
be carried out. For example, point A, in Fig. 4, means that
the sample labeled as A was deposited using a mean ion ki-
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netic energy close to 450 eV and a plasma density equal to
9.5 x 103 cm—3, and so on.

3.2 Thin-film characterization

3.2.1 Structural characterization. Figure 5 shows the XRD
spectra of two samples (both of thickness greater than
800 nm); the first was grown using an ion energy of 184 eV
and a plasma density of 8.3 x 10'* cm™3 (sample B in Fig. 4)
and the second was grown using an ion energy of 217eV
and a plasma density of 1.1 x 10" cm~3 (sample F in Fig. 4).
That is, these samples were deposited at the same fluence
value of 9.0 J/cm? but at two different working pressures,
1 x 1072 Torr and 5 x 1073 Torr, respectively. The spectrum
corresponding to the sample deposited at 1 x 1072 Torr is
characterized by the presence of peaks at 260 = 42.70° and
93.45°, which correspond respectively to the (200) and (400)
planes of cubic TiN. The fact that only these peaks are present
suggests that the film has grown preferentially in the direc-
tion of the (200) plane. The additional peaks in the spectrum at
20 = 44.48°,64.78°, 82.13° and 98.5° correspond to the sub-
strate. On the other hand, the spectrum corresponding to the
sample deposited at 5 x 1073 Torr is characterized by peaks
centered at 260 = 36.53° and 77.80°, which can be attributed
to the (111) and (222) planes of TiN. In this case the film has
grown preferentially in the direction of the (111) plane. It is
worth noting that all the samples deposited at each pressure,
but at different plasma energy and density, show diffraction
patterns similar to those shown in Fig. 5. These results suggest
that regardless of the plasma parameters used for deposition,
the working pressure plays an important role in controlling
the crystalline orientation. Further work is underway in order
to explain the effects of the working pressure on the plasma
characteristics that result in the observed behavior.

In order to study the effect of the plasma parameters on
the structural properties of the thin films, several deposits
were performed at two pressures and different fluences fol-
lowing Fig. 4. Figure 6a presents the X-ray diffraction pat-
terns, normalized to the thickness for comparison purposes,
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FIGURE 6 The X-ray diffraction patterns of samples deposited under dif-
ferent plasma conditions for 1 x 10~2 Torr (a) and 5 x 10~3 Torr (b)

corresponding to the samples labeled as A, B, C and D. At this
pressure, as the ion energy increases and simultaneously the
plasma density increases, the degree of crystalline quality im-
proves first and then for ion energies greater than 184 eV the
degree of crystalline quality of the film diminishes; this can be
attributed to the fact that for the higher ion energies the more
intense bombardment of the growing films produces an amor-
phization effect due to the formation of smaller crystallites.
When the pressure is set at 5 x 1073 Torr, Fig. 6b, as was
pointed before the films grew preferentially in the (111) di-
rection with this plane parallel to the surface of the substrate.
However, in this case the peak at 42.70° was still observable
in the diffraction patterns but with lesser intensity. This means
that at this pressure the deposited material was formed of co-
existing (200) and (111) orientations. It is evident from the
diffraction patterns that the (111) direction was the predom-
inant one in these samples; in fact, the extent of the (111)
orientation can be quantified by a texture coefficient defined
by I(111)/(I1(111) 4 1(200)) [25], where I(h, k, [) is the in-
tegrated intensity of the corresponding Bragg peak. The tex-
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ture coefficient for the film labeled as F was 0.94; this value
indicates a high degree of orientation of this sample in the
(111) direction. On the other hand, the sample labeled as H
had a texture coefficient of 0.68, which was the lowest ob-
served and means that in this sample approximately 68% of
the crystalline phase was oriented in the (111) direction. It is
interesting to observe that the X-ray diffraction pattern cor-
responding to the sample E revealed that under the deposition
conditions used the deposited material was a titanium nitride
deficient in nitrogen. This could be due to the fact that at this
pressure there is not enough active nitrogen species to react
with the titanium to produce the correct composition.

The average crystallite size as a function of the plasma pa-
rameters was estimated using the Scherrer equation,

D =0.91/8 cos 6 [26]. The obtained results are presented in

Fig. 7 where it is clear that the crystallite size is almost con-
stant, having a value of approximately 20.5 nm for the range
of ion energies from 170 to 250 eV. If higher energies are
used for deposition, the grain size diminished to values close
to 15 nm at 320 eV. A similar behavior was observed for the
plasma density, as is also shown in Fig. 7.

3.2.2 Hardness measurements. The hardness of the TiN films
was measured using a micro-indenter. Considering the inden-
tation size effect, the load of the indenter was chosen to limit
the penetration depth in order to minimize the effect of sub-
strate on hardness of the thin film. Therefore, the hardness
measurements were performed applying a 5-gf load. Given
the size of the indents these were observed in the SEM in order
to measure the diagonals from which an average was taken. It
is well known that to obtain the hardness value for a thin film
without the influence of the underlying substrate it is neces-
sary to satisfy the requirement that the film thickness should
be typically seven to ten times greater than the penetration
depth. This condition is not fulfilled in our case and therefore
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the hardness values were determined considering a composite
hardness due to the substrate contribution [27].

The results show that the deposited films have hardnesses
between 12 GPa and 24 GPa depending on the plasma con-
ditions used for thin-film deposition. In Fig. 8 the hardness
values for the films with (200) and (111) orientations as
a function of the ion energy are presented. It can be clearly ob-
served that the (111)-oriented films are harder than those with
the (200) orientation. This result is consistent with previous
reports that attribute the response to the relationship between
the (111) orientation and the resolved shear stress on the slip
systems of TiN [28]. Figure 8 shows that the film hardness
tends to increase as the ion energy was increased; this result
is consistent with the results presented in Fig. 7 since a higher
hardness corresponds to a smaller grain size.

3.2.3 Morphology. The scanning electron microscopy images
of the deposited thin films showed smooth surfaces with
a small number of scattered particles, as shown in Fig. 9a;
the RMS surface roughness from atomic force microscopy
analysis was 1.6 nm for samples deposited at 19 J/cm? and
12.8 nm for films grown at 9J/cm?. It is well known that
splashing of droplets or particles on the film surface is one of
the drawbacks of the laser ablation technique; however, the
microscopy images seem to indicate that under the conditions
used the accumulation of particulates is not severe. In Fig. 9b
the image of the cross section of a film grown at a pressure of
1 x 1072 Torr and a fluence of 19 J/cm? is presented. No ap-
parent columnar grain structure was observed as is often seen
for vapor-deposited TiN films. This suggests that the deposits
may grow as dense structures and due to the intense bombard-
ment of the plasma since this increases the surface mobility of
the depositing species and promotes a layer by layer growth.
The adhesion of the films onto the substrates has been
tested by the simple Scotch-tape test. No peeling or cracking
has been observed for the deposited films, indicative of good
adhesion of the film. In fact, the energetic species present in
the plasma should promote that the initial layers of the coat-
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FIGURE 9 Scanning electron microscopy images of the deposited thin
films (a) and image of the cross section (b) of a film grown at a pressure of
1 x 1072 Torr and a fluence of 19 J/cm?

ing be actually slightly implanted into the surface layer of the
substrate forming strong metallic bonds to the substrate.

4 Conclusions

Highly textured single-phase cubic TiN films have
been deposited by the laser ablation technique onto steel AIST
4140 at a substrate temperature of 230 °C and using different
plasma regimes. The influence of two deposition parameters
on the plasma characteristics and on the thin-film properties
was investigated. An important result is that pressure controls
the crystalline texture of the films. Films with a preferential
orientation in the direction of the (200) plane or in the direc-
tion of the (111) plane were obtained depending on the work-
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ing pressure used during deposition. Properties such as tex-
ture, hardness and grain size were characterized as a function
of plasma parameters, mean ion energy and plasma density
in an attempt to correlate plasma characteristics with material
properties.

From the presented results it is clear that the properties
of the deposited material are determined partially by a suit-
able combination of ion energy and plasma density, at a given
pressure, and therefore these parameters might be used as con-
trol parameters in the formation of materials with specific
properties.
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