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Abstract

Titanium-based compounds are widely used as coating materials for mechanical, tribological, electrical, optical,

catalytic, sensoric, micro-electronical applications due to their exceptionally physical and chemical properties. Recently,

the trend of using temperature-sensitive materials like polymers and tool steels with the highest hardness demands new

low-temperature coating techniques for protective surface finishing as well as for surface functionalization, but up to

now there is lack of industrially scaled vacuum coating techniques at temperatures below 50 1C. An alternative for

overcoming this problem is the pulsed laser deposition (PLD) technique, which was up-scaled for industrial demands at

Laser Center Leoben of JOANNEUM RESEARCH Forschungsgesellschaft mbH.

The current paper summarizes the application of the industrially-scaled PLD technique on the deposition of the

presently most important Ti-based coatings: metallic titanium, titanium nitride (TiN), titanium oxide (TiO2) and

titanium carbonitride (TiCN). PLD coating allows, even at room temperature, the formation of film structures of Zone-

T type of Thornton’s structure zone model, both on substrates aligned normal and parallel to the incident vapor flux.

The high-energetic deposition conditions are revealed by the occurrence of (2 2 0) textures for the fcc TiN-based films.

The dense grown structure affects advantageously the tribological behavior—generally, low wear rates and (for TiCN)

very low friction coefficients were found. For TiO2 coatings, growing as a mixture of b-TiO2 and amorphous phases, the
easily reproducible change of deposition parameters in the room-temperature PLD allows large differences in the

optical transmission and electrical resistance.
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1. Introduction

Titanium-based compounds are widely used as
coating materials for mechanical, tribological,
electrical, optical, catalytic, sensoric, microelectro-
nical applications due to their exceptionally
ed.
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physical and chemical properties, which can be
varied in broad ranges [1,2]. Metallic titanium (Ti)
possesses very high biocompatibility being used,
e.g. in contacts to human body (bone, soft tissue)
[3]. Due to its high affinity to oxygen and its high
deformability the hexagonal, at room temperature
stable modification a-Ti is very often used for
adhesive interfaces [2]. Stoichiometric titanium
dioxide (TiO2) in its two important crystalline
modifications, rutile and anastase, possesses high
refractive indices, high dielectric constants, high
chemical stability and biocompatibility as well as
low friction coefficients [2,4-5]. Titanium nitride
(TiN) coatings are often used for improving the
tribological performance of tools and machine
parts in industrial applications [2]. The golden
color as well as the high hardness allow its use for
decorative applications too. The addition of
carbon to TiN resulting in titanium carbonitride
(TiCN) coatings gives the opportunity to reduce
friction and wear in machining operations [6,7]
drastically.
At present mainly ion beam deposition, magne-

tron sputtering and arc deposition techniques are
used for the physical vapor deposition (PVD) of
Ti-based coatings [2]. The high substrate tempera-
tures of at least 300–400 1C necessary in most PVD
techniques for sufficient adhesion of the coatings
on the substrate as well as dense coating structures
prevent the coating of heat sensitive substrates like
pre-quenched tools or materials like polymers [8].
The pulsed laser deposition (PLD) technique
allows the coating of these materials at room
temperature with excellent adhesion strength due
to its specific deposition conditions (high energetic
plasma) [9]. Although the PLD technique is a well-
developed laboratory deposition process, it has
not reached an industrial breakthrough yet [10],
but it is one of the most promising candidates for
new low-temperature deposition processes in
industry. Recently, the main obstacle is the
availability of large area deposition equipment
necessary for coating of large substrates for
industrial use (e.g. tools, sheets, foils). To over-
come this problem, a multi-beam PLD evapora-
tion system was installed at Laser Center Leoben
of JOANNEUM RESEARCH Forschungsge-
sellschaft mbH [8].
The current paper describes, first the main
principles of the PLD technique, the consequences
of the special deposition conditions on the film
growth as well as the application of the multi-
beam large-area evaporation system for deposition
of Ti-based coatings for tribological, optical and
electrical purposes.
2. Experimental—the PLD technique

In the PLD technique, a pulsed laser beam is
focused onto a target in order to evaporate its
surface layers under vacuum or low-pressure gas
conditions [9], see Fig. 1. In the current work the
ablation was performed by a pulsed Nd:YAG laser
system, which provides four beams of 1064nm
wavelength, 0.6 J pulse energy and 10 ns pulse
duration at a repetition rate of 50Hz [10]. The
vaporized material consisting of atoms, ions and
atomic clusters is subsequently deposited onto the
substrate surface. The outstanding advantage of
this technique is the possibility to deposit coatings
of very high chemical purity and very high
adhesion to various substrate materials at room
temperature. The application of reactive process
gases leads to the opportunity of varying the
chemical film composition in a wide range. Besides
the coating of large substrate surfaces parallel to
the target surface (‘‘on-axis’’ substrate position) by
applying substrate movement high-rate film growth
on surface areas situated perpendicular to the
target (‘‘off-axis’’ position) is also possible by using
a low pressure process gas [11]. The multi-beam
PLD approach, showed in Fig. 2, allowed large-
area coating with low deviation (�5%) of the
deposited coating thickness over the used deposi-
tion height of �22 cm [12]. The given deposition
rates in Fig. 2 reveal the high-rate film growth.
For depositing coatings in the current work,

metallic titanium targets (99.9% purity) were
ablated in N2, C2H2 and O2 atmospheres in order
to allow besides the pure metallic Ti deposition in
Ar atmosphere also the deposition of nitrides (TiN),
carbides (TiC) and oxides (TiO2), respectively, as
well as by using gas mixtures the growth of
carbonitrides (TiCN). High-speed tool steels (AISI
M2, hardness �64 HRC), ferritic corrosion resistant
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Fig. 1. Schematic view of the PLD system used for TiN film deposition.

Fig. 2. Principle of the multi-beam pulsed laser deposition

approach (insert) and deviation of the deposition rate of

metallic Ti over the deposited area.
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steels (AISI 630 HT), molybdenum sheets, glass
plates and silicon wafers were used as substrate
materials in this work, cleaned ultrasonically in pure
acetone and alcohol, respectively, before coating.
3. Results and discussion—properties of Ti, TiN,

TiCN and TiO2 coatings

3.1. Morphology and microstructure

Based on the structure zone model (SZM),
which was developed for sputtered coatings by
Thornton [13] and which is widely used for
classifying PVD coatings, the morphology and
microstructure of PLD coatings deposited at room
temperature can be described fairly accurate, even
though some distinct influences of the PLD
technique has to be mentioned [14]. The main
difference between magnetron sputtering in Ar
atmospheres of different pressures (used in Thorn-
ton’s SZM) and the PLD process are the pulsed
plasma conditions in the PLD leading to higher
degree of ionization and higher kinetic energy of
the ablated particles [9]. The interaction of the
laser beam with the metallic target and the ablated
vapor results in two ablated particle fractions of
very different energies: (1) high energetic ions with
energies between 100 and 1000 eV (plasma), and
(2) atoms with lower energies between 10 and
50 eV [15]. The stream of ions is extending much
faster into the vacuum than the stream of atoms.
Thus, the ion plasma front reaches the substrate
surface earlier, and the high energy of the species
leads to a high activation of the atoms at the
substrate surface (activation of diffusion), to
the implantation of the high energetic ions in the
surface as well as to a high degree of resputtering
[15]. The resputtered particles collide with the
stream of the slower atoms resulting in the
formation of a collision zone characterized by
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Fig. 3. Scanning electron microscopy (SEM) cross-section

images of (a) Ti, (b) TiO2, (c) ‘‘on-axis’’ deposited TiN (target

and substrate surfaces parallel) and (d) ‘‘off-axis’’ deposited

TiN (surfaces perpendicular). For comparison of the coating

structures, the structure zone model developed by Thornton

[13] is shown in (e).
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high plasma and particle density and high tem-
perature. Additionally, reactive gas atoms are
excited and ionized by emitted electrons from the
surface and collision with resputtered particles.
The interaction with the resputtered atoms hinders
the stream of slower atoms on hitting the substrate
surface. Thus, condensation and cluster formation
starts in the collision zone. Increasing conden-
sation and cluster deposition diminishes the
plasma density and finally dissolves this layer.
Hence, ablated vapor of the lowest kinetic energy
(about 10 eV) can hit the growing coating surface
without any interaction with the resputtered
stream. The repeated mechanism of implantation,
resputtering and deposition of clusters leads to
microstructures of PLD coatings compared to
films sputtered at temperature of some 100 1C
higher [11,15–18].
The comparison of the film structures of the Ti-

based coatings in the SEM cross-section images in
Fig. 3 with that of Thornton’s SZM confirms this
theory: only very small columns can be obtained
for Ti, TiCN and ‘‘on-axis’’ deposited TiN, which
corresponds to the Zone-T structure [12,13]. This
microstructure is formed due to the activation of
surface diffusion on the coating by high energetic
ions. Thus, pores between the columns, character-
izing Zone-1 structures, are filled during film
growth. The lower activation of surface diffusion,
found for the ‘‘off-axis’’ TiN coating. The reason
for this phenomenon is the necessity of scattering
of all species with other processes gas or ablated
atoms and molecules for film growth to reach the
‘‘off-axis’’ mounted substrates (perpendicular ar-
rangement of target and substrate surfaces). By the
application of the room temperature PLD techni-
que, the formation of Zone-2 microstructures,
characterized by columnar structures due to high
surface atom mobility, as well as of the recrys-
tallized Zone-3 structures, found at the highest
homologous temperatures (substrate temperature
Ts/melting temperature Tm) are not observed.
Furthermore, amorphous structures are also evi-
dent in PVD coatings, if the substrate temperature
is too low or the ion bombardment of the growing
film is too high preventing the formation of mostly
very complex lattice structures. The TiO2 film
seems to be an example for such behavior [15,19].
Not only the film cross-sections, but also the
coating surfaces represent details of the micro-
structure. Due to the specific growth mechanisms
in coatings [20] starting from clusters on the
substrate surface and the faster growth of some
columns with energetically favorable lattice orien-
tations, the size of the cone-shaped columns
increases at the surface in Zone-1 and Zone-T
structures of Thornton’s SZM [11]. The minimiza-
tion of the surface energy by the growth of cones
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leads to the formation of cluster-shaped surfaces,
which are shown, e.g. in the AFM images in Fig. 4.
Nevertheless, the roughness of all coatings is very
low, ordinary in the range between 3 and 6 nm.
Due to the repeated crystallization caused by
higher stresses around lattice growth defects in
non-metallic bonded compounds (e.g. TiN, TiCN,
TiO2) the cone-shaped columns are smaller than
for the deposition from metallic targets in inert gas
atmosphere (Ar). Such a behavior is also found for
the Ti coating. In the case of the TiCN coating, the
density of the surface clusters is smaller, although
their size is similar to that of the other coatings,
deducing to contents of amorphous material in the
coating.
Contents of amorphous material in some of the

coatings can also be concluded from the XRD
spectra (Fig. 5a) showing higher and wavy back-
ground for the TiCN [12] and the TiO2 [19]
coatings at low diffraction angles (2Yo401). In
contrast, the Ti and TiN [11] coatings seem to be
highly crystalline. The main orientation of the
crystallites parallel to the coatings surface, which is
described by the highest diffraction peaks in the
Fig. 4. Atomic force micrographs of room temperature deposited PLD

deposited TiN and (d) TiO2.
spectra, is caused by energetic reasons during the
film growth [21]:
�

co
(1 0 0) textures are commonly found during
growth of face-centered cubic (fcc), NaCl-type
TiN coatings in very high energetic particle (ion)
flux or at high substrate temperatures. The high
temperatures allow a healing of growth defects
mainly originating from the high ion flux by
diffusion, resulting in scarcely distorted lattices.
Thus, the growth of lattice planes with the
lowest surface energy is preferred.
�
 Additionally, channeling effects in the coatings
are triggered by high energetic gas particles (Ar
or N ions). The existence of channels normal to
the (1 0 0) lattice planes enable the penetration
of these small ions in the growing coating
surface; the energy loss at the surface is very
low. Consequently, the damage of such aligned
grains is very small. In TiN, the resputtering
probability is decreased resulting in preferred
formation of (1 0 0) lattice planes parallel to the
substrate surface. The deep penetration (up to
some nanometers) prevents a desorption of the
atings: (a) metallic Ti, (b) TiCN, (c) ‘‘on-axis’’ and ‘‘off-axis’’
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Fig. 5. (a) X-ray diffraction spectra of the room temperature deposited PLD coatings Ti, ‘‘on-axis’’ and ‘‘off-axis’’ grown TiN, TiCN

and TiO2. The peaks were assigned to the standard diffraction 2Y positions of hexagonal a-Ti (JCPDF 44-1294), fcc TiN (38-1420), fcc
TiC (32-1383) monoclinic b-TiO2 (46-1238) and of the substrate materials a-Fe (06-0696) and bcc Mo (01-1207). (b) Pole figures of
‘‘on-axis’’ deposited TiN on a-Fe substrates. The XRD measurements were performed by a Bruker AXS D8 Discover diffractometer
and CuKa radiation for phase analyses and CoKa for texture analyses, respectively.
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incorporated atoms and, thus, the incorporation
of growth defects, which result in high lattice
stresses and low grain sizes.
�
 In contrast, (1 1 1) textures are found in TiN
coatings grown under high ion fluxes but low
substrate temperatures. In contrast to (1 0 0)
planes, channeling is impossible normal to (1 1
1) fcc lattice planes (the most dense array of
atoms). However, the very low lattice strain
energy of the (1 1 1) plane—the lowest known in
TiN lattice planes—enables their preferred
growth. Thus, the low lattice strain energy
allows the incorporation of higher contents of
interstitial atoms (N, Ar) at the surface com-
pared to the (1 0 0) planes. Due to the stronger
bonding of these interstitials their desorption is
hindered. The low sensitivity on growth stresses
allows the subsequent growth of (1 1 1) planes.
As a result, high compressive stresses occur in
the lattice. Under low temperatures and low ion
fluxes (e.g. in reactive magnetron sputtering),
(1 1 1) TiN textures are formed, because Ti ad-
atoms have a large chance of becoming trapped
(stronger chemical bonding) at (1 1 1) sites
compared to (1 0 0) [22]. Additionally, Ti ad-
atom diffusion is fast on (1 0 0) and slow on (1 1
1) TiN surfaces, leading combined with the
stronger chemical bonding, to a slow and
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inexorably expanding of the (1 1 1) grains at the
expense of the (1 0 0) grains [23].

The (2 2 0) texture, found for room-temperature-
deposited PLD TiN coatings can be considered as
a transition structure reflected by surface and
lattice strain energies between (1 0 0) and (1 1 1).
A similar phenomena appears in the PLD of a-

Ti coatings, in which a strong (1 1 0) texture is
found. From the sputtering techniques, it is well
known that due to the low energy of the species in
the plasma commonly the growth of (0 0 2)
orientation parallel to the substrate surface is
preferred, which is the most densely packed lattice
plane and, thus, possesses the lowest surface
energy. Ionized sputtering leads to the forma-
tion of (1 0 0) and other planes of higher surface
energy [24].
A mixing of carbon atoms to the growing TiN

film, e.g. by the use of hydrocarbon reactive gases
(like C2H2), results in a shift of the peaks to lower
diffraction angles. This shift is due to the change of
nitrogen atoms by the smaller carbon atoms in the
NaCl-type fcc lattice. As mentioned above, this
coating type contains amorphous phase too, which
is due to the high hydrogen content in the gas
atmosphere (resulting from the dissociation of
C2H2) [25]. The use of oxygen during deposition
leads to an amorphous phase too, caused by the
complex atomic arrangement in all crystalline
titanium oxide phases. The crystalline content in
the TiO2 coatings (about 40–60% depending on
the deposition conditions) cannot be assigned to
the usual TiO2 phases rutile, anastase or brookite,
found in PVD coatings, but to b-TiO2—a special
modification—which was not found before in
coating structures [19].
The angular distribution of the crystallite

orientation in crystalline ‘‘on-axis’’ grown PLD
coatings mainly corresponds randomly to fiber
textures (e.g. shown for ‘‘on-axis’’ grown TiN
coatings in Fig. 5b) [11].

3.2. Mechanical and tribological behavior

Mechanical and tribological properties are
important for coatings used as protective layers
on forming and cutting tools or machine parts.
Above all, TiN and TiCN distinguish by their high
hardness compared to Ti or TiO2. This high
hardness level (2–3 times) is due to their ionic
bonding and compared to bulk materials signifi-
cantly influenced by the low grain size and the high
density of lattice defects [2]. Analyses of the XRD
peaks lead for TiN coating to grain sizes between 8
and 10 nm [11]. The high compressive stresses up
to �8GPa found in X-ray stress analyses [11]
suggest high lattice mismatch due to, e.g. incor-
poration of Ar atoms from the process gas, N
atoms on wrong lattice positions and the high
densities of dislocations [26]. The incorporation of
these defects is thoroughly possible during the
specific deposition mechanisms in the PLD tech-
nique explained above. The increase of hardness
by the mixture of carbon atoms into the film
structure is based on the lattice tension too (see
Fig. 6a). But very high carbon contents result in
higher contents of amorphous phase reducing the
hardness level. Nevertheless, excellent adhesion
strength of room temperature deposited PLD
coatings can be reached by specific adhesive
interface design. Although already due to the high
hardness of PLD TiN very low wear rates (also in
comparison to TiN coatings deposited by other
PVD techniques [2]) are reached, the reduction of
the friction coefficients by the addition of carbon
atoms (Fig. 6a) further decreases wear of the
coating (‘‘disc’’) as well as the counterpart (‘‘disc’’)
in the pin-on-disc tests performed (Fig. 6b). The
strong dependency of wear on the hardness and
friction coefficient is obvious due to the increase of
all three values in coatings deposited in atmo-
spheres of higher C2H2 content. Thus, it seems to
be clear, that the mechanisms occurring during the
tribological contact of the coatings and the
counterpart (AISI 52100/DIN 100 Cr 6 steel pin)
are strongly influenced by the chemical composi-
tion of the coatings (Figs. 6c and d) [7]. TiN
coatings are covered during unlubricated sliding
against steel surfaces by a transfer layer consisting
of oxidized counterpart material in the wear track
with very high adhesion [11]. Sliding occurs only
on this transfer layer. Wear debris results from
delaminations from the transfer layer, which is
sheared by the high friction load in each contact
cycle. Although the formation of a transfer layer
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Fig. 6. Influence of the gas composition (N2, C2H2) during deposition of TiCN coatings on the mechanical behavior: (a) hardness and

friction coefficient and (b) the coated disc and uncoated pin wear rates. (c,d) Optical profilometry images of the wear tracks of a TiN

coatings (30 sccm N2) and a TiCN coating (5 sccm C2H2+25 sccm N2). (Testing parameters: Hardness: nano-hardness tester

Fischerskop H100, maximum load: 10mN, loading rate of the Vickers indenter: 1mNs�1; Pin-on-disc tests: CSM instruments

tribometer, uncoated pin: AISI 52100/DIN 100Cr6 steel balls with 6mm diameter, friction force: 10N, sliding distance: 200m, sliding

speed: 0.1ms�1; temperature: 25 1C, rel. humidity: 55%).

J.M. Lackner / Vacuum 78 (2005) 73–8280
on the coating surface protects the coating from
severe wear, the loss of counterpart material is not
acceptable in many applications. The addition of
carbon to the coatings composition changes the
wear phenomena drastically: In this case also the
sliding counterpart is protected against wear due
to the transfer of carbon-rich layers to the
counterpart [7,12]. The formation of this transfer
layers occurs in the beginning of the sliding
process during the first contacts, when due to the
high friction temperatures in the wear track the
destruction of the crystal lattice near the coating
surface and the oxidation of uncovered material
occurs. Carbon atoms cover, subsequently, the
surface of the wear track and the counterpart in
some nanometer thick layers, on which the sliding
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occurs during the steady-state phase of friction.
The missing of high-friction-induced shear stresses
leads to a drastic reduction in wear debris
formation and, thus, up to 12 times lower wear
rates of the coating and the counterpart. TiCN
coatings protect besides the coating also the
counterpart from severe wear.

3.3. Optical and electrical behavior

Titanium-based coatings are widely used for
optical and electrical applications nowadays. Be-
sides its high hardness, the golden color of TiN
leads to broad range of decorative applications [2].
In contrast, TiO2 coatings are transparent and
possess due to their high refractive indices in the
visible light range a strong dependency to inter-
ference colors [27]. Such a behavior is also found
for room temperature PLD TiO2 coatings as
shown in the wavy shape between wavelengths of
350 and 1250 nm in the spectral transmission
graph of the coating deposited using 60 sccm O2
gas flow in Fig. 7d. The optical transmission is
Fig. 7. X-ray photoelectron spectroscopy (XPS) results of the chemica

reached by different O2 gas flows during deposition: (a) Ti
2p peak,

(measurements performed after 20min Ar+ ion sputtering with 500 e

between wavelengths of 320 and 2500 nm . (e) Electrical resistance of
higher in coatings deposited in the higher pressure
atmospheres (e.g. 60 sccm O2 gas flow) if all
bonding sites of the Ti atoms are saturated by
oxygen atoms. Although all the titanium oxide
coatings contain nearly 64% oxygen atoms (Fig.
7c), the slight increase in the oxygen content
leading to the slight shift of the binding energy of
Ti2p and O1s to lower values (Figs. 7a and b)
results in the such dramatically changes in the
transmission and the electrical resistivity behavior.
The latter is increased by 200 times by an increase
in the oxygen content of 0.25% (Fig. 7e). This
example confirms the possibility of easy variations
of properties in a wide range by the PLD
technique.
4. Conclusions—industrial applications for room-

temperature Ti-based coatings

The increased demands for low-temperature
vacuum coating in the last years for coating of
temperature-sensitive materials (plastics, warping
l binding and composition of TiOx films with varying O contents

(b) O1s peak, (c) quantitative chemical analyses of O contents

V ion energy). (d) Optical transmission spectra of the coatings

the coatings.
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sensitive steel parts, etc.) require the development
of new industrially applicable coating techniques.
The PLD is mentioned as one of the most
promising candidates for fulfilling the demands
of large-area coating of also 3d-shaped parts in the
industrial production. The current paper showed
the expectable structures and tribological, optical
and electrical properties of one very promising
class of coatings. These titanium-based coatings
can be easily deposited from pure metallic targets
by the variation of only the composition of the
deposition atmosphere. Applications for Ti-based
PLD coatings are found in the wear protection of
machine parts, tools and plastics, in the optical
and electrical functionalization of surfaces (e.g.
dielectric mirrors or transparent resistors) and in
decorative surface-finishing.
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