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Thin films of titanium oxides, titanium oxynitrides and titanium nitrides were deposited on glass substrates by the methods
of direct current (DC) and pulsed magnetron sputtering and cathodic arc evaporation. Phase analysis of the deposited films by
X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FT-IR) showed the presence of phases with various Ti
oxidative states, which indicated a high concentration of oxygen vacancies. The films morphology was investigated by scanning
electron microscopy (SEM). Investigations of the films wettability, either with water or ethylene glycol, showed that it depends
directly on the concentration of oxygen vacancies. The wettability mechanism was particularly discussed.
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1. Introduction

Self-cleaning coatings may be designed as hy-
drophobic and/or hydrophilic thin films since both
of them clean the surfaces by their specific behavior
towards water [1, 2]. The hydrophobic film surfaces
influence sliding of water droplets over them, car-
rying the dirt away, while hydrophilic films cause
water to form “sheets”, removing the dirt from
the surface [2]. The base of self-cleaning phenom-
ena is inspired by nature of hydrophobic/super-
hydrophobic or hydrophilic/super-hydrophilic self-
cleaning [3]. The solid surface is considered as hy-
drophobic, for the contact angle (CA) with water
higher than 90° while for CA lower than 90° the
surface is considered as hydrophilic. If the CA is
higher than 150° the surface is referred as an ultra-
hydrophobic or super-hydrophobic, while if it is
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close to 0° (water completely wets the surface) the
surface is judged as super-hydrophilic [1-3].

According to Cassie-Baxter model [4], during
the heterogeneous wetting state (in which water in
the surface cavities entraps air), the interface be-
tween liquid and solid tends to minimum, while the
interface between water and air tends to maximum,
influencing the formation of spherical droplets with
low hysteresis, which can be additionally reduced
by increasing the roughness and contact angle. The
surface roughness can be controlled by nanoparti-
cles with uniform size. Nevertheless, all methods
used for deposition of thin films with low surface
energy and controlled morphology on nano- and
micro-scales, assume either roughening of low sur-
face energy materials or modification of rough sur-
face with low surface energy materials [5, 6].

The tailoring of materials wettability has been
the topic of numerous experimental and theoreti-
cal investigations [7]. The super-hydrophobicity is
mainly influenced by specially textured topography
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of the surface and the presence of a low energy
coating material [8]. This property can be used in
numerous applications, such as self-cleaning, anti-
corrosion coatings and biomaterials [1, 6]. Beside
the known advantages of hydrophobic surfaces in
diverse applications, recent focus in investigations
is also dedicated to hydrophilic surfaces, which are
suitable for water purification, in paint industry and
for various kinds of medical implants [1, 9]. The
wettability of such surfaces is very high, and the
water CA tends to be 0°. Besides, the maximum ad-
sorption of proteins and cell adhesion and growth
can be noticed on moderate hydrophilic surfaces
having a water CA around 60° [10].

Recent investigation shows that nano-titanium
oxide, oxynitride and nitride films with tunable
wettability for both water and non-aqueous sol-
vents may have a very high impact on potential ap-
plications of these materials in medicine and food
industry [11-13]. As it is known, titanium oxides
and nitrides with low roughness, like these obtained
in the sputtering process described in this paper,
have low friction that is suitable for long-term fluid
flow, during their exposure to certain media [14—
16]. Additionally, it induces an increase in heat ex-
change efficiency and the nonspecific adsorption of
proteins, cells, thrombus, osteoarthritis, and so on.
Such modified surface offers extended opportuni-
ties of applications, mainly as antimicrobial and
self-cleaning coatings in the food technology and
medicine applications [17]. Also they can be ap-
plied in the implantology, particularly for surface
modification of various implants on the base of ti-
tanium, its alloys or other metal materials, like hip
and knee prosthesis, implants for heart valves or
venous and urinary tract catheters.

In this paper, titanium oxide, oxynitride and ni-
tride films were deposited onto glass substrate by
three different techniques, DC and pulsed mag-
netron sputtering and cathodic arc evaporation [18,
19]. Differences in wettability of titanium oxide
films were investigated from the standpoint of the
technique used and an additional thermal treat-
ment, as well as differences in wettability of tita-
nium oxide, oxynitride and nitride films obtained
by cathodic arc evaporation.

2. Experimental

Microscopic glass slides
(7.5 mm x 2.5 mm x 1 mm) were used as
substrates for deposition of all films. Prior to depo-
sition, the substrates were ultrasonically cleaned in
propanol, rinsed with deionized water, well dried
and then cleaned by etching in O, atmosphere
under a pressure of 2000 Pa and cathode potential
of 2000 V. The current was dependent on the
sample surface and was between 1 A and 10 A.
The process lasted for ~8 min.

The titanium oxide (Ti—O) thin films were de-
posited on the substrate using a VU 1100 DC mag-
netron sputtering (DCMS) system. The samples
were mounted on a holder at the distance 150 mm
from the titanium target (purity of 99.999 %) with
dimensions of 120 mm x 1440 mm x 10 mm.
Before introduction of sputtering gas, the vacuum
of the chamber was evacuated to reach 0.01 Pa.
First, the flow of gas Ar (purity 99.999 %, pressure
10~* Pa) was introduced to the chamber and the po-
tential was increased from 0 V to 400 V (while the
current was increased from 0 A to 20 A), to start the
deposition process of Ti. The pressure in the cham-
ber was 0.17 Pa and the deposition time for pure
Ti was 1 min. In the meantime, O, flowed into the
chamber (purity 99.999 %, pressure 500 Pa), while
the potential changed from 400 V to 430 V (the
current was 16 A). The deposition rate was about
4 nm/min and the deposition time was 10 minutes.
Two samples were made and one of them was ad-
ditionally thermally treated at 400 °C.

The Ti—O thin films were also deposited
onto the substrate by pulsed magnetron sputter-
ing (PMS) with a gun perpendicular to the tar-
get surface. The samples were mounted on a
holder at the distance 150 mm from the titanium
target (purity of 99.999 %) with dimensions of
120 mm x 1440 mm x 10 mm. When the vacuum
reached 0.01 Pa, the deposition process started by
introduction of Ar flow into the chamber (purity
99.999 %, 60 Pa). The potential in the chamber in-
creased from O V to 500 V and current from 0 A to
10 A. The pressure in the chamber during the de-
position process was 0.17 Pa, while the deposition
time was 1 min for pure Ti. After Ti deposition,
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O, gas was introduced into the chamber (purity
99.999 %, 500 Pa) and the potential changed from
500 V to 530 V (current 16 A), while the pressure
was 0.18 Pa. The deposition rates were 8 nm/min
to 10 nm/min and the deposition time was 10 min-
utes. Two samples were made and one of them was
additionally thermally treated at 400 °C.

Thin films of titanium oxides (Ti—O), titanium
oxynitrides (Ti—~O—N) and titanium nitrides (Ti—N)
were deposited on the substrates by cathodic arc
evaporation (CAE). The substrates were mounted
perpendicular to the direction of the plasma beam
at ~150 mm distance from the target. Titanium
(purity 99.999 %) with a diameter of 60 mm and
height of 1780 mm was used as a target. The sub-
strate was placed on a turntable holder and the trig-
ger voltage of pulsed arc was kept at —10 kV dur-
ing the deposition. When the vacuum in the cham-
ber reached 0.01 Pa, the deposition process started
with a flow of Ar (40 Pa). The samples rotated
during this process and the current was 160 A to
180 A. After 30 s of the deposition of pure Ti,
Oy (purity 99.999 %, 2000 Pa) was gradually in-
troduced to the reaction chamber under controlled
partial pressure in the range 0.17 Pa, and Ar flow
was stopped. The Ti-N films were deposited at a
N partial pressure of 0.1 Pa, while for the deposi-
tion of Ti—~O-N a mixture of the O, and N, (ratio
1:1) was used, at the total gas pressure of 0.002 Pa.
In the case of all films, the deposition rate was
10 nm/min, and the deposition time was 5 min.

Phase composition of the samples was analyzed
by XRD (Philips PW 1051 powder diffractome-
ter using Ni-filtered CuK« radiation) and FT-IR
(Nicolet IS 50 FT-IR spectrometer). Microstruc-
ture of the samples was analyzed by SEM (SEM
JEOL 5300). The wettability measurements were
performed on a homemade device equipped with
CCD detector. During the measurements, blue LED
lamp (Kingbright Electronic Co., Ltd.) was used
for the samples lightening. All samples were mea-
sured in the same conditions and each sample was
evaluated by 5 drops of polar liquid — deionized wa-
ter, and by 5 drops of a non-polar liquid — ethylene
glycol.

3. Results and discussion

3.1. XRD analysis

XRD spectra of Ti—O films obtained by DCMS
method are shown in Fig. 1 (film appearances
are shown in Part A, Fig. 9, below). The sam-
ple obtained by DC magnetron sputtering shows
the planes characteristic of TiO: (0 3 1) and
(=2 1 1) at 37.24° and 37.43°, respectively [20],
while the sample obtained by DC magnetron sput-
tering and additionally thermally treated shows the
planes characteristic of anatase: (1 0 1), (0 0 4) and
(11 2) at 25.27°, 37.72° and 38.58° [21, 22], re-
spectively, as well as planes characteristic of rutile:
(101)and (200) at 36.08°and 39.15° [23]. Forma-
tion of the anatase and rutile phases in the second
sample indicates that the recrystallization process
took place in the system during the additional ther-
mal treatment.
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Fig. 1. XRD patterns of Ti—O films obtained by DCMS
(1 — sample as-deposited, 2 — sample thermally
treated at 400 °C, s — substrate; A — anatase, R —
rutile).

As itis obvious from Fig. 1, the shape and max-
imum of the broad peaks in the 20 range between
15° and 30° are more pronounced for both sam-
ples than those for amorphous SiO; on the sub-
strate, indicating that amorphous phase of Ti-O
is prevailing over titanium phase. Crystallite sizes
calculated using Scherer equation are in the range
of 7 nm to 25 nm.
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XRD spectra of Ti—O films obtained by PMS
are shown in Fig. 2 (film appearances are shown
in Part A, Fig. 10). The sample obtained by PMS
deposition shows the planes characteristic of TiO:
(011),(031)and (2 20) at 24.61°, 36.38° and
43.08°, respectively. Sample obtained by PMS de-
position and additional thermal treatment shows
characteristic planes of anatase: (1 0 1), (0 0 4),
(200)and (2 1 1) at 25.27°, 38.19°, 48.05° and
55.24°, respectively, as well as planes characteris-
tic of rutile: (1 10), (101), 1 11)and (21 1)
at 27.28°, 35.99°, 41.16° and 54.28°, respectively.
Formation of the anatase and rutile phases in the
second sample confirms that the recrystallization
process took place in the system. TiO phase (1 2 3)
at 62.61° is also present in small quantity.
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Fig. 2. XRD patterns of Ti—O films obtained by PMS (s
— substrate, 1 — sample as-deposited, 2 — sample
thermally treated at 400 °C; A — anatase, R —
rutile).

XRD patterns of the Ti—O, Ti—~O-N and Ti-N
films deposited on the glass substrates by CAE are
shown in Fig. 3 (film appearances are shown in Part
A, Fig. 11). All XRD patterns show the broad and
intensive peak at 23.84° corresponding to the glass
substrate, whose XRD pattern is also given. The
XRD pattern of the Ti—O film does not show pres-
ence of any other peak.

On the XRD pattern of Ti—-O-N film (Fig. 3),
the peak corresponding to titanium nitride (TiN)

is found at 36.90° (plane (1 1 1)), while the
peak corresponding to titanium oxide-hongquiite
(Tip.89500.77, marked as TiOy, in Fig. 3) is identi-
fied at 37.68° (plane (1 1 1)) [24, 25].

The XRD pattern of Ti—N film (Fig. 3) shows
peaks at 36.76° and 78.02° corresponding to tita-
nium nitride, TioN (planes (1 1 2) and (2 2 4), re-
spectively) and TiN (plane (2 2 2) at 78.02°).
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Fig. 3. XRD patterns of Ti—O, Ti—-O-N and Ti—-N films
obtained by CAE.

Beside crystal phases, amorphous phase is
probably present in all samples (the differences
between the appearance of the peak belonging to
the glass substrate and the substrate coated with
Ti—O/Ti—O-N films can be noticed, in greater or
lesser degree.

3.2. FT-IR analysis

FT-IR spectra of Ti—O films obtained by DCMS
and PMS are shown in Fig. 4. The bands at about
910 cm™! can be assigned to vibrations of TiOg
octahedron, related to Ti—O stretching bonds and
the bands around 840 cm~' to 850 cm™' cor-
respond to the O-O stretching vibrations inside
TiOOH [23]. The bands in wave number region
of 745 cm™! to 735 cm™! belong to Ti-O and
Ti—-O-Ti stretching vibrations of anatase. The
bands at 497 cm™! to 460 cm~! may correspond
to the TP phonon frequency of TiO, in the ru-
tile phase, the bands at 460 cm~! to 450 cm™!
can be assigned to vibrations of TiOg octahedron,
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related to Ti—O stretching bonds, while the bands
at 434 cm™! to 406 cm™! correspond to the TP %gﬁwwfwfm—aﬁ%

phonon frequency of nanocrystaline TiO, phase
anatase or rutile phase [26-28].
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Fig. 4. FT-IR spectra of Ti-O films obtained by DCMS
(DC-1 — sample as-deposited, DC-2 — sample
thermally treated at 400 °C) and PMS (PMS-
1 — sample as-deposited, 2 — sample thermally
treated at 400 °C).

FT-IR spectra of the Ti—O, Ti—~O-N and Ti-N
films deposited by CAE are shown in Fig. 5. The
bands between 1371 cm~! and 1557 cm™! can
be assigned to vibration of CO?~ inside the car-
bonate impurities. The bands from 408 cm™! to
1004 cm~! can be assigned to Ti—O-Ti stretching
vibrations and vibrations on the level of Ti—O bond.
The band at 1044 cm~! can be attributed to Ti-N
stretching vibrations, while vibrations at 547 cm™!
can be attributed to Ti—-N stretching modes and
Ti—O vibrations in titanium oxides. The band at
458 cm™! can be attributed to the Ti—O-Ti vibra-
tions and to the formation of N-Ti—N bonds, and
the band at 418 cm ™! can be assigned to the forma-
tion of N-=Ti—N bonds [29].

3.3. The morphology of the films

SEM micrographs of Ti—O films obtained by
DCMS show almost flat surface (Fig. 6). Slight un-
evenness of the film thickness is probably induced
by the surface irregularities of the glass substrate.

SEM micrographs of Ti—O films obtained by
PMS without additional thermal treatment (Fig. 7a)
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Fig. 5. FT-IR spectra of the Ti—O, Ti-O-N and Ti-N
films obtained by CAE.
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Fig. 6. SEM: Typical appearance of Ti—-O films ob-
tained by DCMS: (a) sample as-deposited, (b)
sample thermally treated at 400 °C.

show almost flat surface with barely visible surface
features of the film, while the thermally treated film
(Fig. 7b) exhibits some surface irregularities, in the
range 45 nm to 90 nm.

Fig. 7. SEM: Typical appearance of Ti—O films ob-
tained by PMS for: (a) sample as-deposited, (b)
sample thermally treated at 400 °C.

The morphology of the films obtained by CAE
(Fig. 8) depends on the film type (Ti—O, Ti—-O-N
or Ti-N). The morphology of Ti—O film is similar
to Ti—O film obtained by previous methods, while



178

BozaNa COLOVIC et al.

the morphology of Ti-O-N and Ti—N films is more
expressive with similar features of 70 nm to 150 nm
in size.

Fig. 8. SEM micrographs of the films obtained by CAE:
(a) Ti-O, (b) Ti—-O-N and (c) Ti-N.

3.4. Wetting properties

In general, it is believed that the hydrophilic
properties of Ti—O film surface originate from wa-
ter adsorption on oxygen vacancies created. Ob-
serving the data given in Table 1 (images are given
in Part B) it is obvious that Ti-O films subjected
to additional thermal treatment show significantly
lower contact angles and better wettability (ei-
ther with water or ethylene glycol). The polar part
of adhesion energy for Ti-N film is particularly
pronounced.

The most commonly accepted mechanism in
studying hydrophobic and hydrophilic properties
of thin films is surface hydroxylation of thin lay-
ers present on the surface of titanium oxides with
holes located in the valence band, induced by the
presence of easily moving oxygen vacancies (OV),
in its surrounding [30]. Relatively small energy of
electromagnetic wave of light to which the sam-
ples were exposed before and during contact an-
gle measurements was sufficient to move the va-
cancies along their concentration gradient, from the
deeper layers to the surface which was more satu-
rated with oxygen. As a result, the oxygen diffused
from the surface to the deeper layers. Such replace-
ment of the OV along their gradient formed be-
tween adjacent layers induced random holes move-
ment toward the surface, and their interaction with
Ti—O bonds, influencing their breaking and change
of the oxidative state from Ti** to Ti**. Briefly,
the OV approaching the surface replace the ox-
ide ions, forming the bridges Ti**—OV-Ti** be-
tween two coordination unsaturated Ti** ions, con-
sequently influencing the corresponding distortion

of the coordination geometry of Ti ions. Therefore,
due to adjacent OV, these Ti ions show tendency to
form additional coordinative connections with sur-
rounding ions, while the OV act as adsorption sites
for water molecules [31]. Water molecules occupy
the OV and produce chemisorbed —OH groups,
which leads to an increase of the Van der Waals
forces and the hydrogen-bonding interactions be-
tween the HyO and the —OH, resulting finally in
the enhancement of hydrophilic properties [32].

For Ti-O films which were additionally ther-
mally treated, the gradient of OV is strongly pro-
nounced, while it is not as large as for the films
that were not thermally treated, inducing slower va-
cancy motion and less number of the bridges, such
as Ti**—OV-Ti** bridges. This is why the contact
angle decreases with the thermal treatment.

Therefore, it seems that the defect structure
and very small band gap values obtained due to
the presence of the phases with very low Ti ox-
idative states, are the most important for films
behavior, regardless of whether they are on the
base of titanium oxides or titanium nitrides. There-
fore, the difference in wetting angles of Ti—O and
Ti-N films cannot be attributed to the different ox-
idative states of Ti (4+ in TiO, and 3+ in TiN)
only. The wetting phenomenon is more complex
because Ti inside Ti—O and Ti-N samples can be
found in lower oxidative states (about 2+ in oxides
and 1.5+ in nitrides). Regardless of which film is
observed, the concentration gradient of OV inside
the film has a prevailing influence on the adsorption
of OH groups from water and consequently, on the
contact angle.

Similar effect has been observed in case of ethy-
lene glycol. The value of its contact angle on the
surfaces of oxides, oxynitrides and nitrides films is
mainly influenced by the concentration gradient of
OV, showing frequently similar tendency to the in-
crease/decrease as in the case of water.

Besides, the surface roughness may also influ-
ence the value of the water-contact angle, wherein
rough surface gives a lower contact angle than a
smooth one [32]. This influence was not so notice-
able in our case, as it can be seen on the example
of the films obtained by CAE (Fig. 8): contact an-
gle of Ti—-O-N film is similar to the contact angle
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Table 1. Surface energies and contact angles of the films wetted with water and ethylene glycol.

Method of Contact Contact angle
4 .. Sample angle with  with ethylene Surface energy [mJ/m?3]
eposition o o
water [°] glycol [°]
Polar part Nonpolar part
DCMS Ti—O (as-deposited) 83.6 56.7 12.8 16.0
Ti—O (thermally treated) 394 36.8 64.7 2.3
PMS Ti—O (as-deposited) 87.1 60.8 8.3 18.5
Ti—O (thermally treated) 34.8 24.1 62.1 4.6
Ti-O 77.5 66.5 20.4 6.7
CAE Ti-O-N 75.9 54.1 13.3 16.9
Ti—-N 31.7 25.8 68.5 3.1

of Ti—O and differs a lot from the contact angle of
Ti-N, although the surface roughness of Ti—~O-N
and Ti—-N is similar, while Ti—O has almost flat
surface.

Part A: appearance of the deposited films

Pieces of the glass substrates with deposited
films were photographed in order to present differ-
ent colors of the films (Fig. 9 to Fig. 11).

Fig. 9. Samples obtained by DCMS: (a) as-deposited,
(b) thermally treated at 400 °C.

Part B: wetting angles of the obtained films

Wetting angles with water and ethylene glycol
were determined from the images given below us-
ing Drop Analysis software (Fig. 12 to Fig. 14).

4. Conclusions

Thin films based on titanium oxides, tita-
nium oxynitrides and titanium nitrides, deposited

Fig. 10. Samples obtained by PMS: (a) as-deposited,
(b) thermally treated at 400 °C.

Fig. 11. Samples obtained by CAE: (a) Ti-O, (b)
Ti—O-N, (c¢) Ti—N.

by methods of DC and pulse magnetron sputter-
ing and cathodic arc evaporation onto glass sub-
strates, were investigated. XRD and FT-IR anal-
yses revealed the presence of phases with Ti ox-
idative states from 1.5+ to 4+, induced by enor-
mous concentration of oxygen vacancies. Contact
angle measurements showed that the differences
in wettability of the samples obtained by differ-
ent deposition techniques were relatively small.
On the other hand, additional thermal treatment
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Fig. 12. Samples obtained by DCMS wetted by: (a) wa-
ter, (b) ethylene glycol (A — as-deposited, B —
thermally treated at 400 °C).

Fig. 13. Samples obtained by PMS wetted by: (a) wa-
ter, (b) ethylene glycol (A — as-deposited, B —
thermally treated at 400 °C).

Fig. 14. Samples obtained by CAE wetted by: (a) water
and (b) ethylene glycol (A — Ti-O, B — Ti-O-
N, C - Ti-N).

significantly affected the wettability, since it de-
pends on the concentration of oxygen vacancies on
the film surface. The films wettability, either with
water or ethylene glycol, influenced by correspond-
ing gradient of oxygen vacancies was discussed in
detail.
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