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The paper describes the structural, optical, tribological, and mechanical properties of
as-prepared and annealed titanium dioxide (TiOz2) coatings. TiOz films were deposited by the
electron beam evaporation (EBE) and additionally annealed at a temperature up to 800 °C
using a tubular furnace. X-ray diffraction (XRD) analysis identified the amorphous phase of
coatings as-prepared and annealed at 200 °C. The phase transition to anatase occurred at
400 °C, while annealing at 600 °C and 800 °C did not induce a phase transition to the rutile
phase. The crystallite size increased with an annealing up to 40.4 nm at 800 °C. Raman
spectroscopy confirmed the anatase phase in thin films annealed at 400 °C and above.
A scanning electron microscope (SEM) images revealed surface morphology and grain
structure changes after post-process high-temperature annealing. The optical transmission
measurements showed a redshift in the fundamental absorption edge with increasing
annealing temperature, accompanied by a decreased transparency level. The value of an
optical band gap energy (E.") decreased to 2.77 ¢V for films annealed at 800 °C.
Tribological tests revealed reduced scratch resistance with higher annealing temperatures,
which was attributed to increased surface roughness and coating removal. Nanoindentation
measurements showed a decrease in hardness with annealing temperature, attributed to
changes in crystallite size and surface morphology. This comprehensive analysis of TiO2
thin-film coatings showed that the post-process annealing should be carefully controlled for
films used in optoelectronic applications.

1. Introduction

films typically exhibit low hardness, poor wear resistance,
and weak adhesion to substrates. To improve the properties

The easiest way to transform a solid material into
a vapor state is through thermal evaporation (e.g., resistive,
using an electron or laser beam). Material molecules in the
vapor move in the vacuum towards substrates where thin-
film condensation and nucleation occur. Beside resistive
heaters, an electron beam is often employed to evaporate
material placed in a crucible. The properties of prepared
coatings by thermal evaporation, especially mechanical and
tribological, are generally poor. For instance, such thin
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of coatings deposited by evaporation, increasing the total
energy of material reaching the substrates is necessary.
This energy is the sum of all factors contributing to the
potential and kinetic energy of the nucleating particle on
a substrate. In practice, methods to increase the energy of
nucleating particles include, among others, additional
heating of the substrates, reducing the pressure in the
working chamber, applying additional electrical potential to
the substrates, or using ion beam assistance to provide better
quality coatings with high adhesion to the substrate [1].
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The electron beam evaporation (EBE) process is a kind
of physical vapor deposition (PVD) that provides a rapid
deposition rate achieved at comparatively low substrate
temperatures. This process provides numerous opportunities
for controlling the structure and morphology of coatings to
achieve specific properties, including densely packed
coatings, excellent thermal efficiency, minimal contami-
nation, and high reliability and productivity. Moreover, the
EBE method provides easy control and excellent cost-
effectiveness [2—7].

One of the most common post-processing modifications
of the properties of thin films is their annealing. Post-
process annealing of thin films can affect, among others,
the increase of crystallite size, changes in the stresses in the
coating structure, transitions in the type of crystal structure,
and modifications to the surface morphology [1, 3, 8, 9].
The impact on the modification of the mentioned parameters
is not only determined by the final annealing temperature
but also by the annealing time, the rate of heating and cooling
during annealing, and the type of gas atmosphere [5].
Nevertheless, a significant drawback of the annealing is the
side effect related to grain size increase and surface
chemical state changes [10].

Recently, there has been growing interest in applying
titania oxide coatings. Titanium dioxide (TiO;) can be
found in an amorphous form and as orthorhombic brookite
and tetragonal anatase or rutile. However, the rutile phase
is thermodynamically stable at higher temperatures [11-13].
A proper crystal structure is often essential for developing
devices with desired and specialized performance para-
meters. It is widely known that controlling the crystalline
phase of TiO; coatings, both in the as-prepared and after
post-process annealing, is crucial. However, depending on
the deposition method and growth conditions, crystalline or
amorphous TiO; films can be obtained [11, 14, 15]. Titania
coatings deposited by the method at low growth tempera-
tures are often amorphous [16]. Post-process modification
like annealing is usually used to crystalize the as-prepared
coatings, improving their crystallinity and multifunctional
properties [10]. The anatase phase of TiO, predominates in
coatings prepared at lower growth temperatures, such as
EBE. However, when the growth temperature exceeds
600 °C, the stable rutile phase appears [13, 17]. According
to Ref. 18, TiO, with an anatase phase is considered the
most photoactive and practical among semiconductors for
various environmental applications. Some reports indicate
that under certain conditions, the rutile phase of TiO,
exhibits higher photocatalytic activity. Additionally, in
some cases, a mixture of these two phases proves more
efficient, possessing properties not observed in either phase
[18]. Furthermore, subjecting anatase-TiO» to additional
annealing exceeding 700 °C results in a phase transition to
the rutile [19-22]. However, Taherniya et al. [12] reported
that as-deposited TiO; films prepared by the EBE method
started to crystallize above 450 °C into the tetragonal
anatase phase. Wong et al. [23] prepared TiO; coatings
using the sol-gel method, and they noted an increase in the
crystallite size and surface roughness of the prepared films
with an increase in temperature. Furthermore, Lin ez al. [24]
investigated the influence of annealing temperature on the
structure, morphology, and optical characteristics of TiO,
coatings deposited through spin coating. Their findings
indicated that phase transition from amorphous to anatase-

Ti0O; occurred at 400 °C, with a simultaneous reduction in
the bandgap. Metal cations can be applied to dop TiO; to
enhance the stability of the high-temperature anatase phase.
However, several articles have been published over the
years on extending the temperature range of the phase
transition from anatase to rutile through non-metal doping
of titania oxide [25]. Stable at high temperatures,
antimicrobial anatase offers the advantage of applying
to products processed at higher temperatures within the
650-1100 °C range, such as bathroom fittings. Applying
TiO; during manufacturing can transform it into the
non-photocatalytically active rutile phase. A method for
preparing a stable anatase phase at high temperatures is
needed to overcome this. Developing a synthesis technique
that retains the photocatalytically active high-temperature
stable anatase phase allows the production of self-cleaning
building materials with minimal modifications to existing
manufacturing techniques [25].

It is challenging to find reports in the literature regarding
a high-temperature stable anatase phase in coatings prepared
by the EBE method [12, 26]. This study aimed to analyse
the structural, optical, tribological, and mechanical
properties of TiO, deposited and annealed via EBE.

2.  Experimental

TiO, coatings were prepared using the EBE method.
During deposition, Ti3Os pellets (99.99 at.% purity) were
evaporated from a tungsten boat for 60 min. The base
pressure was kept below 1.7 - 1073 mbar and thin films
were deposited under oxygen atmosphere with a total gas
flow of 100 sscm. The distance between the tungsten boat
and the substrates (SiO,, silicon, and TiAlV alloy) was
about 500 mm. Before the EBE processes, plasma cleaning
of the working chamber and deposition substrates was
carried out. The substrates were rotated at 3 rpm to obtain
homogeneous coatings. Ti oxide films were deposited
without additional ion-beam assistance, and the current was
150 mA. Moreover, the EBE process was monitored by a
thickness sensor. Silica and silicon substrates were chosen
to evaluate the prepared coatings structural properties and
surface morphology. However, SiO; and TiAlV substrates
were used to determine optical and mechanical properties.
The thickness of as-deposited coatings was examined using
an optical profilometer (Talysurf CCI Lite) equalling
320 nm. After the EBE process, TiO; films were annealed
using a quartz tube in a Nabertherm tubular furnace. To
precisely determine the post-process modification, TiO,
coatings were annealed at 200 °C, 400 °C, 600 °C, and
800 °C for 2 h in an ambient atmosphere, with a heating
curve of 200 °C per hour. After this time, the furnace was
cooled down to ambient temperature without refrigerant
flow, additional ventilation, or liquid nitrogen.

Structural properties were analysed using Raman
spectroscopy and X-ray diffraction (XRD). Raman
spectroscopy measurements were conducted using a Thermo
Fisher Scientific Raman Microscope. A PANalytical
Empyrean powder diffractometer was used to carry out
XRD measurements. According to Debye-Scherrer’s
equation [27], the average crystallite size was calculated
using MDI Jade 5.0 software.

The optical properties, such as the fundamental
absorption edge (Acuwofr) and optical band gap energy (E,°"),
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were determined based on the light transmission spectra.
The measurements were conducted using an Ocean Optics
QE 65 000 spectrophotometer.

Surface morphology and cross-section of as-prepared
and annealed coatings were examined with the use of
a scanning electron microscope (SEM) FEI Nova
NanoSEM 230, using a secondary electron detector. The
hardness and Young’s modulus of as-prepared and
annealed TiO, films were determined using the nano-
indentation technique. Nanoindentation measurements were
conducted using a CSM Instruments nanoidenter fitted
with a Vickers indenter tip, employing the Oliver and Pharr
method [28-30].

The protective characteristics of the as-prepared and
annealed coatings were examined using specialized
measurement equipment from Summers Optical’s Lens
Coating Hardness Test Kit, which is used, among other
purposes, for testing the abrasion resistance of coatings on
optical lenses. This equipment is employed for coating
measurements under U.S. military standards (MIL-C-
00675, MIL-M-13508, and MIL-F-48616). The abrasion
resistance of various coatings is determined based on a steel
wool test, corresponding to ISO standards [31]. The steel
wool test consisted of rubbing the surface of as-deposited
and annealed coatings for 75 cycles with a 0-grade steel
wool pad using an applied load of 1.0 N. Before and after
steel wool tests, the surface of coatings was examined by
an optical microscope (Olympus BX51) and an optical
profilometer (TalySurf CCI Lite Taylor Hobson).

3. Results and discussion

Based on the obtained diffractograms (Fig. 1), it was
found that as-prepared and annealed at 200 °C TiO; films
were amorphous. Only broad, amorphous-like patterns
without peaks related to the anatase or rutile phases were
visible. According to our previous works [30], the
amorphous microstructure of as-deposited TiO» coating
resulted from the deposition process. EBE is a low-
temperature process with low energy of evaporated ions.
Further annealing of TiO, films at 400 °C and 600 °C
caused phase transition with peaks related to a tetragonal
phase of TiO-anatase. Based on the data contained in
the powder diffraction file PDF (21-1272) [32], all peak
positions of TiO; coating correspond to the anatase phase.
The peak intensity from the (004) crystal plane is the
strongest for the film annealed at 800 °C [Fig. 1(a)].

a) b)

TiO, thin films:
as-deposited
—— annealed at 200°C
annealed at 400°C
annealed at 600°C
—— annealed at 800°C
- anatase phase

Intensity (arb. u.)
Average crystallite size (nm)

Further annealing of TiO, coating at 800 °C did not lead to
the phase transition from the anatase to rutile phase or into
the mix of anatase-rutile phases. Other research has shown
that the irreversible phase transformation from anatase to
rutile occurs at temperatures between 450 °C and 850 °C
and it is related to the preparation method and precursors
used in process deposition [20, 33-36]. Zhang et al. [37]
mentioned a few reports on successfully preparing TiO»
films with a pure anatase phase stable at high temperatures
above 900 °C. Moreover, they reported that the anatase
phase of TiO, coatings with high thermal stability until
1000 °C were prepared by mist chemical vapor deposition.
According to Ref. 38, the XRD patterns for an annealing
temperature of 300 °C do not show any peak, which
indicates that the TiO, films were amorphous. Rahmahwati
et al. [38] also mentioned that to obtain TiO, with anatase
phase, a high-temperature calcination, at least at 400 °C, is
required. However, an irreversible phase transformation to
rutile was observed at higher temperatures between 600 °C
and 800 °C. Zenkovets et al. [39] obtained thermally stable
TiO;-anatase nanocomposites doped with cerium or yttrium
elements. All dopants used in this research stabilized anatase
phase up to 900 °C [39]. Moreover, Scherrer’s formula was
used to calculate the average crystallite size [27]. The
crystallite size for modified coatings at 400 °C, 600 °C, and
800 °C was calculated considering the most dominant peak
for (004) lattice plane, which occurred at 26 =38°. In the
case of film annealed at 400 °C, the crystallites had the size
of ca. 14.4 nm. The diffraction peaks become more intense
for the coatings annealed at higher temperatures. XRD
studies also revealed that a further increase in temperature
of post-process annealing leads to an increase in crystallite
size to ca. 19.8 nm and 40.4 nm for films annealed at 600 °C
and 800°C, respectively [Fig. 1(b)]. Taherniya et al. [12]
described that the initial crystallization temperature from
the amorphous to the anatase phase of TiO, coatings
occurred at 450 °C. Moreover, the crystallite size of the
thin films increases up to 24 nm with an increase in the
annealing temperature to 600 °C. Miller et al. [40] also
found that annealing TiO; films at 450 °C is sufficient to
initiate a phase transformation from an amorphous to
a crystalline TiO, coating. Nair ef al. [41] also reported that
the initial temperature of crystallization of TiO; film can
equal 300 °C [41]. Moreover, the type of stress occurring
in the annealed coatings was determined based on Ad
parameter [42—44]. This parameter represents the relative
difference between the measured interplanar distance and

—8—D - average crystallites size
—e— Ad - percentage change of the measured interplanar distance
as-compared to the standard one

0.40

N
=]
i

w
S
n

N
=]
n

o
n

Ad (%)

amorphous phase . anatase phase 0.00

40 50 60

20 (degrees)

30

10 20 70

400 600 800

Temperature (°C)

200

Fig. 1. Structural properties of as-prepared and annealed TiO: coatings deposited by the
EBE method: (a) XRD patterns and (b) the dependence of average crystallites size
and Ad parameter on annealing temperature
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the standard value. The compressive stresses occur in the
coatings if Ad parameter is lower than zero. However, when
Ad value is higher than zero, tensile stress is observed. For
annealed coatings, the XRD analysis showed a slight shift
in the measured diffraction peaks toward higher angles,
while also indicating the presence of compressive stresses.
With the annealing temperature increase to 800 °C, the
compressive stress was almost ten times lower compared to
coating with the anatase phase annealed at 400 °C
[Fig. 1(b)]. The results of the XRD measurements are
summarized in Table 1.

Raman spectroscopy was used to investigate the
microstructure of as-prepared and annealed TiO; coatings.
According to Refs. 45-47, TiO, exists in three natural
forms like anatase, rutile, and brookite. Anatase and rutile
phase are tetragonal and have six and four Raman active
modes, respectively. Meanwhile, brookite (orthorhombic)
has 36 Raman active modes [45—48]. Figure 2(a) and (b)
showed Raman spectra of as-prepared and annealed TiO,
coatings. The results obtained by Raman spectroscopy are
consistent with the reference values for anatase phases [48]
for coatings after post-process modification at 400 °C,
600 °C, and 800 °C, while as-prepared and annealed TiO,
film at 200 °C showed amorphous phase. The results
obtained are consistent with those of the XRD studies. The
typical Raman peaks observed at ca. 395 cm ™!, 516 cm ™!,
and 636 cm ! [Fig. 2(b)] suggest that the microstructure of
annealed films at 400 °C and 600 °C is composed of the
anatase phase. It is worth noting that an additional peak
related to the anatase phase occurring at 195 cm™' was
observed for films annealed at 800 °C [Fig. 2(a)].
Moreover, the intensity of these peaks indicates the presence

of a highly crystalline TiO structure after the annealing
process. Furthermore, vibrational modes of the TiO,-rutile
phase were not observed. Raman spectra presented in
Fig. 2(a) and (b) are consistent with reference values and
slightly shifted due to the instrumental error bar [29].

SEM images of as-prepared and annealed at 200 °C and
400 °C TiO; coatings [Fig. 3(a)—(c)] showed a columnar-
like character, with a surface composed of very small,
densely packed grains. Post-process annealing at 600 °C
resulted in a similar cross-section to as-prepared films
and a noticeable increase of grains and small voids between
them. TiO, film annealed at the highest temperature
(800 °C) had milky colour, related to the morphology
change from densely packed fibrous-like to the coarse
grain-type. Furthermore, Rahmahwati e al. [38] and
Shailesh et al. [49] reported that higher post-process
annealing led to a breakdown of larger crystallites into
smaller ones, forming conglomerates that resulted in
coating cracking [Fig. 3(e)].

Figure 4(a) shows the optical properties of as-prepared
and annealed TiO; coatings. For an as-prepared and
annealed at 200 °C amorphous-TiO; thin film, the cut-off
wavelength (Acuofr) Was equal to 326 nm and 328 nm,
respectively. After post-process annealing at 400 °C and
600 °C, only a slight redshift of the Acuorr Was observed
[Fig. 4(a)]. The transparency level (Ty) for prepared and
annealed coatings from 200 °C to 600 °C was very similar,
ca. 77%. On the other hand, the high temperature of post-
annealing (800 °C) led to a decrease of the TA to ca. 44%,
resulting in a milky coating colour due to the morphology
change. In the case of the anatase film annealed at 800 °C,
a redshift in Acyorr from 326 nm to 337 nm was observed for

Table 1.
Results of the XRD measurements.
TiO: thin film Phase  [Crystal plane, D (nm) d (nm) dppr (nm) Ad (%) Type of stress
as-prepared
amorphous - - - - - -

annealed 200 °C

annealed 400 °C (004) 14.4 0.2369 —-0.37 compressive

annealed 600 °C | TiOz-anatase (004) 19.8 0.2375 0.2378 [32] —0.13 compressive

annealed 800 °C (004) 40.4 0.2377 —-0.04 compressive
Designations: D — calculated average crystallite size according to the Scherrer’s equation [27]; d — measured interplanar
distance; Ad — percentage change of the measured interplanar distance as-compared to the standard one (dppr) [32].
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Fig. 2. Raman spectra of: (a) as-prepared and annealed TiO: coatings deposited by EBE method and
(b) magnification of Raman spectra for as-prepared and annealed coatings from 200 °C to
600 °C as the peaks were much less intense than TiO> annealed at 800 °C.
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a) as-deposited b) annealed at 200°C

€) annealed at 400°C

d) annealed at 600°C

€) annealed at 800°C

Fig. 3. SEM images of the cross-section and surface of (a) as-prepared and annealed TiO: coatings and at: (b) 200 °C,
(c) 400 °C, (d) 600 °C, and (e) 800 °C deposited by EBE method.
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as-prepared and annealed films. The dependence between
the transparency level and the fundamental absorption edge
as a function of annealing temperature reveals changes in
TiO, coatings [Fig. 4(b)].

According to Taherniya et al. [12], the as-deposited
TiO; films with the amorphous phase deposited by the EBE
method obtain crystallinity anatase phase after post-process
annealing. However, post-process modification can cause
opacity and optical transmittance to decrease with the
increase of annealing temperature from ca. 90% to 82% for
as-prepared and annealed films at 600 °C, respectively
[12, 50]. Due to a lower light scattering effect of the film
surface, an average transmittance spectrum of as-prepared
TiO; coatings in the visible region was more than 80%,
as reported by Refs. 11, 12, 51, and 52.

According to Refs. 11 and 21, TiO» is an indirect band
gap semiconductor. E,°" can be estimated by extrapolating
the linear portion of the curves [Fig. 4(c)] [48]. For as-
prepared and annealed coatings from 200 ° to 600 °C, the
E" was ca. 3.20 eV. For TiO: annealed at 800 °C, the
decrease of the E,°" to 2.77 eV, was observed. According
to Pjevic et al. [18], a decrease in the £ with increasing
annealing temperature is due to decreasing interatomic
spacing (amorphous-crystalline), removal of defects, and
increasing the size of crystalline grains. Moreover,
Reference 11 reported that the indirect optical band gap of
the TiO» coatings with anatase structure was in the range of
3.39-3.42 eV, respectively, as the substrate temperature
increased. Table 2 summarizes the analysis of the optical
parameters.

In the case of TiO; coatings with highly stable anatase
phases, which may find applications in optoelectronics or
as corrosion-protective coatings on metals, their tribological
properties are significant. For as-deposited and annealed

Table 2.
Optical parameters of as-prepared and annealed TiOz coatings
prepared by the EBE method.

TiO: thin film Phase T1. (%) | Acutots (nm) | Eg°Pt (eV)
as-deposited 77.0 326 3.23
amorphous
annealed 200 °C 76.7 328 3.23
annealed 400 °C 76.9 330 3.25
annealed 600 °C|TiOz-anatase| 76.7 335 3.23
annealed 800 °C 44 4 337 2.77

coatings up to 600 °C before the abrasion test (Fig. 5 to
Fig. 8), their surface was smooth, homogenous, and without
scratches. The root mean square height (Sq) parameter was
approximately 0.90 nm, for as-prepared and annealed
coatings up to 600 °C. For coating annealed at 800 °C,
the Sy value increased to 2.43 nm before the scratch test
(Fig. 9, left side). Additionally, images of the surface
obtained with an optical microscope showed grains without
visible cracks. After the abrasion test, it can be concluded
that annealed coatings up to 800 °C did not protect against
scratches. The S, parameter increased significantly up to
145 nm for coating after post-process annealing at 600 °C
due to a visible surface damage. However, the S, value of
the coating annealed at the highest temperature (800 °C)
was 2.29 nm. Based on Fig. 9 (right side), it can be stated
that the TiO, coating was completely removed from the
substrate (Fig. 9, right side). Furthermore, Figures from 5
to 9 showed a comparison of surface cross-sectional
profiles of the as-prepared and annealed films before and
after the scratch test. In the case of as-prepared and
annealed coatings up to 600 °C, it was observed that after
the steel wool test, the surface of the coatings was signifi-
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Fig. 5. Surface topography profiles for as-deposited TiO2
coatings prepared by the EBE method.
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Fig. 6. Surface topography profiles for TiO2 coatings prepared
by the EBE method after annealing at 200 °C.
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Fig. 7. Surface topography profiles for TiO2 coatings prepared
by the EBE method after annealing at 400 °C.

cantly damaged, with the maximum depth of scratches
achieving more than 300 nm. For anatase coatings after
post-process annealing at 800 °C, the cross-sectional profile
was similar to that before the test because the coatings after
the abrasion test were almost completely removed from the
substrate, forming a substrate-derived profile (Fig. 9).

The hardness of the as-prepared and annealed TiO-
coatings was measured based on the nanoindentation and
approximation method. The surface hardness obtained for
as-deposited amorphous-TiO, was equal to 5.1 GPa
[Fig. 10(a)]. After annealing at 200 °C, the hardness of
TiO; coating decreased to 4.4 GPa [Fig. 10(b)]. An increase
in annealing temperature to 400 °C and due to the change
of microstructure from amorphous to anatase phase, the
hardness increased to 5.7 GPa [Fig. 10(c)]. According to
Gao et al. [53], materials with an amorphous phase show
atendency towards lower hardness than materials with
a nanocrystalline structure. A further decrease in hardness
for coatings annealed at 600 °C and 800 °C was observed
to 3.0 GPa and 2.0 GPa, respectively [Fig. 10(d), and (e)].
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Fig. 8. Surface topography profiles for TiO2 coatings prepared
by the EBE method after annealing at 600 °C.
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Fig. 9. Surface topography profiles for TiO2 coatings prepared
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method and (f) Hall-Petch effect of TiO2 coatings.

However, in the case of nanocrystalline TiO; films,
the mechanical parameters deteriorate after post-process
annealing. The large hardness difference between as-depo-
sited and annealed films can be related to the difference in
crystallite size and surface morphology. Based on the Hall-
Petch effect, the hardness of the material increases with the
grain size decrease [53] [Fig. 10(f)]. In the case of coatings
after post-process modification at 400 °C, 600 °C, and
800 °C after microstructure changes, the crystallite size
increased from 14.4 nm to 19.8 nm and 40.4 nm, respec-
tively. This can result in a decrease in the hardness of this
film due to significant differences in the crystallite size,
thus causing a decrease in hardness from 5.7 GPa to
3.0 GPa and 2.0 GPa. The results showed that post-process
annealing may possibly have a detrimental effect on the
mechanical and tribological properties of prepared
coatings. Due to this knowledge, post-process modification
should be monitored and controlled carefully because TiO,
thin films are often used in optical devices [40].

4.  Conclusions

In this paper, the EBE method prepared TiO, coatings
with a high-temperature stable anatase phase. The post-
process modification of as-prepared coatings was
conducted with the precisely determined annealing
temperature up to 800 °C. XRD studies revealed that as-
prepared and annealed at 200 °C TiO, films were
amorphous. Further annealing at higher temperatures
caused crystallization with peaks related to the TiO,-
anatase phase. The phase transition from anatase to rutile
or a mixture of these phases system was not observed even
at the highest annealing temperature, i.e., 800 °C.
Additionally, the Raman spectroscopy confirmed that the
as-prepared and annealed at 200 °C films were amorphous,
while the anatase phase was observed for films annealed at
higher temperatures. Scanning electron microscopy
revealed changes in surface morphology with increasing

annealing temperature, including grain growth and the
formation of voids. The optical results indicated that
amorphous and annealed coatings from 200 °C to 600 °C
were transparent with an average transmission of ca. 77%.
After post-process annealing at 400 °C and 600 °C, optical
transmission measurements showed a redshift in the
absorption edge, indicating phase change. However, the
transparency level decreased with higher annealing tem-
peratures to 44% for 800 °C. The E " decreased with
annealing, which was related to the significant increase in
crystallite size and presence of defects. The post-process
annealing affected the tribological properties and hardness
of thin films. Tribological testing revealed a decreased
scratch resistance with higher annealing temperatures along
with changes in the surface hardness. Nanoindentation
measurements revealed a decrease in hardness with anneal-
ing due to the changes in the microstructure and crystallite
size. The hardness of as-deposited amorphous-TiO, was
equal to 5.1 GPa. After post-process modification at 200 °C,
the hardness decreased to 4.4 GPa. Further, annealing at
400 °C resulted in a phase change to anatase, increasing the
hardness to 5.7 GPa. However, annealing at 600 °C and
800 °C decreased hardness values to 3.0 GPa and 2.0 GPa,
respectively. This deterioration in mechanical properties
contradicts the expected trend, possibly due to changes in
crystallite size and surface morphology. Moreover, the
increase in crystallite size (from 14.4 nm to 40.4 nm) with
annealing temperature was observed.

To conclude, post-process modification, like annealing,
significantly influenced the structural, optical, mechanical,
and tribological properties of TiO, coatings. Ti-oxide
coatings with a highly stable anatase phase, which may
have applications in optoelectronics or as corrosion-
protective coatings, are critical in terms of their tribological
properties. These findings emphasize the necessity of precise
control over annealing processes to maintain desired
mechanical properties, particularly for TiO, coatings used
in optical devices.
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