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Abstract

In this paper, comparative studies of selected properties of titanium dioxide (TiO,) coatings deposited using electron beam evapora-
tion (EBE) and ion beam-assisted deposition (IBAD) are presented. Post-process annealing at 800 °C was also conducted to exam-
ine its impact on the properties of the prepared coatings. After annealing at 800 °C, a transition from amorphous to the anatase
phase occurred for all coatings. In particular, an increase in ion beam current led to a reduction in crystallite size by approximately
30% compared to coatings prepared by conventional EBE process. The average anatase crystallite size for annealed films was in the
range of 30.8 to 43.5 nm. A detailed SEM analysis of surface morphology and cross sections revealed that the TiO, films prepared
by IBAD had smaller, rounded grains and were denser compared to those deposited by EBE. Optical properties showed high trans-
parency of 77-83% in the visible wavelength range for all as-prepared thin films. However, annealing caused a decrease of the
transparency level by 32% for films deposited by EBE, while for films from the IBAD process the decrease was less than 10%. The
use of an ion gun increased the hardness of the TiO; films from 2.4 to 3.5 GPa (/jpy = 4 A). Although a similar relationship was ob-
served for coatings after annealing, hardness values were lower than for as-deposited coatings. The most notable differences were
observed in the abrasion tests, where the IBAD process significantly enhanced the abrasion resistance of the coatings. This research
highlights the potential of IBAD to prepare dense, adhesive, and durable TiO, coatings with improved optical and mechanical prop-

erties, suitable for applications requiring enhanced wear resistance.

Introduction
One of the commonly used methods for the deposition of ing medicine, telecommunications, optoelectronics, photo-
various materials for thin film optical coatings, is electron beam  voltaics, the requirements for optical coatings are very high.

evaporation (EBE) [1-5]. Today, in many applications, includ-  The electron beam evaporation process uses the high kinetic
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energy of an electron beam to generate the thermal energy re-
quired to melt and then evaporate the source material to deposit
it on the substrate [4]. Evaporation is an attractive deposition
technique because of its many advantages including low manu-
facturing cost, high deposition rate, and the possibility to coat
large surface areas [3,5,6]. However, the quality of the
deposited coatings is relatively poor compared to, for example,
magnetron sputtering, which guarantees the production of thin
films with good coating adhesion to substrates and a densely
packed structure. Also, the deposition rate is low, which affects
the high residual stress of the coating [7]. In order to improve
the properties of vapor-deposited coatings, it is necessary to
increase the total energy of the particles reaching the substrates.
In practice, additional heating of the substrates, reducing the
pressure in the working chamber, applying additional electrical
bias to the substrates, or using ion beam assistance are used. All
of these methods lead to an increase in the total energy of the
nucleating particles on the substrate.

Ion beam-assisted deposition (IBAD), which is the bombard-
ment of a thin film with a beam of energetic particles during
deposition, is an excellent technique for modifying the micro-
structure and optical, mechanical, and tribological properties of
thin film coatings [8-11]. This energetic process offers many
possibilities and is easily implemented using conventional
equipment [8]. The additional energy supplied to the deposited
atoms (typically 60-180 eV compared to the energy of simply
evaporated particles of not more than 0.1 eV) results in atomic
displacements in the growing coating and enhanced surface
atom migration. This can result in much better adhesion of the
films to the substrate [11]. In addition, the advantage of using
additional ion beam assistance in the EBE processes is an in-
creased packing density of the coatings, making them more
resistant to moisture [8,12]. Moreover, the IBAD technique has
become one of the methods for producing high-quality optical
thin film coatings. According to [13,14], IBAD support of the
electron beam evaporation process affects the properties thin
films like formation of new phases, modification of residual
stress, elimination of the columnar-like character of the struc-
ture, and the improvement of stability and homogeneity of the
coatings. In addition, it is possible to modify the microstructure,
resulting in dense, nearly stoichiometric films that are much
more resistant to temperature and humidity changes than films
deposited in the conventional EBE process [4,9-12].

Electron beam evaporation is very effective for preparing trans-
parent titanium dioxide thin films, such as optical coatings for a
large variety of applications. Due to its desirable structural,
optical, and electrical properties, high thermal and chemical
stability, relatively low price, and good availability, TiO, in the

form of thin films is now widely used in the development of gas
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sensors, photodetectors, solar cells, memristors, and photocata-
lysts [1,12,15-17]. The area of application of titanium dioxide is
also related to the crystal structure in which it occurs, that is,
brookite, anatase, or rutile [16-20]. The rutile phase is the most
stable structure of TiO,, while anatase is a metastable phase.
Recently, the anatase phase of TiO, has been particularly used
in the production of solar cells and optical coatings. According
to [17,18], titanium dioxide in the anatase phase, compared to
other phases, is particularly favorable for electrochromic appli-
cations due to its efficient ion transport and relatively open con-
figuration of octahedral units. These two phases of titanium
dioxide differ significantly in their properties in terms of elec-
tronic applications [21]. According to [22], amorphous or ana-
tase phases are desirable for optical thin films because of the

materials’ isotropic properties with low extinction coefficient.

Considering the above advantages, in this paper, titanium
dioxide thin films were prepared using electron beam evapora-
tion and ion beam-assisted deposition with different values of
ion beam current. Additionally, post-process annealing at
800 °C was applied to the fabricated samples in order to study
its influence on the coatings’ properties. The literature lacks ex-
tensive studies of titanium dioxide thin films deposited by elec-
tron beam evaporation with ion-assisted deposition followed by
high-temperature annealing. This highlights the unique and
valuable contribution of our research, as such comprehensive

studies are not currently available.

Experimental

Titanium dioxide optical thin film coatings were prepared by
electron beam evaporation with and without additional ion
beam assistance. Moreover, all as-deposited films were addi-
tionally modified by post-process annealing at 800 °C. As a
source material, titanium pentoxide (Ti3O5) pellets with a purity
of 99.99 atom % (from K.J.Lesker) were used, which were
evaporated from a molybdenum crucible. Diffusion and a rotary
backing pumps enabled a base pressure in the vacuum chamber
below 1.5-107> mbar. The operating pressure in the IBAD
process was kept below 1.7-1073 mbar, and the thin film coat-
ings were deposited with an additional oxygen gas flow of
100 sccm. The ion beam gun (Advanced Energy) DC current
(Iipg) and voltage were equal to 3 and 4 A and 80 and 90 V, re-
spectively (samples denoted as SOA, S3A and S4A). Each
process lasted 60 min, and the thicknesses of the prepared films,
measured with an optical profilometer (Talysurf CCI Lite),
were 350, 300, and 200 nm for samples SOA, S3A, and S4A, re-
spectively. The deposition parameters are shown in Table 1.
Like in our previous reports [23,24], additional post-process
modification of as-prepared thin films was carried out, that is,
annealing at 800 °C (Nabertherm tubular furnace). The post-

process annealing was carried out for 2 h in ambient atmo-
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sphere with a heating ramp of 200 K-h™!, without the use of

refrigerants.
Table 1: Deposition parameters in EBE and IBAD processes.
EBE IBAD

pellet material TizOs ( 99.99 atom %)

substrate material SiOy, Si, TIAIV

base pressure 1.5:10~% mbar
substrate temperature unheated (<50 °C)
distance from evaporation 500 mm

source to substrate

deposition time 60 min

rotation of the substrates 3rpm

additional O gas flow 100 sscm

operating pressure (1.2-1.7)-1073 mbar
ion beam gun current, ling — 3A4A
ion beam gun voltage — 80V,90V

The effect of ion beam-assisted deposition and additional post-
process modification of TiO, coatings was investigated in
detail. XRD measurements (PANalytical Empyrean PIXel3D),
Raman spectroscopy (Thermo Fisher Scientific Raman Micro-
scope), and SEM imaging (FEI Nova NanoSEM 230) were
carried out to evaluate the structural properties and morphology
of the prepared coatings. The optical characteristics of the pre-
pared films were investigated with the use of an Ocean Optics
QE65000 spectrophotometer in the wavelength range of
250-1000 nm. As in our previous work [25], nanoindentation
and wear resistance tests were used to determine the mechani-
cal and tribological properties of the prepared coatings. The
hardness of the prepared coatings was determined by nanoin-
dentation using a CSM Instruments nanoindenter with a
diamond Vickers tip. For the determination of the hardness
from the load—displacement data, the Oliver and Pharr method
was used [26].

Wear resistance was investigated using the Summers Optical’s
Lens Coating Hardness Test Kit. In our previous work [27], the
steel wool test was described and carried out according to the
well-acknowledged standard [28] and literature reports [29].
After the abrasion tests, the surface of thin film coatings was
examined in detail by optical microscopy (Olympus BX51) and
optical profilometry (TalySurf CCI Lite Taylor Hobson).

Results and Discussion

Figure 1 shows a comparison of XRD patterns of as-deposited
and annealed TiO; thin films prepared by EBE and IBAD. All
thin films changed their structure from amorphous to anatase
after annealing. Mergel et al. [30] and Lu et al. [3] showed that
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TiO; films prepared by the EBE method, due to the low sub-
strate temperature (below 300 °C), are always amorphous.
Oliver et al. [31] has also indicated that TiO, thin films ob-
tained from conventional electron beam evaporation typically
exhibit a porous structure. The use of ion beam-assisted deposi-
tion in the EBE process had no effect on the structure of the
as-prepared TiO, coatings (Figure 1). Therefore, post-deposi-
tion annealing becomes one of the key pathways in controlling
the structure, morphology, and photocatalytic activity of TiO,
films [3].

After post-process annealing, all thin films exhibited peaks
related to the (101) and (004) planes of anatase, for which the
crystallites sizes were also determined. The crystallite size was
calculated using MDI Jade 5.0 software employing the Scherrer
equation [32]. Thin film coatings deposited by EBE method had
crystallites with an average size of 43.5 nm calculated from the
(004) plane. In turn, increasing the ion gun current from 3 to
4 A caused a decrease in crystallite size from 34.7 to 30.8 nm
after annealing (Figure 1d). The results of the structure analysis

are shown in Table 2.

Based on the XRD patterns, there is no evidence for the occur-
rence of TiO, with the rutile phase, as its specific peaks were
not observed. It can be suspected that TiO, deposited by the
EBE method exhibits a preference for amorphous phase growth.
It seems that the way to obtain crystalline TiO, coatings is
through post-process modification, such as annealing at
elevated temperatures, which induces titanium and oxygen
atoms to reorganize and form a regular crystal structure.

To determine the degree of the preferential orientation, the
texture factor (f) was estimated using the Lotgering method. A
value of f = 0 indicates a random orientation, while /' = 1 testi-
fies the perfect orientation for the calculated plane [33-35]. For
the annealed TiO; thin films, the preferred orientation was
calculated for the (004) lattice plane. The highest value of
texture factor was determined for the film prepared without
IBAD and was equal to 0.834. In the case of films prepared
with additional ion beam assistance, the Lotgering factor was
0.343 and 0.605 for ion beam gun currents of 3 and 4 A, respec-
tively.

The type of stress occurring in the annealed TiO, thin films was
determined based on the parameter Ad [36,37]. This parameter
represents the relative difference between the measured inter-
planar distance and the standard value. When Ad is lower than
zero, compressive stress occurs; when Ad is higher than zero,
tensile stress is observed. After post-process annealing, a slight
shift in the measured diffraction peaks toward higher angles

was observed, indicating compressive stress with values from
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Figure 1: Comparison of XRD patterns of TiOs thin films deposited by (a) EBE and (b, ¢) IBAD before and after additional post-process annealing at
800 °C, respectively. (d) Dependence of the average crystallite size on /ipg for the annealed TiOz thin films.

Table 2: XRD analysis of TiO5 thin films deposited by EBE without and with IBAD after additional post-process annealing at 800 °C.2

Annealed thin Phase Crystal plane Crystallite size (nm) f d (nm) Ad (%) Type of stress
films

PDF No. — — 0.2378 — —

21-1272 TiO»

SOA anatase (004) 43.5 0.834 0.23776 -0.02 compressive
S3A 34.7 0.343 0.23776 -0.02 compressive
S4A 30.8 0.605 0.23767 -0.05 compressive

af: degree of preferential orientation; d: measured interplanar distance; Ad: percentage change of the measured interplanar distance as compared to
the standard dppf.

—0.05 to —0.02. The compressive stress after annealing was  microstructural, nanoindentation, and wear resistance analyses.
negligible, which can be attributed to the improved hardness  Mitigation or control of residual stress can be achieved by opti-

and densification of the IBAD films, as confirmed by mizing deposition parameters such as substrate temperature,
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deposition rate, substrate biasing, and ion beam gun settings.
Moreover, post-process annealing can lead to a reduction in
thermal stress due to the difference in thermal expansion coeffi-
cients between the film and the substrate and can also affect
internal stress by changing the microstructure of the film.

Figure 2 shows Raman spectra of the TiO, films prepared by
EBE and IBAD methods. The microstructure of the prepared
thin films was not affected by the additional use of the ion beam
gun since only the amorphous phase was observed for all coat-
ings. The Raman results confirm the phase change from amor-
phous to crystalline after annealing at 800 °C, in agreement
with the XRD studies. The results obtained by Raman spectros-
copy for the annealed films are consistent with the reference
values for the anatase phase [38,39]. The presence of character-
istic Raman peaks observed at approximately 139, 193, 393,
512, and 635 cm™! confirms the occurrence of the anatase phase
in the annealed coatings (Figure 2) [40,41].
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Figure 3 presents SEM images of the surface and cross sections
of TiO, thin films before and after post-process annealing. In
the case of as-prepared TiO; coatings, there are no significant
differences between the surface morphology for films deposited
without and with ion gun. SEM images showed smooth sur-
faces composed of very small grains with columnar-like char-
acter. Post-process annealing caused a significant change of the
surface and cross-section morphology. After thermal modifica-
tion, the surface morphology of the prepared coatings without
additional ion bombardment showed very large grains with an
average size of approximately 100 nm, which formed agglomer-
ates with visible voids between them (Figure 3 A). Additional-
ly, the cross-section image showed that the annealed film was
composed of big, elongated grains with a length from 160 to
350 nm (Figure 3a). It is worth noting that the coatings had a
milky color. This was probably the result of the size of grains,
which could lead to a significant scattering of light. In contrast,
the use of the ion gun resulted in much smaller, rounded grains

TiO, thin films prepared by EBE method
with ion beam gun (/;,;=3A):
as-deposited

annealed at 800°C

b) [:

g
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Figure 2: Raman spectra of TiO5 thin films deposited by (a) EBE and (b, c) IBAD before and after additional post-process annealing at 800 °C, re-

spectively.
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c) as-deposited

Figure 3: Scanning electron microscopy images of TiO» thin films before and after post-process annealing at 800 °C deposited using (a) EBE and

IBAD with (b) fipg = 3 A and (c) fivg = 4 A.

and denser coatings. In the case of films deposited with an addi-
tional ion gun current of 3 A, the grain size was about 58 nm,
while increasing the current to 4 A reduced the grain size again
to an average value of 45 nm. Post-process annealing altered the
cross-section morphology of the titanium dioxide coating
deposited with /jpg = 3 A (Figure 3b), changing its fibrous struc-
ture to a coarse-grained one. The width of these elongated
grains ranged from 60 to 120 nm. Contrary to this, the cross-
section image (Figure 3c) of the TiO, coating deposited with
Iipg = 4 A revealed the formation of a bilayer, indicating the
separation of grains into two distinct rows or layers. The width
of the elongated grains in this case ranged from 90 to 115 nm.
Yang et al. [6] mentioned that compared to conventional elec-
tron beam evaporation, ion bombardment provides particles
deposited on a substrate with more energy, contributing to the

formation of a denser structure. These considerations were also
confirmed by XRD and SEM studies (Figure 1 and Figure 3, re-
spectively), indicating the presence of a finely crystalline and
dense TiO, structure.

Based on the measured light transmission spectra (Figure 4), all
as-deposited coatings had high transparency, ranging from 77%
to 83%. The average transparency of the thin films in the visible
wavelength range was calculated taking into account the inte-
gral of the transmission coefficient in the wavelength range of
380 to 750 nm. The light transmission level for TiO, films
deposited by the EBE method was 82.5%, at average, while for
films prepared with [jpg of 3 A and 4 A, the transparency was
82.9% and 76.8%, respectively (Figure 4d). For a coating
deposited using the conventional EBE method, annealing
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Figure 4: Transmittance spectra of TiOz thin films before and after post-process annealing at 800 °C deposited (a) without and with IBAD with (b) /ipg
=3 Aand (c) lipg = 4 A. (d) Dependence of the average transmission on the ion beam gun current.

resulted in a decrease in transmission to 51% compared to the
as-deposited coating (Figure 4d). In contrast, in the case of thin
film coatings deposited with the assistance of the ion gun,
annealing did not affect their light transmission coefficients sig-
nificantly. The transparency level after post-process annealing
was equal 76.1% and 68.8%, for TiO; prepared with g of 3
and 4 A, respectively (Figure 4d). The cut-off wavelengths of
the annealed thin films were redshifted by about 14-21 nm.

Measurements of spectral characteristics of light transmission
provide information not only about the amount of light trans-
mitted through the coating, but also information about the band
structure of the materials from which it is made of. Therefore,
to perform a comprehensive analysis of the band structure of the
prepared titania films, optical bandgap energy (EgOPt) and
Urbach energy (E,) were analyzed. The value of EgOpt was
calculated by extrapolating the linear portion of the curves [42]
based on the plot of (ahv)!/2 as a function of photon energy (hv)
(Figure 5). Based on the literature [43-45], titanium dioxide in

the anatase phase is an indirect-bandgap semiconductor. In the
case of the films deposited using the conventional EBE method
and an additional /jp, of 3 A, the optical bandgap energy was
equal to 3.23 eV, while increasing [jpg to 4 A led to a slight de-
crease of EgOpt to 3.16 eV. After post-process annealing, the
value of the optical bandgap energy decreased for the film
deposited without any additional assistance of the ion gun and
was equal to 2.77 eV. In contrast, for films prepared with addi-
tional Ijpe of 3 and 4 A, the E,°P' values were equal to 3.10 and
3.17 eV, respectively. For the annealed TiO, film prepared
using the conventional EBE process, the significant change in
Eg could be a result of a considerable increase in grain size after
annealing. In contrast, such notable differences were not ob-
served for films deposited by IBAD. In the case of annealed
films deposited with Ijpg = 3 A, a decrease of the bandgap from
3.23 to 3.10 eV was observed. According to Dejam et al. [46],
increasing the annealing temperature improved the quality of
the crystallites, which reduced the localized states and traps in

the thin films, leading to a decrease in the bandgap. However,
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Figure 5: (a—c) Optical bandgap energy and (d—f) Urbach energy as function of the photon energy.

as can be observed (Figure 5c), the values of optical bandgap
energy for as-deposited and annealed coatings prepared by
IBAD with an additional Ijpg of 4 A were equal to 3.16 and
3.17 eV, respectively. According to our previous work [47], for
both as-prepared and annealed TiO, coatings (annealed at tem-
peratures ranging from 200 to 600 °C), the optical bandgap
(Eg°PY) was ca. 3.20 eV. A decrease in Eg°P' to 2.77 eV was ob-
served for TiO, annealed at 800 °C. We also showed [23] that
as-deposited TiO; films were amorphous and EgOpt was equal to
3.29 eV. The thin films in both studies [23,47] were prepared
using the conventional EBE method. The results presented in
[23,47] also provide evidence that the deposited by the EBE
process were reproducible due to very similar optical property
results for the TiO, coatings. According to [48], the EgOpt value
for as-deposited TiO, by EBE was equal to 3.84 eV. Taherniya
et al. [48] also studied TiO, films after annealing at 300, 450,
and 600 °C, where the values of Eg"pt slightly decreased to
3.83, 3.80, and 3.79 eV, respectively. These results are also in
fair agreement with those reported by Yang et al. [6], who ob-
served E,°P' values ranging from 3.81 to 3.92 eV for TiO; films
deposited by IBAD. Hasan et al. [49] reported an indirect
optical bandgap of 3.39 eV for as-grown TiO, films at room
temperature, which is consistent with values reported in other
studies [50,51]. However, it should be noted that the films in

[49-51] were deposited using radio-frequency reactive and
pulsed DC magnetron sputtering. These results indicate that the
value of optical bandgap energy of the thin film coatings
strongly depends on the conditions and deposition methods.

To complete analysis of the bandgap structure, the Urbach
energy was evaluated based on the logarithmic plot of the
absorption coefficient vs photon energy (Figure 5d—f). The
slope of the linear dependence of In a on /v follows the expo-
nential relation [46,52]:

hv
o =oagexp| — |,
u

ey

where g is a constant and E,, is the Urbach energy.

After post-process annealing, E,, for the film deposited with
conventional EBE method increased by almost four times from
0.22 to 0.87 eV (Figure 5d). The Urbach energies for
as-deposited and annealed film deposited by IBAD (Ijpg = 3 A)
were 0.25 and 0.24 eV, respectively. For coatings deposited
with the additional Iy = 4 A, values of E, were equal to
0.30 eV and 0.24 eV for as-deposited and annealed film, respec-
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tively. In the case of finely crystalline coatings, a higher Urbach
energy value may indicate significant variation in the size and
shape of the grains [53-55]. Based on the paper of Kim et al.
[56], it can be assumed that when the film structure is well
ordered, the Urbach energy value will be lower. Wiatrowski et
al. [25] showed that the Urbach energies of TiO; thin films with
anatase and rutile phases, prepared by magnetron sputtering
using continuous and pulsed gas flow processes were 0.17 and
0.24 eV, respectively. It was found that the lower value of E
was obtained for the anatase thin film, which was directly
related to the much more ordered structure of this layer, as
found during the microstructure analysis. Table 3 summarizes
the results of the optical properties.

Table 3: Optical properties of as-deposited and annealed coatings.?

As-deposited Annealed at 800 °C

Sample SOA S3A S4A  SOA S3A  S4A
T\(%) 825 829 768 51 76.1 688
EQ P (eV) 323 323 345 277 310 3.17
E,(eV) 022 025 030 087 024 024

aT): optical transmission; Acyoff: fundamental absorption edge; EQOP‘:
optical bandgap energy; E,: Urbach energy.

For the prepared coatings, refractive index and extinction coef-
ficient were determined using the reverse engineering method
with the aid of the Scout software. For calculation of the disper-
sion curves, Sellmeier and O’Leary—Johnson—Lim [57] models
were applied. The refractive index of the prepared films was in
the range of 1.99 to 2.14 (Figure 6a). As the ion beam gun cur-
rent increases, the amplitude of the interference also increases,
which may indicate an increase in the refractive index of the
prepared thin film coatings (Figure 4) and was proven in
Figure 6a. The low value of the imaginary part of the refractive

a) 26
Refractive index for as-deposited TiO, films:
—=— S0A ngs0= 1.99
—o— S3A ng, = 2.06
& 241 —a— S4A nggy = 2.14
°
£
[
2
©
©
o«
Q
x
18 T T T T
300 400 500 600 700 800

Wavelength (nm)
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index, also known as extinction coefficient (Figure 6b), ranging
from 2.12-1073 to 4.64-1073, indicates low light absorption in
the studied thin films [58]. According to [6], TiO, films pre-
pared with the conventional EBE method had a porous struc-
ture with a refractive index of approximately 1.9. Selhofer et al.
[59] reported that the value of the refractive index for TiO,
coatings deposited by reactive EBE (on unheated substrates)
was in the range of 2.06 to 2.22, while in the case of substrates
heated to 250 °C, the refractive index was 2.4.

Packing density (PD) and porosity (P) of both as-deposited and
annealed coatings were determined using the real part of refrac-
tive index. Packing density was calculated according to the
Clausius—Mossotti relation [60,61]:

@

where pr and py, represent the film and bulk densities of titania,
respectively, while n¢ and ny, denote the refractive indices of the
TiO, coatings and bulk material for amorphous titanium dioxide
as 2.449 [43,61,62].

Porosity (P) was calculated based on the Equation 3 [63,64]:

2

nf -1
P(%)=|1- 3
(%) 21 3)

The highest packing density (0.87) and the lowest porosity
(28.6%) were obtained for coatings deposited with the highest
value of additional I;p, = 4 A, while the opposite values were

1
b) Extinction coefficient for as-deposited TiO, films:
—=— SO0A kg0 = 2.12:10°°
< —e— S3A kg5 =2.71-10°
()
© —A— S4A kg0 = 4.64-10°°
& 0.14
)
Q
o
c
Re]
g
= 0.014
<
Ll
0.001 T T T T
300 400 500 600 700 800
Wavelength(nm)

Figure 6: Comparison of (a) refractive index and (b) extinction coefficient of as-deposited TiO films.
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obtained for film deposited using the conventional EBE process
(Table 4).

Table 4: Optical properties of as-deposited films.2

As-deposited thin films

SO0A S3A S4A
Nss0 1.99 2.06 2.14
K550 2.12:10-3 2.71-10°3 4.64-10°3
PD 0.79 0.83 0.87
P (%) 40.8 34.8 28.6

8ns50: refractive index at A = 550 nm; ksgo: extinction coefficient at
A =550 nm; PD: packing density; P: porosity.

Annealing seems to play a key role in modifying the structure
of the deposited TiO; coating, as the grains tend to grow due to
recrystallization and diffusion processes, leading to changes in
density and structure. The formation of a double-layer coating,
as observed in the cross-section scanning electron microscopy
image (inset in Figure 4c) of the annealed TiO; coating
deposited with an additional Ijpg of 4 A, can be understood as
the separation of grains into two distinct rows or layers. This
phenomenon may be related to the deposition conditions and
the post-process heat treatment of the titanium dioxide thin film.
As the grains grow during annealing, the top row of grains may
recrystallize differently from those near the substrate, forming a
visible boundary. The separation between the two layers of
grains may be related to the difference in the grain growth
kinetics, which may be influenced by the annealing conditions.
For optical coatings, amorphous, very smooth TiO; layers with
high refractive index and thickness up to 400 nm are required.
Although the density and the refractive index of crystalline
TiO; are higher than those of the amorphous phase, it is often
preferred in optical devices due to its lower surface roughness
and light scattering [65]. Nanoindentation measurements
(Figure 7) showed that the films deposited by EBE had a hard-
ness of about 2.4 GPa. Increasing the ion gun current from 3 to
4 A caused an increase of hardness from 3.1 to 3.5 GPa. These
measurements showed that the use of IBAD in the EBE process
had a favorable effect on mechanical properties of prepared
optical coatings. After additional annealing at 800 °C, the hard-
ness of the titanium dioxide films decreased as compared to
as-deposited films. The lowest hardness (2.0 GPa) was
measured for the annealed coating without the use of an ion
gun, while in the case of coatings deposited with the IBAD at 3
and 4 A, the hardness was equal to 2.4 and 2.5 GPa, respective-
ly (Figure 7). To illustrate the impact of additional ion beam
gun current on the hardness of thin films, the relationship be-
tween hardness and I for both as-deposited and annealed

films is presented below in Figure 10a.

Beilstein J. Nanotechnol. 2025, 16, 1097-1112.

The results of abrasion resistance tests showed that the TiO,
coating deposited by the conventional EBE method had the
worst abrasion resistance, which was also confirmed by tests
with optical microscope and profilometer (Figure 8a). Based on
the microscopic images, large scratches were observed. While
measurements obtained by the optical profilometer showed that
the scratches have a depth equal to the thickness of the thin film
(Figure 8a). In the case of coatings prepared by the IBAD
method with Ijpe = 3 A, the number of scratches formed after
the tests was significantly lower, and the depth of the scratches
was reduced by half (Figure 8b). In contrast, when an ion beam
gun current of 4 A was applied, the scratches almost disap-
peared, and the cross-sectional surface profile showed that they
were only a few nanometers deep (Figure 8c). The surface
roughness of the coating deposited without the ion gun changed
significantly after the abrasion test and was 26.9 nm, while for
the films prepared with the gun with currents of 3 and 4 A, it
was 11.3 and 2.9 nm, respectively. It can be assumed that the
abrasion resistance of thin films produced by IBAD is due to
the increased energy of ions reaching the substrates during
deposition. In fact, this contributes to the increased density of
the thin films. This increases the resistance to material removal
and improves adhesion, which prevents delamination during
abrasion. Moreover, the increased energy of ions during deposi-
tion led to the formation of a finer and more uniformly packed
grain structure, which resulted in increased hardness and im-
proved scratch resistance. Furthermore, the introduction of
compressive residual stress could inhibit the initiation and prop-
agation of cracks. Table 5 and Figure 10b below summarize the
results of the mechanical properties tests.

The results of surface topography measurements before and
after abrasion tests for the annealed TiO, thin films are included
in Figure 9. Before the abrasion test, all coatings were homoge-
neous and had low roughness values from 2.0 to 2.5 nm. How-
ever, after the steel wool tests, the film deposited without the
ion gun and annealed at 800 °C was completely rubbed off from
the surface of the substrate (Figure 9a). Coatings deposited with
IBAD were scratched quite significantly, but the thin film was
not completely removed from the surface (Figure 9b). In the
case of the coating deposited with the ion gun current of 3 A,
the depth of the scratches was equal to the thickness of the thin
film, and about half of the coating was removed from the sub-
strate. Increasing the ion beam gun current resulted in scratches
still having a depth equal to the film thickness, but only about
30% of the coating was removed from the substrate (Figure 9c¢).
The results of the mechanical properties after annealing are
shown in Table 5 and Figure 10c.

Based on the SEM images of the surface morphology and cross

sections of the thin films, along with the mechanical results

1106



as-deposited

by
o
1

Hardness (GPa)
w
(6]

electron beam evaporation

254 H=24GPa
O measurement
model
2.0 T T T
0.01 0.1 1 10 100
Relative indenter displacement, h/g
b)
4.4 | TiO,
electron beam evaporation O
lpg=3A
4.2 r:g= 3.1 GPa
O measurement
__ 4.0+ model
o]
o
g 3.84
@
o 3.64
c
°
@© 3.4+
I
3.2
3.0 0©
28 T T T
0.01 0.1 1 10 100
Relative indenter displacement, h/g
c)
4.8
© 4.4
o
e
)]
7]
2 404
°
@
I
electron beam evaporation
3.6+ fpg=4 A
o H=3.5GPa
O measurement
——— model
3.2 T T T T
0.01 0.1 1 10 100

Relative indenter displacement, h/g

Beilstein J. Nanotechnol. 2025, 16, 1097-1112.

annealed
8
TiO, - annealed at 800°C
7 4| electron beam evaporation
H=2.0GPa
O measurement
—~61 model
©
2
Qs
7]
7]
€4
°
T
34
2
1 T T T
0.01 0.1 1 10 100
Relative indenter displacement, h/g
7 TiO, - annealed at 800°C
electron beam evaporation
lpg=3 A
H=24GPa
g 69 0 measurement
©
g model
e
7]
7]
)
c
o
—_
©
T
2 T T T
0.01 0.1 1 10 100
Relative indenter displacement, h/g
7 TiO, - annealed at 800°C
electron beam evaporation
lpg=4 A
H=25GPa
64 O measurement
T —— model
o
S
0
17
)
c
k)
—
[
T
2 T T T
0.01 0.1 1 10 100

Relative indenter displacement, h/g

Figure 7: Hardness of as-deposited and annealed TiO thin films deposited by electron beam evaporation method (a) without and with IBAD with ion
beam gun currents of (b) fipg = 3 A and (C) lipg = 4 A.

1107



after scratch test

before scratch test

350 nm

300 nm

200 nm

100 nm

X=Y=816um X=Y=816pm

Beilstein J. Nanotechnol. 2025, 16, 1097—1112.

b)

before scratch test after scratch test

Sq=1.16 nm

170 nm

150 nm

S0hnm 100 nm
400m
50 nm
20n0m

X=Y=816pm X=Y=816pm

Width in X direction (um)

C) before scratch test
Sq =0.96 nm

X=Y=816pm
Z=57nm

0.0 nm

7=59nm 0.0 nm 7=366.3 nm 0.0nm z=10.4 nm 000m 7=173.4nm 0.0 nm

€ €
£ ~ £ o
E T E I
5 -100 g 50
Kl 5
N 200 N -100
k-~ £
£ £
% -300 TiO, thin films prepared by electron beam evaporation process (without ion beam gun): % -150 TiO, thin films prepared by electron beam evaporation process (with ion beam gun, I‘“=3A):
& — before scratch test after scratch test & before scratch test after scratch test

160 200 300 400 500 600 700 800 100 200 300 400 500 600 700 800

Width in X direction (um)

after scratch test

25.0 nm

20.0nm

15.0 nm

10.0 nm

5.0 nm

X=Y=816pm

Z=26.7 nm 0.0nm

Height in Z direction (nm)
S &b oasw

5 s

before scratch test

TiO, thin films prepared by electron beam evaporation process (with ion beam gun, I, =4A):

after scratch test

100 200 300

400 500 600 700 800

Width in X direction (um)
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Table 5: Summary of the results of measurements of the mechanical properties of TiO5 thin films deposited by EBE method without and with IBAD

and after additional annealing at 800 °C.

As-deposited

Annealed at 800 °C

Sample SOA S3A S4A SOA S3A S4A

hardness (GPa) 2.4 3.1 3.5 2.0 2.4 25

Sq — before abrasion test (nm) 0.9 1.2 1.0 2.4 1.3 1.1

Sq — after abrasion test (nm) 26.9 11.3 2.9 2.3 (coating completely  119.6 88.2
worn off)

(Table 5), Thornton’s model [66,67] can be referred to. For the
EBE-deposited thin films, the coatings were assigned into the
less dense Zone 1 or Zone T (transition), where low adatom
mobility resulted in a coarse-grained columnar structure with
voids between the grains, clearly observable in the annealed
films (Figure 3a). This structural characteristic explains the ob-

served lower hardness and abrasion resistance (Figure 10). In
contrast, for the thin films prepared with additional ion beam
gun current, the SEM images indicate a transition from the less
dense Zone 1 or Zone T to a more compact Zone 2 microstruc-
ture (Figure 3b,c). The use of additional Iibg, which increases
the total energy of the particles reaching the substrate through
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ion bombardment, leads to densification and enhanced mechani-
cal properties of the films. This phenomenon explains the ob-
served increase in hardness and wear resistance (Figure 10a,b).
Furthermore, as shown in Figure 10d, a strong correlation is
evident: As the packing density increases, the hardness in-

creases while porosity simultaneously decreases.

Conclusion

In the present work, electron beam evaporation and ion beam-
assisted deposition were used to prepare titanium dioxide thin
films. Additionally, post-process annealing at 800 °C was
applied to study its effect on the properties of the prepared
films. This method is very promising, as it allows for precise
control over the growth process and makes it possible to adjust
the properties of the titania thin films to achieve the desired
properties. Although this method is well known, as is titanium

dioxide, it is very difficult to find research that provides a
comprehensive discussion and comparison of the impact of
IBAD on the conventional EBE method regarding structural,
optical, mechanical, or tribological properties.

A comparison of XRD patterns for deposited and annealed TiO,
thin films prepared by EBE and IBAD methods reveals a signif-
icant structural transformation from the amorphous to the ana-
tase phase after annealing. The results show that the use of ion
beam-assisted deposition during EBE did not significantly
affect the prepared structure but significantly affected the size
of the crystallites, with higher ion gun currents resulting in
smaller crystallites in the range of 30.8 to 43.5 nm. Additional-
ly, Raman spectroscopy confirmed that only the anatase phase
was present after annealing at 800 °C. SEM images reveal that
post-process annealing significantly affects the morphology of
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TiO; thin films, highlighting the differences between coatings
prepared with and without additional IBAD. All as-prepared
coatings exhibit a smooth, columnar morphology with small
grains. Moreover, the SEM images show that after annealing,
the TiO, film deposited by the EBE method formed large grains
approximately 100 nm in size, which clustered into agglomer-
ates with voids. This is visible in the cross-section images as a
coarse-grained structure with grain sizes ranging from 160 to
350 nm. In comparison, coatings deposited with IBAD have
more compact, rounded grains, with sizes decreasing from 58 to
45 nm as the ion beam gun current increases from 3 to 4 A.
Annealing further modifies the cross-sectional morphology of
the 3 A films, resulting in elongated grains measuring from 60
to 120 nm. In contrast, the 4 A films exhibit a bilayer structure
with distinct layers, where grain widths range from 90 to
115 nm. The light transmission spectra of as-deposited TiO,
thin films reveal high transparency in the visible range with
values between 77% and 83%, depending on the value of ion
beam gun current. It is worth to notice, that films deposited with
lipg = 3 A achieved the highest transparency at 82.9%, while
those with deposited with Iy = 4 A exhibited slightly lower
transparency at 76.8%. Post-process annealing lead to a signifi-
cant decrease in the transparency level to 51% for film EBE-

deposited films. In turn, in the case of coatings prepared by the

IBAD method, post-process annealing had little effect on the
level of transparency, which decreased by about 6—-8%. The
refractive index of the prepared films was in the range from
1.99 to 2.14. An increase in the value of ion beam gun current
led to a higher amplitude of interferences, resulting in an
increase in the refractive index. In addition, the low values of
the extinction coefficient (from 2.12:1073 to 4.64-1073) indicat-
ed minimal light absorption in the tested films. The results of
the nanoindentation studies showed that the hardness of thin
films deposited by the conventional EBE method was signifi-
cantly enhanced by using ion beam-assisted deposition, with
hardness values increasing from 2.4 to 3.5 GPa. However, post-
process annealing lead to a decrease in hardness values, particu-
larly in coatings deposited without additional Ij,e, highlighting
the impact of processing conditions on material properties.
Abrasion resistance tests showed that the TiO, film deposited
using the EBE method was the least abrasion-resistant com-
pared to the IBAD films.

To conclude, the use of additional ion-beam assistance during
thin film deposition by the EBE method significantly increases
the density and structural uniformity of the films, advancing
them from the less dense Zone 1 to the more compact micro-

structure of Zone 2. This transition results in improved mechan-
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ical properties, including increased hardness and wear resis-
tance, highlighting the key role of IBAD in tailoring the desired

properties of TiO, coatings.
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