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Abstract

In this paper, we aimed to find the sputtering power most suitable for fabricating anodized TiO2
nanotubes (TNTs) with high dimensions (diameter and length). TNTs were synthesized via anodization
of Ti films deposited on a glass substrate at varying sputtering power from 50 W to 200 W. The
properties of Ti films such as crystallinity, residual stress, and roughness were investigated, which
affected the morphology of TNTs. Sputtering power levels of 150 W and 200 W were suitable for
TNTSs formation via the anodization process in NH4F concentrations from 1.0 wt% to 2.5 wt% due to
the increased density and crystallinity of Ti films. Boosting the sputtering power to 200 W increases
the roughness of the surface, resulting in a decrease in tube diameter and length. Increasing the
sputtering power to 200 W also causes the residual stress of the film to be converted from compression
to tensile stress, which allows for more TNTs structures to be formed on the film. Nanotubes
fabricated on 150 W sputtered films have been proven to be superior to those fabricated at 200 W
in every NH4F concentration in terms of length and diameter. Thus, they are more suitable for applications.

1. Introduction

TiOz2 nanotubes (TNTs) have garnered much interest due to their
wide range of applications in several fields such as optical physics
and biomedicine. Owing to their high surface- to- volume ratio and
charge transport property, they can improve the performance of
various processes such as gas sensing [1], photovoltaic activity [2],
and photocatalysis [ 3], as well as the surface coating of medical
implants, localized drug delivery systems [4], and the fire retardancy
of textile products [ 5,6]. These processes have been improved by
integrating zero to two-dimensional TiO2 nanomaterials [7] such as
nanoparticles [8], nanowires [9], nanorods [10], and nanotubes [11].
Particularly, the efficiency of dye-sensitized solar cells increases
when TiO2 nanotubes are integrated. Nanotubes are widely used as
anodes in solar cells due to their highly-ordered structures and high
surface area, which transport a higher number of electrons faster
than nanoparticles. Nanotubes can be made from several materials
such as ZnO, MgO, CdS, etc. However, TiOz is favored due to its
low cost, non-toxicity, and biocompatibility, making it useful in
prostheses and implants [12]. Several methods for TNTSs synthesis
have been developed such as sol-gel, hydrothermal and solvothermal,
anodization, etc. Among the methods for the large-scale production
of TNTs, anodization in fluoride-containing electrolytes is the best
because it is the most environmental-friendly and the rate of chemical
dissolution is very high, making the process much faster [ 13,14].
Additionally, this method allows for the easy control of the dimensions,
surface area, and density of nanotubes by adjusting related variables
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such as voltage, water content, and fluoride concentration in
electrolytes [12].

Either Ti films or Ti foils can be used as substrates in anodization
to create nanotubular structures. However, TNTs synthesized from
pre-made Ti foil are opaque and also unable to withstand high stress,
making them ill-suited for dye- sensitized solar cells, with a higher
tendency for device failure [ 15]. Furthermore, Ti foil typically has
a thickness of 0.1 mm to 2.0 mm, so synthesis from Ti foil to TNTs-
based devices causes them to be large and energy- inefficient [ 16].
Several researchers have studied the method to control the morphology
of anodized thin films, and it has been demonstrated that the sputtering
and anodization parameters affect the resulting morphology of
TNTs films. Chappanda ef al [16] showed that high film density is
significant in achieving a tubular structure due to electric field
uniformity across the film surface. Jaafar ef a/ [17] demonstrated
that nanotube lengths increase with the concentration of NH4F
electrolyte. However, the results of these studies were occasionally
contradictory. For instance, Pasikhani ef al [ 18] demonstrated that
length, diameter, and wall thickness increased with anodization voltage.
In contrast, Alsammarraie et al [19] provided results where the same
variables did not exhibit consistent correlations with anodization
voltage. During Ti film deposition with magnetron sputtering,
changes in the sputtering parameters can affect the morphology and
physical quantities of the Ti film. This is because changes in sputtering
power, substrate temperature, and gas pressure can change the
residual stress of the film [16]. The work of Liao et al revealed that
higher residual stress increases pore formation during anodization
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[20]. However, Chappanda et a/ [ 16] showed that residual stress
has no effect on the morphology of anodized films. These results
also raise doubts about the effects of the sputtering variable on the
TNTs structure.

In this work, the effects of the sputtering power of Ti films on
the morphologies of TNTs films after anodization were investigated.
We considered that increased sputtering power caused changing
crystallinity, surface roughness, and residual stress in Ti films, which
affected the morphology of Ti and TNTs including the diameter,
length, and density of the tubes. In addition, various concentrations
of NH4F in the anodization process were provided to compare the
morphology of TNTs at different sputtering power of the Ti films.

2. Experimental details
2.1 Ti film deposition

Ti films were deposited on glass substrates (2.50 cm? x 3.00 cm?)
by using the DC magnetron sputtering technique from a 99.995%
pure Ti target (2 in. diameter and 0.25 in. thick, Kurt J. Lesker). The
distance between the target and substrate was 8.0 cm. The sputtering
chamber was pumped down with a rotary pump and diffusion pump
to a base pressure of 5 x 10~ mbar. Subsequently, argon gas was fed
into the chamber at a flow rate of 15 sccm (standard cubic centimeters
per minute) while the working pressure was kept constant at 1 x 1072
mbar. The sputtering power was varied from 50 W to 250 W to provide
differences in the Ti structure. The deposition rates corresponding
to each sputtering power are reported in Table 1. The thickness of
the Ti films was found to be approximately 1.0 pm.

2.2 TNTs synthesis

The adonization process was used to synthesize TNTs. Prior to
anodization, the Ti films (1.0 cm? x 2.0 cm?) were sequentially cleaned
by sonicating in deionized water, 2-propanol, and acetone for 15 min
each. Anodization was conducted under a constant voltage of 30 V

Table 1. Deposition conditions.

25

supplied into a two-electrode cell with Ti film serving as the anode
and lead as the cathode, which were 4.00 cm apart. The electrodes
were immersed in an electrolyte consisting of glycerol (CsHsOs,
GR), H20, and NH4F. The Ti films were anodized with 1.0 wt% to
2.5 wt% NH4F as shown in Table 2. After anodization, the TNTs films
were rinsed in deionized water for 30 min to remove any debris
covering the top of the nanotubes and then dried in hot air. The
reactions of anodization are explained in Section 2.4.

2.3 Film characterizations

The morphologies of films, both pre- and post-anodization, were
examined using field emission scanning electron microscopy (FE-SEM,
Tescan/Mira3, Czech Republic). The crystallographic structures before
anodization were determined by X-ray diffraction (XRD, Bruker,
D2 Phaser) in the 26 range of 20° to 70° using CuKa radiation with
a wavelength of A=1.5406 A at room temperature. X-ray tubes were
operated at 30 kV and 10 mA. The surface roughness of the Ti films
was analyzed using atomic force microscopy (AFM, JPK Instruments,
Nano Wizard Ultras) in AC mode at ambient temperature. Root mean
square (Ra) surface roughness was obtained by scanning over an area
of 5 um? x 5 um?. The nanostructure and values of d spacing of the
Ti films were obtained using transmission electron microscopy
(TEM, JEM-2100Plus Electron Microscope).

2.4 Mechanism of TNTs formation via anodization

The formation of self-ordered nanotubes with thin walls and
a high aspect ratio relies on competition between the oxidation of
Ti, which produces TiOz, and the chemical dissolution of TiO2 [21].
Films sputtered under the conditions in Table 1 were anodized in
electrolytes whose compositions are reported in Table 2. TiO2 was
first formed on the film’s surface [22,23]. Ti atoms were oxidized by
the applied voltage, producing Ti**, as shown in reaction (1).

Ti — Ti*" + 4e”

(M

Sputtering power Argon pressure Deposition rate Argon flow rate
W) (mtor) (nm-s™) (scem)

50 1x107 0.22 15

100 1x107 0.39 15

150 1x107 0.71 15

200 1x107 1.00 15

Table 2 Anodizing conditions of Ti films sample groups.

Sputtering Power

Anodization parameters

Sample group Power GR electrolyte (60 mL) Voltage Time
W) NH4F (wt%) H20 (wt%) ) (min)
(SGID) 50 W
100 W
2.5 5 30 60
150 W
200 W
(SGII) 150 W
1,1.5,2,2.5 5 30 60
200 W
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Ti** was then combined with O> from the breakdown of H20
in field-assisted oxidation processes, producing TiOz. The breakdown
of H20, the reduction of O, and the production of the TiO2 layer
above the Ti films are shown in reactions (2), (3), and (4), respectively.

2H,0 — O, + 4e” +4H" )
20,+ 4e” — 40% 3)
2Ti*" +40% > 2TiO, )

Furthermore, O% can pass through the TiO2 layer to combine with
the Ti*" between the Ti film and TiO2 layer, thus forming TiO2 beneath
the surface/electrolyte interface. At the cathode, the hydrogen ions
from (2) combine with electrons from the cathode to form Ha. The
electric field weakens the Ti-O bonds of the TiO2 molecules, assisting
the etching of TiO2 by F- from NH4F. Nanopores are formed through
this field-assisted dissolution. At the same time, F- can pass through
the surface/ electrolyte interface to etch TiO2 underneath the surface.
The field-assisted dissolution processes are shown in reaction (5).

TiO, + 6F + 4H"— [TiF4]* + H, + H,0 6)

The production of [ TiFs]? can also occur when Ti*" from
underneath the TiOz layer moves towards the electrolyte or when F-
moves towards the titanium metal under the electric field influence.
Reaction (6) describes their combinations.

Ti*"+ 6F — [TiF4]* (6)
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Figure 1. Top and side views of FE-SEM image of sputtered Ti thin films at sputtering power of a) 50 W, b) 100 W, ¢) 150 W, and d) 200 W.

The increasing presence of H' in the electrolyte and TiO2** in
the film due to reactions (2), (7), and (8) increases the electric field
intensity [24], causing more F- to migrate to and accumulate at these
sites, which, in turn, increases the rate of field-assisted dissolutions,
forming voids between the nanotubes.

Ti*'+ 4H,0 — Ti(OH),,+ 4H" ©)
Ti(OH)4 — TiO*'+ O+ 4H' + 6¢° ®)

After the oxidization and etching processes have continued for
some time, the rates of both reactions become equal. When equilibrium
is reached, the thicknesses of the barriers between the oxide layer
and Ti metal are equal and remain constant as the tubes continue to
deepen [22].

3. Results and discussion

3.1 Effects of sputtering power on Ti film

The FE-SEM image in Figure 1 shows top and side views of Ti
thin films sputtered at different sputtering power on substrates at
room temperature. The energy of Ar* plays a vital role in determining
the final morphology of the film as energy is transferred from Ar*
to the sputtered Ti atoms upon collision with the Ti target. The results
show that grain size increased with increased sputtering power. At
a sputtering power of 50 W, Ti film cannot show any clear granular
structure due to the adatoms being unable to efficiently nucleate
because they lack sufficient energy to diffuse on the surface to
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Figure 2. 3D-AFM images and roughness of the Ti films sputtered with different sputtering powers of a) 50 W, b) 100 W, ¢) 150 W, and d) 200 W.

a suitable position. At higher sputtering power, nucleation can occur
as the adatoms now have more energy for diffusion on the surface
to form clusters and islands of Ti. Mobility aids in the merging of
the islands that have formed and consequently increases grain size
and densification. The additional energy of Ti atoms also serves to
increase the density of the film when the atoms bombarding have
sufficient energy to be incorporated into small spaces in the film
normally inaccessible under thermal equilibrium [25,26], thus
promoting nucleation and densification (see Table 3). Lastly, the
increase in deposition rate also increases density [ 27]. In terms of
surface roughness, it can be qualitatively observed that surface
roughness increases with sputtering power, with the film sputtered
at 200 W being the roughest and having a more noticeably faceted
surface, as shown in Figure 2, in agreement with the previous work of
Liao et al [28]. From the side view, it can be observed in Figures 1(b)
and 1(c) that the films have columnar structures when individual
grains become perceptible. However, the columnar structure disappears
at 200 W, leading to increased densification as the gaps between
columns disappear.

3.2 Crystallographic structure

Figure 3 shows the XRD patterns before anodization of the Ti
films sputtered with different levels of sputtering power. According
to the XRD, all films exhibited the characteristics of Ti crystals in
the o phase. Bragg reflections corresponding to the (100), (101), and
(002) orientations were observed, with (002) being the dominant
diffraction peak for Ti in accordance with the standard XRD database
(PDF card on 01-086-2608). All diffraction peaks increased in intensity
as the sputtering power was increased, likely due to the high mobility
of'adatoms aiding the nucleation process. Consequently, films sputtered
with 50 W sputtering power remain amorphous because of the low
mobility of adatoms. XRD data were used in the calculation of grain

size using the Scherrer equation as equation (9) with the shape
factor of 0.92:

D = Fomems ©)
where 1 is the wavelength of the X-ray, and FWHM is the full
width at half maximum. The results are reported in Figure 4. Increasing
the sputtering power from 50 W to 200 W resulted in a significant

increase in grain size due to nucleation.
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Figure 3. XRD patterns of Ti films prepared at different sputtering powers.
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Figure 4. FWHM and grain size with respect to sputtering power.

Diffraction peak (002) is the most favored orientation due to its
surface free energy, which is the lowest [30]. If adatoms have enough
mobility after arriving on the substrate, the film will grow along its
most energetically favorable planes [31]. For this reason, the growth
of peak (002) is observed as a result of increased sputtering power.

10.0 nm

Residual stress occurred in the film during deposition, which
was calculated from the crystallographic structure by using equation
(10) [31]:

Ey(d-dp)
—ng (10)

where Ey is the Young modulus, d is the crystallite plane spacing that
can be obtained from TEM images or diffraction patterns, dO is the
standard crystallite spacing for peak (002) for unstressed films
(PDF card on 01-086-2608), and 7 is the Poisson ratio. For titanium,
Ey =110 GPa and t= 0.31 [32]. Table 3 reports the residual stress
of the Ti films for all sputtering power levels. Diffraction patterns
from TEM images in Figure 5 were used to determine the d spacing
of the films. In this study, the residual stress was caused by the
substrate temperature and the energy of the adatoms varying with
different sputtering powers. As reported in Table 3, the residual stress
of the Ti films was compressive at first, then became tensile as the
sputtering power increased. Compressive stress developed due to
atomic implantation. Energetic atoms were implanted near the film
surface, which resulted in the deformation of this layer in the film.

Q (002)
S

10.0 1nm
e

Figure 5. TEM images of Ti films at sputtering power of a) 50, b) 100 W, ¢)150 W, and d) 200 W and the insets in upper-right corner are corresponding to

the diffraction patterns.

Table 3. Density, residual stress, and crystallite plane spacing (d) measured in TEM images of various puttering power of Ti films.

Sputtering power Density (002) plane space Residual stress
W) (g-em™) (nm) (GPa)

50 445 0.230290 -5.73093

100 4.56 0.230817 -4.93079

150 4.62 0.237656 5.43579

200 4.72 0.238599 6.86629
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However, deformation was constrained by the underlying materials,
giving rise to compression. The reduction of compressive stress and
the increase in tensile stress occur because there are fewer gaps or voids
within the film as the film densifies due to the increase of sputtering
power, which reduces the chances of atoms being implanted [33].
Furthermore, the closing of gaps means that the distance between grains
becomes closer, strengthening the interatomic force and consequently
the stretching effect [13]. Figure 6 shows the correlation between
residual stress and grain size. The increase in grain size accompanies
the densification of the film along with gap reduction. Therefore,
it is observed that residual stress becomes tensile as grain size increases
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Figure 6. Residual stress as a function of grain size.
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3.3 Effect of sputtering power on the nanotubular structure

Figure 7 shows the top and side views from FE-SEM images of
the Ti films after anodization. The nanoporous structure started
formation from the Ti film deposited at a sputtering power of S0 W.
Only short nanotubular structures are formed on the Ti with a sputtering
power of 100 W. The tubular structure becomes more apparent as the
sputtering power is increased due to the densification of the Ti film
[34].Therefore, sputtering power levels of 150 and 200 W will be used
to further study the effect of NH4F concentration on nanotube structures.

3.4 Effects of electrolyte composition on tubularity

Sputtered Ti films at 150 W and 200 W were anodized in electrolytes
with various NH4F concentrations of 1.0, 1.5, 2.0, and 2.5 wt%.
The top and side views from FE-SEM images of the sputtering power
of Ti films at 150 W and 200 W are shown in Figures 8 and Figure 9,
respectively. As shown in Figure 8, it can be observed that an NH4F
concentration of 1 wt% is not able to sufficiently dissolve the walls of
the nanotubes, resulting in narrow openings of the tubes. The increase
in NH4F concentrations modified well in this regard, with all anodized
Ti films in these concentrations having longer diameters. In addition,
for the Ti films anodized at a voltage higher than 10 V, bridges of
interlocking nanotubes exist, which are the result of the partial
dissolution of adjacent oxide rings and give the nanotubes their
bamboo-like structures [35]. However, it has also been observed that
particular electrolyte compositions give rise to such a structure [36].
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Figure 7. Top views and cross-sections of FE-SEM images of anodized Ti films with sputtering power of a) 50 W, b) 100 W, ¢) 150 W, and d) 200 W.
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Figure 8. The side and top views of FE-SEM images of anodized Ti films at sputtering power of 150 W (SGI) in various NH,F concentrations of a) 1.0 wt%,

b) 1.5 wt%, c) 2.0 wt%, and d) 2.5 wt%.
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Figure 9. The side and top views of FE-SEM images of anodized Ti films at sputtering power of 200 W (SGII) in various NH,F concentrations of a) 1.0 wt%, b) 1.5
wt%, ¢) 2.0 wt%, and d) 2.5 wt%.
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In Figure 9, more oxide remains around the openings after
ultrasonic cleaning. Because the higher NH4F content enhances the
dissolution of the oxide [37], only a 2.5 wt% concentration is necessary
to dissolve the oxide around the rims of the openings. Considering
the sputtering power of 150 W and 200 W, when anodized Ti films
at an NH4F concentration of 1 wt% showed nanotubular structures,
they were different in diameter and length. The diameter and length
of TNTs synthesized from the sputtering power of 150 W were
longer than those of 200 W, as shown in Figures 10(a) and 10(b).
At a sputtering power of 150 W and anodization in NH4F concentrations
of 1, 1.5, 2, and 2.5 wt%, diameters of TNTs were 37.59, 52.39, 48.58,
and 59.63 nm, while the lengths of TNTs were 824.84, 877.79,
805.94, 757.81 nm, respectively. For sputtering power of 200 W,
diameters of TNTs were 35.98, 45.33, 36.87, and 47.52 nm, while
the lengths of TNTs were 294.08, 186.33, 587.61, and 753.06 nm,
respectively. Therefore, the larger dimensions of TNTs for sputtering
power of 150 W indicated higher surface area than 200 W [38].
Additionally, a sputtering power of 200 W exhibited higher numbers
of nanotubes per unit area, according to Figure 10(c). For NH4F
concentrations of 1, 1.5, 2, and 2.5 wt%, sputtering power of
150 W showed tube densities of 114.81, 135.19, 137.04, and 95.37
tubes/ um?, respectively, while sputtering power of 200 W exhibited
tube densities of 171.31, 146.29, 138.89, and 141.66 tubes/um?,
respectively.

A previous study found that the grain size of Ti films did not

significantly affect the anodized film structure, but film density was
the main factor [ 13]. Therefore, it was expected that the sputtering
power of 200 W, which had higher density Ti films, would have
more well-ordered and longer nanotube arrays than the 150 W films
because of this higher density. However, it can be seen in Figure 10(a-b)
that the lengths and diameters of TNTs for a sputtering power of
200 W were significantly shorter than those of 150 W in every
concentration. The shorter TNTs layer at a sputtering power of 200 W
was possible to obtain because field- assisted chemical dissolution
was directed by the electric field [39]. Film roughness can disrupt
the uniformity of the electric field across the film surface, causing
the films to be etched in a random manner, which can damage the
structure of the nanotubes [40]. Consequently, a smooth surface
increases the growth rate of TNTs since the uniform electric field aids
the ion transport to the anodic film, causing the lengths and diameters
of TNTs to be longer when synthesized from the sputtering power
of 150 W films [41]. Figure 10(c) shows that the density of nanotubes
fabricated on Ti with a sputtering power of 200 W was greater than
that of 150 W under every NH4F concentration. This is due to the
higher residual stress of the Ti film at a sputtering power of 200 W,
which facilitated initial pore formation [20]. Even though a higher
count of nanotubes can be fabricated using the sputtering power of
200 W films, their shorter length and diameter make them less
unsuitable for use in applications. Therefore, the sputtering power
of 150 W with TNTs of larger dimensions was preferable.
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Figure 10. Diameter a), length b), and tube density c) of nanotubes at sputtering power of 150 W and 200 W in various NH4F concentrations.
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4. Conclusions

TNTs were fabricated from Ti thin films deposited with varying
sputtering power levels. TNTs tubularity increased with increasing
sputtering power at 150 W and 200 W. Higher sputtering power
enhanced the density of Ti films, being necessarily suitable for the
formation of nanotubes with the anodization process. The surface
roughness and residual stress of Ti films were also important factors
in achieving tubular structures. The results exhibited that the highest
length and diameter of TNTs were synthesized from the sputtered
Ti film at a sputtering power of 150 W, which showed smoother
surfaces than at 200 W. Moreover, residual stress facilitated initial
pore formation, increasing tube density. Therefore, a greater density
of TNTs was fabricated on sputtered Ti films at a sputtering power
of 200 W, which showed higher residual stress. Despite its higher
count of nanotubes, long and wide nanotube dimensions at a sputtering
power of 150 W was more preferable in applications due to higher
surface area.
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