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The rutile phase of TiO2 has raised a wide interest for biomaterial applications. Since rutile is generally synthe-
sized at high temperatures, a deposition process based on a cathodic arc discharge has been investigated in
order to obtain rutile coatings at lower temperature on stainless steel substrates. In this work, TiO2 films were
deposited on AISI 316 L stainless steel substrates heated at 300 and 400 °C with a negative bias of 120 V,
employing Ti interlayers of different thicknesses. TiO2 films of approximately 500 and 900 nm were grown on
Ti interlayers with thicknesses in the range 0–550 nm. The effect of Ti interlayers on the crystalline structure
of TiO2 coatings was systematically studied with X-ray diffraction and Raman spectroscopy. The introduction
of the Ti layer increased the rutile/anatase proportion either at 300 or 400 °C, turning rutile into the main
phase in the TiO2 film. The largest amount of rutile for both temperatureswas attainedwith a 55 nmTi interlayer,
the thinnest thickness studied.

© 2017 Published by Elsevier B.V.
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1. Introduction

Titaniumdioxide is amaterial known to benon-toxic and to have ex-
cellent chemical stability and goodmechanical properties [1]. It also ex-
hibits high hydrophilicity [2] and good photocatalytic properties under
UV irradiation [3]. Besides, titanium oxide coatings have been found to
improve biocompatibility and hemocompatibility on prosthesis [4–6]
while, in addition, increase hardness and wear resistance [7]. It was
found that the rutile phase of TiO2 can decrease the rate of dissolution
ofmetal ions in a body fluid, and is chemicallymore stable than anatase,
either at high or low pH [8]. These features turn rutile TiO2 films into a
very attractive coating for biomaterial applications.

TiO2 films have been produced by a great variety of techniques;
among them cathodic arc deposition (CAD) has demonstrated to be an
efficient method for the deposition of films with good adhesion to the
substrate [9]. Cathodic arcs are characterized by the production of me-
tallic plasma with high degree of ionization and ions with high kinetic
energy [10]. The ion energy for arc generated Ti+ is about 40–50 eV
[11,12] and can be increased by applying a negative bias to the sub-
strate. However, the mean energy of the metal particles impinging on
the surface may be lowered by collisions and reactions with the gas
[13]. The particle energy and the substrate temperature have significant
influence on the film microstructure; according to the phase diagram
proposed by Löbl et al. for the synthesis of TiO2 [14], rutile phase is ob-
tained at 300 °C with ion energy above 10 eV, while at room tempera-
ture ion energy should be higher than 40 eV.

Most studies on TiO2 synthesized by CAD focused on the characteri-
zation of films deposited on Si (100) and glass substrates. Generally, de-
position at room temperature and without bias led to the formation of
amorphous films. In turn, anatase phase was obtained with substrate
temperature above 300 °C [15,16]. Nonetheless, anatase films were
also reported for films grown at room temperature on silicon substrates
[17]. On the other hand, films grown in rutile phase where reported for
silicon substrates negatively biased above 100V, either at room temper-
ature [17] or at 300 °C [18], with O2 pressure in the range 0.2–0.4 Pa. An-
atase and rutile coatings were also obtained after post-deposition
annealing of amorphous samples at 400 °C [15] and 800 °C [11], respec-
tively; while intermediate temperatures led to mixed samples [16]. In
contrast, films synthesized by sol-gel required annealing at 700 °C to
transform to anatase and 1000 °C to rutile [19].

Austenitic stainless steel has been extensively used in several indus-
tries due to its excellent corrosion resistance. Typical applications in-
clude medical implants like pins, screws and orthopedic implants.
TiO2 films grown with a vacuum arc on various substrates, including
AISI 304 L austenitic stainless steel, were reported in [20]. In that
work, authors employed different arc configurations leading to different
deposition rates; substrates were biased up to 120 V with the tempera-
ture reaching values in the range 150–300 °C after 10 min deposition
without additional heating. Based on Raman studies, authors assert
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Table 1
Deposition conditions employed for Ti interlayers and TiO2 films.

Deposition condition Deposition time
(s)

T (°C) Bias (V)

Ti TiO2

1 – 270 300 −120
2 15 270 300 −120
3 30 270 300 −120
4 90 270 300 −120
5 150 270 300 −120
6 – 270 400 −120
7 15 270 400 −120
8 30 270 400 −120
9 90 270 400 −120
10 150 270 400 −120
11 – 480 400 −120
12 15 480 400 −120
13 150 480 400 −120
14 15 – 400 −120
15 30 – 400 −120
16 90 – 400 −120
17 150 – 400 −120
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that films obtained on stainless steel substrates grew in rutile phase
when deposition ratewas the highest (60 nm/min). However, X-ray dif-
fraction (XRD) studies in glancing incidence geometry showed that ru-
tile peakswere not clearly defined. In a previous work of our group [21],
TiO2 filmswere grown byCADonAISI 316 L stainless steel substrates bi-
ased at 120 V; the temperature reaching ~60 °C after 2 min deposition,
with a deposition rate of 170nm/min. AlthoughRaman spectra revealed
the presence of anatase and rutile, studying different regions of the sur-
face demonstrated that the crystals were present in small areas, the
films being mainly amorphous. For these films no peaks were detected
by XRD, in agreement with a mostly amorphous film. When the sub-
strates were kept at 300 °C with bias in the range 0–120 V the anatase
and rutile peaks observed by XRD were not well defined. Despite the
relatively low intensity of the TiO2 peaks, it was noticed that anatase
was the main phase for most of the samples, the rutile proportion in-
creasingwhen biasing at−120 V. This fact indicated that the bias favors
the nucleation of rutile as the energy of the ions impinging on the sur-
face was increased.

Films prepared by magnetron sputtering on surgical AISI 316 L aus-
tenitic stainless steel at 300 °C grew in anatase phase; while the intro-
duction of a Ti interlayer between the stainless steel substrate and the
TiO2 film led to crystallization in rutile phase, and also enhanced the
surface hardness and corrosion resistance [22].

The aim of this work was to synthesize TiO2 films by CAD on austen-
itic stainless steel substrates toward their future application on biocom-
patible surfaces. For this purpose, the effect of Ti interlayers on the
crystalline structure of TiO2 coatings was studied, so as to enhance the
rutile phase growth at a lower temperature than that employed for crys-
tallization in post-deposition annealing.

2. Experiment

The cathodic arc device used for the synthesis of the films has been
described in detail in a previous work [23]. The arc was run at a current
of 110 A between a titanium cathode and the stainless steel vacuum
chamber which acts as the anode. A Ti grade 2 (99.5% purity) cylinder
of 55 mm in diameter and 40 mm in height was employed as cathode.
The base pressure of the system was below 0.1 Pa. AISI 316 L austenitic
stainless steel substrates (2.5 cm diameter, 0.1 cm thickness) were
placed at 26 cm from the cathode surface on an electrically insulated
heater. The current in the resistive heater was controlled by means
of a Novus N2000 universal process controller to fix the required
temperature. Sample temperature was measured during deposition
with an insulated K-type thermocouple attached to the back side of
the substrate. The substrate temperature was held with an accuracy
of 10%.

For deposition of Ti films, the arc was run in vacuum (pressure b

0.1 Pa) varying the deposition time in the range 15–150 s in order to at-
tain Ti layers with different thicknesses. TiO2 films were grown by run-
ning the arc in an oxygen atmosphere with a gas inlet flow of 60 sccm
(pressure in the range 5–8 Pa) during 270 s and 480 s. Bilayer Ti/TiO2

films were obtained by successive deposition of Ti and TiO2 in themen-
tioned conditions. After completing the set time for Ti deposition, the
oxygen inlet was open without interrupting the discharge, the working
pressure for TiO2 deposition being established in approximately 10 s. All
films were deposited keeping the sample at constant temperature
during the whole process, 300 and 400 °C, with negative bias of
120 V. Details on all the employed deposition conditions can be
found in Table 1.

All samples were weighed on an analytical scale (Ohaus AS200) be-
fore and after deposition with the aim of determining the deposited
mass. The depth profile of the films was analyzed for some of the sam-
ples with scanning electron microscopy (SEM) (FEG-SEM Zeiss Leo 982
GEMINI) after cutting them.

The crystalline structure of the films was examined by XRD
(Panalytical Empyrean with PixCel 3D detector) with a CuKα source,
in the Bragg-Brentano geometry with a 0.026° 2θ step and in parallel
beam geometry (glancing incidence) with an elliptic mirror in the
incident beam using an incidence angle of 0.5° and a step of 0.03°,
for 2θ between 20 and 60°. Residual stresses of the Ti films were an-
alyzed from glancing incidence XRD patterns using themultiple {hkl}
method [24]. Measurements were performed with an incidence
angle (ω) of 1° for 2θ between 20 and 115°. The texture of TiO2

films was studied by measuring a Bragg reflection and systematically
changing the incidence (ω), tilt (χ) and in plane rotation (ψ) angles.

Raman spectra were recorded on a LabRAM HR Raman system
(Horiba Jobin Yvon), equipped with two monochromator gratings
and a charge coupled device detector. An 1800 g/mm grating and a
100 μm hole result in a spectral resolution of 1.5 cm−1. The spectro-
graph was coupled to an imaging microscope with 10×, 50×, and
100× magnification. The He-Ne laser line at 632.8 nm was used as
excitation source and was filtered to give a laser power or density
at the exit of the objective lens varying from 0.1 to 1W/mm2. Several
measurements were performed, adjusting the laser fluence, to en-
sure that the heating produced by the laser was minimized and
that the sample was not altered. Measurements were taken in a
backscattering geometry, with a 100× magnification and the spot
size was approximately 10 μm. For all the measured spectra, 4
accumulations of 60 s were recorded.

3. Results

3.1. Deposition rate

Deposited masses of Ti and TiO2 were determined from the average
gain weight of at least 10 samples coated with Ti and other 10 samples
coatedwith TiO2. The Ti film density was assumed as the Ti bulk density
(4.5 g/cm3) to calculate the deposition rate, obtaining a value of (3.5 ±
0.3) nm/s. The deposition rate of TiO2 was calculated taking a density
value of 3.9 g/cm3, which corresponds to the mean value among amor-
phous TiO2 (3.6 g/cm3), anatase (3.89 g/cm3) and rutile (4.23 g/cm3)
bulk densities, and resulted in (1.8±0.2) nm/s. Film thicknesses for dif-
ferent deposition times were estimated from thementioned deposition
rates. The calculated thicknesses (with uncertainty of ~10%) for Ti films
deposited during 15, 30, 90 and 150 swere 55, 105, 315 and 525 nm, re-
spectively; while mean values for TiO2 film thickness deposited during
270 and 480 s were 485 and 865 nm. For all the bilayer films the gain
weight agreed within the uncertainty with the expected value accord-
ing to Ti and TiO2 deposition rates.

The thickness of bilayer films was checked through depth profile
images obtained by SEM. Images were taken with different



Fig. 2. XRD patterns from Ti films of different thickness grown on stainless steel at 400 °C
and biased at−120 V. Patterns measured in Bragg-Brentano geometry. Bragg peaks of Ti
and of austenite corresponding to the substrate (S) are indicated as a reference.
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magnifications and at several places along the film. Measurements of
thicknesses using different magnification at the same place gave
results with differences up to 8%, while dispersion in the values
was approximately 10% when measuring at several places. Typical
pictures from bilayer films are shown in Fig. 1, these images were
obtained from a sample deposited in condition 3 of Table 1. Two
compact layers can be observed in the picture (Fig. 1a). The layer
on the substrate (interlayer) corresponds to the Ti film with a
thickness of 110 nm. The second layer, corresponding to the TiO2

film, presents a thickness of approximately 440 nm. The TiO2 layer
exhibits a columnar structure which can be more clearly observed
in Fig. 1b. For this sample, considering measurements from several
SEM images, the average thickness was (107 ± 8) nm for the Ti
interlayer and (470 ± 40) nm for the TiO2 film. Thickness
measurements from SEM agreed with the thickness values
determined from mass measurements taking into account
uncertainties associated to each method.

3.2. Characterization of Ti films

Titanium films with the same thicknesses employed for the
bilayer coatings were prepared by CAD. Their structure was studied
by XRD. Fig. 2 show signals obtained in Bragg-Brentano geometry
from films deposited at 400 °C and biased at −120 V, displaying
the angular region where Ti peaks were observed. For Ti layers of
55 and 105 nm only small peaks corresponding to (100) and (101)
planes can be observed. For higher thicknesses (315 and 525 nm)
Fig. 1. Depth profile SEM image of a bilayer film deposited in condition 3 showing (a) the
thickness of both layers and (b) the columnar structure of the TiO2 layer.
the peak corresponding to the (002) plane is also observed. It can
be noticed that the Ti peaks are shifted to lower angles with respect
to the reference pattern corresponding to the hcp Ti lattice (ICDD
card No. 00-044-1294). This effect is more pronounced for thinner
layers. Using the Bragg equation the Ti lattice parameters were
calculated. The obtained parameters are depicted as a function of
the Ti layer thickness in Fig. 3. Both parameters decreased as the
thickness increased, being always above the values corresponding
to the reference Ti lattice (indicated with solid lines in Fig. 3). In
order to evaluate whether the cell expansion is caused by stresses,
Ti films of 55 and 525 nm were analyzed by XRD in glancing
incidence. The obtained patterns are presented in Fig. 4. Only peaks
corresponding to Ti and the substrate are noticeable. Defining the
elastic strain (ε) as:

ε ¼ dhkl−d0hkl
d0hkl

ð1Þ

where dhkl denotes the lattice spacing - obtained from the measured
pattern - and dhkl

0 is the strain-free lattice spacing. Film stress was
studied using the multiple {hkl} method through ε vs. sin2ψ plots,
with ψ = θhkl − ω [24,25]. For elastically isotropic crystallites and a
rotationally symmetric biaxial stress state, a linear trend is expected,
Fig. 3. Lattice parameters of the Ti interlayer as a function of the layer thickness.



Fig. 4. Glancing incidence XRD patterns from Ti films of different thickness grown on
stainless steel at 400 °C and biased at−120 V. Bragg peaks of Ti and of the substrate (S)
are indicated as a reference.
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the slope being proportional to the stress (σ). The equation that
relates these variables can be expressed as:

ε ¼ 2S1 þ 1
2
S2sin

2ψ
� �

σ ð2Þ

with

S1 ¼ −
ν
E
; S2 ¼ 2 1þ νð Þ

E
ð3Þ

where ν is the Poisson's ratio and E the elastic modulus. For each film
two different ε were calculated, one deformation (ε1) considering
the reference hcp Ti cell and the other (ε2) considering the expanded
cell as the strain-free lattice. For the expanded lattice, dhkl0 were de-
termined with the parameters calculated from Bragg-Brentano XRD
patterns (Fig. 3). The graph is presented in Fig. 5. For the thickest Ti
film a linear trend with a similar slope was observed in both ε1 and
ε2 cases. Considering the ranges of ν and E reported for titanium
[26], a compressive stress of (−0.45 ± 0.08) GPa was obtained.
Therefore, the expected value for the intercept from Eqs. (2) and
Fig. 5. ε vs sin2ψ plots for Ti films of different thickness corresponding to XRD patterns of
Fig. 4. Elastic deformation ε calculated respect to the Ti lattice and the proposed expanded
lattice.
(3) would be (0.0025 ± 0.0012). The intercept values determined
from the linear fitting were (0.0047 ± 0.0003) for ε1 and (0.0013
± 0.0004) for ε2. It can be noticed that the latter does not show sig-
nificant differences with respect to the expected value. For the thin-
nest Ti film a conclusive trend associated with stress could not be
determined because the number of identified peaks was low. How-
ever, the wide scattering of the ε data around a slope value close to
zero would indicate a low stress, with an expected offset also close
to zero. The offsets determined from a linear regression fitting
were (0.012 ± 0.004) for ε1 and (−0.002 ± 0.003) for ε2. This anal-
ysis indicates that the results obtained from ε2 plots are more consis-
tent with Eqs. (2) and (3) than those obtained from ε1 plots. These
results suggest that the lattice expansion cannot be attributed to
the presence of compressive stresses which cause elastic deforma-
tion of the cell with respect to the expanded lattice.

A typical Raman spectrum from a 55 nm Ti film on stainless steel
316 L is shown in Fig. 6. Titanium does not have any Raman active
modes; then the observed spectrum with the broad crest around
250 cm−1 can be associated to oxides present on the surface of the film.

3.3. X-ray diffraction study of Ti/TiO2 films

X-ray diffractograms from TiO2 films deposited at 300 °C on Ti layers
of different thickness (deposition conditions 1–5) are plotted in Fig. 7. It
can be seen that the samplewithout the Ti interlayer (0 nm) exhibited a
small peak corresponding to anatase (101) and an even smaller peak of
rutile (110).When the Ti interlayer was inserted rutile became the pre-
dominant phase. This effect was more noticeable for the thinnest Ti in-
terlayer, for which the biggest rutile peak was obtained. Fig. 8 displays
the patterns obtained in glancing incidence XRD from samples deposit-
ed in conditions 1, 2 and5. This figure shows the same trendobserved in
Fig. 7 but with an enhanced intensity of the peaks corresponding to ru-
tile and anatase, these peaks becoming more significant in comparison
with those corresponding to the substrate and the titanium layer. Fur-
thermore, peaks corresponding to rutile planes (101), (111), (211)
and (310) are also appreciable in glancing incidence XRD, especially in
the sample with the largest amount of rutile (55 nm Ti). Because of
the observed similarities between θ − 2θ and glancing incidence
scans, no preferred orientation (texture) is expected.

Fig. 9 shows XRD signals obtained in Bragg-Brentano geometry from
films deposited at 400 °C (deposition conditions 6–10). The structure
observed in these films as a function of the Ti interlayer was similar to
that exhibited in films grown at 300 °C, but the heights of the rutile
peaks in Fig. 9 were relatively larger. For all deposition conditions XRD
patterns exhibited the same angular positions for the rutile phase (i.e.
Fig. 6. Raman spectrum from a 55 nm Ti film on stainless steel 316 L.



Fig. 7. XRD patterns from TiO2 films of 485 nm grown at 300 °C on stainless steel (0 nm)
and with Ti interlayers of 55, 105, 315 and 525 nm. Patterns measured in Bragg-Brentano
geometry. Bragg peaks of anatase, rutile, Ti and austenite are indicated as a reference.

Fig. 9. XRD patterns from TiO2 films of 485 nm grown at 400 °C on stainless steel (0 nm)
and with Ti interlayers of 55, 105, 315 and 525 nm. Patterns measured in Bragg-Brentano
geometry. Bragg peaks of anatase, rutile, Ti and austenite are indicated as a reference.
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no shifts among different samples were observed). The 2θ-positions
matched with the rutile reference pattern of the ICDD card No. 01-
076-1940. Employing the Bragg equation, the distances between differ-
ent planes were determined from the position of the peaks. Then, the
lattice parameters were calculated, resulting a = b = (4.613 ± 0.004)
Å and c = (2.974 ± 0.007) Å. On the other hand, the XRD patterns for
samples grown at both temperatures showed that the peaks associated
with the Ti interlayer were shifted to lower angles to the same extent as
the shifts registered for the pure Ti films.

In order to evaluate the relative amount of the TiO2 crystalline
phases (rutile and anatase) as a function of the Ti interlayer thickness,
TiO2 XRD peaks were analyzed by Rietveld refinement. Before applying
the Rietveld method, the absence of TiO2 film texture was checked by
comparing the intensity of the main peaks for both phases measuring
at six different Euler angle configurations, maintaining the same diffrac-
tion angle step and same exposure time in each configuration. The sig-
nals registered from a sample coated in condition 8 (see Table 1) are
depicted in Fig. 10. The relative peak intensities were similar for all
the Euler angle configurations, confirming that the films exhibited no
preferred orientation. Therefore, the refinementwas applied employing
the main XRD peaks of each phase, i.e. the peaks corresponding to the
(101) anatase plane and to the (110) rutile plane. The contribution of
Fig. 8. Glancing incidence XRD patterns from TiO2 films of 485 nm grown at 300 °C on
stainless steel (0 nm) and with Ti interlayers of 55 and 525 nm. Bragg peaks of anatase,
rutile, Ti and austenite are indicated as a reference.
the rest of the peaks was not significant for any of the phases. This pro-
cedure was performed with the scale factors from anatase and rutile as
free parameters. The results obtained from Rietveld refinement are
depicted in Fig. 11a, the plotted values being the average of the rutile
percentages obtained from three different samples for each deposition
condition. TiO2 films deposited on the substrate surface (0 nm Ti) pre-
sented the lowest percentages of rutile, approximately 50% for films de-
posited at 400 °C and 30% for films grown at 300 °C.With the addition of
a thin Ti interlayer (55 nm), the proportion of rutile became the highest;
in particular, no anatase has been detected by XRD in some of the sam-
ples obtained at 400 °C. For higher thicknesses of the Ti interlayer the
percentage of rutile was almost constant for samples grown at 400 °C,
while the proportion of rutile decreased for those deposited at 300 °C.

The amount of a crystalline phase in afilm is related to the integrated
intensity (area) of the associated XRD peaks. As the TiO2 film thickness
was the same for all the samples, the comparison of the areas allows to
evaluate what deposition conditions most efficiently promoted the
crystallization in rutile phase. The obtained rutile and anatase peak
areas are presented in Fig. 11b and c, respectively. The amount of rutile
Fig. 10. Main TiO2 XRD peaks for different Euler angle configurations. Signals correspond
to a film grown in condition 8.



Fig. 11. Proportion of crystalline phases as a function of the Ti interlayer thickness: (a)
rutile percentage obtained by Rietveld method, (b) XRD rutile peak area and (c) XRD
anatase peak area.

274 L.M. Franco Arias et al. / Thin Solid Films 638 (2017) 269–276
was the largest when a Ti interlayer of 55 nm was employed, the area
value being higher for 400 °C. The rutile peak area decreased as the Ti
thickness increased for both temperatures. The anatase peak area
showed the maximum value for films without Ti interlayer. Both
crystalline phases presented a marked reduction for the thickest Ti
interlayer. These samples were subjected to a post-deposition
annealing at 700 °C during 3 h in vacuum. After the annealing the
film presented a larger amount of crystallized TiO2, mainly rutile.
This indicated that on thick Ti interlayers fundamentally amorphous
TiO2 films were deposited.

Fig. 12 shows typical XRD diffractograms for thicker TiO2 films
(865 nm) deposited in conditions 11, 12 and 13. In these patterns,
besides the rutile (110) peak, other peaks associated to different
planes of the rutile lattice can be identified. Thus, all peaks were
considered when applying the Reitveld method. The analysis
revealed that films grown without Ti interlayer (0 nm) exhibited
86% of rutile, while with a 55-nm titanium interlayer the percentage
increased to 97%. The dependence of the area of the rutile peaks on
the Ti interlayer thickness presented a similar behavior to that
observed for thinner TiO2 films; the highest area value was found
for the interlayer of 55 nm. The further enhancement on the rutile
Fig. 12. XRD patterns from TiO2 films of 865 nm grown at 400 °C on stainless steel (0 nm)
and with Ti interlayers of 55 and 525 nm, deposition conditions 11, 12 and 13,
respectively. Patterns measured in Bragg-Brentano geometry. Bragg peaks of anatase,
rutile, Ti and austenite are indicated as a reference.
phase formation in thicker TiO2 films might be attributed to the lon-
ger deposition time. The anatase to rutile phase transformation oc-
curs gradually as a function of the heat treatment time [27], thus a
longer process time - i.e. a longer heat treatment - could lead to a
higher amount of rutile in the films.

3.4. Raman spectroscopy study of Ti/TiO2 films

Raman spectra for films grown at 300 and 400 °C, without Ti inter-
layer and with a Ti layer of 55 nm, are shown in Fig. 13. Different mea-
surements were taken across the surface of the samples to check for
uniformity in the film structure as Raman probes a small area of the
film in contrast with XRD measurements which average over a much
larger area. The structure of the films was found to be uniform across
the sample surface. Reference spectra for powder anatase and rutile
are also plotted in Fig. 13. Anatase has six Raman active modes, an in-
tense Eg peak at 144 cm−1 followed by smaller peaks corresponding
to Eg (197 cm−1 and 640 cm−1), B1g (400 cm−1) and A1g + B1g

(515 cm−1) modes. Rutile presents four vibration modes, Eg
(447 cm−1), A1g (612 cm−1) and with less intense peaks B1g

(143 cm−1) and B2g (826 cm−1) [28]. This phase shows also a wide
Raman peak at 235 cm−1 due to multiple phonon scattering process
[29,30].

TiO2 films grown without the Ti interlayer show mainly anatase
peaks (Fig. 13a). The Raman spectrum for the film grown at 300 °C dis-
plays a background signal which can be attributed to amorphous TiO2.
Fig. 13. Raman spectra from TiO2 films deposited at 300 and 400 °C, (a) without Ti
interlayer (0 nm) and (b) with a 55 nm Ti interlayer. Reference spectra from powder
anatase and rutile are plotted.
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The background is not present in the sample grown at 400 °Cwhich sug-
gests a higher degree of crystallization. The Raman spectra of TiO2 films
with a 55 nm Ti interlayer (Fig. 13b) display significant background sig-
nal, which corresponds well with the Raman spectra of a Ti film shown
in Fig. 6. With the addition of the Ti interlayer the height of anatase
peaks decreased while the amount of rutile increased, this enhance-
ment being more pronounced for films deposited at 400 °C. The differ-
ences observed by Raman in the crystallization of TiO2 with and
without the Ti interlayer agreed with XRD results.

For samples deposited at 300 °C the main anatase Eg peak
appeared at 150 cm−1, while for samples grown at 400 °C, the peak
position was 146 cm−1 which means a slight shift respect to the
reference. This effect was found for both types of films, with and
without Ti interlayer. It can be noticed from Fig. 13a that the line
width of the Eg mode for samples grown at 300 °C is twice the
width of the anatase reference signal, and for samples deposited at
400 °C is similar to the reference.

4. Discussion

The results presented in Section 3 indicate that deposition at 400 °C
and a thin Ti interlayer promoted the crystallization of TiO2 in rutile
phase.

Raman spectra in Fig. 13a showed the peak corresponding to the an-
atase Eg mode broadened and shifted to higher wave number for films
grown at 300 °C, while samples obtained at 400 °C exhibited a line
shape similar to the anatase reference. The position shift and the broad-
ening can be attributed to the presence of oxygen defects, to a higher
lattice strain and/or to a smaller crystallite size [30]. Then, the obtained
results indicate that the higher temperature employed during the pro-
cess led to a reduction in oxygen defects and/or to an increase in the
crystallite size of anatase phase. Even so it is expected that the crystallite
size has remained small; according to a previous work the crystallite
size for anatase TiO2 films grown by cathodic arc at 400 °Cwas estimat-
ed below 30 nm [16]. XRD results from films without Ti interlayer
showed that increasing the temperature from 300 to 400 °C contributes
to enhance the crystallinity of the film and to increment the proportion
of the rutile phase. According to the thermodynamics of the anatase-ru-
tile equilibrium, increasing the temperature tends to favor the rutile
growth. This equilibrium is affected by oxygen defects and crystallite
size among other factors, changing the transition temperature.
Choudhury and Choudhury stated that when the anatase crystallite
size is small oxygen defects on grain boundaries are closely packed,
interacting with each other and creating a nucleation site for the
formation of rutile nuclei [30]. Li et al. found that reducing the ana-
tase particle size (from 23 to 12 nm) lowered the activation energy
for phase transition to rutile (from 299 to 180 kJ/mol), thus decreas-
ing the onset transition temperature [31]. Therefore, the crystalliza-
tion of rutile at relatively low temperature observed in this work can
be associated to the small crystallite size of anatase and the presence
of oxygen defects.

When a thin Ti interlayer was introduced in the films, the
crystallization in rutile was enhanced at both temperatures. This
fact suggests that the crystalline structure of the TiO2 film is also in-
fluenced by the Ti microstructure. Analyzing the position of the Ti
atoms in the Ti hcp lattice and in the rutile lattice, it can be noticed
that the array of Ti atoms in the plane (110) of the rutile is very sim-
ilar to that of Ti atoms in the (101) and (100) planes of Ti. In the case
of the Ti (002) plane, the Ti atom arrangement does not match with
the position of the Ti in the rutile lattice. As shown in Figs. 2, 7 and 9,
the presence of Ti (002) is noticeable only for Ti films of 315 and
525 nm and the height of these peaks is always significantly lower
than that of Ti (100). According to the Ti reference pattern Ti (100)
should be less intense than Ti (002) peaks. These results indicate
that the Ti films are textured. Knorr et al. noticed a texture develop-
ment in (101) planes for Ti interlayers with thickness lower than
100 nm deposited at 300 °C and 400 °C by sputtering [32], while
Krishna et al. reported that Ti interlayers grown by sputtering at
300 °C with thickness up to 440 nm were textured in (100) planes
[22]. In both cases the presence of Ti (002) became more prominent
when the thickness was increased. The texture observed in [22,32]
was attributed to the contamination of Ti by oxygen during the depo-
sition process. Although Ti (002) plane is themost closely packed, i.e.
it has theminimum surface energy, the impurities present in the thin
films could alter the surface energy stabilizing other main planes and
texturing the film. Taking into account the results reported in the lit-
erature and those presented in Fig. 11, it might be inferred that the
preferential exposure of Ti (101) and (100) planes on the surface
turn rutile the main crystalline phase in the TiO2 film. Even though
the accuracy of the stress analysis could depend on the assumptions
made (elastically isotropic lattice and rotational symmetry), within
the uncertainties of the method the presence of residual stresses
does not seem to be the cause of the Ti lattice expansion. Thus, the in-
crease in the lattice parameters would also be induced by oxygen
contamination. The oxygen content in the films could come from ox-
ygen contamination of the Ti cathode or from oxidation of the Ti film
surface. Vaquila et al. reported that the oxidation of titanium surface
occurs even under high vacuum conditions (~10−5 Pa) [33] due to
the high affinity of titanium to oxygen and the high solid solubility
of oxygen in titanium [34]. Wiedermann et al. showed that the oxy-
gen incorporation in the Ti lattice led to a cell expansion proportional
to the oxygen content with a relative variation in the parameter c
higher than in a, inducing a distortion of the crystalline lattice of ti-
tanium [35]. Results presented in Section 3.2 showed that the Ti
cell expansion was more significant when the Ti layer was thinner.
This suggests that the oxygen content is relatively higher for the
thinnest Ti film. For longer deposition time, the availability of resid-
ual oxygen in the chamber decreases, resulting in a lower oxygen
concentration. Then, thicker Ti interlayers present a reduction in
the lattice distortion. The fact that the thinnest Ti interlayer en-
hanced the amount of rutile in the TiO2 film can be associated to
the texture and the higher distortion of the Ti lattice. Similar behav-
ior was reported for TiO2 films deposited by magnetron sputtering
on stainless steel substrates with Ti interlayers of different thickness
[22]. Authors of ref. [22] related the higher crystallization of rutile
phase for the thinnest interlayer with the presence of a higher con-
centration of oxygen in the Ti layer, incorporated from oxygen resi-
dues in the sputter chamber.

5. Conclusions

TiO2 coatings were prepared by CAD on biased austenitic stainless
steel substrates with Ti interlayers of different thickness. It was ob-
served that the introduction of the Ti layer increased the rutile/anatase
proportion either at 300 or 400 °C, turning rutile into themain phase in
the TiO2 film. Themaximum amount of rutile for each temperature was
attained for the thinnest Ti interlayer (55 nm), being larger for 400 °C.
The degree of crystallization in the TiO2 films decreased as the Ti layer
thickness increased.

The enhancement in the rutile production by including the Ti
interlayer can be attributed to the similarity in the Ti atom positions
between the Ti (101) and (100) and the rutile (110) surfaces.
Furthermore, oxygen contamination in the titanium, likely greater
for thinner layers, seems to induce the inhibition of the Ti (002)
surface and the cell expansion –considering that the assumptions
of the model employed for stress analysis are fulfilled–, thus
promoting the crystallization of TiO2 especially in the rutile phase.
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