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Abstract Functionalisation of biomedical implants via
surface modifications for tailored tissue response is a
growing field of research. Crystalline TiO, has been proven
to be a bone bioactive, non-resorbable material. In contact
with body fluids a hydroxyapaptite (HA) layer forms on its
surface facilitating the bone contact. Thus, the path of
improving biomedical implants via deposition of crystal-
line TiO, on the surface is interesting to follow. In this
study we have evaluated the influence of microstructure
and chemical composition of sputter deposited titanium
oxide thin films on the in vitro bioactivity. We find that
both substrate bias, topography and the flow ratio of the
gases used during sputtering affect the HA layer formed on
the films after immersion in simulated body fluid at 37°C.
A random distribution of anatase and rutile crystals, formed
at negative substrate bias and low Ar to O, gas flow ratios,
are shown to favor the growth of flat HA crystal structures
whereas higher flow ratios and positive substrate bias
induced growth of more spherical HA structures. These
findings should provide valuable information when opti-
mizing the bioactivity of titanium oxide coatings as well as
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for tailoring process parameters for sputtered-based pro-
duction of bioactive titanium oxide implant surfaces.

1 Introduction

Titanium is widely used in medical applications due to its
excellent biocompatibility, good mechanical strength and
due to its inertness in biological systems [1]. When
exposed to air, titanium is—in contrast—highly reactive
and is immediately covered by a few nanometer thick
amorphous oxide layer, which has proven to be essential
for the inert body response [2]. To further improve the bone
response to titanium, the surface can be coated with a
bioactive material such as bioglass [3], hydroxyapatite
(HA) [4] and ceramic apatite-wollastonite [5]. Bioactive
materials spontaneously bond to living bone and are clin-
ically used as bone substitutes [6-9].

Crystalline TiO, is also known as a bioactive, non-re-
sorbable, material. A bioactive HA layer spontaneously
forms on its surface upon contact with body fluids [1, 10].

Except from the rare high-pressure forms, crystalline
TiO, occurs in nature in two tetragonal phases, rutile and
anatase, as well as in the orthorhombic phase, brookite.
The most common form is rutile, which is thermodynam-
ically stable at all temperatures and has the highest density
of the three phases [11]. Anatase is kinetically stable in the
nanocrystalline form at lower temperatures but transforms
into rutile at temperatures above 900°C [12]. Both anatase
and rutile have well-documented ability to form bioactive
HA layers in vitro [13-18], and also brookite has been
indicated to possess similar properties [19].

A critical characteristic of a bioactive material is the ability
to form bone-like apatite on the surface when implanted in the
body [20, 21]. It has been proven that materials, which form
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HA on the surface when submerged in simulated body fluids,
such as Phosphate Buffer Saline (PBS), also form HA in the
body [21]. Hence, in vivo bone bioactivity can be predicted
with a simple in vitro PBS-test [21].

Functionalisation of implant surfaces via HA-coatings
offers one way to provide bioactive surfaces promoting
integration of the implant. While commercially available
plasma spraying results in HA coatings having low crys-
tallinity, large porosity and poor adherence to the substrate
[22], conventional sputtering techniques have shown
some advantages with respect to adherence and density
[23]. As-sputtered films are usually amorphous and can
cause excessive dissolution in a physiological environment
and thereby reduce the film integrity of the implants
[24, 25]. To decrease the solubility of amorphous HA
coatings, the crystallinity needs to be enhanced by post-
deposition annealing [26, 27].

Thus, deposition of thin, crystalline TiO, coatings on
mechanically strong substrates is considered an attractive
way to provide materials with good mechanical and bone
bonding properties for long-term clinical use [22, 28].
Physical Vapor Deposition (PVD) techniques, such as
diode (DC) and radio frequency (RF) magnetron sputtering
allow for tailoring of the structure design while providing
large area uniformity and strong substrate adhesion [29,
30]. In comparison to sol-gel methods, no post-temperature
treatment is required for surface functionalisation. The high
deposition rate of DC magnetron sputtering, employing
argon as the inert sputtering gas, makes this coating tech-
nique especially attractive for large-scale industrial pro-
duction. The structural and compositional properties of
magnetron sputtered films depend on several deposition
conditions with the Ar to O, gas flow ratio being one of the
important parameters [31, 32]. Over the past few years, the
deposition of reactive pulse magnetron sputtering has been
investigated. These studies focused on tailoring the film
growth by selecting the appropriate process conditions and
pulse parameters [33-35]. The influence of bias voltage on
the bioactivity has been studied for low temperature TiO,
sputtered films by Kasemanankul et al. [36]. A higher
density and degree of crystallinity of formed HA was
observed on TiO, films deposited at low bias voltage. To
our knowledge, however, no attempts has been made to
establish a correlation between bioactivity and the physical
properties of magnetron sputtered TiO, thin films deposited
using different Ar to O, gas flow ratios.

The aim of the work presented in this paper is, thus, to
synthesize crystalline TiO, coatings at different Ar to O, gas
ratios by means of DC magnetron sputtering and to evaluate
them with respect to their in vitro bioactivity. Crystal
structure, microstructure, morphology and chemical com-
position are evaluated using X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), Energy Dispersive
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X-ray Spectroscopy (EDS) and X-ray Photoemission Spec-
troscopy (XPS). The bioactivity is evaluated using SEM and
XRD after 7 days in PBS.

2 Experimental
2.1 Substrates

Square samples (1 x 20 x 20 mm) of commercially pure
titanium (grade 2), TigAl4V (grade 5) and stainless steel of
medical grade AISI type 316L were used for coating
depositions. Silicon-(110) wafers served as substrates for
coating thickness measurements.

2.2 Thin film deposition

Before coating deposition, the substrates were ultrasoni-
cally cleaned for 6 min in an alkaline cleaning agent
(UPON, pH 11.6) and thereafter rinsed meticulously under
running deionized water and subsequently cleaned ultra-
sonically in ethanol for 6 min. In a final step, the samples
were rinsed in ethanol and dried in pure nitrogen gas.

The coating series were deposited using a Balzers
BAI640R magnetron sputtering system. The samples were
pre-heated for 60 min at 200°C at a pressure of 2.5 x
10~ mbar and Ar-etched for 6 min at 1.5 x 10~ mbar
prior to deposition. A solid Ti target was used in the Ar/O,
environment and a magnetron power of 2.5 kW was
employed. The magnetron power was chosen to be rela-
tively high, based on the conclusions in earlier reports [10].
The deposition time for all coatings was 40 min. In the
coating series denoted 9010, 6040 and 3070 the ratio of Ar
to O, gas flow was 90:10, 60:40 and 30:70, respectively, at
a constant total gas pressure: po; = 4.2 107> mbar. One set
of coatings with negative substrate bias (—180 V), denoted
“neg”, and one set with a positive bias (4150 V), denoted
“pos”, were deposited for the 9010, and the 3070 samples.
The experiments using a negative bias were performed at
two different temperatures; ~320°C, denoted “H” as in
High temperature, and ~230°C, denoted “L” as in Low
temperature. A batch deposited at an Ar to O, ratio of
30:70 with negative bias and at ~320°C was, thus, denoted
3070negH. The 6040 batch was deposited using self bias
(=20 V) only. Three identical runs were made to confirm
the reproducibility of this particular experimental set up.
The complete experimental matrix and nomenclature is
presented in Table 1.

2.3 Structural and compositional characterization

Grazing angle XRD using a Siemens D5000 diffractome-
ter, operated with 1° incidence angle, was used to analyze
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Table 1 Sample deposition parameters

Coating parameters

Actual values

Ar:0, Temp. Bias Series name(s) Upias (V) Tyare (°C) T4omin (°C)
90:10 Low Pos 9010pos +150 200 175
Neg 9010negL —180 240 210
High Neg 9010negH —180 290 325
60:40 Medium Self bias 6040_01 -20 240 265
6040_02 -20 240 265
6040_03 -20 240 265
30:70 Low Pos 3070pos +150 200 160
Neg 3070negL —180 250 210
High Neg 3070negH —180 260 350

the crystalline structure of the TiO, coatings. A step size of
0.1° and a scan step time of 5 s were chosen and the 20
scan was recorded in selected intervals between 20 and 80°
depending on the investigated crystal structure.

The thicknesses of all TiO, coatings were measured by
SEM on cross sections using a FEI Strata DB235 FIB/
SEM. EDS analyses of the coatings were conducted in the
SEM. Atomic concentrations of Ti and O at the surface
were analyzed on a selection of samples by XPS in a
Physical Electronics Quantum 2000 instrument with
monochromatic Al Ko radiation (1486.7 eV) as the irra-
diating X-rays. The energy of the incident ions was 4 keV
and the area of analysis was 2 mm x 2 mm. Pass energy
was set to 187.85 eV and a step size of 0.8 eV was used. In
total, four profiles were measured at increasing depths.
Atomic concentrations were measured from each profile.
As reference, a single crystalline rutile (001) sample was
used.

2.4 In vitro bioactivity testing

All samples were taken directly out of the sputtering
chamber and placed in small plastic zip-bags. From the zip
bags they were put into centrifuge tubes filled with 42 ml
PBS (Dulbecco’s phosphate buffered saline), which is the
maximum capacity of the tubes. The PBS has a pH of 7.4 at
a temperature of 37°C. The tubes were kept in a controlled
temperature of 37°C for 7 days and the samples were
subsequently removed from the PBS, carefully rinsed in
deionised water and left to dry in air before structural
analysis. The in vitro bioactivity tests were repeated three
times for each coating series. A Zeiss FEG-SEM LEO 1550
Gemeni was used for analysis of the HA surface struc-
ture as well as of the untreated substrates used for the
titanium oxide deposition. The FEI Strata DB235 FIB/SEM
was employed to make cross sections of two selected
HA-coated samples.

3 Results and discussion
3.1 Crystallinity

Figure 1 shows XRD spectra of all three types of
9010-coatings under study. Wide peaks, corresponding to
TiO, were clearly visible for the coatings deposited with
negative bias; 9010negH and 9010negL. A slight shift in
TiO-peak positions with respect to the reference peak
positions was observed for both samples. It can also be
observed that depositions with positive bias at low tem-
peratures (sample 9010pos) lead to the formation of TizO.
The presence of Tiz;O for low temperature deposited
coatings indicates an ordered, closed packed hexagonal
(cph) phase as described earlier [37]. Neither anatase
(A) nor rutile (R) peaks could be observed for any of the
9010 coatings. The atomic concentration of Ti in the
9010negL. coating was found to be 47% from the XPS-
analysis and 51% from the EDS analysis, see Table 2,
which further confirms the presence of the TiO phase. Both
XPS and EDS analyses performed on the 9010pos coatings
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Fig. 1 XRD-diffractograms of the 9010 samples on stainless steel
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Table 2 Results from coating analysis

Sample TiO, thickness (nm) At.% Ti XPS?* At.% Ti EDS XRD patternb Biomimetic response
9010pos 2340 57 57 Ti;O No HA

9010negL 1650 47 51 TiO No HA

9010negH 1590 - - TiO No HA

6040_01 120 - - A(101) Spherical

6040_02 140 29 - A(101) Spherical

6040_03 150 - - A(101) Spherical

3070pos 170 - - A(101) Flat

3070negL 180 32 - R(101) Flat

3070negH 140 31 R(101) Spherical

* The presented values are average from the four depth profiles
® A and R denote the anatase and the rutile phase, respectively

revealed an atomic concentration of 43% oxygen, Table 2.
The coating thickness of the 9010negl. sample was about
~1.7 pm whereas the corresponding thickness of the
9010pos sample was ~2.3 pm and, thus, about 10 times
thicker than the 6040 and 3070 samples, Table 2. This
clearly indicated a metallic sputtering mode for the 9010
samples, i.e., the target sputter rate exceeded the oxidation
rate of the target surface [38] and yielded relatively thick
coatings of high Ti-content.

Figure 2 displays SEM recorded cross sections of a
9010pos and a 9010negL. sample. As can be observed from
the figure, the 9010pos coating has a columnar structure
with a grain width significantly thinner than the coating
thickness. The 9010negL coating is also columnar with
increasing grain size towards the surface.

Fig. 2 SEM cross sections of a 9010pos and b 9010negL on Si
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Diffractograms of the three identically deposited 6040
samples is presented in Fig. 3. Both anatase and rutile were
detected with preferred orientation of the anatase (101).
Low intensity TiO-peaks were also present. The atomic
concentration of Ti in the coatings was found to be 29% as
measured by XPS, see Table 2. Even if the samples were
prepared under identical conditions, a slight variation in the
diffractograms could be observed, e.g., rutile (101) could
only be seen on the 6040_03 sample.

Figure 4 shows diffractograms for the 3070 samples.
Wide rutile (101), (111) and (211) peaks could be detected
in the 3070negL. samples. On 3070negH only rutile (101)
was detected. No formation of rutile (110), which has the
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Fig. 3 XRD-diffractogram of the 6040 samples on grade 2 Ti
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Fig. 4 XRD-diffractograms of the 3070 samples on stainless steel
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lowest free energy [13], could be observed for the samples
deposited using a negative bias. Positive bias under depo-
sition leads to the formation of both anatase and rutile as
evident from the diffractogram recorded on the 3070pos
sample.

Figure 5 shows the SEM cross sections of a 3070negH
and a 3070pos sample. Under negative bias a two layer
structure, with a more fine grained structure close to the
surface, can be observed. The 3070pos sample, on the other
hand, shows a distinct columnar structure through the
entire coating with a larger surface roughness as compared
to the 3070negH coating. XPS recorded on the two types of
3070neg samples revealed an atomic concentration of Ti of
31-32%, cf. Table 2.

The above presented results clearly show on a large
effect of the Ar to O, gas flow ratio on the microstructure
evolution and chemical composition of magnetron sput-
tered titanium oxide coatings. A high Ar to O, gas flow
ratio of 90:10 gave a metallic sputtering mode and, under
negative bias, favored the formation of TiO. Positive bias
further decreased the available amount of oxygen, which
resulted in an even more metallic film with an oxygen
concentration of 43% and a strong presence of Ti;0.

At an Ar to O, gas flow ratio of 60:40, reactive sput-
tering occurred, leading to the formation of TiO,. The low
bias voltage (only self bias) used to deposit the 6040
coatings, allowed the formation of the lowest energy rutile
and anatase phases; anatase (101) and rutile (110). Low
intensity TiO peaks indicated a shortage of oxygen during
deposition of these coatings.

At an increased oxygen flow, the influence of the bias
voltage on the coating microstructure was prominent. On

Fig. 5 SEM cross section of a 3070negH and b 3070pos on Si

the 3070neg samples, rutile with preferred (101)-orienta-
tion was formed. The wide rutile (101) peak observed
indicated that the grains were relatively small. Small grain
size and strong orientation are signs of a large flux of
impinging ions. The large negative bias seems to have
contributed to suppressing the formation of anatase (101)
and rutile (110), which is in good agreement with the
results obtained by Song et al. [39] and Kasemandankul
et al. [36]. In comparison to a highly negative charged
substrate, high positive bias reduced the bombardment of
Ar", which causes lower surface mobility [40] and allows
for formation of the low energy rutile phase (110). The
coating microstructure, formed at positive bias, showed a
distinct columnar structure with less pronounced texture as
compared to the coatings formed at negative bias, see
Fig. 5. With respect to TiO,-stoichiometry it can be con-
cluded that the 3070pos deposition parameters are most
optimal.

3.2 Bioactivity

Table 2 presents a summary of the influence of micro-
structure and chemical composition on the HA formation
and growth ability for all coating types investigated in this
study. No HA was formed on any of the 9010-coatings
after the in vitro bioactivity tests. Figure 6a, b show SEM
images of the HA formed on a 3070negH and a 3070negL
coating, respectively. As obvious from the panels, two
different types of HA-growth were observed. On the
3070negL coating, HA grew in a flat “rug-like” structure
while on 3070negH, as well as on the 6040 coatings
(shown in Fig. 8 below), spherical formations of HA
crystals could be observed. Both structures are covering the
underlying titanium oxide completely.

Figure 6¢c, d display the FIB cross sections of a
3070negH and 3070negL. sample after the bioactivity tests.
While the average thickness of the flat HA structure on
3070negl. is 4.6 £ 0.2 pm, an average thickness of
3.1 £ 0.2 pm was measured for the spherical HA structure
on the 3070negH sample. XRD analysis confirmed that the
structure seen on the samples after immersion in PBS was
HA, see Fig. 7.

The influence of substrate morphology on the HA for-
mation and growth can be observed in Fig. 8. A smoother
surface topography, as seen for grade 5 Ti substrates (panel
c) and stainless steel substrates (panel e) lead to a more
uniform, even HA coating on the 6040 samples (panels d
and f) compared to the rough underlying surface of grade 2
Ti (panel a) giving a more uneven HA structure (panel b).

While the microstructure and chemical composition
appeared to be similar for the 3070negl and 3070negH
coatings, they promoted different HA nucleation and
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Fig. 6 SEM (a, b scale bars 2 pm) and FIB cross section (¢, d scale bars 5 pm) images of spherical HA on 3070negH (a, ¢) and flat HA on

3070negL (b, d). Both coatings were deposited on grade 5 Ti

Intensity (a.u.)

gr53070neglL

2-Theta

Fig. 7 XRD-diffractogram of HA formed on a 3070negL sample
deposited on grade 5 Ti

growth, Fig. 7. This difference in HA morphology may be
addressed to the titanium dioxide crystal orientation at the
surface with the 3070negL samples having more variations
in the rutile phase orientations as compared to the
3070negH samples. Different orientations could give dif-
ferent surface acidity and thereby change the number of
available nucleation sites (i.e. deprotonated sites). Another
explanation to the observed discrepancy could be differ-
ences in matching between the crystal orientation of the
initially formed HA crystals and the crystal directions of
the substrate surface resulting in a HA crystal starting to
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grow in a direction either vertical or horizontal to the
surface. Spherical complexes are most likely to be formed
when another HA-crystal nucleates on the first, as sug-
gested by Lindahl et al. [41].

Flat HA growth, as seen on 3070pos samples, may be
related to coating properties. Large crystal size and more
randomly oriented crystals of both anatase and rutile may
offer a more differentiated surface with higher crystallinity
on which HA nucleates in flat structures.

4 Conclusions

The results obtained in this study show that DC magnetron
sputtering offers a suitable deposition technique for syn-
thesizing functional TiO, films. The best magnetron sput-
tered coatings, from a bioactivity aspect, were produced
with positive target bias and an Ar to O, gas flow ratio of
30:70. Positive bias contributes to the growth of randomly
oriented anatase and rutile crystals, with a large crystal size
and a good bioactive response. Two different types of HA
morphologies were identified on the TiO, surfaces after in
vitro bioactivity testing; spherical and flat HA. It was
concluded that substrate topography in combination with
surface morphology and microstructure of the deposited
TiO, thin films had an impact on HA nucleation and
growth. Larger titanium oxide crystal size, smooth topog-
raphy and more randomly oriented crystals of both anatase
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Fig. 8 SEM images of a untreated grade 2 Ti surface, b spherical HA
on a grade 2 6040_01 sample, ¢ untreated grade 5 Ti surface,
d spherical HA on a grade 5 6040_01 sample, e untreated stainless
steel and f spherical HA on a stainless steel 6040_01 sample

and rutile lead to the formation of flat HA crystals and a
thicker HA film.

The findings presented in this paper should provide
valuable information when optimizing the bioactivity of
titanium oxide coatings as well as for tailoring process
parameters for large scale production of bioactive titanium
oxide implant surfaces using DC magnetron sputtering as
deposition method.
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