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Abstract: This contribution sheds light on the role of crystal
size and phase composition in inducing biomimetic apatite
growth on the surface of nanostructured titania films synthe-
sized by reactive magnetron sputtering of Ti targets in ArþO2

plasmas. Unlike most existing techniques, this method ena-
bles one to deposit highly crystalline titania films with a wide
range of phase composition and nanocrystal size, without
any substrate heating or postannealing. Moreover, by using
this dry plasma-based method one can avoid surface hydrox-

ylation at the deposition stage, almost inevitable in wet chem-
ical processes. Results of this work show that high phase pu-
rity and optimum crystal size appear to be the essential
requirement for efficient apatite formation on magnetron
plasma-fabricated bioactive titania coatings. � 2006 Wiley
Periodicals, Inc. J Biomed Mater Res 81A: 453–464, 2007
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INTRODUCTION

Titanium and its alloys, such as Ti6Al4V, find
numerous clinical applications as load-bearing ortho-
pedic implants, owing to their excellent biocompatibil-
ity, mechanical properties, and chemical stability. Un-
fortunately, titanium-based materials are bioinert, and
generally a connective tissue capsule would be formed
around bioinert materials. To improve the surface reac-
tivity (bioactivity), the titanium-based implant are
coated with a thin film of a bioactive material such as
hydroxyapatite (HA), bioglass, and silica (SiO2).

1,2 The
reactivity of the titanium can also be enhanced by tita-
nia (TiO2) coatings, because of their capability to in-
duce calcium phosphate formation in vitro and
in vivo.3–9 In addition, it has been reported that the ad-
hesion between titania coatings and titanium substrate

are sufficient for their use as implant coatings.3,4 The
formation of biologically active layer on implant sur-
face is considered crucial for their integration with
bone, and materials having the capability of inducing
calcium phosphate layer formation on their surfaces
are often referred to as bioactive materials.5,6 Every
specific bioactive material has different factors that
induce and control their bioactive response. Generally,
such factors include reactivity, morphology, rough-
ness of the surface, crystal size, phase composition,
stoichiometry, and some others.

This article contributes to answering the question
which has puzzled the minds of researchers in the last
couple of decades, namely, what is the role of crystal
size and phase composition in sustaining the out-
standing biomimetic response of titania coatings? It is
generally believed that the remarkable biomimetic
response of TiO2 is attributed to the existence of sur-
face hydroxyl (Ti-OH) groups and the induced nega-
tive charges on the TiO2 surface, which, in turn, draw
calcium- and phosphorus-based cations from the
simulated body fluid (SBF) to the implant surface.6–8

However, this growth model does not explain fre-
quent observations of different biomimetic responses
of amorphous, rutile- and anatase-rich titania films
derived from conventional wet methods, such as sol–
gel and other chemical methods.8–20 These techniques
almost inevitably lead to pronounced surface hydrox-
ylation during the film synthesis stage. In these cases,
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the TiO2 surface is grafted with hydroxyl groups even
before immersion in the SBF, which make it extremely
difficult to find out the effects of crystal size and phase
composition on the TiO2 biomimetic response in the
SBF. Moreover, postannealing of hydroxyl-terminated
titania films often results in a different abstraction of
hydroxyl groups from the anatase and rutile phases,
leaving some of the sites on the TiO2 surface-activated
and some passivated. Indeed, higher postannealing
temperatures are needed to convert amorphous TiO2

films (synthesized by using wet chemical methods)
into the rutile phase rather than into the anatase
phase. Thus, at lower temperatures, when the anatase
phase is enriched, more hydroxyl groups remain on
the surface than at higher temperatures when the
rutile phase is formed. The excessive Ti-OH groups
might be the main reason for frequently reported
stronger biomimetic responses of the anatase-rich tita-
nia coatings in the SBF in vitro tests.10,12,13 Therefore,
the question of whether the anatase phase is more bio-
active than the rutile phase in the SBF environment
still remains essentially open.

It becomes evident that the reliable and unambigu-
ous information about the effects of crystal size and
phase composition on the biomimetic responses can
be obtained if the as-grown films with different crys-
tal size or phase composition are free of surface
hydroxyl radicals. In this article, we propose to use a
dry magnetron plasma-based method to fabricate
nanocrystalline and hydroxyl-free titania films with
the controlled anatase and rutile phase composition
and nanocrystal size. This technique has recently
been used for fabricating biocompatible HA and cal-
cium phosphate coatings, semiconducting nanostruc-
tured films, and low-dimensional quantum confine-
ment structures.21,22 We are not aware of any reports
related to the in vitro bioactivity of TiO2 films depos-
ited by reactive magnetron sputtering. Here, we re-
port on the reactive DC magnetron sputtering deposi-
tion of titania films in ArþO2 plasmas on unheated
substrates. It is shown that the degree of crystal size
and phase composition can be controlled by the pro-
cess parameters and are unambiguously related to
the biomimetic response in the SBF test environment.

MATERIALS AND METHODS

Deposition and characterization of TiO2 films

Polished Si(111) wafers have been used as substrates for
depositing the TiO2 films. Prior to deposition, the substrates
were ultrasonically cleaned in acetone, followed by ethanol,
and finally, deionized water for 15 min in each solution and
dried thereafter. The TiO2 films were grown by reactive DC
magnetron sputtering technique, without any external sub-
strate heating. Substrates were mounted on a water-cooled

substrate stage that could continuously revolve without dis-
rupting the vacuum in the system. A mask plate with a
50-mm diameter hole was placed between the substrate and
the target electrode and served as a shutter, which made it
possible to condition the target surface before film deposi-
tion. Continuous rotation of samples over the sputtering
target enabled us to grow several samples under identical
vacuum conditions. The distance between the sputtering
target and deposition substrates was 90 mm. The purity of
the titanium target (FHR Anlagenbau GmbH) with 60-mm
diameter and 3-mm thickness mounted on the magnetron
cathode was 99.9%. Local magnetic field strength measured
above the target was in the range 2500–2800 G. A pumping
system was used to achieve a base pressure below 1.0 �
10�4 Pa. High-purity argon (99.999%) and oxygen (99.5%)
were used as sputtering and reactive gases, respectively.
The gas handling system included MKS mass flow control-
lers that were used to control the flow rates and partial
pressures of argon and oxygen in the reactor chamber.

Our choice of deposition conditions was motivated by
the aim to synthesize nanocrystalline TiO2 films with the
required crystal size and rutile/anatase phase composition,
and ultimately, to relate the varied film attributes to their
biomimetic response. In a sense, we explored a number of
possible ‘‘bioactivity turning knobs’’ of the plasma-assisted
process. Likewise, our choice of sputtering and reactive
gases effectively excludes any hydrogen source, and thus
prevents the formation of hydroxyl groups on specimen
surfaces, and therefore is favorable for a hydroxyl-free dep-
osition environment. In this set of experiments, the O2 and
Ar flow rates were maintained at 5 and 30 sccm, respec-
tively. Furthermore, the titania films were synthesized
under five different sets of process conditions.

Sample T0V was grown at a total pressure of 1.2 Pa, with
a deposition power of 40 W (power supplied to the DC
magnetron) and without any external substrate biasing.
Meanwhile, sample T80W was deposited at the same work-
ing pressure, but with doubled deposition power (PD ¼ 80 W)
and a negative substrate bias of �100 V. The other three
samples, T03P, T12P, and T36P, were fabricated at the same
deposition power as T0V (PD ¼ 40 W), the same DC sub-
strate bias (Vs ¼ �100V) as T80W, and different total pres-
sures of 0.3, 1.2, and 3.6 Pa, respectively. Table I details the
process conditions specific to each of the samples. Film
thickness measured by the spectroscopic ellipsometry was
in the range of 63–79 nm, as can be seen in Table I.

For crystalline structure analysis, a thin film X-ray diffrac-
tometer (Rigaku TF-XRD, D/max 2550VB/PC) was used
with Cu Ka radiation, and it was operated at 40 kV, 300 mA,
with a grazing incidence angle of 0.98 and with a scanning
speed of 88/min at 2y steps of 0.0208. The average sizes of
anatase and rutile crystallites were estimated according to
Scherrer’s equation23) that relates crystal sizes to positions
and full widths at half-maximum of diffraction peaks charac-
teristic to the anatase and rutile phases of TiO2.

The morphology of the outermost surface layer was stud-
ied by means of atomic force microscopy in a tapping mode
(AFM, Nanoscope1III). The root-mean-square (RMS) rough-
ness of the surface was calculated from AFM scans over sub-
strate areas of 2 � 2 mm2, and the RMS roughness was calcu-
lated three times, at different spots for each sample.

The chemical bonding states in the films of our interest were
evaluated by using Fourier transform infrared spectroscopy
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(FTIR, EQUINOX-55, Bruker) with a resolution of 0.8 cm�1,
within the spectral range of 400–4000 cm�1. In particular, the
FTIR technique enabled us to monitor the presence of the
hydroxyl (OH) groups on the surface.

Finally, the aqueous wettability of the deposited TiO2

film was analyzed by using standard routines for meas-
uring the equilibrium water contact angle. The wettability
tests were repeated three times for each specimen.

In vitro biomimetic response experiments

The SBF was prepared by dissolving reagent-grade chemi-
cals NaCl, NaHCO3, KCl, K2HPO4�3H2O, MgCl�6H2O, CaCl2,
and Na2SO4 in distilled water, and then buffered at pH 7.40
with (CH2OH)3CNH2 and HCl at 36.58C.24 The ion concen-
trations of SBF are nearly equal to those of human blood
plasma at 36.58C. The as-deposited TiO2 films were soaked in
SBF solutions by using a surface area to solution volume ratio
of 0.1 cm�1. After soaking for 7 days, the specimens were
taken out from the SBF, washed with distilled water, and
dried in air.

Scanning electron microscopy (SEM, Sirion 200, Philips)
was used to examine the surface morphology of the TiO2 sur-
face after soaking in SBF. To avoid undesired charge buildup
on apatite surfaces, samples were partially coated with gold.
The details of the X-ray diffractometry and the FTIR analysis
are essentially the same as in Materials and Methods.

RESULTS

Deposition of TiO2 films by reactive
magnetron sputtering

In this study, we have used five TiO2 samples de-
posited under different process conditions summar-
ized in Table I. Samples T03P, T12P, and T36P were
synthesized under the same deposition (sputtering)
power PD ¼ 40 W and negative DC bias on the sub-
strate Vs¼ �100 V and different working pressures
(p0 ¼ 0.3, 1.2, and 3.6 Pa, respectively). Sample T0V
was fabricated under the same pressure and sputter-
ing power as T12P, but without any external biasing
of the substrate. Finally, specimen T80W was depos-
ited under the same working pressure and substrate
bias as T12P and a higher sputtering power of 80 W.
This choice of process parameters enabled us to syn-

thesize titania films with different crystal sizes and
phase compositions. Table I also summarizes the av-
erage film thickness and sizes of An(101) and Ru(110)
crystals, in each specimen.

Figure 1 shows X-ray diffraction (XRD) patterns of
films synthesized under the process conditions of Ta-
ble I. Film T03P (deposited at p0¼0.3 Pa, PD ¼ 40 W,
Vs ¼ �100 V) features a wide diffraction peak of
Ru(110), originating from very small rutile nanocrys-
tals with an estimated grain size of *3.2 nm. Since
XRD analysis of sample T03P does not reveal any
other diffraction peaks, it is reasonable to assume that
this film is composed of either a pure rutile phase or a

TABLE I
Summary of Deposition Conditions, Crystal Sizes of Anatase and Rutile Phases, and Film Thickness of TiO2 Films

Samples
Deposition Condition Crystal Size (nm)

Film Thickness (nm)
Pressure (Pa) Power (W) Bias (V) Anatase (101) Rutile (110)

T0V 1.2 40 0 6.8 – 65
T80W 1.2 80 �100 18.6 16.3 79
T36P 3.6 40 �100 19.1 – 75
T12P 1.2 40 �100 – – 72
T03P 0.3 40 �100 – 3.2 63

Figure 1. XRD patterns of the TiO2 films deposited on un-
heated substrate under process conditions detailed in Table I.
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mixture of crystalline rutile and amorphous titanium
oxide.

When the total pressure increases from 0.3 to 1.2
Pa, no diffraction peaks have been detected (Fig. 1) in
film T12P (deposited at p0 ¼ 1.2 Pa, PD ¼ 40 W, Vs ¼
�100 V). Thus, the film T12P is either purely amor-
phous or contains ultrasmall nanocrystallites unde-
tectable by XRD.

However, diffraction patterns of the film T36P de-
posited at a higher working pressure of 3.6 Pa and
the same Vs and PD show pronounced peaks corre-
sponding to An(101), An(103), An(004), An(200),
An(211), and An(204) crystalline planes (Fig. 1). In
this case, TiO2 has an anatase structure with an esti-
mated nanocrystal size of 19.1 nm (Table I). Further-
more, the intensity of the An(101) peak is the highest,
which is indicative of preferential crystal growth
along the (101) crystallographic direction.

An increase of magnetron sputtering power results
in dramatic changes in film composition and struc-
ture. Indeed, sample T80W, deposited at a higher
(PD ¼ 80 W) magnetron sputtering power and with
all other parameters same as T12P, shows a mixed-
phase crystalline structure with estimated anatase and
rutile nanocrystal sizes of 18.6 and 16.3 nm, respec-
tively. Amongst the variety of diffraction peaks seen in
Figure 1, the An(101) and Ru(110) peaks are the strong-
est. Thus, the most efficient growth of anatase crystals
proceeds along the (101) direction, similar to sample
T36P. On the other hand, the preferential growth direc-
tion of rutile crystals in specimen T80W is quite dif-
ferent from their growth under T03P conditions.

The sole An(101) peak also persists in the XRD
spectrum (the upper curve on the top panel in Fig. 1)
from film T0V synthesized without any external DC
biasing of the substrate. However, this peak is much
weaker and wider, and suggests the presence of ana-
tase nanocrystals with a size of *6.8 nm.

Figure 2 displays the FTIR transmission spectra of
the TiO2 films deposited on unheated silicon sub-
strates under the deposition conditions of Table I.
The strong absorption peak at *610 cm�1 and two
weak absorption peaks around 740 and 815 cm�1 are
present in all samples, including the pure Si(111) test
sample, and are thus attributed to infrared absorption
by the substrate. On the other hand, strong absorp-
tion of Ti��O vibrations in the 400–600 cm�1 spectral
range suggests the presence of Ti��O bonds in the de-
posited material.25 In this experiment, specimens
T36P and T80W with larger crystal sizes exhibit a
much stronger infrared absorption in this spectral re-
gion compared to films T0V and T03P featuring
smaller crystal sizes. Moreover, the amorphous TiO2

film of sample T12P shows almost no infrared absorp-
tion in the 400–600 cm�1 range, very similar to the sil-
icon test sample. One can thus conclude that TiO2

films with larger nanocrystal sizes feature stronger

bonding between titanium and oxygen atoms, which
is reflected by intense infrared absorption peaks in the
relevant infrared spectral range.

More importantly, the FTIR spectra in Figure 2 do
not show any infrared absorption lines characteristic
to vibrations of hydroxyl groups. Indeed, typical FTIR
spectra of titania films synthesized by wet chemical
methods feature absorption bands around 3400 cm�1

and 3700–3800 cm�1, which are completely absent in
our experiments. Therefore, the TiO2 films synthesized
in this work by plasma-assisted reactive magnetron
sputtering without any external substrate heating and
postannealing are free of surface hydroxyl (Ti-OH)
groups.

Figure 3 shows three-dimensional surface morphol-
ogy of the TiO2 films imaged by the AFM in a tapping
mode over the surface area 0.5 � 0.5 mm2. For the con-
venience of the reader, process parameters are shown
separately for each of the samples. The RMS surface
roughness derived from AFM analysis is presented in
the upper panel in Figure 4. From Figures 3 and 4, one
can conclude that the surface roughness of samples
T36P and T80W is the largest, followed by T0V, T03P,
and amorphous T12P. Comparison of the results in Ta-
ble I and Figures 3 and 4 shows a remarkable correla-
tion between the surface roughness and the estimated
size of the nanocrystals. Specifically, films T36P and
T80W with the largest nanocrystal size are the rough-
est, whereas the films T0V and T03P with smaller crys-
tal sizes are smoother. Meanwhile, the amorphous

Figure 2. FTIR transmission spectra of the deposited TiO2

films and silicon test sample.
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T12P film appears to be the smoothest. Generally speak-
ing, a larger crystalline size corresponds to a rougher
surface morphology. However, for all samples, the
surface roughness remains smaller than the estimated
nanocrystal size, indicating the presence of amor-
phous overcoats covering the nanocrystalline matter.

The surface roughness is intimately related to the
wettability of the coating, which is characterized by
the water contact angle. Figure 4 shows the equilib-
rium water contact angles for the TiO2 films depos-
ited at different process conditions. Interestingly, the
measured values of the contact angle for all of the
specimens fall within the range of 87–958, which is
consistent with the reports of other authors.26 Reason-
ably high values of the contact angle suggest low sur-
face energy of the films synthesized by the plasma-
assisted magnetron sputtering technique.

In vitro apatite formation

In this section, we consider the bioactivity properties
of TiO2 films evidenced by the apatite crystal ingrowth
during specimen immersion in the SBF. Figure 5 shows
the TF-XRD patterns of the samples after soaking in
the SBF for 7 days. The most prominent (211) diffrac-
tion peak at 2y ¼ 328, attributed to the apatite crystal-
line structure, has been observed in the XRD spectra of
the anatase TiO2 films of samples T36P and T0V. More-
over, the intensity of the apatite diffraction peak is
higher for the T36P film with the largest anatase nano-

crystal sizes. No other calcium phosphate phases were
observed in the XRD spectra in Figure 5.

Figure 6 shows the FTIR transmission spectra of
the TiO2 films after soaking in the SBF for 7 days. Af-
ter exclusion of the absorption peaks around 610, 740,
and 815 cm�1 characteristic to the Si(111) substrate,
we have found a number of infrared absorption
bands that evidence the presence of new materials
that contain the PO4 groups and grow on the surfaces
of the TiO2 films in the SBF environment. Among
numerous infrared absorption peaks denoted in
Figure 6, the absorption peak *464 cm�1 reflects the
v2 P��O twofold degenerate deformational mode
vibrations of PO4 groups in phosphate; the band at
*564 cm�1 represents the v4 P��O threefold degener-
ate deformational mode vibrations; the peak around
962 cm�1 is due to the v1 P��O symmetric stretching
mode vibrations; and the bands in the 960–1200 cm�1

range result from the v4 P��O threefold degenerate
stretching mode vibrations.27

Thus, Figure 6 confirms that apart from the anatase
TiO2 films of samples T36P and T0V, the rutile TiO2

film of sample T03P and the anatase/rutile mixed
TiO2 film of sample T80W also induce nucleation (in
the SBF) of materials containing PO4 groups on the
surface. More importantly, no changes have been
found in the FTIR spectra of the amorphous TiO2 film
of sample T12P immersed in SBF for 7 days.

Figure 7 shows SEM micrographs of the surfaces of
TiO2 films deposited at different deposition conditions
and soaked in SBF for 7 days. A notable apatite precip-

Figure 3. Three-dimensional (0.5 � 0.5 mm2) AFM images of surface morphology of TiO2 films deposited on unheated sub-
strates under different deposition conditions.
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itation has been observed on the surfaces of the three
samples; two of them have an anatase structure [T0V,
Fig. 7(a) and T36P, Fig. 7(c)] and the third one has a
rutile structure [T03P, Fig. 7(e)]. From Figure 7(b),
related to sample T80W with the presence of mixed
anatase/rutile phases, one can notice a low degree of
surface coverage by irregularly shaped particles. Pre-
sumably, such particles contain the PO4 groups, as evi-
denced by the FTIR analysis detailed earlier. The most
striking observation is the complete absence of any
precipitation from the SBF onto the surface of the
amorphous film T12P [Fig. 7(d)]. In this case, only
loosely attached contaminant particles of irregular
shapes have been observed. On the rutile surface of
sample T03P with a small crystal size of 3.2 nm, apa-
tite particles with an average size of *1 mm partially
cover the surface (with the average surface coverage
not exceeding 0.2) as shown in Figure 7(e).

As can be seen in Figure 7(c), the anatase TiO2 film
of sample T36P with a large crystal size of 19.1 nm

induced the strongest apatite formation. The higher-
resolution SEM image in Figure 8(b) suggests that the
thickness of the apatite layer formed on the surface of
the anatase film T36P exceeds 1 mm. Moreover, the po-
rous microstructure of the apatite layer in Figure 8(b)
is very similar to that reported elsewhere.8-14,19,20 A
continuous layer of porous apatite was also formed on
the surface of the anatase film of sample T0V with a
smaller crystal size of 6.8 nm. However, this layer is
thinner and less dense as can be seen in Figure 8(a).
To conclude this section, it is worth noting that SEM
(Figs. 7 and 8) reveals similar trends, as suggested by
the XRD and FTIR results shown in Figures 5 and 6.

DISCUSSION

Growth kinetics of TiO2 films

We now discuss the growth kinetics of titania films
synthesized by the plasma-assisted reactive magne-
tron sputtering process. To elucidate the elementary
processes that occur in the ionized gas phase and on
the deposition surfaces, we adopt the generic ‘‘plasma-
building unit’’ approach that is applicable to a wide

Figure 4. RMS surface roughness and water contact angle
for the deposited TiO2 films.

Figure 5. XRD patterns of the TiO2 surface after immer-
sion in SBF for 7 days.
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variety of plasma-assisted material synthesis and pro-
cessing applications.21 The overwhelming complexity
of possible sequences of multiple elementary reaction
steps makes the analysis particularly difficult. How-
ever, by sorting out the possible elementary building
blocks and their dynamics in the plasma sheath and
on the solid surfaces, one can develop reasonable sce-
narios for virtually any process of synthesis of various
thin films and nanoassemblies. Drawing from the
available literature on plasma-assisted synthesis of
TiO2 clusters, films, and nanoparticles, we consider
the following range of building and other functional
units (species) that originate in the ionized gas phase:
Ti atoms; positive ions Tiþ, Ti2þ, and Ti3þ; oxygen
atoms, molecules, and ions (including anions); non-
reactive argon neutrals and energetic argon ions;
amorphous titania clusters with the sizes less than
2 nm and crystalline clusters larger than 3 nm. Earlier
we have noted that the amorphous-to-crystalline tran-
sition in TiO2 nanoclusters takes place when the clus-
ter size exceeds*2 nm.28

Each of the species listed earlier serves a specific
purpose. Specifically, Ti, Tiþ, Ti2þ, and Ti3þ are the ti-
tanium source species; oxygen species serve as oxi-

dizing reagents needed for the synthesis of titania;
TiO2 nanoclusters are important building blocks that
directly incorporate into growing films; energetic ar-
gon atoms activate and heat the surface. Likewise,
low-energy (room temperature) neutral argon atoms
are nonreactive, and whilst they do not participate
directly in the film growth process, they strongly
affect (via elementary ion–neutral and neutral–neu-
tral collision processes) the transport of titanium spe-
cies from the sputtering target to the deposition sur-
face. Following the charged cluster model,29–31 we
assume that the nanocluster charge is positive in the
specified size range. The presence of charged clusters
in the few nanometers size range has been invoked by
comparing the deposition conditions in our experi-
ments, with available results reporting the size de-
pendence of the plasma-grown TiO2 nanoclusters on
the process parameters in a fairly similar plasma-
assisted reactive magnetron sputtering process.30,31

The assumption of positive charge is also consistent
with other reports on plasma-generated positively
charged clusters and nanocrystallites of other materials
in this size range.32 Another important point frequently
sidestepped in plasma-assisted materials synthesis and
processing works is the fact that the plasma bulk is
separated from the solid surface by the nonneutral
plasma sheath area, which is collisionless under the
low-pressure conditions of our experiments.

The TiO2 growth kinetics are sketched in Figure 9,
which illustrates the effect of changing process condi-
tions on the structure and phase composition of the
films of our interest here. We recall that the T03P sam-
ple has been synthesized under a low pressure (0.3 Pa),
‘‘normal’’ (40 W) deposition power and ‘‘normal’’
(�100 V) bias. In this case, sketched in the top left
drawing in Figure 9, energetic argon ions heat and
activate the surface. The background pressure is rather
low for the formation of titania molecules and cluster-
ing in the gas phase. Since the pressure of bombarding
argon ions is low, the influx of titanium atoms and
ions onto the deposition surface is also low; upon
adsorption they become adatoms and diffuse, together
with oxygen atoms, about the silicon surface, to nucle-
ate and form nanosized islands on the surface. In this
case, the growth islands develop into small rutile nano-
crystallites. Under the low-pressure condition T03P,
formation of rutile appears to be energetically favor-
able. It is instructive to mention that rutile is the most
stable form of TiO2, and its formation is preferred
under equilibrium conditions. Moreover, the critical
nucleus size needed for crystallization is smaller for
the rutile phase than for the anatase phase. In this case,
the supply of titanium-bearing building blocks is too
low to create the critical nucleates suitable for crystalli-
zation of the anatase phase. This conclusion is consist-
ent with other reports on preferential synthesis of rutile
under very similar pressures, for example, 0.27 Pa.33

Figure 6. FTIR transmission spectra of the TiO2 films after
immersion in SBF for 7 days.
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Upon a fourfold increase of the working pressure,
the density of argon and oxygen neutral species
increases accordingly in depositing sample T12P.
Since the heat generated in the plasma process could
be efficiently transferred out of the deposition cham-
ber by the water-cooling system, the increase of the
process pressure does not lead to any significant
changes in the temperature of the gas (which thus
remains at room temperature) in thermodynamic
equilibrium. According to Pashen’s curves, in this
pressure range,34 the density of the energetic argon
ions that are mainly responsible for the sputtering of
the titanium target also increases. Thus, sputtering of
the titanium target becomes more efficient giving rise
to a larger number of titanium-containing building
blocks supplied to the deposition site. This effect is
somewhat hindered by the collisions of Ti atoms and
ions with the argon gas maintained at a higher (than
in the case T03P) pressure. However, since we have
assumed that the argon gas temperature does not sig-
nificantly change at higher pressures, the titanium
species arrive at the silicon surface with the same ki-
netic energy as in case T03P, as a result of rapid ther-
malization in the ambient room-temperature gas.

Therefore, the supply of titanium-bearing building
units to the growth surface in the case T12P is likely
to be excessive, which results in purely amorphous
films; in this case, the rates of the surface diffusion are
insufficient to redistribute the deposited adatoms over

the surface; excessive piling up of the building mate-
rial results in a significant disorder in the films. It is
quite possible that the pressure (1.2 Pa) is too low to
induce any noticeable growth of larger crystalline
clusters (�3 nm) in the gas phase, and there are
mainly small (<2 nm) positively charged amorphous
TiO2 clusters in the gas phase. Such clusters contribute
to the higher content of the amorphous phase. More-
over, all crystalline clusters with cohesive energies less
than 100 eV most likely break into smaller fragments

Figure 7. SEM micrographs of the surfaces of TiO2 films after immersion in SBF for 7 days.

Figure 8. SEM images of the surface morphology of the
apatite layers deposited on anatase TiO2 films of sample
T0V and sample T36P after immersion in SBF for 7 days.
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upon deposition on the biased Si(111) surface. This
disintegration of crystalline nanoclusters further con-
tributes to the buildup of the amorphous phase.

When the pressure is increased to 3.6 Pa (sample
T36P, top right sketch in Fig. 9), the supply of tita-
nium-bearing building material further increases and
becomes sufficient to generate larger (supercritical)
nucleates, both in the gas phase and on the surface.
Crystalline clusters with cohesive energies exceeding
100 eV are likely to form in the gas phase; they do not
break, upon landing on biased silicon surfaces. In this
case, the film can contain a large amount of anatase
nanoclusters embedded in the amorphous matrix. It is
remarkable that other authors also reported purely an-
atase films in the pressure range exceeding 2.7 Pa.33

Specimen T0V was synthesized under the same
magnetron sputtering power and gas pressure as the
purely amorphous sample T12P, but without any ex-
ternal biasing of the substrate (sketch in the middle of
the top row in Fig. 9). In this case, the argon ion bom-
bardment is significantly reduced, and the surface
temperature becomes lower than in cases T03P and
T12P. This condition becomes even less favorable for
the rutile phase formation (as compared to conditions
T12P and T03P) as higher surface temperatures are
usually required for the synthesis of rutile crystalline
films. Since the substrate is unbiased, the gas-phase
grown charged clusters do not disintegrate upon land-
ing, and the film contains a notable amount of small
nanocrystallites, which is quite similar to T36P. Under
such conditions, the surface temperature becomes
lower than necessary to form rutile crystals via ada-
tom migration about the surface (as was the case for

T03P). This lower surface temperature reduces the crit-
ical nucleate size for the anatase phase crystallization,
and it becomes possible to synthesize smaller anatase
crystals (as can be seen in case T0V). However, it is al-
ready not possible to grow the rutile crystals, as the
temperature is lower and the amount of supplied Ti
atoms and ions is approximately the same as in case
T12P.

In the T80W case, the gas pressure and substrate
bias are the same as in T12P, but the magnetron sput-
tering power is doubled from 40 to 80 W. In this case,
depicted in the bottom left drawing in Figure 9, the
plasma density substantially increases, as do the elec-
tron-impact ionization rates of argon, oxygen, and ti-
tanium species. Stronger fluxes of Arþ ions result in
the highest (among the five specimens of our interest
here) surface temperatures. This makes it possible to
significantly enhance the rates of surface diffusion,
and thus avoid piling-up of deposited building mate-
rial, as was the case under process conditions T12P.
This enhances the nucleation of islands on the surface
(Volmer–Weber growth mode in lattice mismatched
systems). If the island growth is unobstructed by pil-
ing up of undesired amorphous deposits, the result-
ing island size distribution is usually Gaussian-like.35

Therefore, in this case, there should be sufficient
number of nucleates of a suitably small size to act as
growth seeds of rutile crystallites. Thus, rutile nano-
crystals are also present in the film, similar to case
T03P. On the other hand, small charged nanoclusters
grown in the gas phase also break upon deposition,
as happens under the T12P process conditions. How-
ever, in this case, the surface temperature is already

Figure 9. Growth kinetics of TiO2 films in the plasma-assisted reactive magnetron sputtering deposition.
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high enough and there is a sufficient amount of
supercritical nucleates for the efficient adatom diffu-
sion-driven crystallization on the surface.

It is important to note that an excessive increase of
the bias should increase the likelihood of energetic-ion
induced disorder in the TiO2 films. Indeed, if the
energy of the impinging argon ions exceeds the lattice
cohesive energy, the crystalline structure can be dam-
aged and the films can become amorphous.28 This sit-
uation is depicted in the bottom right drawing in Fig-
ure 9. However, if the rates of crystallization are larger
than those of the crystalline structure damage, crystal-
line structures are still possible. Therefore, there is a
tradeoff between higher surface temperatures and
crystalline structure destruction caused by energetic
argon ions. Furthermore, heating of the surface to
9158C (by either applying a larger bias or an external
substrate heating) will result in the phase transforma-
tion of any existing anatase crystals into the more sta-
ble rutile form. Finally, we note that our observations
of structural and phase transformations in titania films
are consistent with the earlier report of Zeman et al.36

Effect of crystal size and phase composition
on biomimetic response of TiO2 films

We now comment on the roles of crystal size and
phase purity/composition in inducing bioactivity of
the titania films synthesized by the plasma-assisted
reactive magnetron sputtering deposition technique.
It is commonly believed that the existence of surface
hydroxyl (Ti-OH) groups is crucial for apatite precipi-
tation on the surfaces of titanium oxide films in the
SBF.7,8 After immersion in the SBF with neutral pH
(pH 7), acidic reaction instead of basic reaction domi-
nates on the surface of TiO2 film, since the acidic hydrox-
ides are deprotonated.14,37

Ti-OH ðacidic hydroxideÞ þH2O , ½Ti-O�� þH3O
þ

which results in an induced negative charge on the
TiO2 surface. The negatively charged Ti-OH� groups
serve as precipitation sites for positive calcium and
calcium oxide cations to form calcium titanate or cal-
cium titanate oxide. As a result of positive charge
buildup, the surface gradually becomes positively
charged. In turn, such positively charged surface
attracts negatively charged phosphate ions that com-
bine with calcium-bearing species to form amorphous
calcium phosphate with a low [Ca]/[P] ratio.6 It is
also commonly presumed that the amorphous
calcium phosphate formed as a result of surface
hydroxyl-induced precipitation, spontaneously trans-
forms into bone-like apatite (which is essentially crys-
talline) by continuously consuming calcium and
phosphate ions in the SBF.6 Therefore, the existence
of Ti-OH groups on the surface is widely considered

to be the most essential prerequisite for successful
formation of all kinds of bioactive TiO2 films.6

For this reason, substantial research efforts were
focused on intentional grafting of Ti-OH groups onto
titania surfaces, for example, by sol–gel chemical
methods, heat treatment in water vapor, or hydrogen
plasma treatment.8,15,17 However, the existing nuclea-
tion models merely based on grafted Ti-OH groups do
not include any charge neutral pathways and also can-
not explain why amorphous TiO2 films produced by
existing wet methods do not show any significant bio-
mimetic response (there is generally a large amount of
Ti-OH groups on the surface of TiO2 films produced
by wet methods). None of these models shed any light
on how specifically and how fast the disordered amor-
phous precipitates transform into crystalline apatite to
stand a chance of mimicking natural bone apatites.
From a clinical application point of view, crystalliza-
tion should be induced instantaneously, without any
intermediate resorption frequently observed in in vitro
SBF tests, involving HA bioceramics.22

To single out the effect of crystal size and phase
composition on the bioactivity of TiO2 films, during
the synthesis stage, we intentionally avoided the for-
mation of Ti-OH surface groups, almost unavoidable
in wet chemical methods. Nevertheless, several sam-
ples exhibited a notable bioactivity in the SBF, as is
clearly seen in Figures 5, 6, and 7(a,c,e).

We emphasize that without the interference from
Ti-OH surface groups grafted during the film synthe-
sis stage one can unambiguously investigate the effect
of crystal size and phase composition on the bioactiv-
ity of the deposited TiO2 films. In this study, we man-
aged to synthesize five remarkably different samples.
Two of them are purely anatase and contain nano-
crystals of different sizes (T36P and T0V). Sample
T03P is a phase-pure rutile, whereas sample T80W is
a mixture of rutile and anatase phases. Finally, sample
T12P is amorphous. We recall that the best biomimetic
response was generated by the purely anatase samples
T36P and T0V [Fig. 7(a,c)]. Interestingly, the TiO2 sur-
face coverage by the apatite material is higher in the
T0V case [Fig. 7(a)], when the estimated anatase nano-
crystal size is smaller (*6.8 nm). On the other hand,
the film thickness and surface morphology feature
sizes are larger under process conditions T36P. This
observation can be explained in two aspects.

First, with the decrease of crystal size, there are
more crystal boundaries, defects, and monoatomic
terraces that can serve as sites for the apatite nuclea-
tion and subsequent crystallization in the SBF. Latti-
ces of smaller crystals are strained and are generally
more energetically favorable for new building units
to insert and recrystallize in the existing crystal struc-
ture. However, it is more difficult to insert into larger
crystals with established and strain-relaxed lattices.
This can be the reason why (nucleation-site-free) sin-
gle-crystalline anatase exhibits no bioactivity.7,38
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Second, the lattice match (both lattice parameters and
orientation) is an important factor that controls epitaxial
growth and recrystallization of apatite crystals from ini-
tial nucleation sites on TiO2 surfaces.

10,12,13,18 When the
crystallinity is low and the nanocrystal size is small,
the mutual disorientation of the apatite and titania lat-
tices increases, mostly because of the higher structural
disorder on the surface. This disorder is highest in
amorphous titania, featuring chaotically oriented lat-
tice nanofragments. Moreover, the surface strain be-
comes so irregular, so that the Volmer–Weber mecha-
nism applicable to the crystal growth in lattice-mis-
matched crystalline systems can no longer sustain the
apatite crystallization. This explains, in part, why
amorphous TiO2 layers always fail to induce any apa-
tite formation during immersion in the SBF, which can
be seen in Figure 7(d) and was reported elsewhere.10-13

Therefore, there is a tradeoff between crystal size, sur-
face defects, and structural disorder of anatase TiO2

films to induce the best in vitro biomimetic response.
Our results also suggest that the phase purity of the

titania films is an important element in sustaining the
required apatite precipitation. Indeed, the phase-mixed
TiO2 film of specimen T80W did not induce any signifi-
cant apatite ingrowth. This observation can be inter-
preted, in part, in terms of an increased structural disor-
der on the surfaces of phase-mixed systems. However,
it still remains unclear as to why the apatite does not
follow the polynanocrystalline growth scenario peculiar
to the mixed-phase anatase/rutile film of sample T80W.

Although only a little apatite formation was ob-
served after the 7-day soaking of sample T03P in SBF,
this observation does not necessarily indicate the con-
clusion that the biomimetic response of rutile phase is
worse than that of the anatase phase, as several exist-
ing reports suggest. Perhaps, it is the very small
nanocrystal size (*3.8 nm) of film T03P that led to
such weak biomimetic response. From our point of
view, only when the crystal size of the studied TiO2

films is similar and the interference of initial Ti-OH
groups on their surface is excluded, it is possible for
researchers to compare biomimetic responses between
anatase phase and rutile phase not only in vitro but
also in vivo.

Finally, our experiments did not reveal any appa-
rent relationship between in vitro bioactivity in the
SBF on one hand and surface roughness and water
contact angle (Fig. 4) on the other. It is worthwhile
to mention that surface roughness as well as surface
wettability have been found to have a significant
influence on in vitro bioactivity of the TiO2 films with
amorphous structure in our previous work.39 The
observation in this work is reasonable if one notes
that the wettability of all the samples in this experi-
ment is approximately the same and their in vitro
bioactivity is more likely to be controlled by other
important factors such as nanocrystal size and phase
purity.

CONCLUSIONS

In this study, by using an advanced plasma-
assisted DC magnetron sputtering deposition on un-
heated substrates, TiO2 films, free of surface hydroxyl
groups, could be fabricated with different nanocrystal
size and anatase/rutile phase composition. By using
the plasma-building unit approach, one can explain
the growth kinetics of the films with the required
crystal size and phase purity, and select appropriate
sets of process parameters. For example, by increasing
the working gas pressure from 0.3 to 3.6 Pa, it is possi-
ble to switch the process output from the pure-phase
ultrananocrystalline rutile to pure-phase nanocrystal-
line anatase.

By analyzing the biomimetic responses of all of the
specimens in the SBF environment, we have presented
evidence that phase-pure anatase films feature the best
biomimetic response, which is evidenced by the pro-
nounced apatite precipitation, nucleation, and crystal-
lization in the SBF, and also depends on the TiO2

nanocrystal size. Bioactive responses of mixed-phase
anatase/rutile and ultrananocrystalline rutile appear
to be weaker. Furthermore, since neither amorphous
nor single-crystalline anatase can induce the apatite
formation in the SBF, we conclude that high phase pu-
rity and structural order, and also optimum nanocrys-
tal size and surface density of nucleation sites appear
to be the essential requirements for efficient apatite
crystallization on magnetron plasma-fabricated bioac-
tive titania coatings.

In this experiment, all the TiO2 films produced by re-
active magnetron sputtering have almost no initial
hydroxyl groups on their surfaces, but several of them
still exhibit intense biomimetic response in SBF. There-
fore, we can speculate that the existence of initial
hydroxyl groups on the surface may not be the main de-
cisive factor in inducing the positive bioactive response
of biocompatible titania films, as is commonly believed.

Finally, we emphasize that dry plasma-based meth-
ods have several unique advantages over most of con-
ventional wet chemical methods: (1) Without interfer-
ence from initial surface hydroxyl groups that are
almost unavoidable in most of the wet processes in
particular, researchers can study more easily the effect
of crystal structure (such as crystal size and phase
composition) of the TiO2 films on their bioactivity
not only in vitro but also in vivo; (2) In the plasma pro-
cess, researchers can deposit TiO2 films with a wide
range of crystal size and phase composition by control
of a series of process parameters, such as deposition
power, total pressure, oxygen partial pressure, sub-
strate bias voltage, distance between substrate and ti-
tanium target, and so forth. (3) Since the deposition
can be operated at room temperature without sub-
strate heating or postannealing through the use of
plasma-based methods, it becomes possible to coat
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bioactive TiO2 films on many kinds of temperature-
sensitive materials. This can boost the interest of the
R&D community and biomedical industry toward the
plasma-assisted fabrication of biomaterials, in particu-
lar, temperature-sensitive and cost-efficient materials
such as polymers and plastics.

The assistance of the analysis and measurement unit of
Shanghai Jiao Tong University in the AFM, FTIR, and SEM
analysis is gratefully acknowledged.
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