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Abstract
This paper reports the important role of energetic particle bombardment in
achieving low temperature deposition of nanocrystalline TiO2 films by
reactive DC magnetron sputtering of Ti targets in a mixture of argon and
oxygen. In this work, we studied the effect of particle bombardment in the
film deposition process by control of external processing parameters,
including total pressure Pt and negative substrate bias Vb. The result shows
that the variation of energetic particle bombardment has a significant impact
on substrate temperature, crystal structure, surface morphology and
refractive index n of deposited TiO2 films and we believe the process of
non-equilibrium atomic scale heating caused by energetic particle
bombardment is the main reason for the nanocrystal formation at low
temperature (below 75 ◦C).

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Titanium oxide (TiO2) is one of the most extensively studied
metal-oxide materials, which possesses three distinct crystal
structures in bulk form: anatase (tetragonal), rutile (tetragonal)
and brookite (orthorhombic). In contrast to amorphous TiO2,
crystalline TiO2 with anatase or rutile phase has attracted a
lot of research interest due to its photocatalytic and photo-
induced hydrophilic properties, which lead to various practical
applications such as selective synthesis of organic compounds,
removal of organic and inorganic pollutants, photokilling
of pathogenic organisms, self-cleaning and anti-fogging
functions [1–3]. It is worthwhile to mention that although both
the anatase and the rutile phase can be used as photocatalyst, the
anatase structure exhibits greater photoreactivity in most cases
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probably due to its higher Fermi level, lower capacity to adsorb
oxygen and higher degree of hydroxylation [1]. Moreover,
since the last decade, much attention has been paid to the study
of biomedical properties of TiO2, and it has been found that
crystalline TiO2 with a proper crystal structure can induce a
better bio-response than amorphous TiO2 both in vitro and
in vivo [4–6].

To fabricate crystalline TiO2 thin films, several methods
have been applied, such as wet chemical approaches, chemical
vapour deposition, electron beam evaporation, pulsed laser
deposition, molecular beam epitaxy and DC/RF magnetron
sputtering [7–13]. However, for most depositions, a high
temperature (above 300 ◦C) by the use of substrate heating
or post-annealing is generally required for the growth of
anatase or rutile TiO2 thin films instead of amorphous films.
Therefore, more recent research activities have focused on
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Table 1. Summary of deposition conditions of TiO2 films.

Samples Deposition conditions

Total Oxygen partial Substrate Discharge Discharge Deposition Film
pressure pressure bias voltage current time thickness

Samples Pt (Pa) (Pa) Vb (V) Vd (V) Id (A) (h) (nm)

P03B0 0.3 0.028 0 378 0.106 2 60.9
P03B50 0.3 0.028 −50 378 0.106 2 62.0
P03B100 0.3 0.028 −100 378 0.106 2 62.3
P12B0 1.2 0.10 0 317 0.126 4 71.5
P12B50 1.2 0.10 −50 317 0.126 4 69.1
P12B100 1.2 0.10 −100 317 0.126 4 74.4
P36B0 3.6 0.29 0 304 0.132 7 73.9
P36B50 3.6 0.29 −50 304 0.132 7 76.9
P36B100 3.6 0.29 −100 304 0.132 7 78.1

achieving low temperature deposition of crystalline TiO2 thin
films so as to extend the current applications of crystalline
TiO2 coatings to thermal-sensitive substrates such as plastics
[14–21]. And nowadays there are two main streams of
fabrication methods promising for this technique purpose, such
as wet chemical approaches [14, 15] and RF/DC magnetron
sputtering [16–21]. Compared with wet chemical methods,
RF/DC magnetron sputtering has the following advantages:
good adhesion of deposited films on substrates, high density
and homogeneousness of deposited films and scalability to
large areas for industrial purposes (up to 3 × 6 m2) [22]. As
for the difference between RF and DC magnetron modes, it
is important to note that compared with RF discharge the
plasma density in front of the substrate is significantly lower
for DC discharge due to the fact that electrons act near the
anode (substrate) instead of the cathode (target) during the
positive half-cycle of the RF field. And thus the thermal load
of substrates is much lower for DC than for RF sputtering at
constant power [22]. Therefore, DC magnetron sputtering is
advantageous over RF magnetron sputtering for the purpose of
low temperature deposition of thin films.

The aim of this work is to deposit nanocrystalline TiO2

films at low temperature (less than 75 ◦C) by reactive DC
magnetron sputtering. The external processing parameters,
including substrate bias and total pressure, were adjusted to
study the impact of energetic particle bombardment on the
nanocrystal formation of deposited TiO2 films. It has recently
been reported that reactive sputtering of a titanium target at
a high O2/Ar flow rate ratio or at pure oxygen atmosphere is
important for low temperature deposition of crystalline TiO2

films [17, 18]. But our work indicates that with control of
energetic particle bombardment it is entirely possible to deposit
nanocrystalline TiO2films even at a low O2/Ar flow rate ratio
without substrate heating or post-annealing.

2. Experiment

This experiment was carried out in a magnetron sputtering
system equipped with a DC generator. Details regarding
the deposition equipment used in this work were published
elsewhere [23]. Polished Si(1 1 1) wafers had been used
as substrates for depositing the TiO2 films. Prior to
deposition, the substrates were ultrasonically cleaned in
acetone, followed by ethanol and, finally, de-ionized water

for 15 min respectively, and dried thereafter. The TiO2

films were grown by the reactive DC magnetron sputtering
technique without any external substrate heating. Substrates
were mounted on a water-cooled substrate stage. The distance
between the sputtering target and the deposition substrates was
90 mm. The purity of the titanium target (FHR Anlagenbau
GmbH) of 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.
The deposition power density in this work was fixed at 40 W,
corresponding to 1.4 W cm−2. 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, and the O2 and Ar flow rates were maintained
at 5 sccm and 30 sccm respectively by the use of mass flow
controllers. The total pressure Pt in the vacuum chamber
was measured by a compact process ion gauge (IRM265,
Pfeiffer Vacuum). In this work, we select total pressure Pt

and negative substrate bias Vb as external process parameters
to influence the energetic particle bombardment on the surface
of growing TiO2 films. Table 1 details the process conditions
specific to each of the samples. Film thickness measured by
spectroscopic ellipsometry was in the range 60–80 nm. In
this experiment, the deposition was operated in the reactive
sputtering mode with a much lower deposition rate (less than
6 Å min−1) compared with the deposition rate in the metallic
sputtering mode (more than 40 Å min−1) at similar conditions
(except for a different oxygen partial pressure).

Although there was no intentional substrate heating in
this experiment, the temperature of the substrate gradually
increased and became stable after 10–20 min deposition due
to the energetic particle (electrons, atoms, ions, molecules
and even clusters) bombardment on the surface of the
substrate during sputtering. In this experiment, the substrate
temperature Tsub was measured by a temperature indicating
strip. To avoid contamination in the vacuum system, the
temperature indicating strips with wax materials on their
surface were pasted on the back side of the silicon substrate.
So the temperature measured in our experiment is the substrate
temperature instead of the substrate surface temperature.
Fortunately, according to Fourier’s law of heat conduction,
H/�S = −κ(dT/dz), we can estimate the temperature
difference between the front face and the back face of the
substrate. For our experiment (κsilicon ≈ 149 W m−1 K−1,
H/�S < 1.4 W m−2, dz ≈ 0.01 m), the temperature
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Figure 1. Dependence of substrate temperature Tsub on substrate bias Vb at different total pressures Pt by DC reactive magnetron sputtering.

difference between the two sides of the silicon substrate was
very small and thus can be neglected.

For crystalline structure analysis, the XRD pattern was
performed on a Rigaku diffractometer (D/max 2550VB/PC)
in a grazing incidence mode with CuKα radiation, and it was
operated at 40 kV, 300 mA with a grazing incidence angle of
0.9◦ and with a scanning speed of 8◦ min−1 at 2θ steps of
0.020◦. The average sizes of the anatase and rutile crystallites
were estimated according to Scherrer’s equation [24].

The morphology of the outermost surface layer was
studied by means of atomic force microscopy in a tapping
mode (AFM, Nanoscope® III). The root-mean-square (RMS)
roughness of the surface was calculated from AFM scans over
substrate areas of 1 × 1 µm, and the RMS roughness was
calculated three times at a different spot for each sample.

The refractive index of different samples was examined
by variable angle spectroscopic ellipsometry (VASE) at two
different incidence angles (70◦ and 75◦) with a spectral range
of 400–1200 nm. Then the measured data were fitted to the
Sellemier model [25] in the transparent region. And the
deposition rate for each sample was calculated from the film
thickness, which was obtained by SE measurements as fitting
parameter.

3. Results and discussion

3.1. Substrate temperature and deposition rate

In this experiment, the TiO2 films were deposited by reactive
magnetron sputtering without intentional substrate heating,
and figure 1 shows the substrate temperature Tsub for TiO2 films
deposited at different total pressure Pt and different substrate
bias Vb. It can be seen that all TiO2 films studied in this
experiment were deposited at low temperatures (below 75 ◦C).
Furthermore, it is also very interesting to find that substrate
bias Vb shows different impacts on substrate temperature Tsub

at different total pressure Pt . For the TiO2 films deposited at
0.3 Pa (figure 1(a)), an increase in Vb from 0 to −50 V led to a
significant decrease in Tsub from 67.5 to 57.5 ◦C, but a further
increase in Vb from −50 to −100 V made the Tsub increase
from 57.5 to 62.5 ◦C. For the TiO2 films deposited at 1.2 Pa
(figure 1(b)), an increase in Vb from 0 to −50 V did not lead
to a change in Tsub (62.5 ◦C), but a further increase in Vb to

Figure 2. Schematic diagram of a reactive DC magnetron sputtering
configuration with an illustration of potential distribution in it (after
Ellmer [22]).

−100 V caused the Tsub to increase to 67.5 ◦C. The pattern of
the effect of Vb on Tsub changed again when the films were
deposited at 3.6 Pa (figure 1(c)), since the increase in Vb led to
a continuous increase in Tsub from 57.5 to 62.5 ◦C and finally
to 67.5 ◦C.

The different response of substrate temperature Tsub to the
increase in substrate bias Vb at different total pressures, as
described above, reflects some fundamental differences in the
plasma process. As shown in figure 2, the substrate surface was
heated by impinging particles such as the sputtered particles
from target (including atomic Ti, molecular TiO, molecular
TiO2 and some small clusters), positive ions driven by negative
substrate bias (including Ar+, O+), energetic electrons and
negative ions (O−) with enough energy to surmount the
negative potential barrier in front of the substrate and energetic
neutrals reflected from the target (including atomic Ar and O).
When the substrate bias Vb is applied or increased, the positive
ions bombardment on the substrate surface would be enhanced,
but at the same time more electrons and negative ions would
be kept away from the substrate. Thus the response of Tsub

to Vb would be determined by the tradeoff of the above two
aspects. In our experiment, when the films were deposited
with zero substrate bias (0 V) at low pressure (0.3 Pa), both the
electrons and the negative ions suffered fewer collisions due to
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a larger mean free path and thus a lot of electrons and negative
ions could maintain enough kinetic energy to surmount the
potential barrier in front of the substrate. When a negative
substrate bias Vb (−50 V) was applied at low pressure (0.3 Pa),
the electron and negative ion flux to the substrate was cut off
at once. Since the increase in the positive ion flux driven by
negative bias was not large enough to make up for the loss of
substrate thermal load from the electron and negative ion flux,
the substrate temperature dropped by about 10 ◦C, as shown in
figure 1(a). But when Vb increased from −50 to −100 V, more
positive ions with larger impinging energy were driven to the
substrate and finally led to the increase in Tsub. The reason
for the phenomenon at 1.2 Pa is similar to that at 0.3 Pa. And
Tsub at 1.2 Pa did not change with the increase in Vb from 0 to
−50 V (as shown in figure 1(b)) because the plasma density
in front of the substrate increased at a higher Pt and thus the
positive ion flux driven by negative bias became large enough
to make up for the loss of thermal load from the electron and
negative ion flux. However, at a higher pressure (3.6 Pa), only

Figure 3. Dependence of the deposition rate on substrate bias Vb at
different total pressures Pt for the TiO2 films grown by DC reactive
magnetron sputtering.

Total Pressure Total Pressure Total Pressure

Figure 4. XRD patterns of the TiO2 films deposited at different total pressurePt and substrate bias voltage Vb.

a few electrons and negative ions could reach the substrate due
to the severe collisions on their way to it. So the thermal influx
brought by the electrons and the negative ions was negligible
and the increase in Vb just drove more positive ions to bombard
the substrate with larger energy, which led to the increase in
Tsub, as shown in figure 1(c).

As shown in figure 3, the deposition rate decreased
monotonously with the increase in total pressure Pt , while
the substrate bias Vb exhibited no significant influence on
the deposition rate. It can be seen from figure 2 that the
sputtered particles (including atomic Ti, molecular TiO and
TiO2) from the target have to pass through the plasma region
before reaching the substrates. Therefore, at a higher pressure,
the sputtered particles undergo more severe collisions with the
plasma species, which would randomize their directions and
then reduce the depositing flux to the substrate. This process
explains why the deposition rate decreased with the increase in
Pt . On the other hand, the fact that the deposition rate did not
show a significant response to the increase in Vb indicates that
the deposited films are mainly attributed to the neutral particles
influx to the substrate.

3.2. Crystal structures

Since the thicknesses of all the TiO2 films deposited by DC
reactive magnetron sputtering in this experiment were below
80 nm, the crystal structure of the films was examined by
grazing-incidence x-ray diffraction, as shown in figure 4. And
the values of the crystal sizes calculated from XRD data for
different samples were presented in figure 5(a).

It is shown in figure 4 that when the substrate bias Vb was
fixed at 0 V and the total pressure Pt increased from 0.3 to
3.6 Pa, the deposited films show a weak and wide diffraction
peak of R(1 1 0) with a slight trace of anatase phase from the
A(1 0 1) diffraction plane at 0.3 Pa (for sample P03B0), a weak
and wide diffraction peak of A(1 0 1) at 1.2 Pa (for sample
P12B0), and a weak but narrow peak of A(1 0 1) at 3.6 Pa
(for sample P36B0). The weak diffraction peak for the TiO2

films deposited at different Pt with a Vb of 0 V means that the
crystallinity of these samples (including P03B0, P12B0 and
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P36B0) was poor without sufficient ion bombardment driven
by Vb. At a low Pt (0.3 Pa), the mean free path (2.7 cm)
was comparable to the target–substrate distance (9 cm) in our
experiment, so the sputtered species could arrive at the target
with larger energy and thus enable the formation of a mixed
rutile/anatase structure (see figure 4(a)). It is worth mentioning
that the rutile phase has a much higher formation temperature
than the anatase phase. Since both the rutile (1 1 0) diffraction
peak and the anatase (1 0 1) peak are very wide, sample P03B0
was composed of a mixture of small rutile and anatase crystals
(less than 5 nm) and amorphous content. This means that even
if the sputtered species could arrive at the substrate without
suffering severe collisions at low total pressure, the energy
(normally in the range between 1 and 10 eV) transferred to
the growing film on the substrate by these species is not large
enough for the formation of highly crystallized TiO2 films with
large crystal size and little amorphous content. At a higher
Pt (1.2 Pa) with a Vb of 0 V, since the sputtered species from
the target lost a large part of their kinetic energy when they
arrived at the substrate due to more severe collisions in the
plasma, sample P12B0 was composed of a mixture of small
anatase crystals (less than 7 nm) and amorphous content (see
figure 4(b)). It is interesting to find that a weak but narrow
anatase (1 0 1) diffraction peak could be seen for sample P36B0
(figure 4(c)). This means that in spite of the fact that the amount
of crystalline content is low and the film was mainly composed
of amorphous content at a high Pt (3.6 Pa) with a Vb of 0 V,
a few of the large anatase crystals (about 22 nm) formed in
sample P36B0. This phenomenon can be explained by the fact
that a few of the clusters could be formed in a dense plasma
due to severe collisions [26], such as a three-body collision
between two sputtered particles and an argon atom. And when
these clusters arrived at the substrate they would exhibit as good
nucleation sites for crystal formation. Such a phenomenon has
been reported in [21, 27].

It can also be seen in figure 4 that the effect of Vb on the
crystal structure of the deposited films was different at different
total pressure Pt . At a low Pt(0.3 Pa), the increase in Vb from 0
to −50 V and from −50 to −100 V did not show any significant
impact on the crystal structure of the deposited films (sample
P03B50 and P03B100), as seen from figure 4(a). Since the
plasma in front of the substrate is very dilute at a low Pt , the
number of positive ions (including Ar+, O+) driven by the bias
to impinge on the substrate is not sufficient to maintain the
transition from the amorphous to the well-crystallized anatase
or rutile structure.

At a higher total pressure Pt (1.2 Pa), when Vb increased
from 0 to −50 V, the film changed from a low-crystalline
anatase structure mixed with a large amount of amorphous
content to a mainly anatase structure characterized by anatase
diffraction peaks from the A(1 0 1), A(0 0 4), A(2 0 0), A(2 0 4)
planes with a slight trace of rutile phase from the R(2 1 1)
diffraction peak, as seen from figure 4(b). Since the A(1 0 1)
diffraction was much more intense than the diffraction from
the other planes, the A(1 0 1) orientation growth was preferred
for sample P12B50 with an average crystal size of 15.3 nm. As
shown in figure 1(b), at a total pressure Pt of 1.2 Pa, the film
deposited at −50 V had a low substrate temperature (62.5 ◦C)
but still possessed the best crystallinity. So the nanocrystal
formation was not a result of high substrate temperature but of

Figure 5. Dependence of (a) crystal size (b) surface roughness
(RMS) of deposited TiO2 films on substrate bias Vb at different total
pressures Pt . The crystal size was calculated from the XRD peak
R(1 1 0) for the samples deposited at 0.3 Pa and from the XRD peak
A(1 0 1) for samples deposited at 1.2 and 3.6 Pa.

ion bombardment driven by substrate bias Vb. When a Vb of
−50 V was applied, the energy transferred by the bombarding
particles was large enough (about 50 eV) to lead to non-
equilibrium atomic scale heating on the surface of the growing
film—the atoms around the sites of the bombardment would
move as if they were at a very high temperature but suddenly
cool at rates up to 1014 K s−1 [28]. This non-equilibrium
process offers the possibility of fabricating nanocrystalline
TiO2 films at a fairly low substrate temperature. However,
on further increase in Vb from −50 to −100 V at 1.2 Pa,
no diffraction peaks were detected in sample P12B100 (see
figure 4(b)). This transition from a nanocrystalline structure
to an amorphous structure at a high Vb (−100 V) was a
result of high-energy ion bombardment, which led to the
destruction of the lattice structure near the surface of the
growing film. Furthermore, channelling processes can carry
the lattice destruction effect deeply under the surface.

At a high total pressure Pt (3.6 Pa), the increase in Vb from
0 to −50 V led to the transition from an anatase/amorphous
mixed structure to a mainly anatase structure characterized by
anatase diffraction peaks from the A(1 0 1), A(0 0 4), A(2 0 0),
A(2 1 1), A(2 0 4) and A(2 2 0) planes with a slight trace of
rutile phase from the R(1 1 1) diffraction peak, as seen from
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Figure 6. 2D (1 × 1 µm) AFM images of surface morphology of TiO2 films deposited at different total pressure Pt and different substrate
bias voltage Vb.

figure 4(c). On further increase from −50 to −100 V, it
was shown that no fundamental changes in film structure
happened instead of the fact that a rutile (1 1 1) and an anatase
(2 2 0) peak disappeared and the intensity of the predominant
A(1 0 1) diffraction peak became weaker. Since the substrate
temperature in the process of depositing these two samples
was below 70 ◦C, it is clear that the nanocrystal formation
for samples P36B50 and P36B100 was also attributable to
non-equilibrium atomic heating caused by bias-driven ion
bombardment. And the reason why obvious film damage
did not happen for sample P36B100 with the same value of
substrate bias (−100 V) as sample P12B100 can be explained
by the fact that very few positive ions could bombard the
substrate with full bias voltage at a high Pt (3.6 Pa) due to
the intensive collisions.

3.3. Surface morphology

Figure 6 shows 2D (1 × 1 µm) AFM images of the surface
morphology of TiO2 films deposited at different total pressure
Pt and substrate bias Vb. And the values of surface roughness
(RMS) measured by AFM for different samples were presented
in figure 5(b).

As shown in the first column of figure 6, when the films
were deposited at a low Pt(0.3 Pa), it seems that the application
of and increase in substrate bias Vb did not have any obvious
impact on the surface morphology of the deposited films.
Such an AFM result is in good accord with the result from
the XRD measurement, as seen in figure 4(a). Samples
P03B0, P03B50 and P03B100 shared a sieve-like surface
morphology with holes or wells scattered all around. On
close inspection, it could be found that the film was densely
compacted by small clusters with sizes ranging between 5 and
20 nm. The surface was noticeably flat with surface height in
a range of less than 8 nm and with surface roughness (RMS) of
1.06 nm. Two factors contributed to the formation of the flat
surface morphology for the films deposited at 0.3 Pa: first, the
rutile/anatase crystals grown in the films were small (less than
5 nm), as shown in figure 5(a); second, the sputtered species
undergoing fewer collisions at a low Pt had a higher impinging
energy and thus had a higher surface mobility when they were
deposited on the substrates.

When the TiO2 films were deposited at 1.2 Pa, it can be
seen in the second column of figure 6 that the films had different
surface morphologies at different substrate bias Vb. Deposited
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with a Vb of 0 V, sample P12B0 had a surface roughness (RMS)
of 1.22 nm, and the surface was composed of spherical particles
in a range between 15 and 40 nm. As Vb was increased
to −50 V, the surface roughness (RMS) of sample P12B50
increased to 1.6 nm. And the size of the spherical particles on
its surface had a wider range from 10 to 55 nm. Moreover, in
the AFM image of sample P12B50, we can see the coalescence
of small particles to form big particles. This phenomenon
reflects the dynamic process of crystalline film formation,
which was enhanced by non-equilibrium atomic scale heating
due to the energetic ion bombardment. On further increase
in Vb to −100 V, the surface roughness (RMS) of amorphous
sample P12B100 decreased to only 0.9 nm. And the sizes of the
spherical particles on its surface also decreased to a narrower
range from 10 to 30 nm. This effect is a result of the film
damage caused by too large bombarding energy of positive
ions (including Ar+ and O+) provided by a large substrate bias
Vb(−100 V).

When the films were deposited at 3.6 Pa, it can be seen
in the third column of figure 6 that no matter what Vb was
applied all the films (samples P36B0, P36B50 and P36B100)
had a much rougher surface morphology (roughness >2.2 nm)
with larger void spaces between the spherical particles on the
surface. However, the substrate bias still had an impact on
the surface morphology. With a Vb of 0 V, sample P36B0
had a surface where a few of the large particles (larger than
50 nm) scattered among a lot of small particles. These large
particles perhaps evolved from the deposited clusters that
were formed in the plasma at high pressure, as mentioned in
section 3.2. As Vb was increased to −50 V, the particles on the
surface of sample P36B50 became larger and more uniform.
Such a phenomenon can also be explained by the effect of
non-equilibrium atomic scale heating due to the energetic
ion bombardment which would enhance nucleation, particle
formation and coalescence processes on the surface. However,
on further increase in Vb from −50 to −100 V, the particles on
the surface of sample P36B100 became less uniform with a
wider size range from 20 to 50 nm. This means that when
the energy of bombarding ions became large enough, the large
momentum they transferred to the growing film would cause
lattice destruction, which is harmful for particle formation.

Figure 5 shows both crystal size and surface roughness
as a function of substrate bias Vb at different total pressure Pt

(the crystal size of amorphous sample P12B100 was defined
as 0 nm). For the thin films with thicknesses below 100 nm,
there is a positive relationship between crystal size and surface
roughness; that is, a larger crystal size led to a rougher surface
morphology.

3.4. Refractive index

Figure 7 shows the refractive index n of TiO2 films deposited
at different conditions, which was measured by spectroscopic
ellipsometry. It can be seen that the total pressure Pt has a more
significant influence on the value of the refractive index than
substrate bias Vb—the higher the total pressure Pt the lower
the value of the refractive index n. This phenomenon can be
attributed to the fact that at a lower Pt the sputtered species can
reach the substrate with higher energy and can thus deposit a
more compact film with a higher n.

Figure 7. Variation of refractive index n as a function of wavelength
for TiO2 films deposited at different total pressures Pt and different
substrate bias voltage Vb.

The effect of substrate bias Vb on refractive index n is
different at different total pressure Pt , as shown in figure 6. At
a low Pt (0.3 Pa), samples P03B0, P03B50 and P03B100 had
very similar values of n (in a range from 2.52 to 2.54 at 550 nm).
The weak response of n to Vb is due to the fact that the plasma at
a low Pt is dilute and thus the ion bombardment is too sparse to
have a significant influence on the growing film. At a higher Pt

(1.2 Pa), an increase in Vb from 0 to −50 V led to a significant
increase in n from 2.37 (at 550 nm for sample P12B0) to 2.45
(at 550 nm for sample P12B50). This phenomenon is a result
of ion bombardment driven by Vb. The energy transferred by
the impinging ions could heat the growing film in the atomic
scale, and thus was able to enhance the crystal formation, make
the film become more compact and thus increase the value of
n. However, when Vb increased from −50 to −100 V, the
refractive index decreased from 2.45 (at 550 nm for sample
P12B50) to 2.36 (at 550 nm for sample P12B100). In order
to explain this phenomenon, it is important to mention that
the substrate temperature Tsub is very low (below 75 ◦C) in
our experiment. So if the ion (mainly Ar+) bombardment was
too energetic, lattice destruction would be caused and a large
amount of normally insoluble gas atoms (mainly Ar) would
be introduced in the growing films. And the incorporation of
such normally insoluble gas atoms, which would lead to the
decrease in the refractive index n, can be partly attributed to the
high defect concentration (due to lattice destruction produced
at high Vb) which traps mobile species [29]. At a high Pt

(3.6 Pa), an increase in Vb from 0 to −50 V led to a moderate
increase in n from 2.19 (at 550 nm for sample P36B0) to 2.21
(at 550 nm for sample P36B50). When Vb increased from
−50 to −100 V, the refractive index n decreased from 2.21
(at 550 nm for sample P12B50) to 2.20 (at 550 nm for sample
P12B100). It can be found that the response of n to Vb at
3.6 Pa is similar to that at 1.2 Pa in spite of the fact that the
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response became much weaker. This is because the intensive
collisions at a high total pressure (3.6 Pa) made it impossible
for the positive ions to bombard the substrate with full bias
voltage and thus the influence of Vb at a higher Pt (3.6) is more
limited compared with that at a lower Pt (1.2 Pa).

4. Conclusions

In this study, we have demonstrated that total pressure
Pt and substrate bias Vb are two vital external processing
parameters which have a direct influence on the energy and
the number of particles (including electrons, negative ions,
positive ions and sputtered species) bombarding the substrate.
By considering the effect of particle bombardment (including
electron bombardment and ion bombardment), we successfully
explained the variation of substrate temperature at different
total pressure with different substrate bias. Moreover, it
is shown that there is a parameter window to achieve low
temperature (below 75 ◦C) deposition of nanocrystalline TiO2

films by reactive DC magnetron sputtering. At a low Pt

(0.3 Pa), since the plasma in front of the substrate was dilute,
the application of Vb failed to drive sufficient ions to bombard
the substrate and thus did not have a significant impact on
crystal structure, surface morphology and refractive index n of
the deposited TiO2 films. When Pt was increased to 1.2 Pa,
the plasma in front of the substrate became denser and an
application of moderate Vb (−50 V) led to the formation of
nanocrystalline TiO2 film (with rougher surface and increasing
refractive index) by non-equilibrium atomic scale heating
due to the energetic ion bombardment. But when Vb was
further increased to −100 V, the ion bombardment became so
energetic that the deposited film transited to an amorphous
structure (with decreasing surface roughness and refractive
index n) due to lattice destruction and gas incorporation in
the growing film. At a high Pt (3.6 Pa), the response of crystal
structure, surface morphology and refractive index n of the
deposited films to substrate bias Vb is similar to the situation at
1.2 Pa, but the response became weaker due to the fact that the
intensive collisions at a denser plasma made it impossible for
the positive ions to impinge the substrate with full bias voltage.
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