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The role of energetic ion bombardment during growth of TiO2

thin films by reactive sputtering

A. Amin, D. Köhl, M. Wuttig1

I. Institute of Physics (IA), RWTH Aachen University, D-52056 Aachen, Germany

Abstract. TiO2 thin films have been deposited by several different sputtering processes: i) dc
Magnetron Sputtering (dcMS) employing various geometrical conditions, ii) Ion-Assisted dc
Magnetron Sputtering (IAS) where additional ion bombardment of the growing films was
performed with an auxiliary ECR ion source and iii) High Power Impulse Magnetron
Sputtering (HiPIMS). Films have been investigated mainly by grazing incidence X-ray
diffraction and atomic force microscopy. It is shown that the highly energetic oxygen ions
inherent in reactive sputtering of metal oxides are the dominant energetic species governing
structure formation of TiO2 films by their kinetic impact. The trajectories of these energetic
oxygen ions strongly depend on the shape of the erosion trace and hence on the age of the
target, which therefore has a strong influence on structure formation. Furthermore, in a
HiPIMS discharge the role of this energetic oxygen ion bombardment is strongly intensified
due to the increased target voltage and the lower deposition rate compared to a dcMS
discharge. It is also demonstrated that films with pure rutile structure which are stable under
a post-deposition thermal treatment can be deposited under intense energetic ion
bombardment at low temperatures either by HiPIMS at high peak power densities or by ion-
assisted dcMS.

PACS 81.15.Cd, 81.15.Jj, 68.55.ag

1. Introduction
Upon sputter deposition of TiO2, the resulting thin films generally exhibit two crystalline structures, anatase
and rutile [1]. These phases are well distinguishable in terms of their physical properties. For example, the
rutile phase is known for its comparatively high mass density (4.23 g/cm3) [2] and, in comparison to other
common metal oxides, high refractive index of up to 2.75 at 589 nm [2]. The anatase phase in turn is
characterized by a very pronounced photocatalytic activity [3,4] in combination with small water contact
angles (hydrophilicity). Consequently, in a wide range of industrial applications different crystalline
modifications of TiO2 are required to meet the needs of the specific application. As an example, anatase TiO2

is applied to fabricate self-cleaning [4,5] or antibacterial surfaces [4]. Optical coatings also profit from the
wetting behaviour of the film which results in an anti-fogging effect [4]. Applications for the rutile structure
comprise e.g. the fabrication of antireflective coatings [6,7,8]. It is evident that the precise control of the film
structure is a key requirement to tailor the performance of the film for the targeted application. Therefore,
structure control presently constitutes one of the main challenges in the design of adequate coating processes.
A variety of deposition techniques such as sol-gel processes [9], chemical vapour deposition [10],
evaporation [11], sputter deposition [16,19] and ion beam assisted deposition [12,13] have already been
employed to deposit TiO2 thin films. Among these techniques sputter deposition is favoured by the large area
coating industry because of the excellent scalability of the process. Especially during the last decade
significant endeavours have been made to understand the structure formation of sputtered TiO2 thin films.
These efforts were mainly driven by the interest to apply such films as photocatalysts. Special emphasis has
been put on understanding the correlation between process parameters and the formation of the anatase and
rutile crystalline phases in thin films. Consequently, a large number of studies have been published that
investigate structure formation as a function of various deposition parameters such as e.g. total pressure,
oxygen partial pressure, substrate temperature, deposition rate, film thickness, magnetron configuration and
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electrical discharge properties including the ion bombardment of the substrate. Furthermore, different
magnetron sputtering types such as dcMS [14-18], RFMS [18-25], pulsed unipolar & bipolar MS [26-33] and
HiPIMS [34-37] have been utilized. Regarding the influence of deposition parameters on structure formation
there is a consensus throughout most publications that energetic particle bombardment is one of the most
important parameters governing phase formation. However, there does not seem to be a consensus about the
bombarding species, their required energies and finally about the exact mechanism by which phase formation
is triggered as a function of bombardment. Moreover, most studies even ignore the role of highly energetic
negatively charged oxygen ions. Although the marked influence of negative oxygen ion bombardment
inherent in the sputter discharge has been shown already for a variety of materials [cf e.g. 38-43], it is often
disregarded in the structure formation of sputtered TiO2 films. Instead, many authors conclude that low
energy ion bombardment due to positive ions accelerated by the differences in plasma and substrate
potentials is the main contributor to phase formation. On the other hand, several investigations of deposition
processes different from sputtering exist that clearly show the importance of the high energy ion
bombardment on TiO2 structure formation. Amongst these studies are investigations of oxygen ion assisted
evaporation of TiO2 [44], ion beam dynamic mixing [45] and reactive ion cluster beam evaporation [46,47]
which have in common a strong energetic ion bombardment of the growing films. In contrast, other
techniques such as electron beam [18,48] and vacuum arc plasma evaporation [49] typically lack strong
energetic particle bombardment. Hence, comparing the resulting film structure if methods of deposition are
chosen where the energetic bombardment is either pronounced or very low enables the conclusion that, if the
films are crystalline, anatase films are grown without intense ion bombardment, while strong ion
bombardment promotes the growth of the rutile phase. However, only very few studies exist on sputtering of
TiO2 that discuss the existence of highly energetic oxygen ions created at the sputter target surface and their
possible influence on film properties [e.g. 18,25,34]. Therefore, it is our main goal to demonstrate

i) the influence of energetic ion bombardment (i.e. with energies significantly larger than typical
plasma potentials) and to show that it is responsible for the effects that are often attributed to low
energy bombardment,

ii) that there are distinct fingerprints in the properties of reactively sputtered TiO2 films which provide
both an unambiguous proof for the existence of highly energetic negative ions and clarify the
influence of these particles on film properties and

iii) that the action of these negative oxygen ions can be controlled to yield desired film properties by
means of e.g. ion-assisted reactive dc magnetron sputtering, tailoring of target or chamber geometry
and High Power Impulse Magnetron Sputtering (HiPIMS).

To achieve this goal, we first investigate the properties of TiO2 films fabricated in the IAS process under
additional tailored ion bombardment. From these experiments we deduce the typical fingerprints of the
influence of energetic ion bombardment on structure formation. This allows for identifying the possible
action of energetic particle bombardment in the dcMS and HiPIMS processes. Unambiguous proof that O- is
the dominant bombarding species in these processes is possible since the existence of these ions in reactive
sputter processes has been confirmed and their impact on the structure formation in reactive sputter processes
has been investigated for a variety of materials. It was first proven by Tominaga and co-workers by utilizing
time-of-flight measurements during sputtering of ZnO that oxygen ions with energies equivalent to
approximately the full cathode potential [50] strongly influence structure formation [51]. These ions are
created at the target surface from collisions with the sputtering species. A possible formation mechanism is
discussed in [52] and implies a correlation between the emission yield of negative oxygen ions and
secondary electrons. This correlation has been shown in a comprehensive investigation of oxygen ion
energies and emission intensities for a large variety of sputtered metal oxides by utilizing energy-resolved
mass spectrometry [53]. The existence of highly energetic negative oxygen ions for sputtering group IV
transition metal oxides has been demonstrated for Ti [54], Zr and Hf [40] where in the latter case it has also
been shown that the emission intensity is strong compared e.g. to group V transition metal oxides. The strong
influence of energetic oxygen ion bombardment on structure formation has been demonstrated e.g. for ZrO2

[39,55]. Interpreting the results summarized in [53] there seems to be a trend that oxygen ion emission is
largest for alkali and alkaline earth metal oxides and decreases with increasing valence for the transition
metal oxides. Since Zn has a low valence of 2 this trend is also consistent with the fact that sputtered ZnO
films show strong damage due to energetic oxygen ion bombardment. For this material it was also
demonstrated that the trajectories of the negative oxygen ions are strongly governed by the geometry of the
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racetrack and therefore by the age of the target [38]. This is a consequence of the creation of these ions
directly at the target surface and the subsequent acceleration in the very narrow cathode sheath where the
electric potential gradient is almost perpendicular to the target surface even at the racetrack. Consequently,
this correlation between negative ion trajectories and the target profile is universally valid and not restricted
to ZnO. For this reason, any dependence of TiO2 film properties on the age of the target provides strong
evidence for an influence of energetic negative ion bombardment originating from the target surface.

2. Experimental procedure
TiO2 films have been deposited by ion-assisted dc Magnetron Sputtering (IAS), conventional dc Magnetron
Sputtering (dcMS) under different geometrical conditions and by High Power Impulse Magnetron Sputtering
(HiPIMS). Therefore, films have been fabricated in two different sputter deposition tools. One of the systems
is equipped with an auxiliary ECR ion source and enables simultaneous bombardment of the growing film
with ions during reactive sputter deposition. The details of the system have been described elsewhere
[56,57]. A metallic target of 76 mm in diameter was sputtered in a mixed Ar/O2 atmosphere. Low total
pressures of 0.3 to 0.4 Pa have been employed for film deposition to ensure appropriate conditions for
operation of the ion gun and a large mean free path for the ions produced. Discharge currents of 1.2 to 1.6
Amperes were used to compensate for the slightly increased target to substrate distance of 80 mm necessary
for the simultaneous bombardment. Investigations on the influence of racetrack and deposition geometry for
dcMS and the HiPIMS depositions were carried out in a second deposition system at typical working
pressures of 0.8 Pa at discharge currents of 0.9 to 1.2 Amperes and a target to substrate distance of 55 mm.
An Advanced Energy Pinnacle dc power supply (2 × 10 kW) was used for all depositions. One channel of
the supply is combined with a Melec SPIK 2000A pulser for the HiPIMS process. Both deposition tools are
equipped with identical magnetron cathodes to ensure comparability. Microscope glass slides were used as
substrates. The substrate temperature during deposition has not been measured for the specimens discussed.
However, the temperature of the shield between the cathode and the substrate stage was measured for the
standard TiO2 discharge conditions discussed above (900 mA, 0.8 Pa, 55 mm) and was found to saturate at
around 170 °C after about 3 hours in oxide mode. It is therefore expected that the substrate temperature is
lower or equal to this temperature depending on the deposition time. Oxygen partial pressures during
deposition were not recorded. However, after an upgrade of one of the deposition systems it was determined
that in a dcMS process at standard conditions (900 mA, 0.8 Pa) the partial pressure varies from
approximately 70 to 190 mPa if the oxygen flow is varied from low, i.e. close to the transition but in the
oxide mode, to high flows. The structural properties of the films were investigated by X-ray diffraction in
grazing incidence geometry (GI-XRD) at an angle of 0.7° utilizing a Philips X’Pert Pro MRD (45 kV, 40
mA) using CuKα radiation. The surface topography was investigated employing a DI Dimension 3100
Nanoscope atomic force microscope. All images shown in this work have been post-processed with a 5 × 5
convolution matrix to enhance surface corrugation. The thickness of the investigated films was derived from
simulations of both X-ray reflectometry spectra and optical measurements. Therefore ellipsometry spectra
were recorded in the range of 0.73 to 5.13 eV with a Woollam M-2000UI variable angle spectroscopic
ellipsometer. Reflectance and transmittance spectra were measured in the range of 1.13 to 6.53 eV using a
Perkin Elmer Lambda 25 UV-VIS spectrometer. The optical spectra have been modelled using a parametric
description (OJL model) of the dielectric function [58], employing the Scout software [59]. 
 
3. Results
3.1. Ion-assisted reactive dc magnetron sputtering
Ion bombardment can influence film growth by a variety of different mechanisms. Preferential damage of
specifically oriented grains for example would strongly depend on the angle of incidence and the texture of
the film. The energy and inertia of the bombarding species should generally determine the balance between
implantation, densification and sputtering effects. Even chemical reactions can occur if a reactive ion species
is used such as in the case of oxygen ion bombardment of TiO2 films.
Since the deposition tool utilized does not allow for a change of the angle of incidence of the ions, the impact
of preferential damage has not been investigated systematically. However, typical sputter deposited TiO2

films do not exhibit pronounced crystallographic texture. Hence, any effect that is based on the interaction
between the ion beam and specifically oriented grains is not expected to depend on the angle of incidence.
To identify a possible influence of chemical interaction we have used both oxygen ions and inert xenon ions
in our experiments.
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To investigate the influence of ion bombardment on film growth, deposition conditions were used that
typically promote the formation of mixed anatase and rutile film structures in the as-deposited state.
Additional ion bombardment was then applied and the change of film structure investigated. Two reference
samples produced without auxiliary bombardment were usually deposited at the beginning and at the end of
each bombardment series, respectively, to confirm process stability. Figure 1 shows grazing incidence XRD
spectra of films grown with additional O+ ion bombardment. For the bombarded films the ion energy was
increased from 150 to 300 eV while the power of the microwave source of the ion gun was kept fixed. As a
consequence, the current density of the ion beam also increased with ion energy from approximately 0.7 µA /
cm2 to about 2.3 µA / cm2, as measured with a flat probe at the substrate position prior to deposition. These
current densities correspond to relative arrival ratios of ions to TiO2 molecules of about 1.1 % (0.7 µA / cm2)
to 3.7 % (2.3 µA / cm2) as derived from the deposition rate of the films. It is evident that even at low arrival
ratios and for ion energies that are small compared to the typical energies of negatively charged oxygen ions
generated at the target surface (~ 400 - 500 V) there is a significant influence on the film structure upon the
bombardment. Particularly striking is the selective deterioration of the anatase phase. While the rutile phase
is almost unaffected by the additional ion bombardment, the anatase phase completely disappears from the
spectra at high current densities and ion energies. This difference might be due to the higher density of the
rutile phase, which leads to an increased stability against ion erosion.
The impact of oxygen ion bombardment also clearly manifests itself in changes of surface topography as
shown for two films in figure 2. The un-bombarded reference film exhibits surface features with two
different lateral length scales. To some extent it seems that the surface can be described by regularly
arranged small-grained features constituting a background on which an open structure of rather irregular
features with significantly larger mean widths has grown. Upon ion bombardment the large features
completely vanish and the surface consists of the small-grained features alone. To simplify the discussion of
AFM images we will henceforth refer to the regular small-grained surface structure, such as observed for
sample IO-5C, as a type 1 surface while a type 2 surface denotes the irregular structural features observed for
sample IO-1C. A very similar dependence of surface topography on phase composition of TiO2 films has
already frequently been reported in the literature [e.g. 15,16,20,22,23,25,30], where it is typically found that
a type 1 surface is related to growth conditions that yield rutile films while anatase structures seem to exhibit
a type 2 surface. It should be mentioned here that our investigations also revealed a correlation between
surface topography and film thickness. However, the crystal structure similarly depends on film thickness
(see for example [16,31]) and hence the changes of the observed surface topography coincide with the
change of the crystal structure (rutile or anatase) present at the film surface.
In [15] it was found for reactive ion beam mixing of TiO2 that the crystal quality strongly depends on the ion
species. To investigate possible differences between reactive and inert species in ion-assisted sputtering we
have performed experiments also with an inert ion species. Therefore, xenon was used as the bombarding
species. While the ion energy was kept fixed at 180 eV, the current density was increased from
approximately 0.6 to 1.2 µA / cm2, which corresponds to arrival ratios of 0.9 % and 1.8 %. Figure 3 shows
grazing incidence XRD spectra from which it is evident that again a striking change in film structure occurs
upon increasing the intensity of the ion bombardment. It is especially noteworthy that at low current densities
of 0.6 µA / cm2 formation of the rutile phase is noticeably promoted while the anatase phase generally
deteriorates upon additional ion bombardment. The surface topography (fig. 4) also shows changes very
similar to those found for the oxygen bombardment. A clear trend from a type 2 surface with very small type
1 contribution without ion bombardment towards a pronounced type 1 surface with increasing intensity of
the ion bombardment is evident.
From comparison of the results from oxygen and xenon ion bombardment we can conclude that the nature of
the bombarding species (reactive or inert) does not play a major role in determining the film structure upon
ion bombardment.
To summarize the results from experiments with controlled additional ion bombardment it can be stated that
ion bombardment selectively hinders the formation of the anatase phase. At low intensity it was also found
that growth of the rutile phase can be promoted by adequate ion bombardment. Furthermore, besides the
XRD spectra, the resulting surface topography also clearly indicates the change in structure and hence the
consequences of ion bombardment. These results are now applied to discuss the influence of the racetrack
geometry of a reactively sputtered Ti-target (dcMS) on structure formation, since the racetrack of the target
itself constitutes a source of highly energetic ions in reactive sputtering. Films will also be shown that have
been deposited under conditions where this oxygen ion bombardment from the target surface has been
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reduced by geometrical means. Finally, structure formation of TiO2 will be discussed for reactive HiPIMS
discharges where a significantly stronger influence of ion bombardment is expected compared to dcMS.

3.2. Influence of racetrack geometry in a static dcMS process
As discussed in the introduction, during reactive deposition of TiO2 negatively charged oxygen ions are
created at the oxidized fraction of the target surface due to collisions with the sputtering species. These
oxygen ions are accelerated and typically hit the growing film with a kinetic energy approximately
equivalent to the full cathode voltage [40,41,54]. Since the trajectories of the negatively charged oxygen ions
strongly depend on the shape of the target surface, the distribution of oxygen ion bombardment along the
substrate depends on the geometry of the deposition system but also on the age of the target. Therefore, the
films fabricated in our lab coaters are typically inhomogeneous in terms of the lateral distribution of oxygen
ion bombardment and pronounced changes are observed upon aging of the target [38]. As sketched in figure
5, new targets without any pronounced erosion trace produce oxygen ion bombardment predominantly
towards the edge of the substrate while the use of aged targets results in focusing the ion bombardment onto
the centre. Films were deposited utilizing a new and an old Ti target respectively and film properties were
investigated at the centre and the edge of the substrates respectively. Regarding the influence of film
thickness on crystal structure [cf e.g. 16] films have been deposited with different thicknesses for these
investigations.
Figure 6 shows the XRD spectra recorded for films that have been deposited from a new target. AFM images
for one of these films are presented in figure 7. There are a number of pronounced differences between film
properties at the sample centre and at the edge. Starting with the crystal structure it is apparent that for all
investigated films the rutile structure is more distinct at substrate positions above the racetrack of the target,
even though films are thinner by about 10-15% at this position. Since a new target has been used, the area
above the racetrack is subject to the most intense bombardment by negatively charged oxygen ions from the
cathode as compared to other areas on the substrate. Qualitatively, this result is very similar to the structure
formation under additional xenon ion bombardment at medium intensity (fig. 3). Hence, it seems that the
formation of the rutile phase benefits from the bombardment. Regarding the anatase phase there is a small
increase in intensity (except for the thinnest film) of the (101) peak at positions above the racetrack
accompanied by an increase in peak width. In conclusion, since the integral intensities of both the anatase
(101) peak and the rutile (110) peak increase above the racetrack, the films apparently exhibit better
crystallization in this area. Additionally, in the same area the formation of the rutile phase seems to be
favoured with respect to the anatase phase. From the peak positions (literature values marked by vertical
lines) it is evident that the crystal lattice is significantly strained in the bombarded regions (above the
racetrack) of the substrate. The AFM images show that at the centre of the film there is a closed type 2
surface structure. At the edge, where negative oxygen ion bombardment is most intense, a type 1 surface
topography can be clearly seen which is only partially covered by an open type 2 structure.
Investigating TiO2 films sputtered from an aged target confirms our assumption that negative oxygen ion
bombardment is the main reason for the structural inhomogeneities. Figures 8 and 9 clearly show that the
pattern of typical fingerprints of oxygen ion bombardment has changed, which is in-line with the expected
change in distribution of the ion bombardment due to altered target geometry (cf fig. 5). Now the sample
centre shows an increased intensity of the rutile phase in combination with a larger width of the anatase
(101) peak. Film strain also is more pronounced at the sample centre in contrast to the films from the new
target as shown in figure 10 where the peak positions of the anatase peak are shown. We have used the
Scherrer equation [60] to estimate the anatase grain size at the different substrate positions for the new and
the old target respectively. Figure 11 shows that the grain size is significantly affected by the oxygen ion
bombardment. At positions with low bombardment the grain size is increased by a factor of approximately 2
with respect to positions that are hit predominantly by the energetic ions.
In summary, these results provide unambiguous proof that highly energetic negatively charged oxygen ions
created at the target surface and accelerated towards the growing film by the full cathode voltage strongly
effect phase composition, strain (and thus film stress) as well as overall crystallization of reactively sputtered
TiO2 films.

3.3. Film growth by dcMS under reduced oxygen ion bombardment
To determine what would be the resulting film structure if oxygen ion bombardment was significantly
reduced, an experiment was designed where the substrates were placed in vertical direction, such that the
current density of energetic oxygen ions from the target surface was lower and ion impact proceeded at
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grazing incidence. Corresponding XRD spectra are presented in figure 12, where the deposition geometry is
also sketched as an inset. Sample S1 should be regarded as a reference sample here, since it was placed at the
top of the “cavity” constructed by three substrates on a single carrier position. Because an aged target was
utilized, sample S1 was therefore subject to oxygen ion bombardment from the target. There is no anatase
peak in the diffraction pattern, but potentially a very weak rutile signal at 2θ ≈ 27.5°. Sample S2 is one of the
samples that were placed at the sides of the carrier. Because the film thickness of this sample is quite
inhomogeneous, the sample was analyzed at its thickest position, which corresponds to a film thickness very
comparable to that of sample S1. Sample S2 shows a pronounced anatase (101) peak. Sample S3 was
deposited in an open cavity, i.e. without a top sample. Apparently the anatase signal from this sample is even
stronger. We attribute the difference between samples S2 and S3 to recoil ions that are reflected at substrate
S1 and probably increased ion bombardment of sample S2 in comparison to sample S3. The average grain
size of sample S3 has been estimated to 22 nm (Scherrer).
To discuss the results from this experiment it should first be noted that all samples (S1-S3) produced are very
thin (compare e.g. with the thicknesses of samples shown in figures 4 and 5). With regard to the pronounced
influence of film thickness on crystal quality [16], which is also evident from figures 6 & 8, the very weak
crystalline quality of sample S1 is typical for this film thickness. Therefore it is even more striking that both
samples S2 and S3 exhibit a distinctly improved anatase structure without any rutile phase. Thus reducing
the intensity of the energetic oxygen ion bombardment from the sputter target enables the fabrication of films
with pure anatase structure.

3.4. Structure evolution in a HiPIMS process
To characterize the structure formation of TiO2 films in a HiPIMS process, films have been deposited at a
constant average discharge current and by applying unipolar pulses with a length of 50 µs. In this mode, the
peak discharge current during a single pulse can be varied by changing the repetition frequency of the
discharge, i.e. the length of the off-time between adjacent sputter pulses. With increasing off-time, the
repetition frequency decreases and therefore the energy delivered to the sputter target during a single pulse
has to increase to maintain a constant average discharge current. Hence, target voltage and, as a
consequence, also the peak current increases. This behaviour is depicted in figure 13, where the discharge
voltage and peak current are plotted versus off-time. The data at zero off-time correspond to the properties of
a DC discharge operated at the same average target current with the pulser operated in DC mode.
Features of the HiPIMS discharge are an extremely high peak power density and a significantly increased
target voltage compared to a dcMS discharge at the same average discharge current or power [61].
Consequently, the negatively charged oxygen ions that are created at the target surface and subsequently
accelerated towards the growing film have much higher kinetic energies upon impact. Based on our previous
investigations we therefore expect a significant increase in the influence of this ion bombardment.
Additionally, there is a second effect that is expected to further increase the relative strength of the oxygen
ion bombardment, which will be explained in the following. With increasing peak current density of the
HiPIMS discharge, self-sputtering of the target becomes increasingly dominant since some of the sputtered
species are ionized in the dense plasma and subsequently retracted towards the target surface. This
significantly lowers the process efficiency, i.e. the ratio between the deposition rate and the sputtering power
[62,63]. This reduction of the deposition rate is evident from figure 13. Since the rate of generation of the
negatively charged oxygen ions is not expected to be influenced to the same extent by the increasing action
of self-sputtering, this would imply an increased ratio of bombarding oxygen ions to deposited TiO2

molecules at the substrate. Consequently, in a HiPIMS discharge the concurrent increase of the energy of the
bombarding ions and the increase of the relative ion flux is expected to have a significant impact on structure
formation.
A series of films was sputtered at an average target current of 0.9 A. The peak power was adjusted by
increasing the off-time from 800 to 2000 µs for the different samples. Accordingly, the frequency of the
discharge decreased from approximately 1180 to 490 Hz while the peak power increased from about 32 to
114 kW. Figure 14 shows XRD spectra of the films fabricated. One of the spectra shows a sample (D1)
sputtered in a dcMS process under otherwise identical conditions, which serves as a reference. XRD spectra
were recorded at the sample centre and at the edge to also show the lateral in-homogeneities according to the
directional oxygen ion bombardment from the target. From the reference it is evident that the utilized target
exhibited only a shallow racetrack. This is evident e.g. from the intense rutile (110) peak at the substrate
position opposite to the targets racetrack. From our previous investigations we know that this is an
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unambiguous fingerprint of intense oxygen ion bombardment from the cathode. Hence, for the HiPIMS films
there are several clear trends:

i) At low peak currents of 50 Amperes (sample H1) the peak and integral intensities both of the anatase
(101) and the rutile (110) peak are larger by a factor of 2 at the sample centre compared to the
reference sample D1. There might be several reasons for that. First, a similar observation has been
made when investigating the profiles of films sputtered from old or new targets, respectively (figures
6 & 8). There, an increase of the overall crystallinity of the films has been observed at substrate
positions that were subject to an increased oxygen ion bombardment. Therefore, also for the HiPIMS
samples energetic oxygen ion bombardment of moderate intensity (compared to samples sputtered at
high peak powers) should yield an increase of crystalline phase. Even though a new target was
utilized it is assumed that ion bombardment also extends to the substrate centre for reasons discussed
below (issue iv). Second, since the average discharge power is increased by 33 - 46% for samples H1
- H5 compared to sample D1 due to the increase in discharge voltage, an increased transfer of
thermal energy from the target and the plasma to the growing film occurs which could have a
significant influence.

ii)  Compared to the relative intensity of the anatase and rutile peaks of the reference D1, even at the
lowest peak power (sample H1) there is already a more pronounced decrease in the anatase peak
intensity at the edge of the sample where oxygen ion bombardment from the new target is strongest
as compared to the centre. Also, the improvement in the rutile (110) peak intensity at the edge of the
sample (above the racetrack) is not as pronounced as for sample D1. We therefore conclude that the
ion bombardment in the HiPIMS discharge is significantly stronger than in the DC discharge already
at medium peak currents.

iii) With increasing peak power the selective deterioration of the anatase phase becomes more
pronounced especially at the sample centre. Since the discharge voltage does not significantly
increase upon increasing the peak current from 50 Amperes (sample H1) to 160 Amperes (sample
H5) and based on our results from ion-assisted dcMS we can understand this trend as an increase of
the relative arrival ratio of oxygen ions to TiO2 molecules.

iv) With high peak powers the film structure tends to become almost homogeneous across the substrate
and is very likely governed by massive energetic bombardment across the full width of the sample
(H5). This fact can probably be attributed to the extension of the erosion area presumably due to a
loss of magnetic confinement above the sputtered target at extreme power densities [64]. The lateral
homogeneity of the ion bombardment at high peak powers (sample H5 and partially H4) is further
supported by the fact that for peak currents larger than 104 Amperes the relative intensity of the
rutile peaks at the centre and the edge of the samples has changed to an order that can be explained
solely by the difference in film thickness between the different sample positions.

A statement should be given here about a possible influence of the film thickness on the results discussed
above. Since film thickness decreases by about a factor of 2 upon increasing the peak discharge current from
50 to 160 Amperes, the thickness dependence has an influence on film structure as well. However, it has
been confirmed that this effect does not alter the qualitative result by subsequent deposition of a sample with
a thickness of approximately 300 nm at 50 Amperes peak. This sample showed a clear indication of the
presence of the anatase phase (although the peak intensity is weaker than for sample H1) in contrast to
sample H5 which is of similar thickness.
The change to homogeneous films with increasing power density is also reflected in the surface topography
(not shown here). The samples sputtered at 50, 78 and 160 Amperes peak were mapped by AFM. The sample
sputtered at 50 Amperes peak (H1) shows a mixed type 1 and 2 surface with extremely large connected
regions of type 2 at the centre while towards the position above the racetrack a type 1 surface topography
dominates. A similar observation was made for the sample sputtered at 78 Amperes peak (H2). However,
there is a shift towards a predominant type 1 surface structure in direct comparison with sample H1. At
highest power densities, type 2 surface features are completely absent (H5). The film sputtered at 160
Amperes peak is solely governed by type 1 surface features at all substrate positions. These observations are
fully consistent with the correlations between ion bombardment, crystal structure and surface topography
discussed for the IAS and dcMS processes in the previous sections and with the XRD profile shown in figure
14.
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3.5. Thermal stability of TiO2 grown under intense ion bombardment
To further investigate structure formation upon energetic ion bombardment, TiO2 films have also been
treated in a post-deposition thermal annealing process. Five different samples have been selected: 1) A
sample (T1) grown at low oxygen partial pressure by dcMS which exhibited a very weak mixed
anatase/rutile structure after deposition. 2) A sample with a pronounced mixed crystal structure deposited by
dcMS at an intermediate oxygen partial pressure (T2). 3) A sample exhibiting a pronounced anatase phase
and a weak rutile contribution upon dc sputtering at a high partial pressure (T3). 4) A rutile HiPIMS sample
deposited at a large peak current (T4). 5) A rutile sample produced by ion-assisted reactive sputtering (T5).
It has been widely accepted in the literature that recrystallization upon post-deposition thermal annealing
strongly depends on the microstructure of the sample [18,33]. Typically films that are amorphous or mixed
anatase/rutile exhibit pronounced anatase growth upon thermal annealing if the annealing temperature is well
below the transition temperature of approximately 800 °C above which anatase TiO2 is converted into a
rutile structure. Only films with a pronounced anatase structure (as-deposited) are stable under post-
deposition annealing below this temperature. Therefore, it is difficult to fabricate thermally stable rutile films
by sputtering at moderate temperatures since at low temperatures rutile films can be deposited which are not
thermally stable while at slightly higher substrate temperatures films typically grow with a preferred anatase
structure.
The samples investigated have been annealed for 2 hours in air at a temperature of 270 °C. Some of the
specimens have been further treated by an additional annealing process at 400 °C in vacuum for 2 hours. The
results of these experiments are shown in figure 15. It is evident that samples T1 - T3 exhibit exactly the
behaviour described above, i.e. it is not possible to fabricate a thermally stable rutile film by standard dcMS.
However, it is evident from the structure of samples T4 and T5 that sufficient high energy ion bombardment
during deposition either by ion-assisted dcMS or HiPIMS yields rutile films that are comparatively stable.
We propose that this behaviour is a consequence of the microstructure of the as-deposited films. We assume
that films grown under low ion bombardment and without a pronounced anatase phase contain a significant
contribution of an amorphous phase which crystallizes into the anatase phase at temperature well below 800
°C for energetic reasons explained in [18]. Films grown under intense high energy ion bombardment on the
contrary are assumed to have fully crystallized into the rutile phase during deposition and hence formation of
an anatase phase is energetically not possible.

4. Discussion
The results from ion-assisted reactive sputtering and from the investigation of lateral sample profiles for a
standard dcMS process utilizing new and aged targets, respectively, provide unambiguous proof that highly
energetic ion bombardment (especially negative oxygen ions generated at the target surface) needs to be
regarded probably as one of the most important quantities governing structure formation during reactive
sputter deposition of TiO2 films.
It has been found that the rutile phase of TiO2 selectively grows with increasing energy/intensity of the
bombardment. For the films sputtered by standard dcMS (figures 6 & 8) it has been found that the
crystallization into the rutile phase is promoted by the high energy oxygen ion bombardment inherent in the
deposition technique. For films grown by ion-assisted sputtering an increase in the intensity of the rutile
(110) peak has been found only at low ion current densities (sample IX-2C in figure 3) while higher current
densities and energies already lead to a slight deterioration also of the rutile phase. For films deposited onto
vertically aligned substrates (with respect to the target surface) films have been deposited without detectable
traces of the rutile phase (samples S2 & S3 in figure 12). In conclusion, energetic bombardment is mandatory
for the nucleation of the rutile phase. This can be explained by the fact that rutile is the high-energy phase of
TiO2 and, in contrast to the anatase phase, therefore requires a sufficient amount of energy to nucleate [cf e.g.
18,23,28,29].
According to our investigations the anatase phase typically deteriorates upon increase of high energy ion
bombardment. This is likely a direct consequence of the fact that rutile nucleation is strongly promoted under
such conditions. However, for several samples a selective deterioration of the anatase (101) peak has also
been observed without a simultaneous increase of the rutile (110) peak intensity (compare e.g. samples IO-
1C and IO-3C in figure 1). Therefore energetic ion bombardment might have an additional destructive
influence on the crystallization or the growth of the anatase phase aside the promotion of rutile nucleation
and growth. As yet, there is no clear proof for this assumption. Under conditions that result in relatively
weak bombardment of the growing film (vertical substrates, figure 12) the growth of the anatase phase is
strongly promoted. This behaviour has frequently been observed in the literature and has been attributed to
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the fact that the amorphous phase has a density very similar to the density of anatase TiO2 but significantly
lower than the density of the rutile structure. Therefore, crystallization into the anatase phase is energetically
favoured at medium temperatures and energies which do not yet promote nucleation of the rutile phase [18].
Anatase growth also profits from the fact that anatase grains seem to grow much faster than rutile grains
under such conditions [18].
In many cases (see figures 6 & 8 for example) the bombardment by high energy oxygen ions does not only
promote the growth of the rutile phase but also seems to improve the overall crystallinity of the films which
is evident from the increase of the integral intensity of both the anatase (101) and the rutile (110) peak. An
increase of the quality of anatase films for medium ion bombardment has also been found in literature [44].
We attribute this to an increased nucleation density of the anatase phase, in particular.
Structure formation in a HiPIMS discharge is very similar to the ion-assisted sputtering process on the one
hand and to the observations made upon investigating the influence of the target racetrack on the other hand.
There is a very clear correlation of the structure with the trajectories of energetic negative oxygen ions. The
structural changes are much more pronounced than in a DC process, which lead to the assumption of an
increased bombardment intensity. Hence we think that this is a strong proof for the fact that also in a
HiPIMS discharge negative oxygen ions with high energies are the dominant ion species that governs
structure formation. We therefore propose that positively charged ions, in the absence of a large substrate
bias potential, obtain comparatively low energies that have a much weaker influence on the crystallization of
TiO2.
In consequence, the existence and where applicable the trajectories of the negatively charged oxygen ions
emanating from the target surface need to be regarded as an important parameter in the discussion of the
structural evolution of TiO2 films.
In summary our experimental findings clearly show possibilities and limitations to tailor TiO2 films for
applications where the phase composition is an important parameter. We have demonstrated that a HiPIMS
discharge apparently does not meet the prerequisites for fabricating films with anatase phase featuring large
grain sizes. On the other hand, the growth of thermally stable films with pure rutile structure is highly
promoted in a HiPIMS process.
We also showed that ion bombardment has a strong influence on surface topography. The observed surface
features can be clearly distinguished. For a variety of films sputtered under different environmental
conditions (oxygen partial pressure, temperature, etc.) and with different film thicknesses we generally
observe (not shown here) that rutile films exhibit a type 1 surface structure while the onset of anatase phase
formation is typically accompanied by partial coverage of that surface by type 2 features. Strongly anatase
films finally do not exhibit type 1 features at all. Hence, the explicit reduction of type 2 surface features in
favour of the remaining type 1 surface upon ion bombardment is also a clear indication of the promotion of
the rutile structure and the accompanying deterioration of the anatase phase. Due to this inter-correlation
between crystal structure and surface topography of as-deposited films, ion bombardment typically affects
both crystallinity and topography.

5. Conclusion
There is clear evidence that, besides directly accessible deposition conditions, ion bombardment plays a
dominant role in structure formation. There is also unambiguous proof that it is the bombardment of the
growing films by highly energetic negative oxygen ions inherent in the sputtering process that mainly
governs structure formation rather than bombardment by low energy positive ions from the plasma.
Energetic bombardment strongly promotes the growth of the rutile films while anatase films typically profit
from growth conditions that are characterized by the absence of (or very weak) ion bombardment. Purely
rutile films can be grown under intense ion bombardment. In contrast to weakly anatase mixed films grown
under low energy ion bombardment, such films are thermally very stable since complete crystallization into
the rutile phase is promoted by the intense bombardment during deposition and hence conversion into an
anatase phase is energetically unfavourable. This knowledge further contributes to a comprehensive
understanding of the correlation between film structure and process parameters and therefore constitutes
another important step towards tailoring the structure and morphology of TiO2 films.
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Figure 1. Grazing incidence XRD spectra of TiO2 films sputtered at high oxygen flow under additional O+

ion bombardment with different energies and intensities. The impact of energetic bombardment leads to a
selective degradation of the anatase phase. However, at very intense bombardment also the rutile phase
deteriorates.

Figure 2. Surface topography of a TiO2 film bombarded with O+ ions. XRD spectra of these films are shown
in figure 1. The left image shows the un-bombarded reference which features a mixed type 1 and type 2
structure. The sample grown under intense ion bombardment is characterized by a pure type 1 surface
structure. The scan size is 1 µm × 1 µm. Images are post-processed to enhance surface corrugation.

Figure 3. Grazing incidence XRD spectra of TiO2 films sputtered at high oxygen flow under additional Xe+

ion bombardment with two different intensities at a fixed ion energy of 180 eV. The impact of energetic
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bombardment leads to a selective degradation of the anatase phase. At small currents of the auxiliary Xe+ ion
bombardment the growth of the rutile phase is promoted by the bombardment.

Figure 4. Surface topography of TiO2 films bombarded with Xe+ ions. XRD spectra of these films are shown
in figure 3. The un-bombarded reference features a mixed type 1 and type 2 structure with strong tendency to
a pure type 2 structure. Under medium intensity bombardment the type 2 content is significantly reduced
while the sample grown under intense ion bombardment is characterized by a pure type 1 surface structure.
The scan size is 1 µm × 1 µm. Images are post-processed to enhance surface corrugation.

Figure 5. Influence of racetrack geometry on the ion trajectories for new and old targets. Oxygen ions that
are created at the target are accelerated in a direction perpendicular to the local target surface area. For new
targets the ions are accelerated towards substrate position directly opposite of the erosion trace. For aged
targets the distribution of ion trajectories strongly depends on the shape of the erosion trace, which typically
results in bombardment predominantly of the sample centre in the coating systems utilized for the present
work [cf 38].
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Figure 6. Grazing Incidence XRD spectra of TiO2 films deposited at medium oxygen flow utilizing a new
target. At positions above the target’s racetrack the rutile phase is more dominant as compared to the sample
centre. Also, the anatase peak shows a larger FWHM and a small shift towards lower angles compared to the
centre, which is indicative of a smaller average grain size and increased compressive stress, respectively.

Figure 7. Surface topography of a TiO2 film deposited using a new target. Above the target’s racetrack
(sample edge) the surface features a mixed type 1 and type 2 structure. At the sample centre a closed type 1
structure appears to dominate the surface. Corresponding XRD spectra of this sample are shown in figure 6.
The scan size is 1 µm × 1 µm. Images are post-processed to enhance surface corrugation.
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Figure 8. Grazing Incidence XRD spectra of TiO2 thin films deposited at medium oxygen flow from an old
target. The samples were scanned at the sample centre and at positions directly above the target’s racetrack,
respectively. In the sample centre the rutile phase is more pronounced compared to the position above the
racetrack. Also, the anatase peak shows a small shift towards lower angles at the centre position in
comparison. The increasing width of the anatase peak indicates that the average anatase grain size is smaller
at the substrate centre.

Figure 9. Surface topography of a TiO2 film deposited from an old target. Above the racetrack, the surface
exhibits a closed type 2 structure while at the sample centre a mixed type 1 and type 2 structure is found.
These findings correlate to the XRD spectra of this sample as shown in figure 8. The scan size is 1 µm × 1
µm. Images are post-processed to enhance surface corrugation.
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Figure 10. Position of the anatase (101) peak as extracted from the spectra shown in figures 6 and 8. There is
evidence that at sample positions subject to increased energetic oxygen ion bombardment there is a shift of
the anatase peak position towards lower angles. For the new sample this is at the position opposite to the
racetrack (sample edge) while for the old target this is at the sample centre. The shift of peak position
indicates lattice strain and therefore mechanical film stresses induced by the impact of ions.

Figure 11. Estimation of the average grain sizes of the anatase phase for films sputtered from an old and a
new target respectively. The Scherrer formula has been applied to the anatase peaks in the diffraction
patterns shown in figures 6 and 8. For the new target, the grain size is larger at the centre of the substrate
while for the old targets the grain size is largest at position at the sample edge (above the targets racetrack).
This difference between the old and the new target is clear evidence for the effect of oxygen ion
bombardment on structure evolution.



17

Figure 12. Grazing incidence XRD spectra of samples deposited at high oxygen flow with a special substrate
geometry. To reduce the impact of energetic oxygen ions, samples have been arranged vertically at the edge
of the substrate carrier. At one of the carrier positions an additional substrate (S1) had been placed at the top
position. The structure of this sample is massively influenced by the oxygen ion impact and shows a very
weak rutile structure probably, while sample S2 shows a distinct anatase structure as ion bombardment was
of reduced intensity and occurred under grazing incidence. Probably sample S2 was hit by recoil ions from
the top position (S1) because the structure of sample S3 which was sputtered with an open top position is of
even better quality.
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Figure 13. Process properties of TiO2 films deposited by HiPIMS. With increasing off-time (i.e. decreasing
pulse frequency) at constant average target current of 900 mA the peak current strongly increases up to 160
amperes for the largest off-time. At the same time the target voltage increases by about 50 V from
approximately 650 to 700 V. The voltage in a dcMS process is only 500 V. The deposition rate strongly
decreases with increasing peak power which is evident from the resulting film thicknesses. This is a typical
feature of HiPIMS processes.

Figure 14. Grazing incidence XRD spectra of films sputtered at low oxygen flow in a HiPIMS process. The
length of the voltage pulses was fixed at 50 µs for each film while the pulsing frequency was varied by
changing the delay between adjacent pulses from 800 to 2000 µs. The discharge current was fixed at 900 mA
for all films. Low frequencies result in larger peak sputter currents and higher discharge voltages, as
indicated. The deposition time for each film was 1 hour. The film thickness especially at large pulsing
frequencies is slightly increased compared to the dcMS film (D1) which serves as a reference here. The
increase of the deposition rate for high frequencies (H1) is a general feature of the HiPIMS discharge and is
observed for other materials as well. With increasing peak current the anatase peak selectively deteriorates
while the growth of the rutile structure is promoted. At highest peak currents (H5) the structure exhibits a
homogeneous profile along the substrate since no difference between the sample centre and the edge is
observed.
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Figure 15. GI-XRD spectra of TiO2 films treated by post-deposition thermal annealing steps. Sample T1 -
T3 have been deposited in a standard dcMS process at different oxygen partial pressures. Low partial
pressures yield an almost amorphous structure (T1), while with increasing partial pressure mixed
rutile/anatase (T2) and finally strongly anatase films (T3) are fabricated. Samples T4 and T5 have been
produced by HiPIMS and ion-assisted dcMS, respectively. Films have been annealed in air at 270 °C for 2
hours. Some films have been heated again at 500 °C for 2 hours in vacuum. For standard dcMS only the
anatase sample (T3) is stable under the thermal treatment while both samples produced via ionized PVD (T4
and T5) exhibit a stable rutile phase.
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