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Nanotribological behavior of thermal treatment
of zinc titanate thin films

Shyh-Chi Wu,®® Wei-Hung Yau, Chien-Huang Tsai®* and Chang-Pin Chou®

We present a study of the nanotribological behavior of ZnTiO; films; the surface morphology, stoichiometry, and friction (u)
were analyzed using atomic force microscopy, X-ray photoelectron spectroscopy, and nanoscratch system. It is confirmed that
the measured values of H and u of the ZnTiOs films were in the range from 8.5 + 0.4 to 5.6 +- 0.4 GPa and from 0.164 to 0.226,
respectively. It is suggested that the hexagonal ZnTiO; decomposes into cubic Zn,TiO, and rutile TiO, based on the thermal
treatment; the H, u, and Ry;s were changed owing to the grain growth and recovery that results in a relax crystallinity of ZnTiO3
films. From X-ray photoelectron spectroscopy measured, core levels of O 1 can attribute the weaker bonds as well as lower
resistance after thermal treatment. The XRD patterns showed that as-deposited films are mainly amorphous; however, the
hexagonal ZnTiO; phase was observed with the ZnTiO3 (104), (110), (116), and (214) peaks from 620 to 820 °C, indicating that

there is highly (104)-oriented ZnTiO3 on the silicon substrate. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

TiO, and ZnO"~"" have attracted wide attention; they serve a
promising strategy for degradation of pollutant in the role of
photocatalytic semiconductors. Henceforth, TiO, has high recombi-
nation rate of the photo-induced surface electron-hole pairs. ZnO
has a low quantum yield in the photocatalytic reactions.'>'*
Recently, there has been growing interest in the novel material
of zinc oxide and titanium dioxide composite. ZnTiO3 composite
form was conducted as the promising materials due to its
good semiconducting, dielectric properties"*'® and etc.'”?%
which leads to wide applications in sensors, microelectronics,
and high-performance catalysts.”>=”" Notice that most studies
are limited to the analyses of phase, composition, and microstructure
of the film; three compounds, as-Zn,TiO, (cubic), ZnTiO3 (hexagonal),
and Zn,Tiz0g (cubic), existing in the ZnO-TiO, system have been
reported? It was also found that ZnTiO; film is zinc metatitanate
with a hexagonal structure and titanium dioxide, while the film of
Zn/Ti ratio is lower than 1. Nanometer-scale nanoindentation
is often employed to provide controllable crack information
relating to the mechanical characteristics of the solid surfaces,
including the hardness (H) and Young's modulus (£).2%%
These properties must be enhanced through the basic
improvement of the intrinsic properties of the ZnTiOz film
through the composition or the extrinsic properties including
structure, grain size, morphology, etc. H and residual stress
are important parameters for tribological coatings.2%3"
Obayashi et al. regarded the three compounds of ZnTiO3
film;3 however, their studies still can be thoroughly studies
by nanoindentation technique, such as phase formation of
thin film with different annealing temperatures. The quality
responsible for the system of ZnTiOs film therefore becomes
an interesting issue in terms of the effect on the resulting
tribological characteristics.

In the present study, pure ZnTiOs films were prepared by RF
magnetron co-sputtering process; the effect of thermal treatment
of ZnTiO; films was reported. We employed nanoscratch

techniques to investigate the response of the ZnTiOs film; their
adhesion and/or cohesion failure relative to chemical bonding
was analyzed by scanning probe microscopy/atomic force
microscopy and X-ray photoelectron spectroscopy.

Experimental details

The ZnTiO3 films were prepared by RF magnetron co-sputtering
system using 4-in-diameter sintered ceramic target of ZnO and
TiO; (>99.9%). In the co-sputtering, the sputtering rate of ZnO
is higher than TiO,. We follow the early report®?! that the ZnTiO5
film with Zn/Ti atomic ratio of 1:1 is achieved while their area
ratio of ZnO to TiO, is about 1:26 in the sputtering conditions.
In order to obtain stoichiometric deposit ZnTiOs films on Si
substrate, Ar-O, flow (8:2) with a purity of 99.999 gas of 50 sccm
was introduced into the chamber with mass flow controllers, and
RF powers at 200 W were used. In addition, the sputtering pres-
sure was 2 x 102, the substrate temperature was set at 250 °C,
and the duration of the deposition was 1 h. To remove the
contaminants formed on the target surface and to stabilize the
sputtering conditions, it was necessary for pre-sputtering to be
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performed for 5 min prior to each deposition process. The
detailed deposition conditions of the ZnTiO; films are listed in
Table 1. Those specimens were subsequently subjected to ex situ
thermal treatment in a furnace under N, gas for 2 h with a
heating rate of 5 °C/min at 520, 620, 720, and 820 °C, respec-
tively. The pure inert gas N, (>99.999%) is selected that can avoid
the impurity element from air environment.

After deposition, the surface roughness and adhesion are
analyzed by scanning probe microscopy/atomic force microscopy
(SPM/AFM, Triboscipe, Hystron, MN) that have been used to
perform the nanoscratch tests for these samples with a constant
scan speed of 2ums™'. The average surface roughness R, of
the current sample is recorded. In addition, the H values of the
ZnTiO5 films were determined using a Nano Indenter XP instru-
ment (MTS Cooperation, Nano Instruments Innovation Center,
TN, USA). Chemical bonding states and chemical compositions
of the films were analyzed by X-ray photoelectron spectroscopy
(XPS, VG Scientific Microlab 310F). Inductively coupled plasma-
mass spectrometer was applied to determine the element
concentrations in the films, which confirmed that the stoichi-
ometry of ZnTiOj3 films. Crystallinity of the films was analyzed by
X-ray diffraction (PANalytical X'Pert Pro (MRD), with Cu Ko
(L=0.154 nm) radiation for 26 from 20° to 80° at a scan
speed of 2°min~’, and a grazing angle of 0.5° under 30 kV
and 30 mA.

Results and discussion

In Fig. 1 are shown the XRD patterns of the ZnTiOs films, (a) as-
deposited, and the annealing treatment was (b) 520, (c) 620, (d)
720, and (e) 820 °C. It was observed that there were no diffraction
peaks in the XRD pattern for as-deposited films [Fig. 1(a)]. It is
suggested that the film structure is mainly amorphous. The main
hexagonal ZnTiOs; phase (104) is firstly displayed from the
annealing treatment sample which was 520 °C [Fig. 1 (b)]. Herein,
as the annealing treatment sample was 620 °C, the hexagonal
ZnTiO3 phase was observed with the ZnTiO3 (104), (110), (116),
and (214) peaks, respectively [Fig. 1 (c)]. The intensities of
the (104) peak were higher than the other peaks of ZnTiO;
films at 820 °C [Fig. 1 (c)-1(e)], indicating that there is highly
(104)-oriented ZnTiO3 on the silicon substrate. From the recently
reported,®® the preferred orientation tends to reduce its free
energy to reach a stable state; this is the same case in our exper-
imental data. The ZnTiO3 structure is also comparable with the
XPS that Zn-O and Ti-O binding energy at 533 and 536 eV is
strong as the annealing treatment sample was 620 °C. However,
the low Zn-0 and Ti-O binding energy is displayed due to more

Table 1. RF sputter conditions for the zinc titanate films

Target ZnTiO3
Target size in diameter (in.) 4
Target to substrate distance (mm) 90

RF power (W) 200
Chamber pressure (Torr) 5x10°°
Working pressure (Torr) 2x107?
Sputtering gas Ar
Ar-O, folw (sccm) 50 (8:2)
Substrate temperature (°C) 250
Deposition time (min) 120
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Figure 1. X-ray diffraction patterns of the ZnTiOs films (a) as-deposited
at RT, and different thermal temperatures (b) 520, (c) 620, (d) 720, and
(e) 820 °C.

chemical impurity from XPS analysis; thus, the ZnTi (110)
structure has a weak diffraction peaks in the XRD pattern at 820 °C.
We attributed that the hexagonal ZnTiO; decomposed into cubic
Zn,TiO,4 and TiO, (rutile) from 620 to 820 °C, the ZnTiO3 phase
remained stable at a temperature of 820 °C24

Figure 2 shows AFM inspections of ZnTiOs films deposited with
silicon substrate as well as the subsequent nanoscratch mea-
sured. First, small cavities and bright particles can be directly
observed from the thermal condition at RT to 620 °C; this trend
was observed that the cavities are due to the evaporation of Zn,
and the white particles are Ti0,.2>”1 One can easily know good
distribution of grain sizes from 720 to 820 °C which is denser than
that of RT. We suggest that a high thermal temperature enhances
the atomic mobility and causes the grain recovery. We can find
that the surface roughness is increased from 3, 3, 3.9, and 5.8
to 20.6 nm while the thermal temperature increased from RT to
820 °C. It is shown that the surface morphologies of the samples
became rough and grains grew at thermal environment.*$~47
There are five typical AFM profiles and the lateral forces were a
ramped load of 1000 uN for all of the samples [Fig. 2(a)-2(e)]. In
this perspective, we point out that the features of the nanoscratch
zone in the vicinity of the interface may not be just accidental
artifacts resulting from sample preparation. In Table 2, we pre-
sented the increase in the values of Ry, while the annealing treat-
ment sample was from 520 to 820 °C. The nanoscratch track
corresponding to ZnTiO3 films was observed in the surface profile.
The large grain boundary was observed at the condition of 820 °C
instead of RT. Therefore, in order to investigate the trend of grain
boundary distribution of ZnTiOs films, we display typical friction
coefficients plotted with respect to the scratch duration for each
sample (Fig. 3). One can observe the onset of the marked oscilla-
tions under the friction force and abrupt oscillations in both the
on-load and off-load scans at the condition of 520 °C instead of
RT. The increase in the thermal temperature over 620 °C features
more sudden oscillating fluctuations than those from RT to
520 °C. We inspect that the lower degrees of adhesion reflect inter-
links, and rearrangements tend to result in fluctuations of the
values of u. The uncertainty of initial p profile, namely pile-up,
occurred in some of the samples at high thermal treatment; it is
associated with the settling down of the indenter head, particularly
in the low-load region. The values of u of the ZnTiO; films with
respect to the thermal temperature were determined by averaging
those measured at scratch durations ranging from 8 to 40 s (Fig. 3).
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Figure 2. 3D-AFM images of the surfaces of ZnTiOs films and the features of the nanoscratch traces zone: (a) RT, (b) 520, (c) 620, (d) 720, and (e) 820 °C.

Table 2. The summaries of ZnTiO; film with respect to the H, Rus, 1, The obtained discordant curves and irregularities appeared in the
and later force course of plastic deformation due to the continuity adhesion
. o and/or cohesion failure; those transitions were determined from
ZnTios Hardness (GPa) Rys (n m) Friction Lateral Force (u N) the nanoscratch traces and pile up. The profile, however, at the
As-deposited  8.5+0.4 3 0.164 603 condition of 820 °C is softer than that of RT due to the shrinking
620°C 114404 3 0.186 53.6 of nanoscratch traces. It is indicated that the structure of ZnTiOs
620°C 105404 39 0.197 64.7 films is changed with thermal atmosphere from 520 to 820 °C,
720°C 96-+05 58 0.208 68.7 which induces the variation of the composition in the intrinsic
820°C 56404 20.6 0.226 77.6 structure. Hence, the bulge edge scenarios can be connected
between the groove and film, and then the material was crushed
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Figure 3. Five typical profiles of the coefficient of friction (u) versus
scratch duration at the variation of thermal condition of the ZnTiO5 films:
RT, 520, 620, 720, and 820 °C.

as a result of elastic failure. Notice that the friction traces were
fairly reproducible, but exhibited great variability for each sample.
In Table 2, we presented increase in the values of 1, lateral force,
and Rys and the decrease in the values of H with increasing
annealing temperature. Notably, changes in thermal treatment
resulted in different failure events occurring in Fig. 2.

The presented co-sputtering ZnTiOs film can be achieved with
Zn/Ti atomic ratio of 1:1 in Fig. 4, XPS measurement confirmed
the as-deposited Ti 2p: 15.6% and Zn 2p> : 14.8% and the
annealed temperature of 820 °C, Ti 2p: 14% and Zn 2p> : 18.1%.
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Figure 4. The stoichiometric change of ZnTiO; thin films treated by
conventional annealing condition: RT, 520, 620, 720, and 820 °C.

The constituent elements of the ZnTiO; films were measured.
The chemical compositions (O 1s) of the films deposited at
variation of thermal treatment were shown in Fig. 5. The XPS
spectra have been charge corrected to the adventitious Ti 2p
and Zn 2p°>. The binding energy of the O 1s states is located from
530 to 538 eV, which depended on the thermal treatment that
splits in their peaks under various growth procedures of ZnTiO3
films are clearly examined. It is concluded that a main phase
ZnTiO3 into Zn,TiO,4 and TiO, occurred in association with the
increase of thermal annealing.*" Also, other groups conclude
that the ZnTiOs phase decomposed from Zn,TiO,4 and rutile TiO,
above 945 °C while increasing the annealing temperature.[*>*%!
In the presented, one can observe the part of O-Zn bond forma-
tion (binding energy at 529.4 eV and 531.5 eV) at the thermal
treatment from RT to 520 °C that the peak positions are in good
agreement with the Zn-0 bond and some Ti-O bond.™****! From
Lee et al,®% they report that the films (RT) are amorphous,
however, the onset of crystallization occurred at annealing
temperatures 600 °C (cubic phase Zn;TizOg), 700 °C (hexagonal
phase; ZnTiOs3), and exceeding 900 °C (cubic Zn,TiO,4 and rutile
TiO,). The crystal texture of ZnTiO; films can influence their
nanotribological properties at different annealing treatment
stage; the comparison of phase transformation of ZnTiOs films
was performed by XRD pattern as well. Grain growth and strain
energy are processed at the inner film that can often be a
dominant factor. From XPS observation, the thermal treatment
from 620 to 720 °C is evidence that the main chemical bonding
may be coexisting as Zn-O (binding energy at 531.5) and Ti-O
(binding energy at 533 and 536 eV). This trend is also studied in
detail by Huang et al.*” The films (RT) are amorphous columnar
structure, and further crystallization (500-900 °C) was observed
as ZnTiO3 (hexagonal) and TiO, (rutile) coexisted. That is to say,
in metal oxides, the intrinsic defects such as oxygen vacancies
and metal ion interstitials usually coexist. We conclude that the
lower H values of the ZnTiOs film can be induced by some reason,
including the packing factor, stoichiometry, residual stress,
preferred orientation, and grain size** A low value of R, is
beneficial to a ZnTiOs film because it can be used to provide
information regarding its morphology; the surface morphologies
of our films were relatively rough and non-uniformly distributed.
In addition, the grain size in the ZnTiOs film increases obviously
with higher thermal treatment, casing many gaps between grain
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Figure 5. XPS core level spectra (O1s) of ZnTiO3 films on Si substrate
with respect to the variation of annealing condition: RT, 520, 620, 720,
and 820 °C.
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boundaries due to the abnormal grain growth. Nanoscratch
result reveals a variation of adhesion and/or cohesion failure
transition around the indentation regions of the ZnTiO; films.
The initial deformation, elastic deformation, and residual defor-
mation of the ZnTiOs3 films were studied at the thermal treatment.

Conclusion

The XRD patterns of the ZnTiOs films showed that there were
no diffraction peaks in the XRD pattern for as-deposited films
because the film structure is mainly amorphous. The hexagonal
ZnTiO3 phase was observed with the ZnTiOs (104), (110), (116),
and (214) peaks over 620 °C. The intensities of the (104) peak
were higher than the other peaks of ZnTiO; films at 820 °C,
indicating that there is highly (104)-oriented ZnTiO; on the
silicon substrate. The effects of transformation of the co-sputtering
ZnTiOs films were investigated by nanoindenter technique. The
measured values of H and u of the ZnTiOs films were in the
range from 85+ 0.4 to 5.6+ 0.4 GPa and from 0.164 to 0.226,
respectively. Slight oscillations and discontinuous phenomena
manifested in each u profile due to the thermal relaxation in
ZnTiO3 films. The XPS core level analysis of the ZnTiOs films
has been measured for O 1s, and the change is due to the
Zn-Ti complex compound that alters the H, u, and Rys The
Rys in the ZnTiO3 film increases relatively with thermal treatment,
thus many gaps are observable from AFM between grain
boundaries. A variation of adhesion and/or cohesion failure
transition around the crack regions of the ZnTiO3 films by means
of nanoscratch investigation was observed.
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