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ABSTRACT
This paper discusses about the effect of substrate type on structure of titanium dioxide thin film deposited by
atomic layer deposition technique using titanium tetrachloride and deionized water as precursors. The substrates
investigated are silicon (100), cover glass and titanium, and the depositions were performed at temperatures ranging from 300ºC to 450 ºC. We observed through Rutherford backscattering spectrometry that the TiO2 thin films
grown on both substrates are stoichiometric. Grazing incidence x-ray diffraction showed that rutile phase could
be obtained in almost pure phase at temperature of 450 ºC, however only for glass and titanium substrates. For
the case of silicon (100) substrate, the anatase phase was preponderant for process temperatures investigated.
Index Terms: atomic layer deposition; thin film; titanium dioxide; elemental composition; material structure.

I. INTRODUCTION
The growth of titanium dioxide (TiO2) thin
film has received a great deal of attention in last year’s
[1-5]. In general, the applicability of this material in
thin film form depends on its crystalline phase. As
it is known, in bulk form, TiO2 is a polymorphous
material that is known to exist in three main crystalline structures: two tetragonal structures, the
anatase and the rutile phases; and an orthorhombic
structure, the brookite phase. However, in thin film
form, only anatase and rutile structures are more easily synthesized [1, 6]. Anatase and rutile phases consist of interconnected TiO6 octahedral chains that are
interconnected in different configurations, resulting
in different physical and chemical properties [3, 7].
Due this, they are potentially attractive in different
areas. For example, the high temperature equilibrium
rutile phase is desired for optical and microelectronic
applications due its high refractive index (2.62 ( || a)
and 2.90 ( || c)) and dielectric constant (86-170, depending of rutile crystal orientations), respectively [8,
9]. Anatase phase exhibits high photocatalytic activity
which can be used in a variety of potential applications that include dye-sensitized solar cells (DSSC),
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photo-chemical degradation of toxic chemicals, electrode material in lithium batteries, water splitting and
photocatalysts of high efficiency [2, 4, 10, 11].
Due to aforementioned properties, TiO2
thin films with rutile structure are considered as
promising candidates for DRAM capacitor dielectrics by the International Technology Roadmap for
Semiconductors (ITRS) [12, 13]. However, its synthesis is easier at temperatures higher than 500°C for
most of the deposition processes of thin films, namely,
magnetron sputtering [1, 14], chemical vapor deposition - CVD [15], plasma enhanced chemical vapor
deposition - PECVD [16], atomic layer deposition ALD [17], among others.
Unfortunately, rutile phase often coexists, in
TiO2 thin films, with the lower dielectric constant
anatase phase, thereby resulting in a reduction of the
effective dielectric constant of TiO2 [18]. Usually,
post deposition annealing at temperatures above
800°C has been performed to obtain pure rutile phase
films. Nevertheless, some recent works indicate the
ability of ALD technique to induce the formation
of pure rutile phase of TiO2, at lower temperatures,
being only needed a seed layer to modify the substrate surface. Aarik et al. used this approach to grow
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pure rutile phase on α-Al2O3 [19]. Kim et al. showed
that the growth of the rutile phase at low temperature can be stabilized by the RuO2 seed layer [20].
This is possible by ALD process, using the template
approach with O3 as oxidant [21], however, O3 can
etch the RuO2 seed layer, thus hindering the deposition process [21]. To overcome these drawbacks it is
necessary to investigate others materials for inducing
the formation of rutile phase at lower ALD process
temperatures.
In this work, the structure of atomic layer
deposited TiO2 thin films from TiCl4 and H2O precursors were investigated for three different types of
substrate: Si(100), cover glass (composed mainly by
SiO2) and titanium. For this, grazing incidence x-ray
diffraction (GIXRD) and Rutherford backscattering
spectrometry (RBS) techniques were used to investigate the structure and stoichiometry/thickness of
as-deposited thin films, respectively.

(a)

II. EXPERIMENTAL
A. TiO2 film deposition
Pieces from a 350 μm thick Czochralski Si wafer (p-type, 4 Ωcm, (100)-orientation), cover glass
(for microscopy) and titanium foil (purity 99.9% and
thickness of 0.5 mm) were used as substrates. Fort
he case of titanium substrate, due to considerable
surface roughness, before the TiO2 thin film deposition the substrate underwent a polishing process (using sand paper grits from 800 to 2000) in order to
achieve a low surface roughness. They were individually cleaned in ultrasonic bath using acetone and deionized water for 5 min, and then dried with N2 gas
before the introduction in the ALD reaction chamber. The TiO2 films were deposited by a TFS-200
ALD system from Beneq Oy operating in thermal
mode. Figure 1 show a schematic diagram of ALD
reactor as well as a picture of the whole system. Here,
the following ALD cycle time steps for deposition
of films were used: 0.25–2–0.25–2 s, i.e. the TiCl4
pulse of 0.25 s, the first purge of 2 s, H2O pulse of
0.25 s and the second purge of 2 s. Nitrogen (N2) of
99.999% purity was used as purge gas. The vapors of
TiCl4 and H2O were led into the reactor from external reservoirs kept with liquid TiCl4 (Sigma-Aldrich
99.95% purity) and deionized water at temperature
of 21°C. A capillary was used to control the precursors flow, inserted into the reactor, by only action of
their own pressure vapor, i.e., no bubbling systems
were used. During the deposition the gas pressure
in reactor chamber was maintained around 100 Pa
through the insertion of 300 sccm of N2 in reaction
chamber.
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Figure 1. (a) Schematic diagram of thermal ALD chamber and (b)
picture of the ALD system.

Finally, some process temperatures were investigated in the range of 300-450 ºC for a reaction cycle
number fixed at 2000. The instability of the substrate
temperature did not exceed 3 ºC for all conditions investigated.
B. Film characterization
Rutherford backscattering spectroscopy (RBS)
was used to measure the thickness and chemical composition of the film. The measurements were carried
out using a 2.2 MeV 4He+ beam from a Pelletron accelerator type with a particle detector positioned at 170º
to the incident beam. For data evaluation of the RBS
spectra, the computer code SIMNRA [22] was used
was used taking into account the electronic stopping
power data by Ziegler and Biersack, Chu + Yang’s theory for electronic energy-loss straggling and Andersen’s
screening function to Rutherford cross-section. The
contribution from a multiple scattering into the RBS
spectra were taken into account using the calculating
facilities of SIMNRA. The simulated RBS areal density
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values (1015 atoms/cm2) were converted into the layer
thickness value (nm) by using the theoretical film density taking account of the crystal structure of the film.
In order to characterize the crystal structure,
grazing incidence x-ray diffraction (GIXRD) method
was used. The GIXRD patters were obtained at room
temperature in a Shimadzu XRD 6000 goniometer using cooper target (CuKα radiation 1.5418Å), 2θ from
10° to 80°, at a scanning speed of 0.02°/s, a voltage
of 40 kV, and a current of 30 mA. The samples were
mounted in a rotating aluminum sample holder (60
rpm). Moreover, the GIXRD studies were carried out
at an incidence angle of 0.29°. This angle was close to
the optimum values for anatase and rutile films and
allowed efficient reduction of the reflections from the
substrate [23].
III. RESULTS AND DISCUSSION
Figure 1 shows the experimental and simulated RBS spectrum of TiO2 deposited on Si(100)
at temperature of 300 ºC. As can be seen, the film
does not have impurities arising from the deposition process, such as the presence of chlorine. The
measured thickness of the film was 190.2 nm. For
condition of 450 ºC the film thickness was 141.6
nm. Although not shown here, the thicknesses of
films deposited on glass and titanium substrates are
approx. the same as that grown on silicon. Other important information obtained from this RBS analyze
is about the stoichiometry, namely, the investigated
ALD conditions allow the growth of stoichiometric
TiO2 thin films.
Figure 2 shows the GIXRD patterns of TiO2
thin films deposited on Si(100) substrate for process
temperatures of 300 ºC and 450 ºC. These tempera-

Figure 2. RBS spectrum of TiO2 thin film deposited on Si(100) at
temperature of 300 ºC. The red line represents the simulation by
SIMNRA code.
40

tures were selected based on literature [12, 19, 23]
and observations by us as the optimum temperatures
to obtain the anatase (around 250-300°C) and rutile phase (higher than 400°C) with a high degree
of crystallinity. It is possible to see from Fig. 2 that
pure anatase phase can be obtained on Si substrate
for 300 ºC. When the temperature was increased
to 450 ºC, some diffraction peaks relative to rutile
phase begin to appear together with anatase phase
but yet with very low intensity. Cheng et al. also observed this feature and attributed the appearance of
rutile phase on Si substrate as due to change of grain
size of TiO2 thin film at temperatures higher than
400 ºC [25].
Figure 3 shows the x-ray diffraction pattern of
the TiO2 films grown on glass substrate. Additionally,
it is presented the GIXRD spectrum of glass substrate,
confirming its amorphous condition. Differently of
the case of Si substrate, the rutile phase initiates its
formation, for temperature of 300 ºC, concomitantly
with the growing of metastable anatase phase. Only
for the temperature of 450 ºC, the rutile phase became
predominant with relation to anatase phase. Aarik et
al. showed that growing TiO2 films on polycrystalline
RuO2 on Si allows the formation of rutile phase at
process temperature of 425 ºC. They stated that this
obtained rutile structure was due to epitaxial growth
on the RuO2 seed layer [18]. However, even so, the
rutile phase was not obtained with high intensity or
pure form.
It is surprising, as we can infer from Fig. 3, that
the present ALD process promotes the synthesis of
almost pure rutile TiO2 on glass, which is basically a
SiO2 type substrate. This result rises the conjecture that
SiO2 substrate or even a SiO2 seed layer on another

Figure 3. GIXRD patters for TiO2 thin films deposited on Si(100). For
comparison, the relative intensities of x-ray reference diffractions
of anatase powder are: (101)/100, (200)/35, (004)/20, (105)/20,
(211)/20, (204)/14, (103)/10, (112)/10, (116)/6, (215)/4 [24].
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substrate could act as a good platform for growth of
good quality rutile TiO2 phase. Moreover, the SiO2 is
resistant to etching by the precursors used in the present process, on the contrary of other used seed layers,
like RuO2 [18]. Anyway, these potential advantages of
SiO2 substrate to support an easy and handy growing
of pure rutile TiO2, must be demonstrated by further
investigations on this ALD process.
Figure 4 shows the x-ray diffraction pattern
of the TiO2 films grown on pure titanium substrate.
Additionally, it is presented the GIXRD spectrum of
titanium. The crystalline patterns of titanium is correspondent to its α-phase [24]. Compared with other
substrates, it can be noted that intensity of the diffraction peaks of titanium are still strong in the GIXRD
spectra when TiO2 thin film is present. This appears
to be a characteristic observed for metal substrates,
where even with low-angle XRD, the reflections relative to the substrate can shadowed some reflections
of thin film [27]. As observed to cover glass substrate,
for temperatures of order or higher than 400 ºC the
rutile phase is preponderant, indicating that the use of
Ti seed layer on another substrate type can be other
interesting alternative to induce the formation of rutile phase. Furthermore, it is noteworthy the effect of
substrate on crystalline phase of TiO2 thin film, where
in this work were investigated an insulant (SiO2), a
semiconductor (Si) and a metallic (Ti) substrate, and
for insulant and metallic substrates the kinetics of crystallization is almost the same. A detailed investigation
needs to be performed in order to better understand
this effect and answer why for silicon substrate is necessary more energy to change the metastable anatase
phase to rutile phase.

Figure 5. GIXRD patters for titanium substrate and TiO2 thin films
deposited at temperatures of 300 ºC and 400 ºC.

IV. CONCLUSION
This paper presents preliminary results concerning the effect of substrate type on the crystallinity of
TiO2 thin films synthesized by atomic layer deposition
(ALD) process.
The substrates investigated are silicon (100),
cover glass and titanium, and the depositions were
made at temperatures ranging from 300 ºC to 450 ºC.
We show through the use of GIXRD and RBS techniques that rutile phase can be obtained, in almost pure
phase, at temperature higher than 400 ºC, however
only for glass substrate and titanium. For the case of
silicon (100) substrate, it was observed that the anatase
phase is preponderant for both process temperatures
investigated. These results allow us to highlight that
less expensive SiO2 or Ti thin film could act as a good
seed layer for growth of good quality rutile TiO2 phase,
by using ALD process on Si substrate and using precursors such as TiCl4 and H2O.
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Figure 4. GIXRD patters for TiO2 thin films deposited on cover
glass. For comparison, the relative intensities of x-ray reference
diffractions of rutile powder are: (110)/100, (211)/60, (101)/50,
(111)/25, (220)/20, (301)/20, (112)/12, (210)/10, (002)/10,
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