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Quantification of phase content in TiO, thin films by Raman spectroscopy
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Recently, it has been reported that TiO, with mixture of phases (anatase/rutile) exhibit higher photocatalytic activity than
TiO, with pure anatase phase. Therefore, the production and correct quantification of the ratio of phases becomes an
important task. In this work, anatase TiO, thin films were obtained by the DC reactive magnetron sputtering technique.
TiO, with mixture of phases (anatase/rutile) were prepared by thermal annealing of the as-deposited thin films. The value
of the anatase/rutile ratio in the titanium dioxide thin films was estimated using Raman spectroscopy. Additionally, it is
reported the dependence of the bandgap of the TiO, thin films as a function of the anatase/rutile ratio. The band gap of the
TiO, thin films was determined from diffuse reflectance measurements.
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1. Introduction
photocatalytic activity of the brookite phase has been

Titanium dioxide is a material of growing interest due to practically unstudied.
its proven ability to function as a photocatalyst and to Mixed phase photocatalysts with anatase/rutile
facilitate important environmentally beneficial reactions, compositions have been reported to exhibit enhanced
such as water splitting to generate hydrogen and therefore photoactivity relative to single phase TiO,. It is considered
treatment of polluted air and water [1, 2]. The most that the high catalytic activity of mixed phase TiO, catalyst
important requirement for a photocatalyst is its ability to is mainly due to the synergistic activation of the rutile by
generate electron-hole pair near the catalyst surface by anatase. The rutile phase extends the photoactive range into
harvesting a significant portion of solar spectrum. the visible, harvesting more light, and electron transfer
Unfortunately, the use of TiO, in anatase phase is hindered from rutile to anatase trapping sites [6]. However, a
by its large bandgap (3.33 eV) which allows detailed study in order to determine the suitable ratio of
photoconversion of only UV radiation (A < 372 nm), so the phases for photocatalytic purposes, has not been done yet.
bandgap must be decreased if TiO, is to be used for visible In the present work, there were prepared a series of thin
light applications. films with different values of the anatase/rutile ratio, and
Titanium dioxide occurs as three important polymorphs, their optical properties (band gap) were studied.

the stable rutile, the metastable anatase and brookite [3, 4]. The determination of the value of the anatase/rutile ratio
These polymorphs exhibit different properties and was determined by MicroRaman spectroscopy, that has
consequently different photocatalytic performance. The been employed effectively to differentiate the anatase and
anatase phase shows useful level of photocatalytic activity, rutile phases. The TiO, polymorphs exhibit distinct Raman
which has a great potential in applications such as self- spectra that can be used for qualitative and quantitative
cleaning windows, anti-fogging windows and lenses, air analysis. The main strength with MicroRaman
cleaning and water purification devices an self-sterilizing spectroscopy is its applicability to nanoscale thin films [7,
antibacterial tiles. On the other hand, the rutile phase shows 8, 9]. Finally it is shown the influence of the mixture of
a high refractive index and stability, which can be used as phases on the value of the bandgap, which was determined
dielectric, gas sensor and anti-reflective coating [5]. The from diffuse reflectance measurements.
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Figure 1. Raman spectrum for as-deposited TiO, thin films.
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Figure 2. Raman spectra for different samples after annealing. Where

A corresponds to the vibrational modes of Anatase and R corresponds
to the vibrational modes of Rutile.
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Figure 3. Signals used for phase determination of a) low anatase
content and of b) high anatase content.
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2. Experimental
2.1. Material formation
2.1.1. DC Magnetron Sputtering

Thin films of titanium dioxide were prepared using a DC
Magnetron Sputtering System, at the base pressure of 3.33
x 10 Pa and an operating pressure of 1 Pa. The working
gas used was an 80/20 mixture of Ar/O,. The equipment
was operated in regulated power mode, which was set at
250 W; with a 2 inches high purity Titanium target. Fused
silica was used as the substrate. The substrate temperature
was fixed at 250° C and the deposition time at one hour.

2.1.2. Thermal Treatment (Annealing)

The as-obtained titanium dioxide thin films were
thermally treated using an electric furnace. In order to
prepare samples with mixture of phases, all thin films were
treated at 850° C in air during different periods of time
ranging from 90 to 160 minutes.

2.2. Material Characterization
2.2.1. Raman Spectroscopy

The crystalline structure of the TiO, films was
determined by microRaman spectroscopy. Raman spectra
were measured with a microRaman (LabRAM HR-800)
system. Raman scattering was induced by a Nd:YAG laser
in the second harmonic (A = 532 nm) with a maximum
laser power of 60 mW on the sample. A 50x lens was used
to focus the laser beam on the sample surface and for
collecting the scattered light, 100 acquisitions were
averaged with an exposure time of 5 seconds each one.

2.2.2. Optical Bandgap

The optical properties of TiO, samples were determined
using UV-Vis spectroscopy. The diffuse reflectance spectra
of the TiO, thin films, were obtained using a PerkinElmer
Lambda 35 spectrophotometer with integrating sphere.
Each spectrum was obtained in the range 200-1100 nm,
with a scan rate of 480nm/ min.

2.2.3. Thickness

The thickness of the samples was measured using a
profilometer KLLA Tencor D-120. The measurement was
done at the step left for this purpose during the deposition
of thin films. The sweep was done at a length of 0.7 mm.
Under the experimental conditions used for deposition of
films an average value of thickness of 380 + 15 nm was
obtained. The error in the measurement is the standard
deviation of at least 3 measurements in different areas of
each sample.
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3. Results and discussion
3.1. Raman Spectroscopy

All the as-deposited thin films in the sputtering system
showed the anatase phase. Figure 1 shows a representative
Raman spectrum of the as-deposited thin films, this
spectrum corresponds to the pure anatase phase. After
annealing at 850 °C during different periods of time, the
rutile phase was induced. Raman spectra of the TiO, thin
films after annealing are shown in Figure 2. As can be
seen, different proportions of the rutile phase were induced
as a function of the annealing time. In the next section it
will be explained the way the proportion of each phase was
calculated.

3.2. Determination of the anatase/rutile ratio

Two calibration curves were constructed using mixtures
of titanium dioxide powder with different proportions of
the anatase and rutile phases, starting at 100 wt. % anatase
down to 0 wt. % of anatase, or 100 wt. % rutile. The
mixtures were made in steps of 10 wt. % of rutile. It is well
known that the anatase phase has six Raman active modes:
a peak with strong signal appears at 144 cm’ followed by
low intensity peaks located at 197, 399, 513, 519 and 641
em’.  The bands located at 513 and 519 cm™ overlap and
our equipment shows only one band. However, to calculate
the phase proportions these bands are not used, and
therefore the final result is not affected. Meanwhile, the
rutile phase has four active modes appearing at 143, 236,
447 and 613 cm™.

According to the methodology proposed by Clegg et al.
[10] it is possible to use the signals located at 144 and 613
em™ which correspond to anatase and rutile respectively.
The peak at 144 cm™ is used because it is very sensitive to
anatase content, even when low percentages of anatase
(<50%) are present. A problem in this method comes out
when the anatase content exceeds the 50%, as the signal at
144 cm™ is too strong and the intensity of all other bands is
very small. In this way, the determination of the intensity
of the peak at 613 cm™ becomes very difficult due to its
closeness to the peak of anatase at 641 cm’™.

For this reason, we propose the use of the peaks located
at 399 and 447 cm’, corresponding to anatase and rutile,
respectively, in order to quantify the anatase/rutile ratio.
We will show that these peaks are useful, when a mixture
of phases with high content of anatase (>50%) constitute
the material. Raman spectra of each mixture were taken
and fitted in order to obtain the intensities of the peaks
located at 144 and 399 cm™, which belong to the anatase
phase (called Io144 and Ia399) and those located at 447 and
613 cm™ , which correspond to rutile (designated as Ir4y7
and Ipgj3). Figures 3a and 3b show the corresponding
spectra for low and high contents of anatase and the signals
that were used.

Subsequently the relative intensities were calculated as
follows:
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Figure 4. Calibrations curves for phase determination of a) low anatase
content and of b) high anatase content.
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Figure 5. Thin films with different anatase content as a function of
annealing time.
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Figure 6. XRD spectra for TiO, thin films with different anatase/rutile
ratio, and the comparison with data obtained by Raman spectroscopy.
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Figure 7. Tauc plots for a pure anatase sample and two samples with
mixture of phases.
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Figure 8. Bandgap as a function of anatase content for several TiO,
thin films. The line is a guide for the eye.
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where I,.;; corresponds to the relative intensity of the case
of low anatase content, and /,,;, for the case of high anatase
content. Then the relative intensity is plotted as a function
of the ratio W, / Wg, where W, and Wy are the mass
fraction of anatase and rutile respectively. Once the value
of WA/Wy is determined from the plot and knowing that
Wi + Wr = 1, the percentage of each phase can be
determined. The calibration curves are shown in Figure 4a
and 4b. These calibration curves were used to determine
the anatase/rutile ratio in the annealed TiO, thin films,
determining the relative intensity in each of them.

In order to determine what calibration curve must be
used, it was established a criterion. When the value of 7.,
(obtained from the Raman spectrum of a sample with
unknown composition) has a value less than 20, indicating
that the anatase content in thin films is less than 50%, the
calibration curve I, (fig. 4a) should be used, otherwise the
calibration curve I, should be used. The change of
calibration curve when the anatase content approaches the
50%, is due to the fact that the intensity of the band
centered at 613 cm'l, becomes less sensitive to further
increase of the anatase content and its behavior becomes
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erratic. Meanwhile the intensity of the bands located at 399
and 447 cm’', can be easily measured in the case of high
anatase contents (> 50%). Figure 5, shows the Raman
spectra for some thin films and contents of anatase
calculated using the described method.

In some samples the anatase content was also calculated
using the X-ray data and the model proposed by Spurr and
Myers [11]. Figure 6 shows the case of two samples with
different content of phases. There exists a slight difference
between the measurements by X-ray diffraction and by
Raman spectroscopy. The main difference is due to
acquisition method. The spot size of the X-ray equipment
is about 20 mm’ meanwhile the spot size in the
microRaman used is about 1 um. By X-ray diffraction an
average value of a big area is reported, and by microRaman
spectroscopy a few measurements must be done and the
mean value is reported. Nevertheless, the same trend was
observed when using both techniques to measure the phase
content.

3.4. Optical Bandgap

Figure 7 shows the Tauc plot of a film without any
treatment (pure anatase thin film) and of two films with
mixture of phases. From this figure it is observed a shift
towards lower photon energies as the anatase content
reduces. This is a qualitative indication of the change of the
bandgap. The bandgap value of the thin films was
determined using the Kubelka -Munk model:

[F(R)hv]* = C,(hv — E,)

Where F(R) = (1-R)?/2R is the Kubelka-Munk function,
hv is the energy of the incident photons, C; is a constant
and x takes values of % or 2 depending if the material has
an indirect or direct bandgap respectively . The bandgap
(E,) is determined by plotting [F(R)hv]* as a function of
hv and extrapolating the linear portion to [F(R)hv]*= 0, as
can be seen in figure 7. The effect of the rutile phase
content on the bandgap is shown in Figure 8. One can
observe that the band gap diminishes with the reduction of
the anatase phase content reaching a minimum of 2.89 eV
at 40 %. From this value the band gap increases again
obtaining a value of 3.14 eV for the sample without anatase
phase content (or 100% rutile content). The reduction of
the bandgap to values lower than that of the pure rutile
phase is an effect that has been observed in partial
measurements done by other authors [12, 13, 14]]. They
attributed this reduction of the bandgap to defects induced
in the band structure due to defects in the contacts between
the anatase and rutile phases. On the other hand, based on
the model proposed by Hurum [15], the decrease in
bandgap could be due to the fact that rutile modifies the
response of anatase to longer wavelengths, and due to this,
there is an electron transference from the rutile to the
anatase trapping sites, that hinders the recombination of
generated charges, allowing in this way that the mixture of



Superficies y Vacio 27(3) 88-92, septiembre de 2014

phases could be useful when this material is used for
photocatalytic tests in the visible range.

4. Conclusions

TiO, thin films in pure anatase form were obtained using
the magnetron sputtering technique. A post deposition
annealing allowed obtaining different mixtures of phases in
a wide range of the anatase/rutile ratio. MicroRaman
spectroscopy has proven to be a useful technique for the
rapid identification of the phases present in the samples,
and for the quantification of the value of the anatase/rutile
ratio. The bandgap value of the TiO, films is a function of
the anatase/rutile ratio of phase content and its value was
found to achieve values lower than that of the pure rutile
phase. These low values of the bandgap could be useful in
some applications such as photocatalysis using visible
light.
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