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TiO2 thin films were prepared by DC reactive magnetron sputtering in a mixture of oxygen and argon on
glass and oxidized silicon substrates. The effect of post-deposition annealing (300 °C, 500 °C and 700 °C for
8 h in air) on the structural and morphological properties of TiO2 thin films is presented. In addition, the
effect of Pt surface modification (1, 3 and 5 nm) on hydrogen sensing was studied. XRD patterns have shown
that in the range of annealing temperatures from 300 °C to 500 °C crystallization starts and the thin film
structure changes from amorphous to polycrystalline (anatase phase). In the case of samples on glass
substrate, optical transmittance spectra were recorded. TiO2 thin films were tested as sensors of hydrogen at
concentrations 10,000–1000 ppm and operating temperatures within the 180–200 °C range. The samples
with 1 nm and in particular with 3 nm of Pt on the surface responded to hydrogen fast and with high
sensitivity.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Hydrogen is considered today to be an abundant and renewable
energy source of the future because it provides zero hazardous
emissions. In addition, it is needed today by a multitude of industries.
As such, we mention the chemical industries (refining crude oil,
plastics, reducing environment in float glass industry, etc), the food
industry (hydrogenation of oils and fats), the semiconductor industry
(as a processing gas in thin film deposition and in annealing
atmosphere) etc. Moreover, hydrogen is used in fuel cells and in
rockets for space vehicles. All these applications necessitate the
development of hydrogen sensor devices which allow its safe and
controlled use. Since hydrogen is explosive above the lower explosion
limit (LEL) at 40,000 ppm, special safety precaution are set [1] and
devices which permit detection of hydrogen presence become
indispensable.

In applications described above, semiconductingmetal oxide (MO)
thin films have a great potential as gas-sensing materials in
environment monitoring for human safety. The sensing properties
of such films are based on the redox gas-surface interactions that
affect the film conductivity. The development of a small integrated
portable gas-sensing system, based on semiconducting MO thin films,
involves among others optimization of the sensing properties of the

MO layer (3 S criterion, that is sensitivity, selectivity and stability).
Then we can expect that the operating temperature may become
lower: this is an important aspect because this results to both
reduction in the construction costs and in energy consumption during
operation.

In the present work, we investigated the effects of post-deposition
treatment of a dc magnetron sputtered TiO2 thin film on its structural,
morphological, optical and gas sensing properties. It is well known
that the two crystallization phases of TiO2, anatase and rutile, have
very different optical and photocatalytic properties. TiO2 with an
anatase structure has a superior photocatalytic property compared to
rutile TiO2 while rutile TiO2 shows the preferred antireflective and
dielectric properties [2]. TiO2 has a variety of interesting applications,
such as solar cells [3], as a photocatalytic material [4] as well as a gas
sensor [5–9]. Sensitivity and selectivity of such layers can be improved
in many ways, e.g., by UV enhancement [10] and surface sensitizing of
theMO layer by depositing a thinmetal layer or metallic nanoparticles
on the surface. A variety of metals like Pd [11,12], Nb [5], Pt [13] or Au
[14] have been used.

TiO2 thin films work as effective gas sensors at operating
temperatures well above 250 °C [15]. At these temperatures, high
sensitivity (above 103) to hydrogen detectionwith concentrations of 1%
has beenachieved [16]. Byusing specialfilmpreparation techniques, the
sensitivity could be increased to 1.6×103 to hydrogen at 300 °C.
Nevertheless, detection of hydrogen at such high temperatures may be
dangerous, due to explosion hazard.

In this study, the influence of post-annealing in the (300–700) °C
range and thin film surface partial coveragewith (1–5) nm Pt particles
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on the structural (XRD, EDX, AFM), optical (transmission) and gas
sensing properties of TiO2 thin films was investigated for (1000–
10000) ppm hydrogen concentration values and in the (180–200) °C
operating temperature range. It was found that the Pt over layer
affected the gas sensing properties of TiO2: in particular, the operating
temperature was reduced while the sensitivity to hydrogen was
increased.

2. Experimental

The TiO2 thin films were prepared by dc reactive magnetron
sputtering from a Ti target (4″ in diameter, 99.99% purity) at oxygen
partial pressure of 0.1 Pa on both glass and oxidized silicon substrates
in a mixture of oxygen and argon. A sputtering power of 600 W was
used. Both argon inert and oxygen reactive gas flows were controlled
by mass flow controllers. The total gas pressure was kept at 0.5 Pa. To
investigate the influence of the annealing temperature the samples
were post-annealed at 300, 500 and 700 °C for 8 h in dry air. Chemical
composition of the TiO2 thin films was determined using a FEI XL30
scanning electron microscope (SEM) equipped with an energy
dispersive X-ray (EDX) analyzer based on a silicon detector (EDAX)
and a S-UTW-Window operating at 10 kV acceleration voltage. The
crystal structure was identified with a Theta–Theta X-ray diffractom-
eter (XRD) D 5000 with a Goebel mirror in grazing incidence
geometrywith Cu Kα radiation. The surfacemorphologywas observed
by atomic force microscopy (AFM) using NT-MDT Solver under
normal air conditions in the non-contact mode.

Based on these results, another set of TiO2 samples was prepared
on glass and oxidized silicon substrates, modified by a thin Pt over-
layer (thickness 1, 3 and 5 nm) and post-annealed at 400 °C.
Transmission spectra of samples prepared on glass substrates were
recorded by a Perkin Elmer Lambda 19 Spectrometer in the range
200–1200 nm.

Samples on oxidized silicon substrates from the second set of
depositions were then tested as hydrogen sensors in an aluminum
vacuum chamber. The chamber was initially evacuated down to 1 Pa
and filled with dry air at atmospheric pressure. The TiO2 thin films
were tested in the temperature range 180–200 °C at hydrogen
concentrations from 10,000 to 1000 ppm. The pressure was measured
by a MKS Baratron gauge. The hydrogen concentration was calculated
on the basis on the partial pressures of the sensing gas and air inside

the chamber. A bias of 1 V was applied by two gold-coated electrodes
mechanically pressed on the sample surface. The current I through the
film was measured with a Keithley Mo. 485 Pico-ammeter. Current
changes helped to monitor the hydrogen sensing in real time. The
relative response is defined as

R =
Ig−Io
Io

=
Ro−Rg

Rg
ð1Þ

where Ro is the resistance in air and Rg the resistance in the presence
of the gas.

3. Results and discussion

3.1. Structural and morphological characterization

For structural andmorphological analysis, sets of as-deposited and
samples annealed at temperatures 300, 500 and 700 °C were
prepared. Fig. 1 presents the XRD diffraction patterns in the range of

Fig. 1. XRD diffraction patterns of TiO2 thin films as prepared and annealed at 300, 500 and 700 °C.

Fig. 2. Typical EDX spectrum of TiO2 thin films.
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2θ where the diffraction peaks were observed. It was found that the
prepared TiO2 films had not only an amorphous but also a
polycrystalline structure.

The XRD diagrams of the as-deposited and annealed at 300 °C TiO2

films showed that the films were largely amorphous, since no
diffraction peaks were observed. On the other hand, the diffraction
patterns from samples annealed at 500 and 700°C show the presence
of diffraction peaks from the (101) and (200) planes of the tetragonal
anatase TiO2 lattice, as referred in the JC-PDS 21-1272 file. The
enhancement of the crystalline anatase phase was confirmed by the
increasing of the intensity of the diffraction lines with increasing
annealing temperature. Our findings are in accordance with Tian et al.
[17] whose XRD observation revealed that only anatase phase was
formed in TiO2 films prepared by electron beam evaporation and
annealed at different temperatures. As reported in the literature [18],
TiO2 films thermally treated at temperatures under 300 °C are
randomly oriented and amorphous. Gyorgy et al. [19] also obtained
TiO2 anatase single phase thin films by pulsed laser deposition. Sicha
et al. [20] prepared TiO2 films by dc reactive magnetron sputtering, as

in our case, and found that anatase phase always was formed at low
substrate temperature.

Chemical analysis of prepared TiO2 thin films was performed by
energy dispersive X-ray spectroscopy (EDX). EDX spectra were
acquired from different sites of the as-prepared and the annealed
samples and then were averaged. X-ray counts per second (cps) were
normalized to the silicon peak in order to suppress the influence of the
samples thickness and unequal measurement conditions. Besides the
major Kα silicon peak originating from the substrate, additional peaks

Fig. 3. AFM images of TiO2 thin films a) as prepared and annealed at b) 300, c) 500 and d) 700 °C.

Table 1
The average of roughness (Ra), root mean square (RMS) and coefficient of kurtosis (RKU)
of as-prepared TiO2 samples and annealed at 300, 500 and 700 °C.

Annealing temperature (°C) Ra (nm) RMS (nm) RKU (nm)

– 0.66 0.93 3.5
300 0.32 0.46 7.9
500 0.31 0.41 0.7
700 1.90 2.46 0.6
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were observed, attributed to oxygen Kα and Ti Kα as well as Ti Kβ

(Fig. 2). EDX spectra of all investigated samples have revealed the
presence of titanium and oxygen atoms in the thin layers and thus
formation of TiO2 thin films was confirmed. The presence of carbon in

the EDX spectra is likely due to a thin carbon film sputtered on top of
the samples for SEM investigation and a contamination from air
environment as well. On the basis of comparing the intensities of O
and Ti Kα peaks of as-prepared and annealed samples, the relative
effect of annealing on oxygen concentration in thin layers can be
determined. Post-deposition annealing has affected the oxygen
concentration very slightly: we observed a tendency of a small
decrease of oxygen content in the layers, which can be explained by
out-diffusion of oxygen during the annealing process [21]. Exact
determination of Ti:O ratio is not possible since the examined TiO2

layers are too thin and thus only a small amount of the signal acquired
by EDX is attributed to the TiO2 layer, while a major part of the signal
comes from the silicon substrate.

The two and three dimensional AFM images taken at a scan area of
2 μm×2 μm (Fig. 3) represent the surface morphology of the TiO2 thin
films. After acquiring the AFM images, they were subjected to a
flattening procedure using the NOVA image processing software.
According to a quantitative analysis of the roughness deduced from
AFM measuring (Table 1), the values of average roughness (Ra), root
mean square (RMS) and coefficients of kurtosis (RKU) changed in
relation to the annealing conditions. The AFM topography of the as-
deposited and annealed TiO2 films at 300 and 500 °C revealed that the
film surface is rather smooth and compact (Fig. 3a–c). From Table 1
we can see that the values of Ra and RMS of these samples follow a
similar decreasing tendency. A significant difference occurs at

Fig. 5. Relative response of TiO2 thin films annealed at 400 °C with 1 and 3 nm Pt modifications in real time.

Fig. 4. Transmittance spectra of TiO2 thin films annealed at 400 °C without Pt, 1 and
3 nm Pt modifications.
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temperature of 700 °C, where the film surface exhibits a higher
roughness and clear grains can be seen (Fig. 3d). This also indicates
that the grain growth on the film surface is probably completed at
700 °C annealing and is in accordance with the XRD observation. A
quantitative roughness analysis confirmed that the process of post-
deposition thermal annealing at 700 °C increased the values of Ra and
RMS of the sample, due to the developing polycrystalline structure at
the surface.

It was found that the as-deposited samples and those annealed at
300 °C had significantly higher coefficients of kurtosis RKU, which
means that these samples have infrequent extreme deviations of the
measured height. This is clearly seen as spikes in the 3D picture of the
samples (Fig. 3a–b). Annealing at higher temperatures these spikes
were suppressed and so the samples annealed at 500 and 700 °C
exhibited a surface without such spikes.

3.2. Optical and hydrogen sensing properties

Based on the XRD results, a set of TiO2 samples with a 200 nm
sensing layer were prepared on glass and SiO2/Si substrates and post-
annealed at 400 °C where the samples crystallized. These samples
were modified by 1, 3 and 5 nm Pt. Transmittance spectra of the
samples were recorded (Fig. 4). Systematic lowering of the overall
transmittance, due to an increase of Pt layer thickness, was observed.
A similar observation was made for samples that were post-annealed
at 500 °C.

The 400 °C annealed TiO2 thin films without modification andwith
1, 3 and 5 nm Pt surface partial coating were tested as hydrogen
sensors after thermal activation by heating in dry air for 10 h. TiO2 as a
gas sensitive layer operates at temperatures above 350 °Cwhereas the
operating temperature used in our experiments was in the (180–200)
°C range. Therefore, samples without a Pt over-layer apparently did
not respond to hydrogen at all. As for the sample with 5 nm Pt
coverage, no gas response could be recorded. We measured the film
resistivity and found a vanishing value: therefore, we may assume
that this value was the resistivity of a Pt layer, covering almost the
whole film surface and thus any reaction of hydrogen with the TiO2

film could not be recorded, according to Eq. (1). As a result such
samples were not sensitive to hydrogen at all. In TiO2 samples with 1
and 3 nm Pt surface coverage, the Pt over-layer caused a significant
sensor response at a much lower operating temperature. In particular,
measured responses for concentrations 10,000, 5000, 2000 and
1000 ppm of hydrogen were recorded at operating temperatures
180, 190 and 200 °C (Fig. 5).

The samples with 1 and 3 nm Pt coverage showed high relative
responses to hydrogen and the response time was several minutes.
Here the response time is defined as the time needed for the sensor to
change its relative resistance from 10% to 90% of the full change of the
electrical signal after exposure to hydrogen. It is clear that the relative
response of all TiO2 sensors to hydrogen showed a strong dependence
on both the operating temperature and gas concentration (Fig. 6). For
the same operating temperature, the response of the sensors to
hydrogen sharply increased with the increase of gas concentration. All
samples showed a saturation-like behaviour in dependence on the
hydrogen concentration. The temperature range 180–200 °C is
adequate for hydrogen detection as low as 1000 ppm. The best results
were obtained by the sample with 3 nm Pt coverage (higher relative
and shorter time response). Optimization of the dc magnetron
reactive sputtering parameters is in progress to decrease the
operating temperature of TiO2 thin films even further and shorten
the response time of the developed sensors.

4. Conclusion

The influence of post-annealing and Pt surface coverage on the
properties of TiO2 thin films was investigated. The annealing of the

TiO2 films has an important effect on the thin film structure; in
particular, crystallization starts at temperatures between 300 °C and
500 °C without diffusion of oxygen. This process has a significant
influence on the structural, morphological and optical properties of
TiO2 thin films. The influence of Pt surface coverage of the TiO2 films
on the optical and sensing properties has also been analyzed. The Pt
coverage caused significant lowering of the sensor operating
temperature and a decrease of the response time in hydrogen
detection. The sensors appeared to be stable during the whole testing
period and their response was reproducible, in particular for the
higher operating temperature and 3 nm Pt coverage.
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