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Abstract

The influence of substrate bias on the ammonia (NH3) sensing properties of reactive dc magnetron sputtered titanium dioxide (TiO2) films has
been investigated. The films deposited at floating potential and −100 V substrate bias exhibited a mixed phase (anatase and rutile) as analysed by
X-ray diffraction (XRD) while the films deposited at −200 V substrate bias had only rutile phase. On increasing the substrate bias voltage the
grain size increased from 15 to 31 nm and the optical band gap value decreased. The TiO2 films had an enhanced response towards NH3 in the
concentration range 5−100 ppm at room temperature. The enhanced performances are correlated to the high surface-to-bulk ratio and crystal
structure. The TiO2 film deposited at lower bias has enhanced sensitivity of (S-7857) towards NH3 at room temperature with quick response and
recovery time.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ammonia (NH3) plays a vital role in all forms of life and it is
generally produced by the way of natural process in animals,
human and plants. In addition to this, NH3 is synthesized artificially
due to its variety of applications in the field of explosives
production, fertilizers, pesticides, textile, food processing, house-
hold cleaning and bleaching products. Although the threshold
value for NH3 concentration in air is 25 ppm for human being,
above 25 ppm concentration of NH3 it causes irritation to the
respiratory system, eyes and skin and long term exposure of NH3

leads to fatal [1]. Hence, there is a necessity for developing cost
effective, reliable NH3 sensors to detect in lower ppm with
excellent performance. Various metal oxides are being used to
detect NH3 such as ZnO [2,3], WO3 [4,5], TiO2 [6,7], SnO2 [8,9],
etc. Among all sensors, room temperature based ammonia sensors
can offer cost-reduction because of its reduced working tempera-
ture, low power consumption of sensor, miniaturized size and
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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improved sensor life time. TiO2 is an inexpensive, non-toxic and
wide band gap n-type semiconductor. TiO2 has high thermal
stability, photocatalytic activity, chemical stability and high corro-
sion resistance [10]. The superior dielectric properties of TiO2

meets the demand in ultra large scale integration, used as an
alternative dielectric to silicon dioxide [11]. These features make
TiO2 as one of the potential candidates for gas sensing application.
Different deposition techniques such as, chemical vapour

deposition [12], dip coating [13], spin coating [14], spray
pyrolysis [15], magnetron sputtering [16], etc., are used to
deposit TiO2 films. Among all these techniques, dc magnetron
sputtering has an advantage of controlling film thickness,
uniform large area coating, well adherence of the film over
the substrate, allows growth of films under a reactive atmo-
sphere and avoids contaminants in the films during the
deposition process. By changing the deposition conditions
like partial pressure of argon, partial pressure of oxygen,
substrate bias voltage, cathode power, substrate to target
distance, deposition temperature, one can tailor the properties
of TiO2 films.
In this present work, TiO2 films has been deposited by

reactive dc magnetron sputtering and the influence of substrate
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bias on their structural, optical, morphological properties and
NH3 detection at room temperature are studied.

2. Materials and methods

2.1. Film deposition

TiO2 films were deposited by reactive dc magnetron sputtering
on to thoroughly cleaned microscopic glass substrates (1� 1 cm2).
The illustrative representation of deposition chamber is shown in
Fig. 1. The glass substrates were ultrasonically cleaned in acetone,
isopropanol and deionized water (15 min in each solution).
Subsequently, the substrates were dried in oven for 1 h. The well
cleaned substrates were placed on to the substrate holder and the
deposition chamber was evacuated to a base pressure of 1� 10−5

mbar. Titanium target (99.995% purity) of 2 in. diameter and
3.2 mm thickness was used as the source. Before depositing the
films the target was sputter cleaned for 30 min (in argon) in order
to remove the contamination on the target surface. Argon
(15 sccm) and oxygen (4 sccm) gases were introduced inside the
vacuum chamber using mass flow controllers. The source to
substrate distance and the cathode power were maintained as 3 cm
and 100 W respectively. And all the depositions were carried out
for 15 min. The films were deposited at floating potential, −100
and −200 V bias voltages at room temperature.

2.2. Characterization techniques

The crystalline properties of the films were characterized by
XRD (Bruker, D8 Focus, Germany) using CuKα radiation in the
diffraction angle range of 20–401. The surface morphology of the
films was studied by using field emission scanning electron
microscope (FESEM) (Carl Zeiss SUPRA55, Germany). The
elemental composition of the films was determined using energy
dispersive analysis of X-ray (EDAX) attached with the FESEM.
The thicknesses of the films were measured using ellipsometry
(Filmmetric F20, USA) and were found to be in the range of
130–200 nm. The optical properties of the films were studied by
Fig. 1. Schematic representation of dc magnetron deposition setup.
double-beam UV–vis spectroscopy (Perkin Elmer, Lambda 35,
USA) in the wavelength range of 200–800 nm.

2.3. Gas sensing setup

The gas sensing studies were performed in a custom built
sensing setup. The schematic diagram of the gas sensing setup is
shown in Fig. 2. The sensing setup consists of gas sensing chamber
(volume 1 l), picoammeter (DPM-111), high voltage power supply
(EHT-11) and vacuum pump (VE115N). Before injecting NH3

inside the test chamber, the sensor with TiO2 film as the active
layer was stabilized to attain the stable baseline in ambient air.
After fixing the baseline, the NH3 was injected using a micro-
syringe of required concentration. And the change in the resistance
value of the TiO2 films was constantly recorded using
picoammeter.

3. Results and discussion

3.1. Structural properties

The XRD patterns of TiO2 films deposited at floating potential,
−100 and −200 V are shown in Fig. 3. The films deposited at
floating potential had higher percentage of anatase phase and
smaller fraction of rutile phase. The films deposited at −100 V bias
consisted of smaller fraction of anatase phase and higher fraction of
rutile phase of TiO2 and with peaks corresponding to (101) and
(110) planes. The films deposited at −200 V contain single phase
of rutile TiO2 with its corresponding plane at (110) and this is in
concurrence with the JCPDS card no. 21-1272 [17]. The deposited
film shows no other impurity peak, which suggests that the
deposited films are of high purity. When increasing the bias
voltage from −100 to −200 V the anatase peak (101) disappeared
and large fraction of rutile phase (110) is only observed. This may
be due to the fact that the anatase phase is less stable than the rutile
and also substrate bias voltage increases the kinetic energy of the
bombarding Ar+ ions that creates large number of nucleation sites
[18]. The crystallite size was calculated using Debye Scherrer
formula [19]

D¼ kλ=β cos θ ð1Þ
where k is the shape factor, λ is the wavelength of the X-ray, β
is the full-width half-maximum and θ is the diffracted angle.
Fig. 2. Schematic diagram of gas sensing setup.



Fig. 3. XRD patterns of the TiO2 films deposited at different bias voltages.
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The crystallite size was found to be 15, 27 and 31 nm for the film
deposited at floating potential, −100 and −200 V respectively.

3.2. Morphological studies

The FESEM micrographs of the TiO2 films deposited at
different bias voltages are shown in Fig. 4. The films deposited
at floating potential are fairly uniform throughout the substrate
with distribution of small spherical grains of size 20–25 nm.
It is seen that the film deposited at −100 V consists of
spherical grains and the density of smaller grains is higher
than that of the larger agglomerates. The smaller agglomerates
have a size of 20–30 nm. At −200 V grain size of 30–40 nm
was obtained. The grain sizes of the TiO2 films observed from
FESEM micrographs were well supported with the values
calculated from XRD data. EDAX spectrum shows the
presence of Ti and O. Silicon (Si) peak that was detected
was due to the presence of Si in glass substrate and the
platinum (Pt) peak that was observed was due to the coating of
the sample for FESEM analysis.

3.3. Optical properties

Optical properties of TiO2 films deposited at different substrate
bias voltage were studied using UV–visible spectrometer in the
wavelength range of 200–800 nm. The optical band gap of the
films were determined by Tauc's plot [20], using the following
relation.

ðαhνÞ1=n ¼ Aðhν−EgÞ ð2Þ
where hν is the photon energy, Eg is the optical band gap of the
film, α is the absorption co-efficient. A is the constant exponent
corresponding to the type of transition which occurs in the material
where n¼1/2, 2, 3/2 and 3 corresponding to the allowed indirect,
direct, forbidden indirect and forbidden direct transitions. For
calculating direct band gap by using Tauc's plot, we assumed
n¼2 for plotting the graph (αhυ)2 on Y-axis and photon energy
(hυ) on X-axis. By extrapolating the linear portion of the graph the
intercept on the X-axis gives the direct band gap. The optical band
gap was about 3.71, 3.62 and 3.51 eV for the film deposited at
floating potential, −100 and −200 V respectively as shown in
Fig. 5. The observed band gap values were found in concurrence
with the previous report [21]. The decrease in the band gap with
increasing the bias voltage is attributed to the phase transformation
from anatase to rutile, which is having a lower band gap when
compared to anatase. Another reason for the decrease in the band
gap could be the reduction of defects in the films due to the
increase of grain size [22].

3.4. NH3 sensing studies

We have examined the NH3 sensing characteristics of TiO2

films at room temperature (∼30 1C) in ambient atmosphere.
Aluminium (Al) electrical contacts were deposited over the TiO2

films by depositing Al (99.99% purity) using the vacuum
evaporation technique [23]. Prior to exposure of NH3, the base
resistance of the TiO2 film was stabilized in ambient atmosphere.
Once, stable resistance was observed for the film, required amount
of NH3 was injected inside the sensing chamber and the resistance
values were continuously recorded. The stable baselines of 1.10
and 2.00� 1011 were observed for the films deposited at −100 and
−200 V respectively. No stable resistance was observed in the case
of film deposited at floating potential. So the films deposited at
−100 V and −200 V bias were taken into account for further gas
sensing studies.
The working principle of metal oxide based gas sensor is

explained as follows. When the surface of metal oxide interacts
with atmosphere, the oxygen species captures the electrons
from conduction band of the metal oxide surface. Hence, the
resistance of the metal oxide surface was increased in the case
of n-type semiconductor and in the case of p-type semicon-
ductor the resistance decreases. When the target gas interacts
with the metal oxide surface it may donate electrons to the
metal oxide surface or capture the electrons from metal oxide
surface corresponding to whether it is reducing or oxidizing
gas [24–26].
The interaction of oxygen species and NH3 vapour is

depicted as follows:

O2ðgasÞ2 O2ðadsÞ ð3Þ

O2ðadsÞ þ e−2O2
−ðadsÞ

NH3ðgasÞ2 NH3ðadsÞ



Fig. 4. FESEM micrographs (a)–(c) and EDAX patterns (d)–(f) of TiO2 films deposited at different bias voltages.

Fig. 5. Tauc's plot of TiO2 thin films.
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2NH3ðgasÞþ 5 O−ðadsÞ2 2NOð adsÞ þ 3H 2O þ5e− ð4Þ
The transient response of TiO2 films deposited at −100 and
−200 V substrate bias voltage towards different concentrations
of NH3 vapour are shown in Fig. 6(a) and (b). As the
concentration of NH3 increases from 5 to 100 ppm the
resistance of the TiO2 films was decreased. The magnitude
of the change in the resistance of the TiO2 films depends on the
NH3 vapour concentration. It is due to the fact that when small
concentration of gas is exposed on a fixed area, resulting in
lower coverage of gas on the surface leads to low response. At
higher concentration, the gas molecules interacting on the
surface active sites were increased, which leads to higher
response of the film. The change in resistance and sensor
response (S) of the TiO2 films deposited at −100 and −200 V
are presented in Table 1.
The sensor response of the film was measured using

S¼ Ra=Rg ð5Þ
where Ra is the resistance of the sensor in dry air condition and
Rg is the resistance of the sensor in the presence of NH3.
In case of the film deposited at −100 V, upon injecting the

100 ppm of NH3 vapours resistance of TiO2 films decreased
rapidly by more than 5 orders of magnitude in less than a
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minute. This indicates that TiO2 films were highly sensitive
(S¼7875) to NH3 at room temperature. But the film deposited
at −200 V showed reduced sensor response (S¼1333) as
Fig. 6. Transient NH3 sensing behaviour of TiO2 films deposited at (a) −100
and (b) −200 V.

Table 1
Variation in resistance and response of the TiO2 films for different NH3 concentra

Gas concentration
in ppm

Substrate bias voltage

−100 V

Change in resistance (Ω) Re

0 1.10� 1011 –

5 5.00� 1010 2.2
10 9.50� 109 12
20 5.00� 108 22
30 2.50� 107 44
40 1.99� 107 55
50 1.50� 107 73
75 1.53� 107 71
100 1.40� 107 78
compared with the films deposited at −100 V. The higher
sensitivity towards NH3 at room temperature observed for the
films deposited at −100 V, may be due to the high surface to
volume ratio and also the presence of the anatase phase which
has higher electron mobility [27,28]. The sensor response of
the TiO2 films is shown in Fig. 7. The sensor response of both
the TiO2 films deposited at different substrate bias voltages is
comparatively higher than the values reported in the literatures
[29–34], which is shown in Table 2.
3.4.1. Response and recovery time
The response and recovery times of the TiO2 films with

respect to different NH3 vapour concentrations were studied.
The response and recovery time defined as time taken by the
sensor output to reach 90 % of its saturation after applying or
switching off the target analyte [35,36]. In our case, films have
relatively faster response and recovery times of ∼34–65 s 90–
115 s respectively when increasing the concentration of NH3

from 5 to 100 ppm. The slower recovery time is due to the low
tions.

−200 V

sponse Change in resistance (Ω) Response

2.00� 1011 –

1.00� 109 200
3.90� 108 513

0 3.65� 108 548
00 3.30� 108 606
28 3.10� 108 645
33 3.00� 108 667
71 2.70� 108 741
57 1.50� 108 1333

Fig. 7. Sensor response of TiO2 thin films towards NH3.



Table 2
Comparison of TiO2 based NH3 sensors.

S. no Material Operating
temperature (1C)

Detection
range (ppm)

Response
time (s)

Recovery
time (s)

Sensor
response

Ref.

1 TiO2 250 500–5000 90 110 7000 6
2 TiO2–polyaniline RT 20–100 40 500 47 29
3 Cellulose–TiO2–

MWCNT
RT 50–500 100 50 50 30

4 Pt dispersed TiO2 200 1000 – – 100 31
5 PANi/TiO2 RT 23–141 2 60 2 32
6 PANi/TiO2 RT 23–141 1 58 1.67 33
7 TiO2 200 100 20 60 11 34
8 TiO2 RT 5–100 34 90 7857 Present

work

Fig. 8. Stability of the TiO2 films towards 5 ppm NH3.
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desorption rate of the NH3 vapour from the film surface at
room temperature [37].
3.4.2. Stability
Stability is one of the most important concerns while

working with room temperature sensors. Stability is defined
as the ability of the sensor to provide reproducible results for
certain period of time. This includes retaining the sensitivity,
selectivity, response and recovery time [38]. Poor stability of
sensor may lead to false alarm and leading to frequent
recalibration or replacement of the sensor. The stability of
TiO2 film sensor deposited at different bias voltages is shown
in Fig. 8. The TiO2 films deposited at −100 and −200 V
exhibit an excellent stability for 5 ppm of NH3 vapour over a
period of 10 days. In the period of 10 days no drift in the
sensor response was observed.
4. Conclusion

Nanostructured TiO2 films were deposited at different
substrate bias voltages on to glass substrates. The deposited
films were polycrystalline in nature and the phase change from
anatase to rutile was observed on increasing the substrate bias
voltage. The band gap value decreased from 3.71 to 3.51 eV
on increasing the bias voltage. From the sensing studies it was
concluded that the TiO2 deposited at −100 V has enhanced
sensor response (S¼7857) towards NH3 with fast response
and recovery time of 34 and 90 s respectively. The TiO2 thin
films are capable to detect NH3 as low as 5 ppm and were
found to be highly stable. The simplicity, low-cost, high
sensitivity and high stability of the TiO2 films meet the
requirement as a sensor for environmental monitoring.
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