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Abstract ; Nanosized TiO; thin films were prepared by the method of DC magnetron sputtering,and

the films were deposited on alumina tubes and silicon substrates. After the deposition, the films

were annealed at 500C, 700 C and 1 100 C in a muffle respectively. The film properties such as

crystal structure, grain size, phase and gas sensitivity varied on account of the annealing

condition. X-ray diffraction (XRD) and gas sensing measurements were carried out to find out the

relation between sensitivity and annealing temperature. Anatase occurs at annealing temperature

500°C. Sensitivity is the highest with wonderful selectivity and shortest response(recover) time
for the anatase phase. After modified the surface of TiO, thin film,it could be concluded that the

best operating temperature for the devices is 370 C. The mechanism of the gas sensing properties

was also discussed.
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0 Introduction

The TiO, film has been widely used in sensors
to detect various gases, such as H,, O,, CO and
some organic vaporst, but there were less
investigations on the sensing properties towards
ethanol vaport?.

At present, Sn(O, and ZnO are the main
materials to fabricate the ethanol vapor sensors,
method™ !,

However, there existed a shortcoming of low

which were prepared by sol-gel
selectivity. For example, they are also sensitive to
gasoline and benzene, so the selectivity to ethanol
in the mixing organic vapor is declined.

In this paper, we point that TiO, films
possess preferential selected sensation towards
ethanol vapor with less response and recover time
about 3 seconds. In addition, TiO, film is not easy
to be poisoned and steady in chemical property
with a long life for usage.

We also pay attention to investigate the
influence of the annealing temperature for samples
on their gas sensitive property. because there are

TiO,, such as

brookite, anatase, rutile. They can transform to

three crystal structures for

each other at definite temperature. There was a

report'™ about the phase transition temperature of

*Supported by National Natural Science Foundation of
China (60437030)
Tel:0750- 3296040 Email : insidesun@mail. 163. com
Received date:2009-03-02 Revised date:2008- 06— 06

Document Code: A

Article ID.1004-4213(2009)08-2019-5

bulk TiO,, being 600 C for brookite, 640C for
anatase, 1 800 C for rutile, respectively.

In this work, TiO, films were prepared by the
DC magnetron sputtering method, afterwards, the
samples were annealed at different temperature.
Then, their ethanol vapor-sensitive properties
were detected with a gas-sensitive measurement

instrument.

1 Experiments

The TiO, films were prepared by the DC
magnetron sputtering equipment. The fabrication
specifications were as follows: vacuum 3 X
107° Pa; 0. 23 oxygen partial pressure for 1. 6 Pa
full pressure; 10 cm distance between target and
470V applied voltage with 0.2 A

sputtering current. The used two substrates were

substrate;

respectively Si (111) wafer and Al,O; ceramic
tubes. The former were used for analyzing crystal
structure of TiO, by XRD; the latter were used as
gas-sensitive elements for detecting the sensitivity
for varied sorts of gases. All samples were
annealed respectively at different temperature
during 3h. After cooling for 9 h in furnace, the

samples were withdrawn out.

2 Experimental Results

2.1 The structure analysis for film samples

Fig. 1 shows the XRD measurement results for
samples 1 #£,2#,3#,4 £. They were annealed
respectively at 500°C (2 #£), 700C (3 # ),
1100C (4%), except for sample 1 # without
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annealing.

It can be seen from Fig. 1 that sample 1 #
shows a amorphous structure; sample 2 # shows
anatase crystal structure with its characteristic
diffraction peaks A(101),A(004),A(105) besides
Si (111) diffraction peak at 20=28. 4°. Sample 3 #
shows a majority of anatase phase, coexisted with
a little rutile with its characteristic diffraction peak
R(110). Sample 4 # shows rutile crystal structure
with its characteristic diffraction peaks R(110),R
(220), R9210), R (220), R (310).

confirmed that anatase are formed at annealing

It can be

temperature 500 C, rutile occurs beyond 700 C and
is transformed at temperature of 1 100C at all

from anatase.
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Fig.1 The XRD of samplesl # ,2# ,3% ,4#
The size of crystal grain can be estimated by

following Scherrer formular for different annealing

temperature
K
D=—"%2 _
Beos ()

Where D is size of grain, A is wave length of X
ray, 0 is Bragg angle, 8 is width of the diffraction
peak for half of its hight. The average sizes of
grain for sample 24 ,3# ,4# after annealing were
calculated out according to Scherrer formular
respectively: 10, 16, 28 nm. The size of grains
increases with the annealing temperature.
2.2 Detecting the gas-sensitive properties of TiO,
thin films towards ethanol vapor

In this experiment, the equipment of gas
HW-30 gas
product of

sensing measurement is sensing

HanWei

Electronics limited company of China. The test

system, which is the

principle diagram of this system is as follows.

In Fig. 2, V, is the pyrogenation voltage (V),
for heating the film on tube, V. is the applied
voltage(V), R, is the loading resistance, Vout is
the output voltage. Sampling time is one second.

Definition of the sensitivity is S, = Repuno /Rar. In

+ V.

v, Sensor

out

Fig. 2 The sensing system test principle diagram
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Fig.3 The relationship between the pyrogenation voltage
V., and the thin films operating temperature
this equation, R,, is the resistance of thin film in
the air; R.pmo 1s the resistance of thin film in the
ethanol vapor. The conditions of this experiment is
as follows: R, = 100 MQ, V, = 8. 0 V, one
standard atmospheric pressure; the environment
temperature is 28°C and humidity is 20% RH.
Fig. 3 shows the relationship between operating
temperature of TiO, films and pyrogenation
voltages.

From Fig. 4 and Table 1, it can be seen that
the sensitivity of sample 2 # is much higher than
others. The best pyrogenation voltage for it is
8.0 V. So its best operating temperature is about
370C. ( Fig. 3)
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Fig. 4 Respective sensitivity(S,)of samples 1# .2# 3#
4% in different pyrogenation voltage(V},)
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Table 1 S, , response time Tres (S) and recover time Trec (S)

of sample 27 in different pyrogenation voltage(V,)

Vi/V S, Tres(S) Trec(S)
5.5 3.22 45 19
6.0 6.58 26 27
6.5 8.74 15 8
7.0 9.03 10 4
7.5 10. 87 6 3
8.0 11.48 2 3
8.5 10. 3 8 3
9.0 10. 74 8 3
9.5 7.21 10 4
10.0 5.19 23 26
10.5 4.21 37 34

Sample 2 # also has an excellent selectivity,
shown in Fig. 5. It can resist the interference of
other familiar gases and organic vapor. In this
experiment, the concentration of different testing

gases is shown in the Table. 2.
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Fig. 5 Kinetic response—recovery of sample 2 # towards
different gas at operating temperature of 370 C
Table 2 The concentration of the used different gases and

the sensitivities of sample 2 & towards them

Test gas concentration S,
ethanol Volume:20% 7.68
Gasoline Saturated vapor 1. 38
Benzene Saturated vapor 1.17
Ammonia Saturated vapor 1.11
CO Volume :20% 1.03
H,S Volume :20% 1.01

2.3 Discussion

The gas-sensitive mechanism of the nanosized
TiO, thin films toward ethanol vapor are similar to
When they

adsorb the test gas, then the electric resistance of

TiO, thin films toward oxygen ™.

thin film is changed. However, the ethanol is

reductive gas and the oxygen is oxygenating gas.
The complicated physic-chemical reactions

were took place in the surface of the thin film of

TiO, ",

detecting, we compared the spectrograms of the

Using the technique of infrared ray

gas component before reactions and after reactions,

found out the products of the reactions. That can
help us investigate the mechanism of TiO, thin
films sensing properties towards ethanol vapor.

The method of I-R detecting is that: Took the
ethanol vapor (the concentration is 20%) into the
gas-cell which is make up of KBr, then did the I-R
detecting(the upper line of the Fig. 6). Put the
ethanol gas-element in to the gas-cell, supplying
the pyrogenation voltage (V, =8. 0 V) so as to
make it work normally for 90 minutes. Finally,
detected the products in the gas-cell by the I-R
measure,

From Fig. 6, Two curves are very similar, but
the transmittance of reacted gas in 1 694, 1 756
and 2 383 cm ' is lower than the unreacted one.
Those peaks are correspondingly with chemical
"in the

upper curve. The peak 2 363 cm ' is the absorbed

bonds of ethanol except the peak 2 363 cm™

peak of carbon dioxide in the testing gas. The
testing gas contains N, and O,, but they belong to
symmetrical double-atom molecule, so can not
absorb the I-R. We can see the bottom curve in the
Fig. 6, the transmittance is lower, that shown

' and

more CO, was created. The peak 1 756 cm™
peak 1694 cm™ ' are respectively the absorbed peak
of group CHO and group C = C. We also can
H,O was
created after reactions, that made the bottom curve
smoothly in the 4 000 ~3 800 ecm ', 1 800 ~

1 500 cm™! and 650~430 cm™".

drown the conclusion from Fig. 6,
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Fig. 6 The IR spectra of the detected gas

In general speaking, there are some steps
occur in the surface of the TiO, thin film:

1) In the air environment, oxygen molecules
are adsorbed on the film surface of metallic oxides,
capturing great quantities of electrons from
metallic oxides, so as to reduce the conductivity of
the film:0O, (g) +e-=20-(ad).

2) The absorbed oxygen are bound to unsaturated

metal sites(M-+) :0-(ad) +M-+=0-M.
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3) Ethanol are absorbed on the film surface:
CH,CH,OH= CH,;CH20H( (ad).

4) The absorbed ethanol is dissociated as
CH;CH,O by the catalytic function of O-M;

CH;CH, OH(ad) +O-M=CH, CH, O+ H-O-M.

5) CH,CH,OH are further dissociated as
and CH,CHO,

transformed into the film to

water while electrons are
increase the
conductivity of the film:

CH,;CH,O0+ H-O-M= CH;CHO+ H-O-H+
M-+ +e-.

6) CH;CHO and adsorbed oxygen O-(Cad)
reacted, there are group C = C created, farther
more, the chemical bonds between the double
carbon atoms are ruptured, finally became into the
water and carbon dioxide.

Our experiments indicate that these four
samples have different properties toward ethanol
vapor. Because the annealing temperature are
different, the grain size, phases are different.
According to XRD analysis results, we can know
that the higher annealing temperature, the bigger
grain size. So the annealing temperature have great
influence on the sensing properties of the sensors.
Operating temperature is also a very important
parameter. An optimal operating temperature can
accelerate the process of adsorption and
disengagement, have shorten the response and
recovery time,

Fig. 7 shows the sensing property towards
ethanol vapor of sample 1 #. The conditions of
this experiment is as follows: R,=4.7 MQ. V,=
9 V (operating temperature is about 425°C), one
standard atmospheric  pressure; environment
temperature is 28 C and humidity is 20% RH. The
concentration of ethanol vapor is 20%.
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Fig. 7 Kinetic response—recovery of sample 1 # towards
ethanol vapor at operating temperature of 425C
According to Fig. 7 we can see that the
sensitivity at this operating temperature is much
higher (S, = 6. 12), but the response time and

recovery time are too long(Tres(S) =20 s, Trec
(S) =235 s). Furthermore, the response-recovery
curve is not smoothly. The reason is as follows:
Samplel # without annealing shows a amorphous
structure, when the samplel £ is operating on a
much higher temperature, above 425C,it is in an
unsteadiness habitus. The microstructure, phase,
and the size of grain would change slightly, so the

stability is much poor.
3 Conclusion

According to experiments above we can draw
the conclusion as following: annealing conditions
have great influence on the grain size and phase.
TiO, thin films are an amorphism when they are
not annealed. These films have a little ethanol-
sensing properties, the sensors are not very stable,
the response and recover time are long. Anatase
occurs at annealing temperature 500°C, the films
have excellent selectivity and highest sensitivity.
The response and recover time are also shorter
than others, Tres(S)=2 S, Trec(S) =3 S. The
best operating temperature is 370 C After modified
the surface of TiO, thin film. Rutile occurs at
annealing temperature 700C, the sensitivity and

selectivity appear to be descending when

temperature increase. TiO, thin films are

transformed into rutile completely when anneled at

1 100°C. These sensors have the worst sensitivity

(S,<C1.5) and selectivity. So the anatase phase of

the TiO, thin films has best ethanol-sensing

properties.
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