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Abstract

A low temperature nano-structured Strontium Titanate (Sg)lt@ick film oxygen gas sensors were obtained by high-energy ball milling
technique and thick-film screen-printing technique. Sgli@no-sized powders of around 20 nm were produced from commercial SafitD
synthesized SrTi@ The material micro-structural properties and sensor oxygen sensing properties were characterized using X-ray diffraction
(XRD) and gas sensing measurements respectively. Experimental results show that the sensing property of the synthesigexssr3io
with an annealing temperature of 40Dis much better than the commercial Srigansors (both milled and not milled materials). Especially,
their optimal operating temperature of around @0s the lowest reported value for such metal oxide semiconductor gas sensors ever achieved.
© 2004 Elsevier Ltd and Techna Group S.r.I. All rights reserved.
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1. Introduction key factor is to obtain nano-size materials for good low tem-
perature oxygen gas sensors. The high-energy ball milling
Strontium Titanate (SrTig) is a very important mate-  or mechanical alloying has been proved to be a very effec-
rial for oxygen sensors. It has attracted much attention be-tive route to prepare nano-sized solid solution for gas sensor
cause of their low cost and strong stability in thermal and application recently12—15] In our work, SrTiQ nano-size
chemical atmospherg¢$—3]. Most research works focus on  powders are produced from commercial Sriénd syn-
bulk-conduction-type in SrTi@with high operating tem-  thesized SrTi@ at room temperature using the high-energy
peratures (700-100C) [4], and their SrTiQ sensing ma- ball milling technique. The thick film technology is adopted
terial are produced by the conventional high temperature to fabricate the sensor devices. Their powder particle sizes,
solid-state reaction method because of its high melting point micro-structural properties, and oxygen sensing properties
(2080°C) [5—-10]. The high temperature solid-state reaction are systematically studied.
method has several problems relating to large grain growth,
change in stoichiometry, and ease of second phase forma-
tion. Hence nano-size type of material in Sr3i@® difficult 2. Experimental procedure
to be produced by this method. For SrEiOxygen sensors
that operate at low temperatures, the surface conduction type SrTiO3 nano-size powders were produced from commer-
in SrTiOz must be obtained. As shown Kig. 1, when the  cjal SrTiO; and synthesized SrTiDat room temperature
grain size is small enough (the actual grain size D is less ysing high-energy ball milling in a Fritsch Pulverisette 5
than two times the space-charge delpththe material resis-  planetary ball milling system. The structure of these sam-
tivity is determined solely by grain control, and the material ples was characterized using a SHIMADZU XRD-6000
conduction type becomes surface conduction {i¢. The X-ray diffractometer with Cu Kl radiation (1.54056 A)
The diffractometer range, 02 was from 10 to 100 with a
* Corresponding author. Tek:65-6790-5411; fax:+65-6791-2687. sweep rate of 4min. The samples (sample A: commercial
E-mail address: eoktan@ntu.edu.sg (O.K. Tan). SrTiOz (no milling), B: commercial SrTi@ (120 h milling
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{grain-boundary control) From the XRD peaks, the average grain size is calculated
eeins Wottn ot i, \ using the Scherrer equation 8f= A¢/(d.coss) [16] (de-
ducting broadening error due to the instrument itself). Where
B in radians is the broadening of the diffraction peak due

Core region
{low resistance) purely to crystalline size measured at half of its maximum
intensity; A is the wavelength of radiatior®, is the Bragg
Space-charge region angle;d; is the diameter of crystalline size; agds a con-
D >> 2L (grain control) (gl resistande) stant 0.9, which depends mainly on the crystalline shape and

indices.
Based on this principle, the average grain sizes are

calculated for the different sample powders milled for
different hours and shown iRig. 3. All the sample pow-
ders go through the four stages of the mechanical alloying
process, namely—(a) initial stage; (b) intermediate stage;
time), and C: synthesized SrT3@120 h milling time)) were (c) final stage; (d) completion stad&6]. At the comple-
formed into pastes using the commercial organic vehicle tion stage, the new chemical bond (Srgi®erovskite) is
400 from ESL and screen-printed onto the®¢ substrates  formed. The grain size shows a slight increase from 20
with interdigital Au electrodes. The prepared sensor devicesto 80h. It is possible that the powder particles possess an
were then annealed at the temperature of“4D0Their gas extremely deformed metastable structure at 20h, and the
sensing properties were characterized using a Keithley 236surface stress of the powder particles is slowly released
source measurement unit in the custom-designed gas senssetween 20-80 h. After 80 h, the grain size remains stable
ing characterization system programmed using the National (about 20 nm).

Instruments’ LABVIEW version 5.0. The carrier gas was

nitrogen and test gas was oxygen. 3.2. Characterization of sensors

Fig. 1. Schematic models for grain-size effeftd]. D, the actual grain
size; L, the space-charge depth.

3.2.1. Relative resistances of the devices

3. Results and discussion The changes of relative resistand&ifoger/Roxygen) Of
the devices to 20% of oxygen gas are characterized. Sample
3.1. Synthesis of S TiO3 nano-sized powders A exhibits no sensing property as it is an insulator material.

The relative resistance of sample C is higher than that of
Fig. 2(a and b)shows the XRD patterns for commer- Sample B as shown iRig. 4 The optimal relative resistance
cial SrTiO; and synthesized SrT#gsamples after differ-  value of 6.35 is obtained for sample C operating at@0
ent milling times, respectivelyig. 2(b)shows that SrTi@ Both samples B and C have the same optimal operating
structure material with a cubic perovskite phase has beentemperature of 40C. This optimal operating temperature is
achieved whilg=ig. 2(a)indicates that the perovskite phase much lower than the normally lower operating temperature

has been maintained throughout the milling process. type of semiconducting gas sensors (300-8D){4].
= * SITIO
3 * SITIO, :
i = - It A A Mea oh
-8 3 _ “
g 79 8§ 327 § g A Aninr
@ b g }L i e v 5 8 g 5 & S © @& = 2h
£ l : o A on £ g 288 § 8§ 8 &
s A 5(; * * * * N * * * 20h
< 2h ‘3
2 3 .
g _—_,J——\u‘._k—/\—l\__’\_ 20h c 40 h
3 |
= ﬂ MW
40h 8o h
80h
/ A A e A A A A e~ ] 120h
; ; ; - ; ; ; 120 h
20 40 60 80 100 20 " ' o 80 100
(@) 2Theta (Degrees) (b) 2Theta(Degrees)

Fig. 2. XRD patterns for (a) commercial Sri@nd (b) synthesized SrTgsamples after different milling times.
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Fig. 3. Average grain size for (a) the different powders milled for different hours and (b) showing the room-in detail.

3.2.2. Variation of relative resistance of the device with level, the oxygen molecules will cover all the surfaces of
gas concentration the sample, and the gas relative resistance value will reach
The relative resistances of sample C operating &tG0  a saturation value. The surface reactions on the sample have
are measured for different concentrations frort gm to reached the saturation point at this stage. Further increase
2 x 10° ppm oxygen (air composition) and plottedFig. 5. in oxygen concentration will not result in further increase
At 10*ppm, the gas relative resistance is 2.3, and at 2  in the gas relative resistance value.
10° ppm oxygen, the highest relative resistance 6.35 is ob-
tained. This is comparable to the reported relative resistance3.2.3. Response time
of doped SrTiQ series oxygen gas sensors with operating  When an input signal goes through a well defined change,
temperature at 700-80C [5,8,12] This provides a very  the output response is defined by the time interval between
wide concentration range for our oxygen sensor devices. the 10 and 90% of the stationary val[i&]. To investigate
At low oxygen concentrations the gas relative resistance the response time and sensing reversibility, Sample C is used.
value increases rapidly with the increase in the oxygen con- Fig. 6 depicts the response curve of the sensor undergoing
centration, however, at higher concentrations, the increasethe change from hNto 20% G (N2 as the carrier gas),
in the gas relative resistance value becomes more gradualand back to M ambient. The response time is 1.6 min and
This can be explained by the fact that the gas relative re-the recovery time is 5min. There are no semiconducting
sistance value to a sample has a saturation value becausexygen gas sensors that operate at this low temperature.
there is a fixed surface area for each sample. When oxygenOnly the practical Calvanic cell-type sensor operates at room
concentration on surface of the sample increases to a certainemperature but it has high ionic conduction and is often
difficult to predict its sensor response.
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