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Abstract: Three-component thin film nanocomposites Sn-Y-O were prepared by RF reactive ion-beam
sputtering of metal target in the ambient of Ar+O,. Amorphous films were thermal treated at 400 °C for
crystallization and stabilization of electrical properties. Atomic composition and morphology of thin
films were investigated by X-ray microanalyzer, high-resolution transmission electron microscopy
method, atomic force microscopy. It was determined that the presence of Y,0O; additive in composites
on the base of SnO, prevents the growth of big grains up to 3 nm, and can be used for the control of
thin film structure. Electrical properties and gas sensitivity of nanocomposite samples were studied and
the correlation between grain size and gas sensitive parameters was found. Copyright © 2009 IFSA.

Keywords: Reactive sputtering, Metal oxides, Composition and morphology, Electrical properties,
Gas sensitivity

1. Introduction

Semiconducting thin films SnO, are often used as gas sensitive elements in solid state gas sensors for
environmental monitoring, for determining of toxic and explosive gases, in medicine and in other
fields of gas control [1].

There is possibility to control the value of gas sensitivity by changing grain sizes of polycrystals and
initial electrical conductivity of the films [2, 3]. Gas absorption leads to the modulation of potential

71



Sensors & Transducers Journal, Vol. 110, Issue 11, November 2009, pp. 71-77

barrier's height on the grains boundary for drift of charge carriers, therefore the most effective are
materials with Debye length comparable with grain diameter. The decreasing of grain size causes the
increasing of polycrystal surface deposit into the total electrical conductivity of the samples. More
over the promotion of surface activity of nanosize polycrystals leads to the increasing of gas sensitivity
as well as to the decreasing of energy threshold of gas ions reaction with surface states, i.e. to the
diminishing of temperature of maximal gas sensitivity of the film to different gases in the air [4].

Tin oxide is usually doped with metal oxides [4, 5] and rare earth oxides [6] in order to obtain smaller
grain size. For instance sensors based on SnO, with Y,03 additive present a good sensitivity to CO [7].

The aim of this work is to investigate the influence of composition, morphology and electrical-physical
properties of film nanocomposites Sn-Y-O on the absorption activity of surface states.

2. Experimental

Film nanocomposites Sn-Y-O were prepared by radio frequency (RF) reactive ion-beam sputtering of
composite target from tin and unequally situated on the surface of the target yttrium stripes. Sputtering
ambient was Ar+0O,, sputtering equipment was built on the base of vacuum post UVN-2M [8]. It was
possible to prepare 15 samples with different correlations between Sn and Y oxides in dependence on
target composition simultaneously.

Thickness of the films was measured by interference microscope MII-4. Element composition of
nanocomposites was determined with the help of X-ray microanalyser JEOL JXA-840 on the
15 reference-samples situated through 1.5 cm along the substrate, the samples of pure metal tin and
yttrium were used as standards. Surface morphology of annealed films was studied by scanning atomic
force microscope (AFM) FemtoScan-001. High-resolution transmission electron microscopy
(HRTEM) was performed on Philips Tecnai F30 FEG-TEM (USA) operated at 300 kV. Samples for the
HRTEM were prepared by means of Argon lon Thinning. Electrical resistance of the films was
measured by four-point method (apparatus CIUS-4) or by Van-der-Pauw method. Concentration and
mobility of free charge carriers were determined with the help of Hall effect according to
Van-der-Pauw method.

Gas sensitivity S, of the films was measured by standard method as a ratio of film resistance in the air
R, and film resistance in the mixture of investigated gas and the air Ry: Sg = R./Rg [1].

3. Results and Discussion

It was found that films just after RF ion-beam sputtering had mostly amorphous structure. Isothermal
treatment method elaborated earlier [4] was used for stabilization of surface resistance and
crystallization of SnO, films doped with yttrium. Samples were annealed in the air at T = 400 °C
during 13 to 29 hours with every-hour control of surface resistance.

Film nanocomposites Sn-Y-O prepared by RF ion-beam reactive sputtering have thickness of
1.6 —4.3 pm.

Fig. 1 presents the element distribution of metals and oxygen in 15 nanocomposite samples with
different content of metal oxide additives prepared simultaneously. X-ray analysis data show that
yttrium-dopant concentration in investigated films SnO, changes from 0.4 to 6.0 at.%. AFM-study of
7 nanocomposites Sn-Y-O gives pictures of surface morphology and distribution of grain sizes in films
SnO, with different dopant content. Fig. 2 presents two typical picture of the samples with Y 0.4 at.%
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(a) and Y 1,0 at.% (b), that reflects the common tendency of decrease grain size with increase contence
of yttrium in SnO,. The average height of the grains was calculated according to the probe moving at
AFM-investigations. The high of surface roughness in sample Sn-Y-O with 0.4 at.% Y is about 40 nm,
and in the sample with 1.0 at.% Y is about 5 - 7 nm. We can see that the increase of dopant amount
causes the decrease of grain sizes in 7 investigated samples (Fig. 3). Doping with yttrium more than
2 at. % does not lead to the change of grain size.

a0
St
G0
g I o
= 40
m
20
T
o _M
u] 4 10 15 20

Sample number

Fig. 1. Element composition (at.%) in nanocomposites Sn-Y-O.

(a) (b)

Fig. 2. AFM images of nanocomposite Sn-Y-O: a — 0,4 at.% yttrium; b — 1,0 at.% yttrium.

HRTEM measurement was conducted to direct characterize the morphology and structure of the film.
A typical HRTEM image of the sample with 5 at.% yttrium, shown in Fig. 4, indicates that the RF ion-
beam reactive sputtering film consists of well-crystallized grains as well as amorphous areas. The
measured average grain size is about 3 nm that is in agreement with AFM-data. The lattice fringes in
the HRTEM image confirm the single crystalline nature of the SnO, grains. The spacing between the
adjacent lattice fringes is 0.330 nm, corresponding to the (110) facet of tetragonal SnO, [9].
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Fig. 3. Average high of grains (H av, nm) in nanocomposite Sn-Y-O in dependence on yttrium content (Y, at.%).

Fig. 4. HRTEM micrograph of nanocomposite Sn-Y-O (5,0 at.% Y).

Y ion has a bigger radius (0,09 nm) than Sn ion (0,071 nm), so it has a smaller solubility in SnO,
lattice, and the excess content simply acts as a stabilizer of the SnO, crystallites [10], therefore
Y doped SnO; in our study shows a small crystallite size. AFM-pictures present the film surface as
conglomerates of grains (Fig. 2). The presence of yttrium-additive prevents growth of big grain’s
conglomerates as it was found earlier in nanocomposites Sn-Si-O, Sn-Mn-O [4, 11].

Measurements of concentration and mobility of free charge carriers show that the initial samples are
characterized by concentration value n = 10'®~ 10" ¢cm™ and mobility p = 9 — 30 cm?*/V " s at room
temperature. These experimental results allow to estimate the value of Debye length L in the grains
and to compare it with grain sizes of nanocrystals in order to estimate the efficiency of modulation of
intergrain potential barriers during changing of gas sensitivity. For estimation of L = (egokT/e’n)"* we
used € = 13.5 for SnO, [12] and experimental data of electron concentrations: n = 10'” ¢cm™, T = 20 °C,
therefore L = 13.7 nm. In order to determine the main mechanism of charge carrier transport in
nanocrystalline films the value of L was compared with grain diameter D [2]. Calculations show that

electroconductivity is carried out mostly according to the model of ultrafine particle mechanism
(2L=27.4 nm, D = 5 nm).
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Temperature dependences of gas sensitivity towards vapors of ethanol and acetone in the air
(2000 ppm), for SnO, films undoped and doped with 2.8 at.%, 4.7 at.%, 6 at.% yttrium have been
studied. Undoped films SnO, have a maximal sensitivity to ethanol at T = 330 °C, to acetone at
T =360 °C [13]. SnO, films doped with 2.8 at.% Y have a maximal sensitivity to ethanol at 230 °C, to
acetone at 220 °C. Figs. 5 a, b show that SnO; films doped with 2.8 at.% Y have a maximal sensitivity
to ethanol at 230 °C, to acetone at 220 °C; SnO, films doped with 4.7 at.% Y have a maximal
sensitivity to ethanol at 150 °C, to acetone at 210 °C; SnO, films doped with 6.0 at.% Y have a
maximal sensitivity to ethanol and to acetone at 220 °C. It was found that the increasing of yttrium
content in SnO, films has a tendency to the further decreasing of temperature of maximal gas
sensitivity of nanocomposite towards all investigated gases (Fig. 6). This effect displays differently for
different gases, which may be used for the increasing of film selectivity to different gases. This result
shows that investigated nanocomposites used in gas sensors allow to diminish value of consumed
power of sensor at the gas control in the air.
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Fig. 5. Temperature dependence of gas sensitivity of nanocomposite Sn-Y-O towards vapor of ethanol (a);
and acetone (b) in the air 2000 ppm.
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Fig. 6. Temperature of maximal gas sensitivity of nanocomposite Sn-Y-O to ethanol and acetone
in the air (2000 ppm) in dependence on yttrium content.

4. Conclusions

Film nanocomposites Sn-Y-O with yttrium content from 0.4 to 6.0 at.% were prepared by RF reactive
ion-beam sputtering method.

Surface morphology in dependence on yttrium content in the films was investigated. On the base of
HRTEM- and AFM-data the average grain height in dependence on yttrium percentage in the films
was calculated. Yttrium content evidently influence on the grain size of polycrystals. Increasing of
yttrium concentration leads to the decreasing of average grain size of polycrystals in the films.

With the help of Hall effect the concentration and the mobility of free charge carriers in Sn-Y-O
nanocomposites in dependence on yttrium percentage were measured. The Debye length was
calculated and the mechanism of charge carrier transport according to ultrafine particle model was
determined.

Gas sensitivity of film nanocomposites Sn-Y-O towards different reducing gases as well as changing of
temperature of maximal gas sensitivity of Sn-Y-O films to detected gases in dependence on dopant
amount were investigated. Increasing of yttrium concentration leads to the decreasing of temperature
of maximal gas sensitivity of nanocomposite to different gases up to 100 — 200 °C, that can be used for
improving of film selectivity towards different gases.

Thus film nanocomposites Sn-Y-O are perspective material for gas sensitive elements of gas sensors,
as they have good sensitivity and selectivity towards different gases and allow to control gases at lower

temperatures than undoped films SnOs.

This work is supported by grants of Russian Foundation for Basic Research RFBR-NSFC 07-02-92102
and RFBR 08-02-99005.

Acknowledgements

Authors are very thankful to Drs. Xu G, Sitnikov A. V., Agapov B. L. and Grechkina M. V. for their
help in the experimental work.

76



Sensors & Transducers Journal, Vol. 110, Issue 11, November 2009, pp. 71-77

References

[1]

[21.
[3].
[4].
(5.
[61].
[7].
[8].
[9].

. J. Watson, K. Thokura, G. S. V. Coles, The tin dioxide gas sensor, Meas. Sci. Technol., Vol. 4, 1993,
pp. 711-719.

C. Xu, J. Tamaki, N. Miura, N. Yamazoe, Grain size effects on gas sensitivity of porous SnO, - based
elements, Sensor and Actuators B, Vol. 3, 1991, pp. 147 - 155.

M. Ippomatsu, H. Ohnishi, H. Saski, T. Matsumoto, Study on the sensing mechanism of tin oxide
flammable gas sensor using the Hall effect, J. Appl. Phys., Vol. 69, Issue 15, 1991, pp. 8368 — 8374.

E. S. Rembeza, T. V. Svistova, S. I. Rembeza, A. S. Komarova, N. N. Dyrda, Structure and electrical-
physical properties of SnO,: MnOy nanocomposite, Nano- and Microsystems, Vol. 4, 2006, pp. 27-28.

A. Srivastava, Rashimi, K. Jain, Study on ZnO-doped tin oxide thick film gas sensors, Materials Chemistry
and Physics, Vol. 105, 2007, pp. 385-390.

D. Wang, Y. E. Qing, J. Long, J. Jin, H. He, Effect of Sm on gas-sensing properties of SnO, with different
oxygen vacancy concentrations, J. of Rare Earths, Vol. 18, Issue 1, 2000, pp. 30.

L. Li, X. Pan, Role of additives in SnO, based gas sensor materials, Chinese Journal of Materials
Research, Vol. 14, Issue 1, 2002, pp. 42.

I. V. Zolotukhin, Yu. E. Kalinin, O. V. Stogney, New ways of physical material science, Voronezh State
Technical University, Voronezh, 2000.

A. A. Samsonov, Physical-chemical properties of semiconducting matter: Handbook, Science, Moscow,
1978.

[10].C. Li., L. Bi, S. Fang, J. Xu, Y. Gui, S. Wu, R. Chen, Synthesis and characterization of Y-doped SnO, as

sensor materials, J. of Rare Earths, Vol. 25, Issue Dec., 2007, pp. 505-507.

[11].E. S. Rembeza, S. I. Rembeza, E. P. Domashevskaya, M. V. Grechkina, B. L. Agapov, Influence of the

atomic composition of oxide nanocomposites on the base of SnO, on their structure, Nano- and
Microsystems, Vol. 7, 2005, pp. 25-28.

[12].R. Summitt. J. Appl. Phys, Vol. 39, 1968, pp. 3762.
[13].E. S. Rembeza, T. V. Svistova, S. I. Rembeza, A. S. Komarova, N. N. Dyrda. Nanocomposites SnO,:MnO,

for microelectronic gas sensors, Nano- and Microsystems, Vol. 11, 2006, pp. 23-25.

2009 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved.
(http://www.sensorsportal.com)

Sensors & Transducers Journal (ISSN 1726-5479)

Open access, peer review

international journal devoted to research,
development and applications of sensors,
transducers and sensor systems.

The 2008 e-Impact Factor is 205.767

Published monthly by
International Frequency Sensor Association (IFSA)

Submit your article online:

http://www.sensorsportal.com/HTML/DIGEST/Submition.htm

77



Sensors & Transducers Journal /“

Guide for Contributors

Aims and Scope

Sensors & Transducers Journal (ISSN 1726-5479) provides an advanced forum for the science and technology
of physical, chemical sensors and biosensors. It publishes state-of-the-art reviews, regular research and
application specific papers, short notes, letters to Editor and sensors related books reviews as well as
academic, practical and commercial information of interest to its readership. Because it is an open access, peer
review international journal, papers rapidly published in Sensors & Transducers Journal will receive a very high
publicity. The journal is published monthly as twelve issues per annual by International Frequency Association
(IFSA). In additional, some special sponsored and conference issues published annually. Sensors &
Transducers Journal is indexed and abstracted very quickly by Chemical Abstracts, IndexCopernicus Journals
Master List, Open J-Gate, Google Scholar, etc.

Topics Covered

Contributions are invited on all aspects of research, development and application of the science and technology
of sensors, transducers and sensor instrumentations. Topics include, but are not restricted to:

Physical, chemical and biosensors;

Digital, frequency, period, duty-cycle, time interval, PWM, pulse number output sensors and transducers;
Theory, principles, effects, design, standardization and modeling;
Smart sensors and systems;

Sensor instrumentation;

Virtual instruments;

Sensors interfaces, buses and networks;

Signal processing;

Frequency (period, duty-cycle)-to-digital converters, ADC;
Technologies and materials;

Nanosensors;

Microsystems;

Applications.

Submission of papers

Articles should be written in English. Authors are invited to submit by e-mail editor@sensorsportal.com 8-14
pages article (including abstract, illustrations (color or grayscale), photos and references) in both: MS Word
(doc) and Acrobat (pdf) formats. Detailed preparation instructions, paper example and template of manuscript
are available from the journal's webpage: http://www.sensorsportal.com/HTML/DIGEST/Submition.htm Authors
must follow the instructions strictly when submitting their manuscripts.

Advertising Information

Advertising orders and enquires may be sent to sales@sensorsportal.com Please download also our media kit:
http://www.sensorsportal.com/DOWNLOADS/Media_Kit_2009.pdf



Q) Springer

;::.’amjxn ], -'-r'remi ‘Sensors Based on Nanostructured Materials
itor

presents the many different techniques and
methods of fabricating materials on the
nanometer scale and specifically, the utili-
zation of these resources with regard to
sensors. The techniques which are described
here are studied from an application-oriented
perspective, providing the reader with a
broader view of the types of nanostructured
sensors available.

Sensors Based on
nostructured i o e e
\F

. research scientists as well as engineers.’
Materials - :

“It is a valuable source for those who need
to have a summary of nanosensors based
on nanostructured materials fabricated
with many different techniques.”

(Sergey Y. Yurish, Sensors & Transducers,
Vol.110, Issue 11, November 2009).

Fpanirak iy SRENF RIS LA TA) A0 0y P S Eesde

Order online:
http:/lwww.sensorsportal.com/HTML/BOOKSTORE/Nanostructured_materials.htm

www.sensorsportal.com




