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Abstract: Pd-dopant influence (from 0,5 to 3 weight %) on the electrophysical properties and gas sensitivity of SnO2 films, produced by reactive ion-beam sputtering of tin target, was investigated. Doping with palladium was carried out from water salt solution PdCl2. It was found that Pd-dopant (1,5 weight % Pd) has decreased the temperature of maximal gas sensitivity of SnO2 films towards ethanol and acetone up to 200 oC and 250 oC, respectively. Possible mechanisms of Pd influence on the gas sensitivity of SnO2 films were discussed.
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1.Introduction

Semiconductor sensors on the base of metal oxides (SnO2, In2O3, Ga2O3 and others) are perspective materials for sensitive layers in solid state gas sensors [1]. Their working  principle is based on the modulation of surface space charge area and change of film’s electroresistivity in the course of gas adsorption. The decrease of grain size in nanocrystalline film enhances gas sensitivity and efficiency of the sensor. It is known, that impurities of noble metals in small amounts also improve gas sensitive properties of SnO2 films [2]. The aim of this work is investigation of palladium dopant influence on the gas sensitivity of SnO2 film.
2. Samples and Experimental

Films SnO2 were produced by reactive ion-beam sputtering of tin target on the equipment for vacuum deposition UVN-2N. The sputtering was carried out on the glass substrates in the ambient of O2 (~75%) and Ar (~25%). Phase composition of the films was determined by x-ray method on the apparatus DRON-4 according to the standard technique with using of Co K( irradiation. Grain size was estimated by the Scherrer formula from the half width of diffraction lines. Film’s thickness was determined by the interferention microscope MII-4 as 1 – 1,5 (m. Surface resistance of the films was measured by four probe method on the equipment TsIUS-1, concentration and mobility of free charge carriers were measured with the help of Hall effect by Van-der-Pauw method in magnetic field 0,63 Tl in the temperature range 20 – 400 oC.

Samples SnO2 were doped with palladium of different percentage (0,5 – 3,0 weight %) by deposition of calculated amount of water solution PdCl2 on the cold substrate. Then samples were dried at the temperature 100 oC during 20 – 30 min and annealed in the air at 500 oC during 4 hours. For the crystallization and stabilization of electrical parameters undoped SnO2 films were also annealed at the temperature 500 oC during 4 hours.

3. Results and Discussion
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Results of x-ray diffraction analysis of SnO2 films are shown on Fig. 1. Undoped films contain only SnO2 phase, doped films include SnO2 and PdSn phases (Fig. 1). In undoped and doped with Pd films SnO2 most intensive diffraction maximums are observed from planes (110), (101) and (211) of SnO2 phase. From phase analysis of the films it’s possible to conclude that in consequence of doping palladium penetrates into the bulk of SnO2 film and forms chemical compound PdSn. Some part of palladium perhaps can precipitate in the form of metal particles or clusters in the volume and on the surface of the film. The estimation of average grain size from the half width of x-ray diffraction lines by Scherrer formula gives the value of 35 nm, that allows to rate our films as nanocrystalline (D < 50 nm) [3].

                                       SnO2          SnO2   SnO2                           SnO2  SnO2
                                       (110)          (101)  (200)                            (211)  (220)

                                                                                   PdSn PdSn PdSn PdSn

Fig. 1. X-ray diffraction spectrum of SnO2 film doped with 1,5 weight % Pd
Fig. 2 and 3 show the results of measurement free charge carriers concentration (Fig. 2) and mobility (Fig. 3) in undoped and in doped SnO2 films carried out in the air in the temperature range 
20 – 400 oC.

Concentration of free charge carriers in undoped films SnO2 increases up to temperature 200 oC in the range ~ 4 . 1017 – 1018 cm-3, then up to 400 oC practically doesn’t change. Doping SnO2 films with palladium leads to the decrease of concentration of free charge carriers about twice of the magnitude value (Fig. 2). In doped films average concentration of charge carriers is about 1016 cm-3.

The decrease of charge carriers concentration in consequence of doping SnO2 films with palladium can take place by several reasons. For instance, palladium impurity can create deep level in SnO2 gap and partially compensate the shallow impurity level of oxygen vacancies. From temperature dependence of electron concentration in doped films activation energy of deep level can be estimated as (E = 0,5 eV. Another reason for decrease of free carriers concentration in SnO2 can be the appearance in the volume and on the surface of the film metal additives of palladium with electron work function (~ 4,8 eV) which is more than work function from the film SnO2 (~ 4,5 eV) [4], that leads to the decrease of effective electron concentration in nanocrystals because of increase of space charge areas on the boundary crystal-palladium.
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Fig. 2. Temperature dependence of free charge carriers concentration in SnO2 films:

1 - undoped film; 2 - Pd-doped film (0,5 weight % Pd); 3 - Pd-doped film (1,5 weight % Pd);

4 - Pd-doped film (3,0 weight % Pd)

Mobility of free charge carriers in undoped films SnO2 practically doesn’t change in dependence of temperature in all range from 20 to 400 oC and has value ~ 5 cm2/V.s for undoped films SnO2 and ~ 1000 cm2/V.s for films SnO2 doped with Pd of 3,0 weight % as one can see on the Fig. 3.
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Fig. 3. Temperature dependence of free charge carriers mobility in SnO2 films:

1 - undoped film; 2 - Pd-doped film (0,5 weight % Pd); 3 - Pd-doped film (1,5 weight % Pd);

4 - Pd-doped film (3,0 weight % Pd)

The increase of charge carriers mobility in consequence of doping SnO2 films with palladium can be the result of scattering mechanism changing. However, the constancy of charge carriers mobility value in all range of investigated temperature doesn’t enable to determine the scattering mechanism evidently. That’s why the answer on the question of the increasing mechanism of charge carriers mobility at doping films SnO2 with palladium requires the further investigations.

Gas sensitivity of SnO2 films was determined according to the standard method as the ratio
S = (RA – RG)/RA, where RA – film resistance in the air at gas presence, RG – film resistance in the air without gas [5]. The resistance of SnO2 films was determined by four probe method at external substrate heating in the wide temperature range 100 – 400 oC. The static characteristics of gas sensitivity of undoped and doped with palladium SnO2 films towards ethanol and acetone vapours were determined.

Temperature dependence of gas sensitivity was measured at gas concentration in the air of 1000 ppm (~0,1%). It was experimentally found that undoped SnO2 films have maximal gas sensitivity towards ethanol at T = 330 oC and towards acetone at T = 360 oC (Fig. 4 and 5, curves 1). Doping SnO2 films with palladium results to the enhancement of gas sensitivity towards ethanol and acetone vapours in the air and to the decrease of maximal sensitivity temperature at increasing of Pd concentration. Fig. 4 and 5 show experimental data (curves 2) for gas sensitivity SnO2 films with 3 weight % of palladium. Doping SnO2 films with palladium of 3 weight % allows to decrease temperature of maximal sensitivity up to 200 oC and 250 oC towards ethanol and acetone, respectively.
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Fig. 4. Temperature dependence of gas sensitivity of SnO2 films towards ethanol concentration

 in the air ~1000 ppm: 1- undoped SnO2 film; 2- SnO2 film doped with 3,0 weight % Pd
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Fig. 4. Temperature dependence of gas sensitivity of SnO2 films towards acetone concentration 

in the air ~1000 ppm : 1- undoped  SnO2 film; 2- SnO2 film doped with 3,0 weight % Pd

As one can see on Fig. 4 and 5 that Pd dopant in SnO2 not only decrease temperature of maximal sensitivity of the film towards ethanol and acetone in the air, but enhances the coefficient of film sensitivity about three times and twice, respectively. At present there are two mechanisms of catalyst's influence on the gas sensitivity of SnO2 films [4]: 1) catalytic mechanism leads to the decrease of threshold of gas reaction with the film and diminishes temperature of maximal gas sensitivity of the film; 2) electronic mechanism consists in formation of Pd clusters in the film and on its surface, these clusters have the value of electron work function lower than electron work function in SnO2 film (spillover-effect). In this case electron depleted areas of  space charge are formed by impurity clusters on the surface. This model is in good agreement with decrease of average concentration value of charge carries in the film (Fig. 2) and enhancement of gas sensitivity of the film (Fig. 4) due to electronic mechanism of dopant Pd influence on the properties of SnO2 films.

Fig. 6 shows the dependence of temperature of maximal gas sensitivity towards ethanol and acetone for different amount of Pd in SnO2 films. It is obviously, that by doping SnO2 films with amount of palladium up to 1,5 weight % temperature of gas sensitivity decreases. The increase of palladium amount up to 3 weight % doesn’t lead to the further temperature decrease, that is in good agreement with literature data [6].
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Fig. 6. Temperature of maximal gas sensitivity towards 

ethanol (1) and acetone (2) in the air (~1000 ppm ) vs Pd-dopant percentage in SnO2 films
Thus, doping SnO2 films with palladium with concentration ( 1,5 weight  % enhances gas sensitivity of the films towards ethanol and acetone about tree times and twice, respectively, and decreases temperature of maximal gas sensitivity towards ethanol and acetone vapours on 130 oC and 110 oC, respectively. This is the result of simultaneous action of two mechanisms – catalityc and electronic.

4. Conclusions

The work on doping SnO2 films with different percentage of palladium gives the next results:

- palladium dopants in amount up to 3 weight % lead to decrease of temperature of maximal gas sensitivity up to 200 oC towards ethanol vapour and 250 oC towards acetone vapour;

- doping with palladium in amount up to 3 weight % leads to enhancement of gas sensitivity about three times and twice in the case of ethanol and acetone detecting, respectively.
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