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PHYSICOCHEMICAL MECHANISM RESTONS IRI.E FOR THE PARAMETERS OF CAS 
SENSORS RASED ON OXIDE MATERIALS*

V. S. Orinevich, V. V. Sordvuk, HOC 5A3.25.088.8
V. A. Smyntyna, and I.. N. Fllevskava

Metal oxides are finding increasingly wide application in technology and electro
technology [1| in the form of ceramics, sintered layers, and films produced by various 
methods. Tin oxide doped with different additives in particular is widely used in sensors 
for different atmospheric gases [2]. At the same time, practical application of tin di
oxide and other oxides is significantly restricted hv the chagnos that occur in important 
parameteters of sensing elements fabricated from them.

in the work reported here we investigated the reasons for changes in the adsorption 
properties of Sn02— Pd sensors in atmospheric air.

EXPERIMENTAL
The characteristics of the orignal and the annealed sensors were studied. Tempera

ture, kinetic relationships, and the Hall coefficient were measured on samples having a 
contact geometry such as to prevent uncontrolled potentials from affecting the measured 
Hall emf. The Hall and electrical contact were fabricated from palladium annealed onto 
the surface of the layer. The measurements were made over 3DO-5AO K in the presence of 
two polarized electrical and magnetic fields. From the sign of the Hall emf it was deter
mined that the sensors were p-type conductors.

Immediately after fabrication, the resistance of the sensors at room temperature was 
(1-A)-106 ohm. The thickness of the layers from which they were made wns approximately 
50 pm. The measurements in the interelectrode gap ( t. = 8 mm) were made using a potential 
probe 0.01 mm in diameter that was moved by means of a microscrew. The potential was 
registered by an EM-0.5 electrometer.

*This material was presented at the All-Union Conference “Chemical Sensors-89.“
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Vol. A5, No. 8, [ip. 1521-1525, August!, 1990. Original article submitted November 22, 1989.

109A 0021 - 8 766/90/A508 -109A .$ 12. 50 ©1991 Plenum Publishing Corporation



K , ohm

IIIJ/ T. k"
»•I«. 1 1' i K • 2

Fig. 1. Current - vo I Lagu '-'irvus lor t. he starLing 
(1, I1) and annealed (540 K ; 120 mill) (2, 2') 
sensors: 1, 2) direct; I1, 2') reverse direction 
of current.
Fig. 2. Temperature dependence of the resistance 
of the start, i ng ( 1 ) and annealed ( 540 K, 90 min) 
(2) sensors.
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Fig. 4. Sensor resistance as a function of annealing 
time in a mixture of N;, + 0 a. Oxygen concentration, 
vol. 7.: 1 ) 20; 2) 45.

KESIII.TS AND DISCUSSION
The current-vo1Lage characteristics and the temperature dependences of the resistances 

of the sensors are I 1 lust.rated in Figs. 1 and 2.
The temperature dependence of the resistance of the unannealcd layers has the char

acteristic exponential appearance of a metal-oxide semiconductor (Fig. 2, curve l) up to 
420 K. The resistance of the layer decreases up to 220 K, and the exponent is equal to
0.2 eV, while between 330 K and 420 K it is 0.5 eV. The exponential nature of the depen
dence may be a result of electrons being released from the level of the donors [3], or it 
may be due to the conductivity barrier mechanism. In the latter case, the activation energies 
for the relationship R = f(T) become multivalued, since the increase in R with temperature 
according to the exponential law may lie appreciably a flee led by the average value of the 
intercrystal1ito barrier.
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F i r . 5. PotenLi.nl d istr i but. ion between the elec
trodes. 1) StnrtiiiR sensor, 1') after annealing at 
540 K with no electrical field; 1") after annealing 
at 540 K and with an alternating electrical field 
IJ._ = 10 V; 2) sensor after annealing at 540 K and 
II. = 10 V; '1) annealed sensor after being stored 
in the dark for R days at room temperature and normal 
atmospheric pressure.

A study of the temperature dependence of the concentration (c) and the free-electron 
mobility (p )due to the Hall effect showed that at room temperature the unannealed samples 
have relatively high values of these magnitudes: c ■» 1 ■ 1071 m ”5 and p ~ 1 • 10 “ * in7 • R ”  1 • sec" 1
(Fig. 3, curves 1 and 2). When the dependence of p on T is weak (Fig. 3, curve 2), the 
concentration of free electrons as T rises from 300 to 450-460 K increases in the near-room- 
temperature region exponentially with an activation energy of ^0.2 eV At higher temperatures 
Ej is approximately 0.5 eV (Fig. 3, curve 1) Ry comparing curves No. 1 of Figs. 2 and 3 
we see that the activation energy for R exp(F(]/kT) is determined primarily by the depth 
of the energy well corresponding to localization of the matrix donors (E(j) in the forbidden 
bAnd. Instead of the exponential decrease in R with temperature characteristic of semicon
ductors at T ' 420 K, there an increase in resistance (Fig. 2, curve 1). Measurements of 
the Hall einf show that in this temperature range, the concentration of free electrons de
creases sharply, with exponents of 1.1-1.2 eV (Fig. 3, curve 1).

When oxygen interacts with different kinds of semiconductors [4], including metal- 
oxide semiconductors, the oxygen molecules chemisorbed on the semiconductor surface dissociate 
to atoms at elevated temperatures. The chemisorbed oxygen atoms create new electron capture 
sites that are deeper than those formed by chemisorbed 0 ? ~ ions. In most cases, the oxygen 
atoms create electron capture sites at Fc = 1.1-1.4 eV from the conduction band, with Ec
being weakly dependent on the nature of the semiconductors and weakly determined by the
electronegativity of the oxygen atoms (M.4 eV (5|). From this it follows that the anomalous
increase observed In R as the temperature increases (Fig. 3, curve 1) is due to the transitioi
from the molecular to the atomic form of chemisorbed oxygon.

After the temperature stabilizes at 540 K, R continues to increase for a considerable 
time if the sensor is held at the same conditions. R attains a constant value only after 
24 h of annealing (Fig. 4, curve I). Such long stabilization times for R are character
istic of diffusion processes. From this It also follows that the appearance of a region 
of anomalous increase on the curve R = f(T) may he associated with processes involving the 
diffusion of oxygen into the body of the sensor as well as with the localization of electrons 
at the surface levels.

Since chemisorbed oxygen atoms have an effective negative charge 0^“ (where 6 is the
degree of charge transfer in the chemisorbed complex consisting of the adsorption site and '
the chemisorbed species), it is possible for the O1̂” quasi-ions to diffuse over the surface 
of the sensor and accumulate at the anode. In this case, the increase of resistance with 
annealing structure will also be due to the formation of regions of high resistance at the
anode; it is also possible for a barrier to arise between the high-ohmic region and the
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rest of the interelectrode gap, i.e., close to the anode. In fact, the post-annealing 
current-voItage curves of the sensors demonstrate the existence of a rectification effect 
(Fig. 1, curves 2 and 2'), which, as can he seen from the relationship I = fill), in the 
region of low concentrations is the result of a Schottky harrier (Fig. 1, curve 2') forming 
at the cathode rather than the anode.

Tt is known that electrical heterogeneities near the electrical contacts wit.li the 
semiconductors may form as a result of diffusion in an electrical field of positive and 
negative ions (6] . Positive ions accumulate at the cathode and form a region of lowered resistance, 
and negative Ions form a high-ohmic region at the anode due to drift. These traditional me
chanisms do not account for the formation of a barrier and a high-ohmic region at Lhe cathode 
(Fig. 1).

The formation of a high-ohmic region at one of the contacts is supported by the results 
of direct measurements of the resistance distribution butwoen the sensor electrodes, which 
leads to a corresponding potential dlstr1 but ion in this reason. In the original state, 
the potential distribution is Linear, and is evidence of the absence of macroheterogunei- 
ties between the electrodes (Fig. 5, curve 1), but after annealing, practically all of the 
voltage applied to the sample is concentrated in a narrow high-ohmic layer in the region 
of the cathode (Fig. 5, curve 2) . The observed diffusion smearing of the boundary of the 
concentration of elevated resistance at. the anode may be evidence that an acceptor-type 
contaminant enters the sample from the cathode and diffuses further toward the anode under 
the Influence of the electric field.

From curve 1 in Fig. 2 it follows that, for T > 420 K, R increases with an activa
tion energy M.2-1.4 eV, which is character ist. ic of processus accompanied by the forma
tion of the chemisorbed species 0*" (71. Based on this an hypothesis was formulated to 
account for the process whereby oxygen molecules dissociate at the palladium electrode.
The boundary palladium atoms have unsaturated bonds and serve to catalyze the dissocia
tion of oxygen into atoms. This is confirmed by the independence of the described pro
cesses of the oxygen concentration in the atmosphere. Increasing the ainounL of oxygen in 
the oxygen—nitrogen mixture from 20% (Fig. 4, curve 1) to 45% (curve 2) reduces the time 
required for the resistance to stabilize due to the formation of an electrical heterogeneity 
at the cathode from 24 to 15 h. Thu formation of such an huterogenu1ty was not observed 
in an atmosphere of pure nitrogen at the selected annealing temperature.

A diffusion mechanism for the development of a high-ohmic heterogeneity and changes 
in resistance resulting from the field drift toward the anode of the O** quasi-ion formed 
aL the boundary of the palladium cathode is also substantiated by the fact, that: after the 
original sample is annealed under the same conditions as used for the measurements illus
trated in curve 1 of Fig. 4 (but in the absence of an electrical field), the potential 
distribution remains linear, as it does for the original sample (Fig. 5, curve 1). This fol
lows from the fact that the formation of a heterogeneity in the resistance distribution, and 
thus In the potential distribution, is not observed if an a 1lernating electrical field with 
ueff “ 10 V (Fig. 5, curve 1) Is applied during the annealing process and the other conditions 
remain unchanged.

CONCLUSIONS
The stabilization of the parameters of gas sensors fabricated from oxides is a multi- 

step physicochemical process that: concludes with the formation of a high-ohmic region at.
the cathode. The high working temperatures st linn late the breakdown of chemisorbed 0 3”" 
into atoms at Lhe palladium electroile which is apparently what, catalyzes this process.
Under the action of the electrical field, the chemisorbed 0*“ atoms diffuse from the cathode 
to the anode. The rusulting high-resistance region thus determines not only the resistance 
of Lhe sensor, but Its sensitivity to the chemisorpt. ion of donor gases.
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