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Tin and indium oxide reactively sputtered thin films, surface doped with palladium and 
platinum, are evaluated as sensors for carbon monoxide, methane, propane, n-butane and 
ethanol. The sensors are subjected to continuous heating to 450°C - cooling to 150°C 
cycles, in order to determine their degradation with continuous use. A simple nonparamet­
ric technique is used in order to determine the stability, interdependence and selectivity of 
the sensors. Useful results are obtained concerning the stability of sensors with different 
sensing layers and different catalysts deposited onto their surfaces. Sensors with different 

thicknesses of the same additive are found to be strongly correlated (i.e., they exhibit 
similar responses to the same test gases at the same temperatures; this is often referred to as 
collinearity in the sense that the response vector of one sensor can be derived from the 
response vector of another sensor by simply multiplying with a constant), while those with 
different additives are found to be uncorrelated. Finally, platinum-doped sensors were 
found to be selective, i.e., to exhibit different responses in the presence of different gases, 
while undoped or palladium-doped ones were found to be nonselective. Such results 
derived from simple techniques can be used to evaluate sensors incorporated in a multisensor 
pattern recognition array. 

1. Introduction

The discovery that existing metal oxide gas sensing materials have poor selectivity has 
given impetus to a design philosophy that utilizes arrays of sensors within multisensor 
systems. <1,

2J In order to develop reliable systems which do not require frequent calibration, 
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the response of the sensors used must remain stable during continuous use. The resistance 
of oxygen-deficient metal oxides exhibits a continuous drift with use, due to the high 
temperatures required for their operation, leading to a continuous degradation which is 
atttibuted to surface reduction of the oxides. c3l Consequently, a system based on resistive-type

gas sensors requires recalibration after a relatively short period of time. 

In this study we considered reactively sputtered tin oxide (SnOx
) and indium oxide 

(lnOJ thin films as potential elements of sensor arrays for five gases, namely carbon 
monoxide, methane, propane, n-butane and ethanol. Thin film resistive-type sensors 
which exhibit different responses to the aforementioned gases were fabricated. For this 
purpose pappadium and platinum noble metals were deposited on the surface of the films. 
The responses of the sensors were considered as vectors. Selectivity and interdependence 

could be quantified and expressed with a number, if we calculate correlation coefficients 

using the appropriate response vectors. In addition, the sensors were subjected to succes­

sive thermal cycles and the correlation coefficients relating to the responses of the same 

sensor before and after a predetermined number of thermal cycles were thought to provide 

a measure of stability. 

2. Materials and Methods

Deposition of SnOx and InO
x 

films was performed using a Leybold 'Z-400 planar 

magnetron sputtering system, which was d. c. operated in a controlled, high-purity Ar-O2 

mixture. Two different discharge modes were obtained, the metallic mode and the reactive 
mode, where the target was respectively free from or covered with reaction products. The 
reactions for compound formation were desirable in the metallic mode for high-rate 

depositions, and for more precise control of the Oi/metal (Sn or In) ratio in the deposited 

film. This necessitated the use of a plasma emission monitor (PEM) system that allowed us 

to select and maintain the degree of target oxidation, C4l with the tin or indium emission line 

intensity at 450 nm as a measurement for the control loop of the reactive gas mass flow 
controller. This technique was proven adequate for the fabrication of reproducible films. 

Sputtering was performed on AbO3 (96%) substrates with an area of 12 x 26 mrn, 
heated to 300°C. Films were fabricated at a relatively high total gas pressure of approxi­

mately 1.0 x 10-2 mbar. The substrate holder was positioned at a distance of 70 mrn from 

the 100-mrn-diameter target. The total power introduced into the tin or indium target was 

115 W with a total current of 0.36 A, thus achieving a deposition rate of approximately 100 

nm/min. Argon flow was adjusted manually to 20 ml/min, while oxygen intake was 
controlled by the aforementioned PEM control unit, so that the intensity of the metal (tin or 
indium) emission line remained constant. An 02 flow of around 30 ml/min was found to 
give an appropriate Oifmetal (tin or indium) ratio, so that the fabricated films could 
function as sensors with a base resistance below 30 MQ at 100°C in the presence of zero 

grade air at ambient pressure (a low oxygen to metal ratio gives metallic films and a high 

oxygen to metal ratio gives highly resistive films). The thickness of all the fabricated films 

was equal to 1000 nm (10 min sputtering time). Films were not annealed. The eight tin 
oxide films and the eight indium oxide films, which were fabricated under identical 
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conditions, showed electrical properties within a 10% tolerance. 
Palladium was subsequently electron-beam-evaporated on three of the aforementioned 

tin oxide (SnOx) films and on four of the aforementioned indium oxide (InOx) films. 
Platinum was deposited on the four SnOx films and on the other four lnO, films. One tin 
oxide film was left undoped (without additive). Evaporation was performed using an 

Edwards 306 vacuum evaporation apparatus. Total pressure during electron beam evapo­

ration was about 3 x 10-5 mbar (the evaporation chamber was evacuated from ambient air) 
and the substrates were not heated during evaporation. Evaporation was carried out at 
relatively low deposition rates of the order of 0.3 mn/s for palladium and 0.1 nm/s for 
platinum. Palladium was deposited on three tin oxide (SnOx) and three indium oxide 
(lnOx) films with evaporation times of 5, 10 and 20 s. On the fourth lnOx film, the 
palladium. deposition time was 30 s. Thus three Sn Ox and four InOx films, with an 

increasing palladium layer thickness on each of them, were fabricated. We refer to these 
sensors as SnOx + Pdl, SnOx + Pd2, SnOx + Pd3, InOx + Pd l ,  InOx + Pd2, InOx + Pd3 and 
InOx + Pd4, depending on palladium layer thickness. Platinum was deposited on four tin 
oxide (SnOx) and four indium oxide (InOx) films in the same manner but at a much lower 
rate (0.1 mn/s) with evaporation times of 10, 20, 30 and 40 s. In an analogous sense we 
refer to these sensors as SnOx + Ptl, ... , InOx + Pt4. The average thickness of the metal 
films deposited onto the oxide surfaces was evaluated by activation energy measurements, 
using the procedure described in the literature,<5l and was found to be around 3-5 nm. 

The sensor characterization setup was designed to measure the steady-state and tran­
sient response of the samples, testing them at various working temperatures and under 
different gas compositions. The testing conditions were rigorously controlled via a fully 
automated, computer controlled system. All sensors were characterized according to the 
following experimental procedure. 

The samples were heated to 450°C and cooled to 150°C in zero-grade air (ZGA, dry

purified mixture of 80% N2 and 20% 02). This step was repeated three times before 

starting film characterization in order to clear the samples of remanent water vapor. 
The samples were heated to 450°C and cooled to 150°C in 2,000 ppm carbon monoxide
diluted in ZGA. 
The samples were heated to 450°C and cooled to 150°C in ZGA.
The last two steps were repeated four times but with test gas compositions of 10,000 
ppm methane, 20,000 ppm propane, 20,000 ppm n-butane and 26 ppm ethanol in ZGA, 
instead of CO. 

The samples were subjected to 50 thermal cycles (heating to 450°C followed by cooling
to 150°C), in the presence of ambient air. 

• The samples were tested again using all target gases, repeating the aforementioned
procedure. In this way a second set of sample responses was recorded, after 50 aging
cycles.
With the aforementioned procedure, the response of the samples to test gases was

recorded after 100, 150 and 250 subsequent aging cycles. In this way five sets of

sample responses were recorded.

During the aforementioned measuring cycles, the resistance of the samples was re­
corded at 5°C intervals as the samples were cooled from 450°C to 150°C; in this way 61
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resistance values were recorded for the response of each sensor to each test gas. The 
cooling rate was 10°C/min. This rate ensures that no significant transient effects are 
recorded<6) at temperatures above 250°C. 

3. Experimental Results and Discussion

Figures 1 and 2 show the logarithm of the conductance of the undoped tin oxide film
against the reciprocal temperature (1,000/T) in the presence of ZGA (open circles), of 
2,000 ppm carbon monoxide diluted in ZGA ( open squares), of 10,000 ppm methane ( open 
triangles), of 20,000 ppm propane ( solid circles), of 20,000 ppm n-butane ( open hexagons) 
and of 26 ppm ethanol (open diamonds). The measurements shown in Fig. 1 were taken 
after the sample had been subjected to 150 temperature cycles, while the measurements 
shown in Fig. 2 were taken after the sample had been subjected to 250 temperature cycles, 
according to the analysis in the previous section. In an analogous sense, Figs. 3 and 4 show 
the response of a tin oxide sensor with palladium additive (deposition time 20 s, SnO

x 
+ 

Pd3) after it had been subjected to 150 and 250 temperature cycles, respectively. Figures 
5 and 6 show the response of a tin oxide sensor with platinum additive ( deposition time 30 
s, SnOx + Pt3) after it had been subjected to 150 and 250 temperature cycles, respectively. 
Figures 7 through 10 show the analogous measurements for indium oxide based sensors 
(lnOx + Pd3 and InO

x 
+ Pt3) after they had been subjected to 100 and 150 temperature 
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Fig. 1. Log conductance versus reciprocal temperattire plot of the plain Sn Ox sensor response in the 
presence of the test gases, after it had been subjected to 150 thermal cycles. 
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Fig. 2. Log conductance versus reciprocal temperature plot of the plain Sn 0, sensor response in the 

presence of the test gases, after it had been subjected to 250 thermal cycles. 
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Fig. 3. Log conductance versus reciprocal temperature plot of the SnOx + Pd3 sensor response in 
the presence of the test gases, after it had been subjected to 150 thermal cycles. 
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Fig. 4. Log conductance versus reciprocal temperature plot of the SnOx + Pd3 sensor response in 

the presence of the test gases, after it had been subjected to 250 thermal cycles. 
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Fig. 5. Log conductance versus reciprocal temperature plot ofthe SnO, + Pt3 sensor response in the 
presence of the test gases, after it had been subjected to 150 thermal cycles. 
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Fig. 6. Log conductance versus reciprocal temperature plot of the SnO, + Pt3 sensor response in the 

presence of the test gases, after it had been subjected to 250 thermal cycles. 
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Fig. 7. Log conductance versus reciprocal temperature plot of the In Ox + Pd3 sensor response in the
presence of the test gases, after it had been subjected to 100 thermal cycles. 
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Fig. 8. Log conductance versus reciprocal temperature plot of the In Ox + Pd3 sensor response in the 

presence of the test gases, after it had been subjected to 150 thermal cycles. 
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Fig. 9. Log conductance versus reciprocal temperature plot of the InO, + Pt3 sensor response in the 

presence of the test gases, after it had been subjected to 100 thermal cycles. 
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Fig. 10. Log conductance versus reciprocal temperature plot of the In Ox + Pt3 sensor response in the 
presence of the test gases, after it had been subjected to 150 thermal cycles. 

cycles. The response of the indium oxide sensor without additive is not presented because 
the sensor did not respond to the test gases after thermal treatment. Strong degradation of 
this sensor was observed after only a few temperature cycles. In addition, plain indium 
oxide sensors have not shown an interesting response even the first time that they had been 
exposed to the test gases. 

3.1 Statistical treatment of experimental results 

The acquired experimental data include resistance values for both tin and indium oxide 
based sensors, covering a range of 2-4 orders of magnitude (indium oxide based sensors 
are far more conductive than tin oxide based ones; platinum-doped tin oxide sensors in 
particular exhibit nonmeasurable conductance values). As a consequence, a scaling 
technique is necessary in order to compensate for the large conductance variances. A 
simple preprocessing technique that gives each variable equal weighting by adjusting the 
original data to remove inadvertent weighting on values covering a wide range was adopted 
and is briefly described below. 

Vectors were used to represent the response of the sensors. Two different vector 
definitions wery used: one for the characterization of sensor selectivity properties and the 
other for the characterization of sensor stability or interdependence properties. In order to 
characterize the selectivity of a sensor, five vectors representing the response of the sensor 
to each of the f1ve test gases were created from the measurement data. Each vector includes 
the resistance values of the sensor in the presence of the corresponding test gas in the 
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temperature region from 150 to 450°C, recorded at 5°C intervals; thus the size of each 
vector is 61 ((450 - 150)/5 + 1). In order to characterize the stability of a sensor or the 
interdependence of two sensors, the aforementioned five vectors were concatenated into 
one vector of size 5 x 61. The first 61 elements of this concatenated vector include the 

resistance values of the sensor obtained in the presence of CO, the next 61 elements include 

the resistance values in the presence of methane, and so on. The sequence of concatenation 

does not influence the results of the calculations performed and can be chosen arbitrarily, 

as long as it is the same for all sensors. This will become obvious from the mathematical 
treatment that follows. 

The original data have been autoscaled so that the vector elements of each sensor are 
mean centered with a standard deviation of one. The following relationship is used for the 
calculation of the autoscaled data: Ctl

I 

r; i = l..N, (1) 
(J 

where rav is the average resistance over all vector elements of the current sensor and <ris the 
standard deviation of the sample according to the following formula: <1J 

N 
2 

L, ( r; - rav) 
(J2 = �i=�l ___ _ 

N-1
(2) 

where N equals the size of the vector. If the vector contains data acquired in the presence 

of only one test gas (selectivity characterization), then N = 61. In the case of the vectors

that contain data for all test gases (stability and interdependence characterization), N = 5 x 

61. 

A measure of the similarity of two vectors is given by their correlation, which equals 
the covariance of the autoscaled data, according to the following relationships: Cll 

= _1_ . � X; - Xav 
Pxy .1.., 

N -1 i=t <rx 

Yi - Yav 1 N 1 , 

--- = <r;y = -. -- . L, X; . Yi . 
<ry N -1 i=1 

(3) 

Here x/ and y;' are the autoscaled data of the two response vectors x and y. Using the 
aforementioned mathematical treatment we can determine the stability and selectivity of a 
sensor or the interdependence of two sensors with a correlation coefficient. More specifi­
cally, we can: 

Quantify the stability of a sensor, if xis the response vector of a sensor to all test gases 

before the aging procedure and y is the response vector of the same sensor to the same 

test gases after the aging procedure. If the correlation coefficient has a value close to 

unity the sensor can be characterized as stable, while if it has a value close to zero it can 
be characterized as unstable. 
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Quantify the interdependence of two sensors in response to all test gases, if x is the 
response vector of one sensor and y is the response vector of a second sensor. The 
correlation coefficient of the autoscaled vectors of two sensors should be close to unity 
if their responses are linearly associated and close to zero if their responses are 
markedly different. 
Quantify the selectivity of a sensor to different test gases, if x is the response vector of 
a sensor to a specific test gas and y is the response vector of the same sensor to a 
different test gas. If the correlation coefficient is close to unity then the sensor cannot 
distinguish between the presence of these two gases. 

3.2 Sensor stability results 

The effect of aging on sensor response is obvious from Figs. 1 through 10. A drift in the 
conductance against temperature curves with continuous thermal treatment can easily be 
observed. 

Table 1 shows the correlation coefficients which characterize the stability of our 
sensors, evaluated according to the procedure described in the previous section. Values 
close to unity ( > 0.9) indicate minimal degradation, while values close to zero indicate 
major change in the sensor's electrical characteristics. 

The first column of Table 1 indicates that the first thermal treatment that a sensor is 
subjected to after fabrication has a major influence on its response. Recall that none of the 
sensors tested have been annealed. It is a common practice to subject sensors to an 

Table 1 
Coeffici ents correlating the responses of the sensors before and after thermal treatment. 

Effect of aging 

1st vs after after 50 vs after 100 vs after 150 vs after 50 vs 

50 CJ'CleS after 100 after 150 after 250 after 250 
SnO, plain 0.908 0.981 0.991 0.968 0.898 
SnO, + Pdl 0.545 0.975 0.983 0.928 0.811 
SnOx 

+ Pd2 0.668 0.861 0.997 0.985 0.836 

SnOx 
+ Pd3 0.483 0.775 0.997 0.994 0.790 

SnO
x 

+ Ptl 0.589 0.954 0.853 0.976 0.862 

SnO, + Pt2 0.346 0.836 0.969 0.938 0.676 

SnO. + Pt3 0.891 0.855 0.946 0.975 0.848 
SnO. +Pt4 0.785 0.868 0.975 0.986 0.854 
InOx + Pdl 0.880 0.619 0.239 0.837 0.811 
InOx 

+ Pd2 0.191 0.120 0.046 0.023 0.045 

InO, + Pd3 0.875 0.810 0.639 0.769 0.162 

InO, +Pd4 0.848 0.836 0.660 0.171 0.014 

InO, + Ptl -0.166 0.666 0.798 0.645 -0.100

InO, + Pt2 -0.164 -0.257 0.896 0.951 -0.133

InO, + Pt3 -0.124 0.248 0.945 0.896 -0.119

InOx + Pt4 0.083 0.765 0.967 0.914 0.587
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annealing period of some hours or days at temperatures slightly higher than their operating 
temperature, in order to stabilize them. Annealing causes structural changes in 
oxygen-deficient metal oxides, such as tin and indium oxide films,(7, sJ exerting a profound 
influence on their electrical properties. In addition, the structure of noble metal clusters 
(Pd and Pt) on the surface of semiconducting oxides is modified by thermal treatment. 
Recall that electron beam evaporation was carried out at ambient temperature. It is 
known(9l that when thin discontinuous metal films are subjected to high temperatures, small 
metal islands aggregate and form particles with large average dimensions. It is obvious 
(Table 1) that the undoped film is more stable than the doped ones, and this property may 
be attributed to the transformations occurring on the catalyst structure of the surface-doped 
sensors. 

Further investigation of Table 1 reveals that tin oxide based sensors are more stable 
than indium oxide based ones. This is due to the sharp conductance peaks at certain 
temperature regions which are observed for indium oxide based films. The small correla­
tion coefficient values observed for InOx sensors can be attributed to the fact that the 
temperature of the maximum conductivity decreases after successive thermal cycles. 

3.3 Interdependence of sensors 
The response of each tin oxide sensor is correlated with the response of all other tin 

oxide sensors following the same thermal treatment, as shown in Table 2. The response of 
each indium oxide sensor is correlated with the response of all other indium oxide sensors 
following the same thermal treatment, as shown in Table 3. The first rows for each sensor 
of Tables 2 and 3 show the correlation coefficients for the first measuring procedure 
(without thermal pretreatment), to which the sensors were subjected, the second rows show 
the correlation coefficients corresponding to the response of the sensors after 50 thermal 
cycles, and so on. The values in Tables 2 and 3 which are greater than 0.9, implying strong 
interdependence of sensors, are underlined. 

The undoped tin oxide sensor and the tin oxide sensors doped with palladium (specifi­
cally the two tin oxide sensors with thick palladium layers, SnOx + Pd2 and SnOx + Pd3) 
seem to be strongly correlated, while the tin oxide sensor with the thin palladium layer 
(SnOx + Pdl) shows a response different from those of the other two palladium-doped tin 
oxide sensors. The interdependence of the palladium-doped sensors becomes obvious 
after some thermal treatment, which is believed to cause significant changes in both the 
oxygen deficiency of the tin oxide and the structure of the catalytic layer. In a pattern 
recognition multisensor array, only one of the plain and the two correlated palladium-doped 
sensors would be needed, while the incorporation of a second sensor would be superfluous. 

An interesting interdependence is observed in the response of the two tin oxide sensors 
with the thick platinum layers, Sn Ox + Pt3 and Sn Ox + Pt4 ( correlation coefficient of 0.89). 
The behavior of tin oxide films doped with thick layers of an additive is very similar, 
implying a saturation effect related to the thickness of the additive. 

Concerning indium oxide based sensors, a strong interdependence of all palladium-doped 
InO, sensors is observed, mainly in their response after 50 thermal cycles. Since from 
Table 1 it can be seen that palladium-doped indium oxide sensors are unstable, we can 
assume that the sensors lose their sensing properties after intense thermal treatment. 
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Table 2 
Correlation coefficients showing the interdependence of tin oxide sensors after thermal treatment. 
The first row for each sensor shows the coefficients corresponding to the responses of the sensors 
without thermal treatment, the second row corresponds to the responses of the sensors after 50 
thermal cycles, etc. 

Interde2endenne of tin oxide based sensors 

SnO, SnO, SnO, SnO, SnO, SnO, SnO, SnO, 
plain +Pdl +Pd2 +Pd3 + Ptl + Pt2 + Pt3 + Pt4

SnO, 1 0.81 0.64 0.34 0.36 0.49 0.46 0.44 
plain 0.43 0.86 0.82 0.32 0.15 0.45 0.27 

0.49 Q,-22 0.92 0.36 0.22 0.28 0.30 

0.57 0.93 0.94 0.41 0.26 0.31 0.29 

0.68 0.86 0.95 0.39 0.33 0.19 0.18 

SnO, * 1 0.58 0.14 0.11 0.47 0.21 0.17 

+Pdl 1 0.40 0.38 0.12 0.42 0.49 0.26 

1 0.53 0.60 0.18 0.49 0.38 0.31 

0.57 0.66 0.16 0.48 0.31 0.27 
0.65 0.72 0.27 0.52 0.29 0.34 

SnO, * * 1 0.77 0.34 0.57 0.28 0.33 

+Pd2 1 0.97 0.30 0.15 0.43 0.38 

1 0.98 0.36 0.24 0.31 0.34 

0.97 0.40 0.26 0.36 0.36 

0.96 0.43 0.32 0.37 0.40 

SnO, * * * 0.49 0.50 0.33 0.40 
+Pd3 0.33 0.17 0.40 0.43 

0.42 0.28 0.37 0.41 

0.42 0.30 0.38 0.36 

0.41 0.35 0.30 0.31 

SnO, * * * * 1 0.84 0.89 0.78 

+Ptl 1 0.51 0.53 0.54 

1 0.68 0.57 0.69 

0.60 0.50 0.56 

0.70 0.55 0.63 
SnO, * * * * * 0.80 0.71 
+ Pt2 0.28 0.27 

0.50 0.47 

0.49 0.49 

0.53 0.58 

SnO, * * * * * * 0.87 

+Pt3 0.79 
0.88 
0.89 
0.89 

SnO, * * * * * * * 

+ Pt4
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Table 3 
Correlation coefficients showing the interdependence of indium oxide sensors after thermal treat-
ment. The first row for each sensor shows the coefficients corresponding to the responses of the 
sensors without thermal treatment, the second row corresponds to the responses of the sensors after 
50 thermal cycles, etc. 

Interde_Qendence of indium oxide based sensors 

lnO, InO, InOx InOx InOx InO, InO
x 

lnO
x 

+Pdl +Pd2 +Pd3 +Pd4 + Ptl +Pt2 + Pt3 +Pt4 
InOx 1 0.20 0.74 0.77 0.46 0.55 0.41 0.47 
+ Pdl 1 0.93 0.93 0.95 -0.19 -0.09 -0.16 0.34 

0.09 0.74 0.71 -0.20 0.15 -0.01 0.02 
0.87 0.57 0.79 0.58 0.41 0.83 0.81 

-0.05 0.35 0.17 0.57 0.29 0.74 0.71 

InO, * 0.29 0.29 -0.03 0.02 -0.04 -0.03

+Pd2 0.99 0.99 -0.41 -0.12 -0.37 0.28 
0.16 0.19 0.10 0.11 0.20 0.19 
0.74 0.85 0.32 0.43 0.60 0.59 
0.12 0.03 0 -0.08 -0.05 -0.07

lnO
x 

* * 1 1.0 0.01 0.16 -0.05 0.01 
+Pd3 1 0.99 -0.32 -0.15 -0.28 0.35 

0.96 0.03 0.60 0.44 0.50 

0.92 -0.21 0.49 0.21 0.19 
0.62 -0.11 0.42 0.02 0.01 

InOx 

* * * 0.06 0.20 -0.01 0.05 
+Pd4 I -0.35 -0.13 -0.32 0.29 

1 0.12 0.57 0.50 0.52 
1 0.09 0.62 0.52 0.50 

-0.13 0.10 -0.12 -0.14

InO, * * * * 1 0.96 Q.,2Q 0.98 

+Ptl 1 -0.19 0.98 0.50 

0.32 0.79 0.63 

0.03 0.84 0.86 
0.04 0.77 0.73 

InOx 

* * * * * 0.86 0.93 
+ Pt2 -0.23 -0.42

0.65 0.73

0.39 0.43

0.41 0.47

InOx 

* * * * * * 1 0.98 
+ Pt3 1 0.61 

0.95 
0.99 

Q_,22_ 

InOx 

* * * * * * * 1 

+Pt4

1 

1 
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However, it is interesting to note that the two InOx 
sensors with the thick palladium layers 

(InO
x + Pd3 and InOx + Pd4) exhibit very close correlation coefficients, supporting the 

assumption that a saturation effect is related to the thickness of the additive layer. 
Finally, interdependence is also observed for the four platinum-doped indium oxide 

sensors, as derived from the correlation coefficients in Table 3. In this case, strong 

interdependence is observed before the sensors are subjected to any thermal treatment. 

However, the two sensors with the thick platinum layers remain strongly interdependent 
even after 250 thermal cycles. 

It is worth noting that all sensors with different sensing layers (tin or indium oxide) or 
with different types of doping (palladium or platinum) seem to be totally independent of 
each other. Sensors with the same sensing layer and the same additive exhibit similar 
responses. Moreover, the degree of their interdependence seems to be conserved despite 
the increasing number of thermal cycles to which the sensors were subjected. The above 

information may be useful for the selection of sensors to be incorporated in a multisensor 

pattern recognition array, without taking into account the actual pattern recognition 
method used. 

3.4 Sensor selectivity 

In order to quantify the selectivity of our sensors for the five gases tested, coefficients 

were calculated to correlate the response of a sensor to a test gas after a thermal treatment 

with the response of the same sensor to all other test gases after the same thermal treatment. 
This procedure was repeated for all sixteen sensors tested and for all of the aging periods to 
which the sensors were subjected. For clarity, only coefficients correlating the response of 
selected sensors after 100 thermal cycles are presented in Tables 4 through 9. 

_ Table 4 shows coefficients correlating the response of the plain tin oxide sensor to all 
test gases. Since all correlation coefficients are very close to unity (>0.9) it is obvious that 

the plain SnO
x sensor is not selective. Correlation coefficients very close to unity were also 

found for the response of this sensor without thermal treatment, after 50 thermal cycles, 

after 150 thermal cycles and after 250 thermal cycles. Recall that the data presented in 
Table 4 are irrelevant to sensor sensitivity. This sensor is very sensitive to most of the 
gases tested, especially ethanol, but the temperature dependence of the sensor response to 
different test gases is very similar. Sensitivity values corresponding to different gases may 
be very different, as is obvious from Figs. 1 and 2. It is also evident from Figs. 1 and 2 that 

the sensor is not selective, since sensor conductance as a function of temperature is very 

similar for all test gases. 

Table 5 shows the correlation coefficients for a palladium-doped tin oxide sensor 
subjected to 100 thermal cycles, with the palladium of intermediate thickness (SnOx + 
Pd2). Similar values were obtained for the tin oxide sensors with thin and thick palladium 
layers (SnO

x + Pdl and SnOx + Pd3). Table 5 shows that the palladium-doped tin oxide 

sensors are not selective, especially for ethanol, butane and propane, as it is also obvious 
from Figs. 3 and 4. 

Table 6 shows correlation coefficient values of the platinum-doped tin oxide sensor, 

with a platinum evaporation time of 30 s (SnO, + Pt3), after it had been subjected to 100 
thermal cycles. The response of the same sensor after 150 and 250 thermal cycles is shown 
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Table 4 
Correlation coefficients for the selectivity of the plain SnO

x sensor after 100 thermal cycles. 
Selectivity of plain SnO, sensor after 100 thermal cycles 

co 1.0000 0.9964 0.9320 0.9242 0.9238 
* 1.0000 0.9099 0.9023 0.9015 

* * 1.0000 0.9977 0.9990 
* * * 1.0000 0.9996 
* * * * 1.0000 

Table 5 
Correlation coefficients for the selectivity of the Sn Ox + Pd2 sensor after 100 thermal cycles. 

Selectivity of SnO
x 

+ Pd2 sensor after 100 thermal cycles 

co 1.0000 0.9290 0.9271 0.9089 0.9126 
* 1.0000 0.8102 0.7752 0.7847 

* * 1.0000 0.9980 0.9989 
* , * * 1.0000 0.9998 

* * * 
* 1.0000 

Table 6 

Correlation coefficients for the selectivity of the SnO, + Pt3 sensor after 100 thermal cycles. 

Table 7 

co 

c� 

C2H50H 

C4H10 
C3Hs 

Selectivity of SnO
x 

+ Pt3 sensor after 100 thermal cycles 

1.0000 0.9369 0.7783 0.4335 -0.6718

* 1.0000 0.6189 0.4536 -0.5155
* 

* 

* 

* 

* 

* 

1.0000 
* 

* 

0.2957 

1.0000 
* 

-0.8129

-0.1737

1.0000

Correlation coefficients for the selectivity of the In 0, + Pd3 sensor after 100 thermal cycles. 

Table 8 

co 

CH4 

C2H50H 

C4H10 

C3Hs 

Selectivity of InO, + Pd3 sensor after 100 thermal cycles 

1.0000 -0.8369 -0.6421 0.1724 -0.9113

* 

* 

* 

* 

1.0000
* 

* 

* 

0.8154

1.0000
*

* 

-0.1118

-0.6345

1.0000
*

0.9454

0.6415

0.0735

1.0000

Correlation coefficients for the selectivity of the InO, + Pd3 sensor after 250 thermal cycles. 

co 

Selectivity of In 0, + Pd3 sensor after 250 thermal cycles 

1.0000 0.9327 0.9120 0.9380 0.9319 
* 1.0000 0.8192 0.9087 0.9104 

* * 1.0000 0.8222 0.8099 
*

* 

*

* 

*

* 
1.0000
*

0.9836 

1.0000 
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Table 9 
Correlation coefficients for the selectivity of the In Ox + Ptl sensor after 100 thermal cycles. 

Selectivity oflnOx + Ptl sensor after 100 thermal cycles 

co 1.0000 0.9608 0.1575 0.8992 0.8112 
* 1.0000 -0.0105 0.9522 0.8874 
* * 1.0000 -0.2583 -0.4180
* * * 1.0000 0.9761 
* * 

* 
* 1.0000 

in Figs. 5 and 6, respectively. The correlation coefficients of Table 6 indicate that this 
sensor is markedly selective (values less than 0.9), especially in the case of butane and 
propane. The relatively high correlation coefficient values for carbon monoxide, ethanol 
and methane can be attributed to the fact that the resistance of the sensor in the presence of 
these gases exhibits nonmeasurable values. An analogous behavior was observed for all 
platinum-doped sensors, independent of the thermal cycles to which they were subjected. 
We can conclude that selectivity to butane and propane which is obvious from Figs. 5 and 
6 can be described quantitatively using the correlation coefficient values of Table 6. 

The response of the palladium-doped indium oxide sensor with an evaporation time of 
20 s (InOx + Pd3), after it had been subjected to 100 thermal cycles is shown in Fig. 7. The 
correlation coefficients calculated using the data presented in Fig. 7 are shown in Table 7, 
while the correlation coefficients of the same sensor after it was submitted to 250 thermal 
cycles are shown in Table 8. It is obvious that this sensor is not selective, exhibiting a 
strong interdependence concerning its response to all test gases. 

Table 9 shows the correlation coefficients calculated for the response of an indium 
oxide sensor doped with platinum (platinum evaporation time of 10 s, InO

x 
+ Ptl ). From 

the data in Table 9 this sensor seems to be selective to ethanol. The response of the 
platinum-doped indium oxide sensors exhibits a conductance step at a temperature of 
around 200 - 300°C in the presence of carbon monoxide, butane and propane. This step is 
shown in Figs. 9 and 10, and is more distinct in the case of carbon monoxide. However, 
since this step is not very sharp ( as in the case of platinum-doped tin oxide sensors), Table 
9 does not clearly show a selective sensor. Analogous results were derived for all other 
platinum-doped indium oxide sensors. The main advantage of indium oxide based sensors 
is their high conductivity, which is 2- 4 orders of magnitude higher than that of tin oxide 
based sensors. 

4. Conclusions

Sixteen metal (tin and indium) oxide semiconducting thin films with different noble 
metals (palladium and platinum) deposited onto their surfaces as catalysts were considered 
as sensors for various reducing or combustible gases. Efforts have been focused on sensor 
characterization concerning temperature stability, interdependence and selectivity. A 
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simple nonparametric technique (i.e., correlation coefficient evaluation) has been chosen 
from a variety of proposed statistical methods<10

,
1 1

.

12> for gas sensing applications. Al­
though the method used is very simple, it can extract useful information from our data. The 
most interesting results are summarized as follows: 

The marked resistance variations observed during the first thermal treatment of a 

nonannealed sensor are due to both structural changes in the oxygen-deficient metal 

oxide film and the transformations in the structure of the additive layer. 
Tin oxide based sensors are generally more stable than indium oxide based ones (Table 
1). 
An undoped tin oxide sensor is more stable than doped tin oxide sensors (Table 1). This 
may be attributed to the additional degradation of the catalytic layer. 
The same metal oxide films with different additives exhibit noncorrelated responses 

(Tables 2 and 3). 
• The same metal oxide films with different thicknesses of the same additive are

interdependent. This interdependence is lost in some sensors after thermal treatment,
due to sensor degradation (Tables 2 and 3).
Sensors with relatively thick additive layers remain strongly interdependent after
severe thermal treatment (Tables 2 and 3).
Undoped or palladium-doped sensors show poor selectivity (Tables 4, 5, 7 and 8). 

• Platinum-doped sensors (SnOx- and InOx-based) exhibit marked selectivity (Tables 6
and 9). The main disadvantage of platinum-doped SnOx sensors, which exhibit both
selectivity and stability, is their relatively low conductivity (Figs 5 and 6), which
renders them unsuitable for practical applications. On the other hand, platinum-doped
InOx sensors exhibit satisfactory stability and selectivity, and also exhibit sufficient
conductivity, which makes them suitable for practical applications. An alternative
statistical method may be more appropriate for the successful interpretation of data

related to the response of In Ox sensors, in order to compensate for the temperature shift

of their response with continuous thermal treatment.
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