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Abstract  

The  pe r fo rmance  of  conduc tomet r i c  gas sensors (e.g. semiconduct ing  oxide) is of ten  reduced  by the  poisoning of  the  active 
film or  by poor  long- te rm stability of  the  ou tpu t  signal. In this  p a p e r  we propose  the  use of  an in tegra ted  pair  of sensing 
e lements ,  one  with a nar row e lec t rode  gap and  the  o the r  with a wide e lect rode gap compared  with the  film thickness,  to 
recognise or ove rcome  these  disadvantages.  Equa t ions  are  der ived tha t  descr ibe the  s teady-state  response  of such a device 
for the  two l imiting cases of  a un i fo rm gas concen t ra t ion  within the  film (type I) and a d i s t ance -dependen t  one with a bounda ry  
(type II). The  character is t ic  response ,  or opera t ing  curve, of  a sensor  pair  for a type I mater ia l  can then be used as a real- 
t ime diagnost ic  for poisoning of  the  film, whereas  the  response  for a type II mater ia l  can be used to improve sensor  stability 
by e l iminat ing  undes i rab le  c o m m o n - m o d e  signals. The  basic principles  apply to several classes of mater ia ls  including bo th  
organic  semiconduc tors  (usually type I) and  inorganic  semiconductors  (usually type II). 
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1. Introduction 

Semiconducting oxide films are commonly used in 
conductometric gas sensors [1]. Commercial thick-film 
gas sensors are sold in large numbers by companies 
such as Figaro Engineering Inc. (Japan) and Capteur 
Ltd. (UK). However, the application of these sensors 
as quantitative gas sensors is limited by poor long-term 
stability due to such effects as poisoning or ageing. 
This deterioration of performance is clearly of impor- 
tance if the sensors are to be used to monitor the level 
of, for example, combustible or toxic gases in air (e.g. 
CO, NOx, etc.). Clearly, the performance of this type 
of sensor can be improved by the development of new 
poison-resistant materials, however an alternative ap- 
proach is to exploit the response of a pair of sensing 
elements rather than a single element [2,3]. In this 
paper we develop a theory to describe the theoretical 
response of a pair of sensors and show how the char- 
acteristic operating line can be used either to diagnose 
sensor poisoning or to enhance the stability of semi- 
conducting oxide films which have been doped with 
catalysts of differing activity. 

l Work carried out while a Humboldt Research Fellow at the 
University of Tiibingen, Germany. 
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2. Theoretical response of a pair of sensors 

Fig. 1 shows the basic structure of a planar con- 
ductometric gas sensor. The principle of operation is 
to measure the resistance (or conductance) of a film 
of active material (e.g. doped SnO2) at an elevated 
temperature as a target gas is introduced. The thickness 
of the film depends upon the process technology but 
is typically in the 1-250/zm region for sintered oxides. 
Current devices have electrodes of widths that are 
comparable with or greater than the film thickness and 
so it is reasonable to assume that the electric field 
between the electrodes can be approximated by that 
for a semi-infinite pair of electrodes. However, although 
the theory that follows can be modified with some effort 
to cover finite electrode widths [4], interdigital structures 
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Fig. 1. Basic structure of a conductometric gas sensor. 
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and indeed finite electrode thicknesses, the fundamental 
principles are not affected. 

The steady-state conductance in air, Go, of a homo- 
geneous film of conductivity O'o and thickness L lying 
upon semi-infinite electrodes can be found by integrating 
the current density over a closed surface [5], whence 

Go = tro__b_b~, ln[1 +(1 w/2L-Irw2/L2)1/2]J (1) 

where w is the separation of the electrodes and b is 
the length of the electrodes. It is assumed that the 
edge effects can be neglected (i.e. b >> w). 

When a gas of concentration Co is introduced it can 
diffuse into the porous film and react at sites (e.g. at 
grain boundaries) dispersed uniformly throughout the 
film. These reaction sites modify the local conductivity 
of the film according to some function that depends 
upon the local gas concentration C,. The concentration 
dependence of the local conductivity a(Cx) may be 
related to a response function F(Cx) via 

a(Cx) = troll + F(Cx)] (2) 

The exact form of the response function is governed 
by the chemical reaction taking place in the film and 
two limiting examples are evaluated below. 

Eq. (2) can now be used to calculate the steady- 
state response ~ '  (i.e. fractional change in conductance) 
of the sensor by integrating the concentration-dependent 
current density: 

= G(C~) - Go _ o(C~) - ~o 
Go Oo 

x / L =  1 

f F(Cx)/[(x/L) 2 + (w/2L)2] a/2 d(xlL) 
= ~ .~ -o  (3 )  

In{[1 + (1 + w214L2)'/2]/(w/2L)} 

Two advantages of expressing the response as the 
fractional change in conductance are that it becomes 
independent of the electrode length b and it is directly 
proportional to the concentration-dependent function 
F(Cx). 

Now let us consider the response of a pair of sensing 
electrodes, one with an electrode gap Wn that is narrow 
compared with the film thickness (i.e. w, <<L) and the 
other with an electrode gap w,  that is wide compared 
with the film thickness (i.e. ww>>L). In the case of 
the narrow-gap sensor, nearly all the electric field is 
effectively enclosed within the film and so the base- 
line conductance Go. given by Eq. (1) simplifies to 

_ _ _  / Gon tr°b In where << 1 (4) 
• r \ W ° l  T 

and so from Eqs. (3) and (4) the response of the 
narrow-gap sensor becomes 

x/L = 1 

f F(Cx)/[(x/L) 2 + (w,/2L)2] 1/2 d(x/L) 

.Yin = ~/L =o ln(4L/wn) (5) 

In the case of the wide-gap sensor, the base-line con- 
ductance Gow can be simplified by using the first term 
in a Maclaurin expansion of the log to give 

2 trobL 
Go~--- - - -  (6) 

77" W w 

In effect, the sensing electrodes now behave like a 
parallel-plate structure (except the prefactor is 2/~- 
rather than unity). As the electric field inside the film 
is nearly constant and independent of the distance x, 
Eq. (3) can be reduced to 

x/L ~ 1 

~9~w = f F(Cx) d(x/L) 
x/L ~ 0 

(7) 

where the response of the wide-gap sensor is inde- 
pendent of the electrode separation (as well as the 
electrode length). 

We can now consider the response of a pair of sensing 
elements lying under the same film, as shown in Fig. 
2, in which one electrode separation is small (wn/L << 1) 
and the other is large (ww/L >> 1). The output of each 
sensor of the sensor pair (~'n, ~'w) can be seen in the 
two-dimensional plot of the response of the narrow- 
gap sensor against that of the wide-gap sensor. We are 
interested in the steady-state output from the sensor 
pair and we will define it as the ratio of the individual 
sensor responses, which is just the gradient (through 
the origin) of the two-dimensional plot. For semi-infinite 
electrodes, we obtain 

x/L ~ 1 

~'n f F(C*)/[(x/L)2 + (wJ2L)2]~/2 d(x/L) 
- -  ~ x / L  ~ 0 

~ w  x . _ - ,  ( 8 )  

ln(4L/wn) f F(Cx) d(x/L) 
x/L - 0 

As we shall see, this response ratio is a useful parameter 
because it depends upon the non-uniformity of the gas 
concentration profile within the film via F(C~). 
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Fig. 2. S t r u c t u r e  o f  a n  i n t e g r a t e d  p a i r  o f  c o n d u c t o m e t r i c  gas  senso r s ,  

o n e  wi th  a n a r r o w  e l e c t r o d e  g a p  (w,  ~ L )  a n d  the  o t h e r  wi th  a w ide  

e l e c t r o d e  g a p  ( w w : ~ L )  c o m p a r e d  wi th  the  film th ickness .  
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We will now consider the effect of two profiles, which 
illustrate the limiting cases, on the characteristic be- 
haviour of the sensor pair and then discuss their practical 
significance. 

3. Results  

3.1. Uniform gas profile (type I) 

The simplest gas profile to occur would be one in 
which the steady-state gas concentration inside the film 
is a constant and so independent of the distance x, as 
shown in Fig. 3. In this case (type I), the response 
function F(Cx) is simply related to the external gas 
concentration Co, i.e. 

F(C~) = Fi(Co) (9) 

Type I behaviour can be expected in (a) polymer films 
and (b) semiconducting oxides with a low concentration 
of reaction sites. 

(a) In polymer films an adsorption/desorption process 
controls the conductance changes. For example, it has 
been observed that a Langmuir adsorption isotherm 
can describe the response of conducting polymers [6], 

Fi(Co)=k I KCo I+KCo or k~KCo when KCo<<I 

(10) 

where K is a reaction-rate coefficient (and can include 
a partition coefficient if necessary) and k~ is a parameter 
that depends upon the sensitivity of the material to a 
particular gas. This becomes a linear response function 
at low gas concentrations, and this behaviour has been 
observed. 

(b) In the case of semiconducting oxides, there is 
an irreversible combustion process taking place within 
the film rather than a reversible sorption process [7]. 
However, if there are relatively few reaction sites within 
the film and/or their reaction rate is low (i.e. a low 
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Fig. 3. Uniform gas profile in the active film (type I). 

catalytic activity of dopant in the oxide), then a negligible 
amount of the gas entering the film will be consumed 
and so the gas profile will be uniform. Under these 
conditions, the steady-state response function is given 
by the well-known power law 

Fi(Co)=k2Co" where 0 < n < l  (11) 

where kz is the gas-sensitivity parameter for a semi- 
conducting oxide material and the exponent n normally 
lies between 0.3 and 0.9. 

The steady-state response of this type of sensor pair 
is straightforward as the concentration profile (from 
Eq. (11)) is independent of distance x and so the 
geometric factors in Eq. (8) must cancel out to leave 
F~=~9~n=~q'w. The two-dimensional plot becomes a 
straight line as shown in Fig. 4. As the concentration 
increases, so the length of the response vector 
(~n2+ ~w2) 1/2 increases. When the response is linearly 
related to gas concentration, the length of the vector 
scales linearly whereas for non-linear behaviour its rate 
of increase slows down (e.g. see Eq. (11) with n < 1), 
or, in the case of the Langmuir isotherm, has a maximum 
value of v~kl (from Eq. (10)). 

The sensor pair response vector will always lie upon 
the line, even during the time to reach equilibrium - 
unless the process is diffusion-rate limited so that the 
response of the narrow-gap sensor lags behind that of 
the wide-gap sensor (e.g. see case I of Ref. [8]). Thus 
the line represents the characteristic behaviour of the 
sensor pair and ~'n/~'w should have a value of unity 
during the lifetime of the sensors. 

The presence of an interfering gas will not move the 
response vector off the characteristic operating line 
because it will affect both sensors equally (unless its 
concentration profile is not uniform like the target gas). 
However, if the outside part of the film is poisoned 
at some time during the lifetime of the sensor pair 
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Fig. 4. Theoretical response of the sensor pair to a gas with a type 
I concentration profile (uniform) with arbitrary units. 
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then the response of the wide-gap sensor will fall while 
the response of the narrow-gap sensor will remain 
unchanged. Consequently, the pair response parameter 
~ , / ~ w  will fall below unity as the oxide (or polymer) 
film poisons and acts as a diagnostic tool (see Fig. 4). 
A simple real-time method of obtaining the pair response 
parameter would be to use an analogue electronic circuit 
to compute the response ratio. Any deviation of the 
resistance ratio from unity could then trigger an alarm. 
However, if the poisoning effect is evenly distributed 
throughout the film then the response vector will not 
move off the characteristic operating line but simply 
reduce its length. This behaviour could only be detected 
by the frequent use of a calibration gas. 

3.2. Moving-boundary gas profile (type 11) 

When a semiconducting oxide material is doped with 
a catalyst of high activity, it is probable that the gas 
entering the film is rapidly consumed and so does not 
penetrate all the way into the film, which is the converse 
of a type I profile. The simplest model would be to 
have a boundary set up under steady-state conditions, 
as sketched in Fig. 5, which divides the gas-penetrated 
from the unpenetrated parts of the film. Then, the 
boundary moves into the film as the surface gas con- 
centration is increased until it reaches the impermeable 
substrate. At this stage and at higher concentrations 
the gas concentration within the film becomes uniform. 
The response function can now be written as 

Fn(Cx)= { k2C°n Xb <~X <Xb (12) 

The response of the wide-gap sensor now becomes 
simply the fraction of the film penetrated by the gas 
multiplied by the isotherm, hence 

1 

J?w = k2 Co" _1 d(x/L ) = ke Co"(1 -- Xb/L ) (13) 
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Fig. 5. Moving-boundary gas profile in an active film (type II). 

The response of the narrow-gap sensor can also be 
found from Eqs. (7) and (12) for this profile where 

[ l+(1+w.2/4L2) m ] 
n [ x u / £ T - ( ~ ~ z ) l / 2  ] 

~ n  = k2 Co n 
ln[1 + (1 +wna/4L2) m] 

j 
= k2Co n ln{Z/[xdL + (x# /L  ~ + w.~/4L2)"a]} (14) 

ln(4L/w.) 

Substituting this into Eq. (8) gives the response of the 
sensor pair, which is now a function of the position 
of the boundary, i.e., when Xb =0, 

~q~, ln{2/[xb/L + (Xb2/L 2 + w,2/4L Z)U2]} 
- -  = = 1 ( 1 5 )  
~,~ ln( 4L/w,)(1 -- Xb/L ) 

As discussed above, the boundary moves into the film 
as a function of the external gas concentration Co until 
at a certain concentration Cp the boundary meets the 
inside of the film and the profile becomes uniform 
again (i.e. type I). The value of the penetration con- 
centration will depend upon parameters such as the 
catalytic activity of the dopant and the density of the 
reaction sites. From the study of diffusion-reaction 
phenomena [9], it is reasonable to assume that the 
moving boundary follows a fractional power law, 

x~ = l _ ( C o / m  (16) 

where the exponent m is likely to be about 0.5, since 
it becomes increasingly difficult to move the internal 
boundary with increasing concentration. 

Fig. 6 shows the operating characteristic for this type 
of profile calculated from Eqs. (15) and (16) where 
both the conductance and boundary exponents n and 
m are set to a value of 0.5, and k 2 is set to unity. In 
region A (C0<Cp), the gas does not penetrate far 
enough into the film to reach all of the field lines of 
the narrow-gap electrodes and so the sensor provides 
a reduced response. The deviation from the type I 
operating curve depends upon the value of the narrow 
electrode gap, as shown in Fig. 6. Once again, poisoning 
of the film will be apparent as the operating line shifts, 
only it will be more dramatic as the unreacted gas 
begins to reach the inner electrodes, turning the narrow- 
gap sensor hard on as the wide-gap sensor is turned 
partly off. It should be noted that an intelligent choice 
of the electrode separation could ensure that the narrow- 
gap sensor turns on at a particular gas concentration 
and thus provide an alarm level that is less prone to 
drift. In region B (Co>Co), the sensor pair behaves 
exactly as in the case of a type I profile and the 
characteristic operating line has unit slope. 
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Fig. 6. Theoretical responses of an integrated sensor pair to a gas 
with a type II concentration profile (moving boundary) at various 
narrow electrode gaps w,/L of 1.0, 0.5, 0.1, and 0.02. The wide 
electrode gap ww/L is fixed at a value of 10 and the gas-sensitivity 
constant k2 is set to unity. 
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Fig. 7. Theoretical concentration response of a type II integrated 
sensor pair parameter against the external gas concentration (relative 
to the penetration gas concentration) with various narrow electrode 
gaps w,/L of 1.0, 0.5, 0.1, and 0.02. The wide electrode gap w,/L 
is fixed at a value of 10. 

on the external gas concentration (i.e. when wn/L is 
small) but shows a step. change near Cp and so may 
be used as a concentration detector. The narrow-gap 
sensor now compensates for any common-mode vari- 
ation in film properties, e.g. a temperature fluctuation, 
change in reaction-rate constant or a gas-independent 
ageing process. The principle is similar to that of a 
silicon thermotransistor which uses the collector-current 
ratio (see Ref. [1], p. 105). 

4. Conclusions 

Expressions have been derived which define the 
response of a pair of planar conductometric gas sensors. 
The combination of a narrow-gap sensor and a wide- 
gap sensor leads to some useful properties of the sensor 
pair such as providing a simple diagnostic signal or 
enhanced stability. The realisation of such a device is 
possible using current material processing technology. 
Thus, in the application of thick active films of about 
100/zm the narrow electrode gap should be about 10 
tzm and it can be made by using conventional UV 
lithography (e.g. phthalocyanines [10]), whereas in the 
application of thin active films of about 1 ~m the narrow 
electrode gap of 0.1 ~m can be micromachined using 
focused ion beam milling [11]. The integration of the 
sensor pair on the same substrate and under the same 
active layer means that the process variability is min- 
imised, which is a useful advantage in manufacture. 
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