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During the experimental study of CO sensitivity of SnOZ resistive-type gas sensors in the 
presence of water vapor, a transient effect was observed which elucidates the CO sensing 
mechanism in tin oxide. More precisely, after the removal of CO, an increase of the measured 
conductance was observed, depending on substrate temperature. An explanation of this 
phenomenon is proposed, which is based on the conductance modulation due to three different 
mechanisms: Formate desorption, occupation of lattice sites by oxygen molecules, and diffusion 
of lattice oxygen vacancies to sensor’s bulk. 

Tin dioxide based thick film gas sensors for CO were 
printed with dimensions 3 X 3 cm’, from thick film pastes 
which were produced according to a similar method re- 
ported by Fuller and Warwick.’ These sensors showed 
n-type conductivity.2 Annealing for one week at 600 “C was 
required in order to make their response reproducible and 
stable. 

All sensors have been tested according to the following 
experimental procedure: 

(a) The temperature of DUTs was raised at 350 “C and 
it was kept at this level for about an hour. 

(b) The temperature was decreased to the required 
level for the experiment and it was kept there for one hour 
before water vapor was introduced into the chamber. 

(c) Water vapor was introduced in a controllable man- 
ner by adjusting the zero grade air flow through a bubbler. 

(d) CO was introduced into the chamber when a hu- 
midity sensor was giving a stable reading. 

All experiments were made with CO at 1000 ppm and 
zero grade air in a continuous total flow of 300 ml/min in 
a chamber of about 920 cm3 with the method described 
above, and results like the ones showed in Fig. 1 were 
obtained. From these, it is apparent that undershoot of the 
resistance in the presence of 40% relative humidity after 
the removal of CO is typical in these samples. Figure 1 also 
shows the response of the same samples at different sub- 
strates temperatures, where the undershoot is eliminated 
with increasing temperature. 

It is well established that oxygen chemisorption on the 
tin oxide surface may have an enormous effect on electrical 
conductivity. This is caused by the acceptorlike nature of 
oxygen adatoms on an n-type adsorbent,3 like tin oxide. 
The charge transfer from surface to oxygen adatoms pro- 
duces a depletion layer, which is very efficient near the 
grain boundaries.374 Moreover, surface oxygen vacancies 
may be filled by adsorbed oxygen atoms which decreases 
the conductivity.4 

Reducing gases have been found to react with oxygen 
species on the tin oxide surface with a rate which is a 
function of the structure of the surface, the temperature, 
and the nature of the reacting species. In the case of CO, it 
has been found that the reaction rate with adsorbed oxygen 
molecules at the surface is at least one order of magnitude 
smaller than with oxygen adatoms.’ The aforementioned 

two reactions immediately cause an increase of sensor’s 
conductivity by charge transfer. 

However, in the case of oxygen lattice atoms, CO re- 
acts with them, creating vacancies which do not affect the 
conductivity. A theoretical model6 has been proposed as- 
suming that these vacancies act as donors, only after their 
diffusion into the bulk. This is a very slow mechanism for 
two reasons: First because the reaction of CO with lattice 
oxygen is slow4 and second because there is a time delay 
before these vacancies act as electron donors. 

The presence of water vapor may dominate the behav- 
ior of tin oxide based sensors.3’4’7 Water molecules are phy- 
sisorpted and they reduce the active sites on surface, or 
they may dissociate giving hydroxyl species,4 which may 
create oxygen vacancies. Introducing CO intermediates, 
like formate species, are formed, which modify the sensi- 
tivity and the response time of the sensor. Moreover, the 
desorption of these intermediates affect the conductivity. 
Formate has been found to desorb, giving CO2 and H2.4 
Thus, the removal of hydrogen atoms from the surface 
decrease the conductivity. This is caused because hydrogen 
atoms act as electrons donors. On the other hand, there is 
no evidence that formate species act as electron acceptors.” 
So, formate alters the conductance of the sensor only when 
it desorbs, inducing a decrease of conductivity. 
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FIG. 1. Experimental results showing the undershoot of the measured 
resistance in the presence of 40% relative humidity after CO removal for 
different substrate temperatures. Two axes were used with same length in 
order to compare the undershoots. + 150°C (referred to left axis), 
* 250 “C, and 0 300 “C (referred to right axis). 
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The aforementioned three different mechanisms that 
affect sensor conductance in the presence of CO and water 
vapor are considered to have an exponential time depen- 
dence and a corresponding time constant. When CO is 
switched off, the adsorption of oxygen atoms is a two stage 
reaction: 

02~+S+e--+o&- -/-S-/-e- +20; 

with a time constant TV. 

(1) 

Although CO has been turned off, the remaining va- 
cancies still contribute to sensor’s resistance with a time 
constant r2. This is the time constant of diflusion of lattice 
oxygen vacancies to the bulk, which depends strongly on 
temperature. 

The remaining formate species are desorped very fast 
giving a time constant r3 according to reaction (2). So, the 
transient sensor resistance after CO removal may be 

S-COOH+H++e-+S+C02+H2 

given by 

(2) 

R=Ro-RI exp( -t/r,> -R2 exp( -t/r2) 

-l-R3 exp( --t/q), (3) 

where RI, R2, and R3 are the steady-state contributions of 
the aforementioned mechanisms, which are considered to 
be of the same order of magnitude. 

Figure 2 (a) shows the calculated resistance, using Eq. 
(3), after CO removal, with 7+-i and T+T~. It is clear 
from this figure that the undershoot of the resistance is 
caused solely by oxygen vacancies. More specifically, al- 
though both formate and chemisorpted oxygen mecha- 
nisms are ceased soon after CO removal, oxygen vacancies 
continue to contribute to the conductivity during their dif- 
fusion to the bulk, because r2,7i and r3. Increasing the 
sensor temperature, the time constant r2 of the diffusion is 
expected to decrease and thus the undershoot is eliminated, 
as shown in Fig. 2(b), where the resistance is calculated 
assuming that the oxygen vacancies diffusion time constant 
( > r2) is of the same order of magnitude as the time con- 
stants of the other two reactions (ri and ~~3). 

Concluding, it has been shown that after CO removal 
in a humid ambient, the positive contribution of the for- 

1761 Appl. Phys. Lett., Vol. 63, No. 13, 27 September 1993 

I.... ““2” . . . . . . . . 1 “5 . . . . . . . . . . . . . . . . . . . . . . . 
1. : - 

it 
I 

s . . . . . . . . . . . ..-......... !‘, 
. 

“* ; . . 
T 
. “““‘~“.““....““‘.....~.““.... . . .* I - . XX 
j -.I x*x 

. ..“.....““.....‘“...... Z.“” i r 
r--7- n_m 

lhla (a”., 
8. 

1.. .co.t!Y . H20 .. ....... ............................... 

b. 

FIG. 2. Theoretical results showing the sensor’s resistance with the dif- 
ferent contributions in low (a) and high (b) temperature. * is the calcu- 
lated resistance, q contribution from formate desorption, A contribution 
from oxygen chemisorption, and x contribution from oxygen vacancies. 

mate species is ceasing very fast and the contribution of 
oxygen vacancies may produce an undershoot of the sen- 
sor’s resistance. These results support the assumption 
made by other researchers that oxygen vacancies at the 
surface of tin oxide do not act as electron donors unless 
they diffuse into the bulk. 
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