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[57] ABSTRACT 
An air/fuel ratio detector comprising a pump and an 
electrochemical cell in which both the pump and elec 
trochemical cell comprise an oxygen ion conductive 
solid electrolyte sandwiched between porous elec 
trodes. One of the elements has an insulating substrate 
formed on a portion of the electrolyte. Over the sub 
strate is formed a layer of semiconducting metal oxide. 
The cell and pump face each other with the cell provid 
ing an EMF and the pump being pumped by a pump 
current. The size of the resistance of the metal oxide 
layer indicates whether the air/fuel mixture is rich or 
lean relative to a stoichiometric mixture and the values 
of the EMF and pump current indicate the deviation 
from stoichiometry. - 

10 Claims, 16 Drawing Figures 

A statutory invention registration is not a patent. It has 
the defensive attributes of a patent but does not have the 
enforceable attributes of a patent. No article or advertise 
ment or the like may use the term patent, or any term 
suggestive of a patent, when referring to a statutory in 
vention registration. For more specific information on the 
rights associated with a statutory invention registration 
see 35 U.S.C. 157. 
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AIR/FUEL RATIO DETECTOR 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an air/fuel ratio de 

tector for use in the measurement or control of the 
concentration of oxygen in exhaust gas from a combus 
tion device such as an internal combustion engine or gas 
burner. 

2. Description of the Prior Art 
One type of oxygen sensor is capable of detecting 

combustion occurring at nearly a theoretically optimal 
or stoichiometric air/fuel ratio by sensing a change in 
electromotive force that is produced by the difference 
between the partial oxygen pressure of the exhaust gas 
and that of the atmospheric air. This type of oxygen 
sensor comprises an ion-conductive solid electrolyte 
(e.g., stabilized zirconia) coated with porous electrode 
layers (e.g., porous layers of Pt). This device is pres 
ently used in several applications, for example, in an 
automobile for the purpose of running its internal com 
bustion engine at the theoretical air/fuel ratio. 
The conventional oxygen sensor produces a great 

change in its output if the operating air/fuel ratio (A/F 
ratio, which is the weight ratio of air to fuel) is near the 
stoichiometric value of 14.7 but, otherwise, the result 
ing change in output is negligibly small. Therefore, the 
output from this sensor cannot be effectively used if the 
engine is operating at A/F ratios other than near the 
stoichiometric value. ' 

Japanese Patent Application (OPI) No. 153155/1983 
(the symbol OPI signifying an unexamined published 
Japanese patent application) shows an oxygen concen 
tration detector comprising a pair of oxygen ion con 
ductive and solid electrolyte plates each having an elec 
trode layer on both sides in a selected area close to one 
end of the plates. The two plates are ?xed parallel to 
each other and spaced to leave a gap in an area corre 
sponding to that selected area having the electrode 
layers. One electrolyte plate with electrode layers is 
used as an oxygen pump element. The other plate, also 
having electrode layers, is used as an electrochemical 
cell element that operates by the difference in oxygen 
concentration between the ambient atmosphere and the 
gap between the two plates. This type of detector fea 
tures quick response. However, according to experi 
ments conducted by the present inventors, if this device 
is used in a fuel-rich region having a A/F ratio lower 
than the stoichiometric 14.7 value, the direction of 
change in the resulting output relative to the signal for 
the stoichiometric mixture is the same as that obtained 
in a fuel-lean region as shown in FIG. 8. Because of the 
existence of two A/F ratios for a single output, the 
sensor can be used only when it is definitely known 
whether the device to be controlled is operating in the 
fuel-rich or the fuel~lean region. Furthermore, the pres 
ent inventors found it difficult to detect an A/F ratio at 
or near the stoichiometric value of 14.7, or accurately 
and responsively enable a feedback control over the 
A/ F ratio by using this device. 

SUMMARY OF THE INVENTION 

Accordingly, one object of the present invention is to 
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provide an air/fuel ratio detector that is capable of 65 
accurately and responsively detecting the operatingv 
A/F ratio of a combustion burner such as an internal 
combustion engine whether it is operating in the fuel 

2 
rich region, fuel-lean region, at the stoichiometric A/ F 
ratio point, or in the entire region or a part thereof. 
Another object of the present invention is to provide 

an air/fuel ratio detector that enables a precise and 
simple feedback control over the above-mentioned A/ F 
ratio regions. 
An air/fuel ratio detector according to one embodi 

ment of the present invention is summarized as compris 
ing a solid electrolyte and electrochemical cell element 
sensitive to a difference in oxygen concentration and a 
solid electrolyte oxygen pump element, each element 
being in the form of an oxygen ion conductive solid 
electrolyte having porous electrodes formed on both 
sides. At least one of the elements has an electrically 
insulating substrate formed on one side except for the 
area where the porous electrode is provided. The insu 
lating substrate is formed on either the electrochemical 
cell or the pump or possibly on both. The substrate has 
a metal oxide semiconductor layer formed on its sur 
face. The electrochemical cell and the pump are dis 
posed to face each other a small distance apart. The 
air/fuel ratio is detected both by a change in electrical 
properties of the metal oxide semiconductor layer and 
by an output signal provided by either the electromo 
tive force of the electrochemical cell or by the pump 
current ?owing through the pump. 
An air-fuel ratio detector according to another em 

bodiment of the present invention comprises a solid 
electrolyte, an electrochemical cell element sensitive to 
a difference in the concentration of oxygen, a solid 
electrolyte oxygen pump element and an oxygen refer 
ence element having a metal oxide semiconductor layer 
formed on the surface of an electrically insulating mem~ 
bet. The electrochemical cell and the pump are dis 
posed to face each other a small distance apart. The 
air/fuel ratio is detected both by a change in electrical 
properties in the metal oxide semiconductor layer and 
by an output signal provided by either the electrome 
tive force of the electrochemical cell element or by the 
pump current ?owing through the pump. 

Because of the arrangements described above, the 
detector of the present invention has the advantage of 
requiring only one sensor probe for achieving the detec 
tion of the accurate value of the A/F ratio over the 
entire operating range including both the fuel-rich and 
fuel-lean regions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is an illustration of the air/fuel ratio detector, 
both its probe and its circuitry according to one em 
bodiment of the present invention; 

FIG. 2 is a cross section taken along the line I-I of 
FIG. 1; 

FIG. 3 is a cross section taken along the line II-II of 
FIG. 2; 
FIG. 4 is a cross section taken along the line III-III 

of FIG. 2; 
FIG. 5 is an exploded perspective view of an electro~ 

chemical cell for detecting a difference in the concen 
tration of oxygen; . 

FIG. 6 is an exploded perspective view of an oxygen 
Pump; 
FIG. 7 is a characteristic curve showing the profile of 

A/F ratio vs. the electrical resistance of a semiconduct 
ing metal oxide; 
FIG. 8 is a characteristic curve showing the profile of 

A/ F ratio vs. pump-out current Ip ?owing through the 
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pump, with the electromotive force of the electrochem 
ical cell being held constant; 
FIG. 9 is an illustration of the probe of the detector 

according to another embodiment; 
FIG. 10 is an illustration of the detector according to 

still another embodiment of the present invention; 
FIG. 11 is a cross section taken along the line I--I of 

FIG. 10; 
FIG. 12 is a cross section taken along the line II-II 

of FIG. 11; 
FIG. 13 is a cross section taken along the line III-III 

of FIG. 11; } 
FIG. 14 is a cross section taken along the line IV-IV 

of FIG. 11; 
FIG. 15 is an exploded view of the oxygen pump and 

the electrochemical cell for sensing the difference in 
oxygen concentration; and 
FIG. 16 is a characteristic curve showing the relation 

of the A/F ratio vs. pump-in current 1,, ?owing through 
the pump, with the EMF of the electrochemical cell 
being held constant. 

PREFERRED EMBODIMENTS OF THE 
INVENTION 

The A/F ratio detector according to one embodi 
ment of the present invention will now be described 
with reference to FIGS. 1 to 6. The detector has a probe 
section 2 which is mounted in, for example, an exhaust 
pipe 1 from an internal combustion engine. The probe 2 
includes a solid electrolyte oxygen pump element 3 and 
a solid electrolyte, electrochemical cell element 10 for 
sensing the difference in the concentration of oxygen. 
The pump 3 consists of an ion conductive, solid elec 

trolyte plate 6 about 0.5 mm thick and preferably made‘ 
of stabilized zirconia. Porous platinum electrode layers 
4 and 5 are formed on opposite sides of the plate 6 by a 
thick-?lm deposition technique to a thickness of about 
20 pm. A highly heat-conductive but electrically insu 
lating substrate 7, which may be a thin sheet or a printed 
?lm, is located on one side of the solid electrolyte plate 
6, for instance on the side of the porous Pt layer 5. This 
substrate has a window a complying with the contour of 
the Pt layer 5 so that the latter is exposed through the 
window a. The substrate 7 is in a tabular form having a 
thickness of about 0.25 mm and being made of a highly 
heat conductive and electrically insulating material 
such as alumina or spinel. An electric heater 8 is formed 
around the window a on the heat-conductive and elec 
trically insulating substrate 7 on its side opposite the 
side in contact with the solid electrolyte plate 6. The 
heater 8 is spaced apart both from the periphery of the 
window a and from the outer edges of the substrate 7. A 
tabular highly heatconductive and electrically insulat 
ing substrate 9 isolates the heater 8 from the outside by 
enclosing it against substrate 7. The substrate 9 has a 
corresponding window b which, like the window a, 
complies with the contour of the Pt layer 5 so that the 
latter is exposed through the windows a and b. 
The electrochemical cell 10 consists of an ion con 

ductive, solid electrolyte plate 13 (about 0.5 mm thick 
and preferably made of stabilized zirconia) that has 
porous platinum electrode layers 11 and 12 formed to a 
thickness of about 20 pm on opposite sides of the elec 
trolyte plate 13. These layers 11 and 12 are formed by a 
thick-?lm deposition technique. The electrochemical 
cell 10 further includes a tabular highly heat~conductive 
but electrically insulating substrate 14 which is disposed 
on one side of the solid electrolyte plate 13. For in 
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4 
stance, the substrate 14 may be located on the side 
where the porous Pt layer 11 is located. The substrate 
14 also has a window c complying with the contour of 
the Pt layer 11 so that the latter is exposed through the 
window. An electric heater 15 is formed around the 
window c (see FIG. 5) on the side of the highly heat 
conductive, electrically insulating substrate 14 opposite 
the side in contact with the solid electrolyte plate 13, 
with the heater 15. being spaced away both from the 
periphery of the window c and from the outer edges of 
the substrate 14. A tabular, highly heat~conductive but 
electrically insulating substrate 16 isolates the heater 15 
from the outside by covering it over the substrate 14. 
The substrate 16 likewise has a window d which, like 
the window c, complies with the contour of the Pt layer 
11 so that the latter is exposed through windows c and 
d. A semiconducting metal oxide layer 17, such as a 
titania element, is located around the window d on that 
side of the substrate 16 opposite the heater 15 and is 
formed to a thickness of about 50 pm by a thick-film 
deposition technique. The electrical elements of the 
electrodes 4 and 5 and the heater 8 located on the pump 
element 3 and of the electrodes 11 and 12, the heater 15, 
and the metal oxide 17 located on the electrochemical 
cell element 10 have respective external leads 18 which 
are formed by a thick-?lm deposition technique. _ 
The pump element 3 and the electrochemical cell 

element 10 are erected side by side in the exhaust pipe 1 
so that the Pt electrode layer 4 and the Pt layer 12 form 
a gap f which is as small as about 0.05 to 0.1 mm. The 
two elements 3 and 10 are ?xed together by ?lling the 
gap at the base portion with a heat-resistive and insulat 
ing spacer 19. An adhesive ?ller may be used as the 
spacer. A support 21 with a male thread 20 is ?xed 
around the base portion of the combined pump 3 and 
electrochemical cell 10 by means of a heat-resistive and 
insulating adhesive member 22. The probe 2 is securely 
mounted in the exhaust pipe 1 by engaging the male 
thread 20 to a corresponding female thread 23 in the 
exhaust pipe 1. 
The fuel ratio detector probe 2 having the construc 

tion shown above may most advantageously be fabri 
cated by the following procedure. As shown in FIG. 6 
for the pump 3, an ion conductive solid electrolyte plate 
6, for example, a green sheet of solid electrolyte zirco 
nia, is patterned on both sides with a predetermined 
pattern of porous platinum electrode layers 4 and 5 and 
associated leads 18. The pattern is printed by a thick 
?lm deposition technique. An electric heater made of a 
platinum resistor 8 and associated leads 18 is sand 
wiched between two highly heat-conductive and elec 
trically insulating substrates 7 and 9, for example, two 
tabular green spinel sheets each having a window a or b. 
The sheets 7 and 9 are pressed onto one side of the 
previously prepared green zirconia sheet 6, and the 
assembly is sintered to form an oxygen pump 3 of the 
ceramic clad type. 
The electrochemical cell 10 is fabricated as shown in 

FIG. 5. An ion conductive solid electrolyte plate 13 is 
patterned on both sides with a predetermined pattern of 
porous platinum electrode layers 11 and 12 and associ 
ated leads 18. A highly heat-conductive and electrically 
insulating substrate 14 has an electric heater 15 and 
associated leads 18 formed on one side. Another highly 
heat-conductive and electrically insulating substrate 16 
is additionally patterned with predetermined pattern of 
leads 18 for the metal oxide semiconductor 17. These 
three elements of electrolyte plate 13 and substrates 14 
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and 16 are pressed together and sintered to form the 
electrochemical cell 10 for sensing the difference in 
oxygen concentration. The thus obtained electrochemi 
cal cell is patterned with a predetermined pattern of 
metal oxide in the manner that the end portions of the 
leads 18 are bridged by said pattern and subsequently is 
baked in the sintering atmosphere to form a thick ?lm of 
the metal oxide semiconductor 17 (e.g., titania). The 
pump 3 and the electrochemical cell 10 are placed side 
by side with a thickness gauge inserted therebetween. 
The pump 3 and the cell 10 are ?xed together by ?lling 
the gap at the base portion with a spacer or heatresistive 
ceramic adhesive agent 19. 
An example of the electronic control unit 24 for use 

with the detector of the present invention is shown in 
FIG. 1. The electromotive force e generated between 
the porous Pt electrode layers 11 and 12 on the electro 
chemical cell 10 is applied to the inverting input termi 
nal of an operational ampli?er A through a resistor R1. 
The ampli?er A produces an output proportional to the 
difference between the voltage e and a reference volt 
age V, applied to the noninverting input terminal of the 
ampli?er A. The output of the ampli?er A drives a 
transistor Tr to control the pump current Ip flowing 
between the Pt electrode layers 4 and 5 on the pump 3. 
The pump current Ip must be suf?ciently large to main 
tain a constant electromotive force e at the level V,. 
The control unit 24 also includes a resistor R0 on the 
lead 18 to the Pt electrode layer 5 from a dc. source B. 
The output of the ampli?er A and its inverting input are 
connected by a capacitor C. The control unit 24 also has 
a set of output terminals 26 (FIG. 3) connected to the 
two leads 18 of different ends of the metal oxide layer 17 
for picking up a signal indicative of a change in the 
electrical resistance of the metal oxide layer 17. Termi 
nals 25 on either side of the resistor R0 then provide a 
signal corresponding to the pump current Ip to the Pt 
electrode 5. The electric heater 8 for heating the porous 
Pt electrode layers 4 and 5 is connected to a power 
source 28, shown in FIG. 4. The heater 15 for heating 
the semiconducting metal oxide layer 17 and porou Pt 
electrode layers 11 and 12 is connected to another 
power source 27, shown in FIG. 3. 
Two characteristic curves for the detector shown in 

FIGS. 1 to 6 are illustrated in FIGS. 7 and 8. FIG. 7 
shows the functional dependence upon the A/F ratio 
for the electrical resistance of the semiconducting metal 
oxide layer 17 as measured at the output terminals 26. 
The resistance is low in the fuel-rich region where the 
A/F ratio is smaller than the stoichiometric value of 
14.7; at about 14.7, there occurs a sudden increase -in the 
resistance, and in the fuel-lean region (A/F greater than 
14.7), the resistance assumes a large value._ 
FIG. 8 shows the profile _of A/F ratio vs. I, for a 

reference voltage V,, which is kept constant, say, at 20 
mV. When the electromotive force e is at 20 mV, Ip 
‘flowing in the pump-out direction decreases with the 
increasing of the A/F ratio in the fuel-rich region (A/F 
less than 14.7), and Ip increases in proportion to the A/F 
ratio in the fuel-lean region (A/F greater than 14.7), in 
order to maintain the electromotive force e at 20 mV. 
The detector according to the embodiment shown in 

FIGS. 1 to 6 makes use of the characteristics depicted in 
FIGS. 7 and 8. The output terminals 26 for detecting a 
change in the electrical resistance of the semiconduct 
ing metal oxide 17 are so designed that the detector will 
sense both the fuel-rich region (R< P) and the fuel-lean 
region (R>P), where P is a reference resistance set 
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between the fuel-rich and fuel-lean asymptotic values. 
When the engine is running in the fuel-rich region. the 
resistance of the semiconductor layer 17 is smaller than 
the reference resistance P and this binary information 
and an output signal corresponding to the resultant 
pump current Ip ?owing through the pump 3 may be 
combined so as to achieve a precise measurement or ?ne 
control of the A/F_ratio for the fuel-rich region. If the 
engine is operating in the fuel-lean region, the resistance 
of the semiconductor layer 17 is greater than the refer 
ence resistance P. This binary infonnation and an out 
put signal corresponding to the resultant pump current 
1,, may be combined to obtain a precise measurement or 
control of the A/F ratio for the fuel-lean region. If the 
engine is to be operated near the stoichiometric A/F 
ratio of 14.7, the resistance of the semiconducting metal 
oxide 17 drops suddenly as the decreasing A/F ratio 
approaches the stoichiometric value of 14.7. This resis 
tance change may be used directly or indirectly as a 
feedback control signal. The resistance value alone can 
be detected at the output terminal 26. 
With the construction shown above, the detector of 

the present invention enables an accurate measurement 
of the A/F ratio of an engine over a wide range includ 
ing both the fuel-rich and fuel-lean regions as well as the 
nearly stoichiometric region. One application of this 
detector is a feedback control of the A/F ratio wherein 
the present level of A/F ratio is detected by the probe 
2 mounted in the exhaust pipe 1 and is passed through a 
feedback loop to correct the A/ F ratio so as to maintain 
the desired A/F ratio level. 
The proportional change of Ip with the A/F ratio in 

the fuel-lean region is already known and shown in, for 
example, Japanese Patent Application (OPI) No. 
153155/ 1983. The partial pressure of oxygen in the 
exhaust gas introduced into the gas f is modi?ed by the 
action of the pump element 3 to a value which differs 
from the partial pressure of the oxygen in the exhaust 
gas ?owing through the pipe 1. The pump-out current 
I,, supplied to the pump element 3 is controlled so that 
the electromotive force e of the electrochemical cell 10, 
as produced in response to the differential partial oxy 
gen pressure, is maintained constant. As a consequence 
of this control, it has been found that the pump current 
Ip changes in proportion to the concentration of oxygen 
in the exhaust gas. Sensitivity to CO gas would be the 
primary reason for this oxygen pump'out mechanism 
which occurs in the fuel-rich region. 
FIG. 9 shows the detector probe 2 according to an 

other embodiment of the present invention. In this em 
bodiment, highly‘heat-conductive and electrically insu 
lating substrates 7 and 9 enclosing the electric heater 8 
and substrates l4 and 16 enclosing the electric heater 15 
project from the top sides of the ion conductive, solid 
electrolyte plates 6 and 13. The increased area of each , 
substrate 7, 9, 14 and 16 permits easy mounting of the 

. heaters 8 and 15, the semiconducting metal oxide layer 

60 

65 

17 and associated leads 18 on the substrates. 
In the previous embodiments described above, a 

heater is buried in the highly heat-conductive and elec 
trically insulating substrate that is formed on either 
surface of the oxygen pump element 3 or of the electro 
chemical cell element 10. The substrate serves as a sup 
port for a semiconducting metal oxide layer. The heater 
may be omitted if the gas to be analyzed is suf?ciently 
hot to activate the pump 3, the electrochemical cell 10 
and the semiconducting metal oxide layer 17 without 
the need of separate heating. 
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The A/F ratio detector according to a third embodi 
ment of the present invention is shown in FIGS. 10 to 
15. The major difference between FIG. 10 and FIG. 1 
concerns the position in which the semiconducting 
metal oxide layer 17 is mounted. The components 
which are common to the embodiment of FIGS. 1 to 6 
and that of FIGS. 10 to 15 are identi?ed by like numer 
als. The layout shown in FIG. 10 includes an oxygen 
reference element 117 as an additional component of the 
detector probe 2. As shown, this element consists of a 
highly heat-conductive and electrically insulating plate 
160 (typically made of alumina and having a thickness 
of about 1 mm) which has an opening da that permits 
free passage of the exhaust gas. A semiconducting metal 
oxide layer 17 (e.g., a titania element) is formed to a 
thickness of about 50 pm by a thick-?lm deposition 
technique on one side of the plate 16 above the opening 
da. The electrodes 4 and 5 and the heater 8 mounted on 
the pump 3, the electrodes 11 and 12 and the heater 15 
on the electrochemical cell 10, and the metal oxide layer 
17 on the oxygen reference element 117 all have respec 
tive external leads 18 which are formed by a thick-?lm 
deposition technique. 
The reference element 117 may be mounted in the 

exhaust pipe 1 by ?xing it to the electrochemical cell 10 
with a heat resistive spacer 122 that is inserted between 
the reference element 117 and the cell 10 to provide a 
gap h. The gap h need not be so small as the gap f. The 
electrochemical cell 10 is bonded to the pump 3 by 
spacer 19. A support 21 with a male thread 20 is ?xed 
around the base portion of the combined structure of 
the pump 3, cell 10 and oxygen reference element 117 
by means of a heat-resistive and insulating adhesive 
member 22. The probe 2 is securely mounted in the 
exhaust pipe 1 by engaging the male thread 20 with a 
female thread 23 in the exhaust pipe 1. 
The A/F ratio detector probe 2 having the structure 

shown in FIG. 10 may most advantageously be fabri 
cated by a procedure which is similar to that used to 
fabricate the detector shown in FIG. 6. More speci? 
cally, the process is shown in FIG. 6 for the pump 3 
(electrochemical cell 15, the components for the elec 
trochemical cell 10 being referenced in parentheses). 
An ion conductive, solid electrolyte plate 6(13), for 
example, a green sheet of solid electrolyte zirconia, is 
patterned on both sides with a predetermined pattern of 
porous platinum electrode layers 4 and 5 (11 and 12) and 
associated leads 18. The pattern is printed by a thick 
?lm depositing technique. An electric heater 8(15) made 
of a platinum resistor and associated leads 18 are sand 
wiched between two highly heat-conductive and elec 
trically insulating substrates 7 and 9 (14 and 16). For 
example, two tabular green spinel sheets each having a 
window a or b (c or d) are pressed onto one side of the 
previously prepared green zirconia sheet 6(13). The 
assembly is sintered to form an oxygen pump 3 (electro 
chemical cell 10) of the ceramic clad type. Then, a 
highly heat-conductive and electrically insulating plate 
160 made of, for example, ceramic alumina with the 
opening da, is patterned on one side with a predeter 
mined pattern of leads 18 for the semiconducting metalv 
oxide layer 17. Then, the plate 16a is sintered to form a 
sintered substrate of an oxygen reference element 117. 
A thick ?lm of the semiconducting metal oxide (e.g., 
titania) is printed by a thick-?lm deposition technique 
nique and then baked in the sintering atmosphere to 
form an oxygen reference element 117. The pump 3, 
electrochemical cell 10 and the reference element 117 
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8 
are placed side-by-side with a thickness gauge inserted 
between the pump 3 and the cell 10 to form the small 
gap f and another thickness gauge is inserted between 
the cell 10 and the reference element 117 to form the 
gap h. The three elements are ?xed together by ?lling 
the respective gaps at the base portion with spacers or 
heat-resistive ceramic adhesive agents 19 and 122. 
An example of the electronic control unit 24 for use 

with the detector according to the third embodiment of 
FIG. 10 is also shown in FIG. 10. This control unit 24 
is essentially the same as the control unit 24 in FIG. 1. 
The control unit 24 has output terminals 26 similar to 
those of FIG. 3 for picking up a signal indicative of a 
change in the electrical resistance of the semiconduct 
ing metal oxide layer 17 in the oxygen reference ele 
ment 117. The electrical resistance of the semiconduct 
ing metal oxide 17 is used as a criterion for determining 
whether the engine is operating in the fuel-rich or fuel 
lean region. The electric heater 8 for heating the porous 
Pt electrode layers 4 and 5 is connected to a power 
source 28, shown in FIG. 14. The heater 15 for heating 
the metal oxide layer 17 and the porous Pt electrode 
layers 11 and 12 is connected to another power source 
27, as shown in FIG. 13. 
The detector shown in FIGS. 10 to 15 has character 

istics which are essentially the same as those illustrated 
in FIGS. 7 and 8. 

In the embodiment of FIG. 10, the two heaters are 
integral with the pump 3 and the electrochemical cell 
10, respectively. If desired, a heater may be embedded 
in a tabular highly heat-conductive and electrically 
insulating substrate which does not necessarily have any 
opening and provides a support for the oxygen refer 
ence element. This tabular substrate is place in a side 
by-side relation with the pump 3 and electrochemical 
cell 10. The embedded heater will heat not only the 
metal oxide of the oxygen reference element but also an 
adjacent element (preferably the pump element). The 
heater may even be omitted if the gas to be analyzed is 
sufficiently hot to activate the pump 3, the cell element 
10 and the oxygen reference element 117 without sepa 
rate heating. 

In the foregoing embodiments, the pump current Ip 
?owing through the pump element 3 has such a direc 
tion that oxygen is pumped out of the small gap f 
(Ip>0). If desired, Ip may be caused to ?ow in opposite 
direction (Ip<0) so that oxygen is pumped into the 
small gap f from the exhaust gas in the pipe 1. FIG. 16 
shows the dependence of the A/F ratio upon II, in this 
modi?ed case, with the output of the electrochemical 
cell element 10 being held constant. The characteristics 
shown in FIG. 16 may also be used for the purposes of 
the present invention since they re?ect a certain corre 
lation between the operating A/F ratio and the pump 
current I,,. 
When the pump current I,, ?owing through the pump 

3 (whether oxygen is pumped into or out of the small 
gap t) is held constant, then the electromotive force e 
generated by the electrochemical cell 10 also varies 
with the A/F ratio. This correlation may be used for 
achieving the purposes of the present invention. 

In the detection probe of the present invention, the 
pump element and the sensor element are provided side 
by side in the exhaust pipe with a small gap therebe 
tween. As preferable embodiments they are ?xed to 
gether by filling the gap at the base portions with a 
spacer. Thus, the gap formed between the pump ele 
ment and the sensor element is preferable in order to 
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sufficiently open the peripheral edges to the exhaust 
gases so as to increase its response. However, the pres 
ent invention is not limited to the con?guration of open 
edges except for the base portions. For example, it is 
possible to provide a few support members between the 
solid-electrolyte plates of the pump element and the 
sensor element for more readily regulating the gap di 
mensions as far as the support member does not cause 
any considerable reduction of responsivity. Also, the 
gap between the pump element and the sensor element 
is preferably in a range from 0.01 to 0.15 mm. If the gap 
is too narrow, the responsivity is reduced. 
Of the electrode layers of the respective element, an 

electrode layer for de?ning a small or ?ne gap is prefer 
ably a porous thick layer having a mean porosity of 
about 10-40% as determined by a porosimeter of pres. 
surized mercury type in consideration of its diffusion 
resistance againt the associated component gases such 
as oxygen gas. 

Furthermore, in the case that the electrode layer is 
formed by a suitable thin-?lm deposition technique, it is 
preferable to, thereon, provide a porous layer such as a 
ceramic material to which may be added with a cata 
lytic agent for obtaining a catalytic action. 
Thus, a highly-responsive detection probe can be 

readily manufactured by the above described condi 
tions. 
The characteristics shown above that are provided 

by the detector probe 2 of the present invention may be 
used either individually or in combination for the pur 
pose of effecting a continuous feedback control over the 
operating air/fuel ratio throughout the operating range 
by frequently changing the characteristics to be used. 
What is claimed is: 
1. An air/fuel ratio detector comprising a solid elec 

trolyte electrochemical cell element actuated by an 
‘oxygen concentration difference and a solid electrolyte 
oxygen pump element, each element being in the form 
of an oxygen ion conductive solid electrolyte having a 
porous electrode formed on both sides, and further 
comprising a semiconducting metal oxide layer, said 
cell element and said pump element and said metal oxide 
layer being disposed a small distance part, said electro 
chemical cell and said pump element providing a ?rst 
electrical signal varying with the air/fuel ratio over a 
?rst range, said metal oxide providing a second electri 
cal signal varying, more sharply than said ?rst electrical 
signal, with the air/fuel ratio over a second range in 
cluded within and narrower than said ?rst range. 

2. An air/fuel ratio detector comprising a solid elec 
trolyte electrochemical cell element actuated by an 
oxygen concentration difference and a solid electrolyte 
oxygen pump element, each element being in the form 
of an oxygen ion conductive solid electrolyte having a 
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porous electrode formed on both sides, at least one of 55 
said elements having an electrically insulating substrate 
formed on one side except for the area where said po 
rous electrode is provided, said insulating substrate 
having a semiconducting metal oxide layer formed on 
its surface, said cell element and said pump element 
being disposed to face each other a small distance apart, 
said electrochemical cell and said pump element provid 
ing a ?rst electrical signal varying with the air/ fuel ratio 
over a ?rst range, said semiconducting metal oxide 
layer providing a second electrical signal varying, more 65 

10 
sharply than said ?rst electrical signal, with the air/ fuel 
ratio over a second range included within and narrower 
than said ?rst range. 

3. A detector as recited in claim 2, wherein said first 
electrical signal is derived from a pump current of said 
pump element and further comprising means for hold 
ing an electromotive force of said cell element substan 
tially constant. 

4. An air/fuel ratio detector comprising a solid elec 
trolyte electrochemical cell element actuated by an 
oxygen concentration difference, a solid electrolyte 
oxygen pump element, and an oxygen reference element 
having a semiconducting metal oxide layer formed on 
the surface of an electrically insulating member, said 
cell element and said pump element being disposed to 
face each other a small distance apart, said electrochem 
ical cell and said pump element providing a ?rst electrii 
cal signal varying with the air/fuel ratio over a ?rst 
range, said semiconducting metal oxide layer providing 
a second electrical signal varying, more sharply than 
said ?rst electrical signal, with the air/fuel ratio over a 
second range included within and narrower than said 
?rst range. 

5. A detector as recited in claim 4, wherein said ?rst 
electrical signal is derived from a pump current ?owing 
through said element and further comprising means for 
holding an electromotive force of said cell element 
substantially constant. 

6. A method for measuring air/fuel ratio, comprising 
the steps of: 

' placing within a chamber containing an air/fuel mix 
ture to be measured a solid electrolyte electro 
chemical cell element actuated by an oxygen con 
centration difference and a solid electrolyte pump 
element, each element being in the form of an oxy 
gen ion conductive solid electrolyte having a po 
rous electrode formed on each side; 

placing within said chamber a semiconducting metal 
oxide layer, said metal oxide, said cell element and 
said pump element being disposed a small distance 
apart; 

measuring an output signal derived from an electro 
motive force of said cell element and from a pump 
current flowing through said pump element, 
thereby measuring a deviation from a stoichiomet 
ric point of said mixture; and 

measuring a change in electrical properties of said 
metal oxide, thereby measuring the direction of 
said deviation from said stoichiometric point. 

7. A method as recited in claim 6, further comprising 
holding said electromotive force substantially constant 
and wherein said step of measuring an output signal 
comprises measuring said pump current. 

8. A method as recited in claim 6, further comprising 
the step of holding said pump current substantially con 
stant and wherein said step of measuring an output 
signal comprises measuring said electromotive force. 

9. A method as recited in claim 6, further comprising 
the step of resistively heating said cell element and said 
pump element. 

10. A method as recited in claim 9, further comprising 
the step of resistively heating said semiconducting metal 
oxide layer. 
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