Chapter IV

A Novel Measuring Circuit for Semiconductor Gas
Sensors

The objective of this chapter is to analyze and investigate the effect of circuit
components in the measuring circuit on gas sensing parameters. The parameters of
interests are sensitivity, S and recovery time, #. Sensitivity relates closely to the
sensing performance of gas sensors. While, recovery time indicates the speed of
measuring. In general, sensitivity is defined as the ratio of the sensor resistance in air
to the sensor resisiance in gas ambient. Therefore, a circuit for determining an
unknown resistance is needed. Moreover, recovery time is determined from the

response curves obtained from the gas measuring circuit, cf. Fig. 3.13(b).

There are three basic circuits for calculating an unknown resistance as
illustrated in Fig. 4.1: (a) constant current circuit, (b) voltage divider circuit (the
conventional measuring circuit) and (c) constant voltage circuit. In this figure, the
graphical current-voltage (/-V) characteristics with load line and the equations for
calculating an unknown resistance are also given. Both of the constant current and the
conventional circuit are commonly used to calculate the sensor resistance [14,68].
However, the constant current circuit is not suitable for practical applications since the
common electrical source is the voltage source and the electrical loading effect seems
to be critical due to high sensor resistance (ca. MQ or more especially in air). In the
case of the constant voltage circuit, it is rarely used, because the current measurement
is not so preferable. Thus, for simplicity, the conventional circuit is generally

employed to determined the sensor resistance.

The conventional circuit will perform its function correctly, if gas sensor acts
as a linear resistive element. Unfortunately the real situation is much more complex,

since the electrical properties of the potential barriers at the grain boundaries cause
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this device to have a non-linear current-voltage (I-V) characteristics[1]. Consequently,
it can be expected that the values of all external circuit components, i.e., series
resistance, R and voltage source, Vi, will affect the calculated sensor resistance and
the calculated sensitivity. This critical situation makes the comparison of the
sensitivity among different sensors impossible. Moreover, the equilibrium established
between gas sensor and the external circuit components (the operating point) also
controls the dynamic characteristics of gas sensor. The capacitance (C) at grain
boundary also exhibits a voltage-dependent characteristic{1].  To overcome this
problem, a thorough understanding of interactions between sensor characteristics and

the measuring circuit is necessary.

In this chapter, an analysis and experiments have been done to clarify the
effects of series resistance, R in the conventional measuring circuit on gas sensitivity
and recovery time. In the experimental part, gas measuring circuit and various SnO2
thick film gas sensors were employed to confirmed the analytical results, By
considering the variation of the operating point of gas sensors in the conventional
circuit, a novel measuring circuit with a fixed bias voltage was proposed to solve the

problem found in the conventional circuit.
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Fig. 4.1 Basic configuration circuits for measuring an unknown resistance; (a)

constant current, (b) voltage divider and (c) constant voltage.
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4.1 Analysis of Measuring Circuit

4.1.1 The Conventional Circuit

The conventional circuit is redrawn in Fig. 4.2(a). The sensor resistance, R,

can be calculated from the output voltage, Fou as shown in eq. (4.1).

Vy
R = R-(E—; 1] (4.1)

From the definition of sensitivity, the relation of sensitivity in terms of the

output voltage can be derived as follows.

52 Re. =(V-m /(Vm.i,)—lem /(V.m—V.,-,)—l] “2)
VAR ) I VAR

Where Vi and Vs are the voltage dropped across gas sensor in air and gas
respectively. However, this equation does not show explicitly how S depends on the
series resistance, R. This can be shown by considering the operating point of gas
sensor using the load line concept. The load lines of the conventional circuit are also
depicted in Fig 4.2(b) with /¥ characteristics of gas sensor in air and gas ambient

(reducing gas in this case). The load line equation can be written as follows.

v, V.
J=ton_ % 4.3
2R 4.3)

Where [/ is the current flowing through the gas sensor and V; is the voltage
across the gas sensor. In this concept, gas sensors may behave as a linear or non-
linear device. We may assume that I-V characteristic of gas sensor in air and gas can

be expressed as eqs. (4.4) and (4.5).
Ia.ir = fa.ir (V) (4'4)
Ty = f (Vi) (4.5)

Where f(V) is a function representing the relation of current-voltage

characteristic. If we know the certain relation of /-V characteristic, by solving egs.
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(4.3) to (4.5), Vur and Vg in term of R and Vi, can be obtained mathematically.
Finally, S in function of R and ¥, can be derived using eq. (4.2). It is known that I-V
characteristic of gas sensors or other sintered ceramic devices may be described by the

following empirical equation{1]
I=CV*° 4.6)

Where C is the proportional constant and e is the non-linear coefficient. The
values of these parameters will be discussed in the section 4.3. It should be noted that
if @ = 1, gas sensor will have a linear characteristic. The expression of S can be

written in an alternative form by starting from egs. (4.2) and (4.6).

Co [Viu™"
e

In eq. (4.7), the subscripts air and gas show whether the parameters are in air
or gas ambient. In the special case, -V characteristic of gas sensor is a linear function,

i.e., Girand aggs = 1, hence eq. (4.7) can be reduced to the following form.

S =2 4.8)

It is clear that S will be constant and any change in R or Vi, has no effect on §.
In this case, the proportional constant, C is equivalent to the conductance of a gas
sensor. However, in general case, where Qqir OF 0gas # 1, S will depend on both R and
V.. As can be seen in eq. (4.7), the degree of dependency is determined heavily on
the & parameter. From Fig. 4.2(b), it is clear that § changes with the variation of the
slope of a load line, i.e., 1/R. The same situation will occur, if Vin is changed. Thus,
the careful selection of R and Vi, are very important. The different bias conditions
will lead to the difference of S and the comparison of gas sensing between various
sensors will be impossible. Moreover, even though the same gas sensor is used, the
different values of S will be obtained if it is characterized at different bias conditions

(Fig. 4.7). This will be experimentally demonstrated in the section 4.3.
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Fig. 4.2 (a) Schematic diagram of the conventional circuit and (b) I-V characteristic of

gas sensors and load line of the conventional circuit.

4.1.2 A Novel Measuring Circuit

It was demonstrated that in the conventional measuring circuit, § depends on
two parameters, i.e., R and Vi;. To overcome this problem, an alternative circuit was
designed. The schematic diagram of the proposed circuit is shown in Fig. 4.3, I-V
characteristic of gas sensor and load line of the new circuit are also sketched in the
same figure. The operation of this circuit is indeed similar to the constant voltage
circuit. The load lines of this circuit are represented by the vertical lines in Fig. 4.3(b).
The voltage across gas sensor is always constant (Vs = Vin) under all circumstance.
The current through gas sensor is converted to the voltage signal by using an Op-amp

and a resistor, R. The relation of Vg, and R, can be derived as follows.

4.9)

R, =-—"-R 4.10)

From eq. (4.9), the sensor sensitivity can be obtained directly from the ratio of

the output voltage in air to the output voltage in gas.
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4.11)

Any change in R has no effect in the calculation of the sensor resistance and
also sensitivity. The vertical load line in Fig. 4.3(b) means that the electrical
operating point of gés sensor is controlled only by the external voltage source. It
should be noticed that there is no term of R and ¥;, remaining exist in eq. (4.11), thus
they seem to have no effect on the calculation of sensor sensitivity. However, 8 is still
depend on ¥, we can derive an alternative form of § in terms of Vi, C and a using
the I-¥ relation in eq. (4.6).

C
§= -Eﬁ , rom e (4.12)

By setting Vi = Vgay = Vin in €q. (4.7), we will come to the same result. It is
obvious that from eq. (4.12), S depends only on ¥, In practice, the gas sensing is
performed at a constant bias voltage. Therefore, if the voltage source of all gas
sensors is set to the same value, S from different sensors can be compared

quantitatively.

I, air =--r;Ir( V)

V,

o

u =" VinR/RI
RI =- ( Vianout) R

Fig. 4.3 (a) Schematic diagram of the novel measuring circuit and (b) I-V

characteristic of gas sensors and load line of the measuring circuit.
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4.2 Experiments

In this section, the experiments had been designed and done to evaluate the
analytical results in previous section. The gas measuring system described in chapter
IH, was used in the experiments. The conditions used in the experiments are shown in

Table 4.1.

Table 4.1 Conditions for investigating the effect of series resistance on sensitivity and

recovery time
Parameters

Vin 5V

R 1 kQto 10 MQ

Operating temperature 300°C

Gas sensors SnO, thick film gas sensors sintered at 300, 400, 500 and
600°C

Flow rate of carrier gas - 400 ml/min (O, 80 ml/min and N; 320 ml/min)

Test sample methyl alcohol 0. 1 % by volume

Injection volume | 2l

4.2.1 Preparation of SnQ; Thick Film Gas Sensors

Sn0O, powder was prepared from tin tetrachloride (SnCls) by the co-
precipitated technique[30,45]. SnCls aqueous solution was neutralized by ammonia
solution (30% ). This resulted in precipitating of stannic acid. Then, the precipitated
powder was washed thoroughly with DI water to remove NH;" and CI" ion. This
powder was calcined at 80°C for 24 h and followed by sintering at temperature of 300,
400, 500 and 600°C for 3 h. The diagram for the SnO; powder preparation is
summarized in Fig. 4.4, Finally, SnO; powder was painted on glass substrates with
two Ti/Pt electrodes. The electrodes were prepared by electron beam evaporator. The
thickness of Ti and Pt was 500 and 1000 A respectively. The space between
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electrodes was 1 mm. Fig 4.5 shows the structure of the fabricated sensors. Fig. 4.6
shows the specified surface area of SnO, powder sintered at different temperature
measured for the BET method. In Figure 4.6 also shows the estimated grain size, Dyy
calculated from the surface area, S,y using eq. (4.13).

D, = (4.13)

where d is the density of SnO; = 6.95 g/cm3

assumption that SnO; particle has spherical shaped. From Fig. 4.6, it is clear that the

. This equation is based on the

specific surface area decreased as the sintering temperature increased. While the

estimated grain size showed the opposite change.

SnCl,

H,0 >
NH,OH ————»

stannic acid

<& wash with H,O
% calcination
s grinding
< sintering
Sn0O,

Fig. 4.4 Diagram for SnO; preparation

Sn0, powder
i& ~—Ti/Pt electrode
~—glass substrate

Fig. 4.5 Structure of thick film gas sensor.
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Fig. 4.6 Specified surface area and estimated grain size of SnO; powder as a function

of the sintering temperature.

4.3 Results and Discussions

Fig. 4.7 shows typical response curves of the sensor obtained from the
conventional measuring circuit and the proposed circuit. The abrupt changes of the
voltage signal represents the points which gas samples were introduced to the gas

measuring system.
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Fig. 4.7 Typical response curves obtained from (a) the conventional measuring circuit

and (b) the proposed circuit.
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4.3.1 The Effect of Series Resistance on Sensitivity

The change of sensitivity with resistance in the conventional circuit and the
proposed circuit are demonstrated in Fig. 4.8. In the conventional circuit, we could
classify gas sensors in two main groups according to the experimental results. The
first group was SnQ; gas sensors sintered at 300 and 400°C and the other group was
the sensor sintered at 500 and 600°C. In the first group, sensitivity of these sensors
was nearly constant without depending on the series resistance. While, sensitivity of
the later group increased monotonically, as resistance decreased. It can be seen from
Fig. 4.8(a) that in the conventional circuit, the calculated sensitivities may have
different values up to five or six folds. This difference made the conventional circuit

not suitable for comparing the gas sensing performance quantitatively.

To explain these phenomena, the calculation procedure in the section 4.1.1
was utilized. Table 4.2 shows C and & parameter of the gas sensors in air and gas
ambient. The values of both parameters were calculated from J-V characteristics.
Examples of I-¥ characteristics of the sensor that was sintered at 600?C are given in
Fig. 4.9. By using values in Table 4.2 and ¢q. (4.3), § in term of R was solved
numerically using Newton-Raphson method. The solid lines in Fig. 4.7(a) represent
the results of the calculations. The results fitted quite well with the experimental data.
It should be noticed that & of all sensors was greater than 1. This implied that all
sensors possess the non-linear I-V characteristics. Moreover, it is clear that the

dependence of § on R is determined mainly by & parameter,

In the proposed circuit, S of all sensors was nearly constant with the
independence to the resistive component in the circuit. The results are shown in Fig.
4.8(b).  Although, 300°C SnO, showed a decrease of S at very low resistance. The
solid line in Fig 4.8(b) is calculated from eq. (4.12) and the values shown in Table 4.2.
Although, the experimental data form 500 and 600°C gas sensor exhibited some
difference from the calculated results, , they showed the same trend predicted by eq.
(4.12).



61

18
A
16 | “ ®  300°C sensor
‘ B 400°C sensor
A  500°C sensor
14 - ¥  600°C sensor
m!‘ 12 |- — calculation
¢ 1o}
£ .
g
o 8
4 -
2 5
o sl el gl el et aaanl
108 104 108 108 107
Series resistance {02)
(a)
18
®  300°C sensor
18 - 8  400°C sensor
4  500°C sensor
14 ¥ 800°C sensor
— calculation

-
N
1

Sensitivity (R./R.,,)
5

109 104 108 10 10
Serlas resistance (Q0)

Fig. 4.8 Comparison of the effect of R on S in (a) the convention circuit and (b) the

proposed circuit.
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Table 4.2 Summary of C and a in air and gas ambient of the gas sensors used in the

experiments.

sensor I-V in air I-V in gas

C a C a
300°CSn0; 1.5x107 1.236 9.3x107 1248
400°CSn0; 1.3x10” 1,784 1.0x10°® 1519
500°CSn0; 9.9x107 1.218 5.6x10°¢ 1.833
600°CSn0, 3.9x10°7 1.780 2.3x10° 2.461

120
measured at 300°C
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100 |- sensor: SnQ, sintered at 600°C
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in 0.1% alcohol
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Fig. 4.9 Example of I-V characteristic of gas sensor
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4.3.2 The Effect of Series Resistance on Recovery Time

We also investigated the effect of the series resistance on recovery time and
the results are shown in Fig. 4.10. It was clear that in the conventional circuit, all
SnO; sensors exhibited an increase of recovery time with series resistance. While, in
the case of our proposed circuit, the variations of recovery time with the resistive
component could not be observed (Fig. 4.10(b)). Moreover, recovery time of the

proposed circuit were lower than that of the conventional circuit.

At the present state, we could not explain this phenomena theoretically.
However, by considering the capacitance of the depletion layer at the grain boundary,
it is reasonable to assume that the simplified dynamic model of gas sensofs could be
represented by a resistance connecting in parallel with a capacitance. The measuring
circuits including the dynamic model of gas sensors are shown in Fig. 4.11. Here, we

divided the parameters contributing to sensor recovery time, f..
The conventional circuit.

t,er+1, (4.14)
The proposed circuit:

t, <1 (4.15)

where, 7; is the time constant involving the chemical reaction of oxygen readsorption

on SnO, surface after its reaction with alcohol (in this case). 7 is the time constant of

discharging through the parallel resistance of R/ Rs and Csor 7, (R /1 R,)Cs .

It is clear that in the case of the conventional circuit, there was an additional
term, i.e., 7, contributing to the recovery time. This term increased with the value of

the external resistance, this is consistent with the experimental resuits (Fig. 4.10(a)).
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Fig. 4.10 Comparison of the effect of series resistance on recovery time in (a) the

convention circuit and (b) the proposed circuit.
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Fig. 4.11 Equivalent circuit for (a) the conventional circuit and (b) the proposed

circuit.

In the case of the proposed circuit, Vs = Vip or the voltage of a gas sensor is
constant all the time, therefore there is no effect of the electrical time constant of R;C.
Consequently, the recovery time is constant and independent to the variation of the
external resistance and the electrical properties of gas sensors (Fig. 4.10(b)). This
means the time constant of the pure chemical reaction between gas and

semiconductors,

It should be remarked that in the proposed circuit, gas sensor is biased at a
fixed voltage, therefor 7) of eq. (4.15) is constant and not dependent on the external
resistance ‘as shown in Fig. 4.10(b). " It is noted that the important features of the
curves in Fig. 4.10(a) are an asymptotic approach to constant recovery time at very
Jow external resistance and an increase of recovery time with the values of external
resistance. At very low external resistance, we can approximate that in eq. (4.14), 1
>> 1, this results in the constant recovery time in this region and the recovery time of
the conventional circuit are comparable to that of the proposed circuit. From the
circuit view point, the operating point of gas sensor in this region is equivalent to the

operating point of gas sensor in the proposed circuit (cf. Section 3.5).
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4.3.3 The Effect of Bias Voltage in the Proposed Circuit.

In the previous section, it has been demonstrated that the values of resistance,
R has no effect on sensitivity in the proposed circuit. However, the effect of bias
voltage, Vi still exists. In the section 4.1.2, § has been derived in term of Vi, as
shown in eq. (4.12). The experimental results are shown in Fig. 4.12. Fig. 4.12 also
shows the variations of recovery time with bias voltage. The changes of § with Vi,
could be well described using eq. (4.12). While, the decrease of recovery time with Vi
indicated the voltage across gas sensor assist the adsorption process of oxygen on the

surface of gas sensors.

4.4 Comparison of the Conventional Circuit and the Proposed

Circuit in the Other Aspects

4.4.1 Sensitivity

The output voltage of the conventional and the proposed circuit can not exceed
the supplied voltage of the Op-amp. In this work, the dual-polarity power supply of
+12 V was used. However, A/D converter has a limiting input at £10 V. Thus, the
maximum output voltage is 10 V. We can calculate the maximum sensitivity of the

proposed circuit in terms of ¥out in air OF Raic as shown in eq.(4.17).
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Fig. 4.13 shows the maximum sensitivity of the proposed circuit, when ¥y, =5
V. It is obvious that to obtain a high sensitivity, one must reduce Fout in sir down to the
very small value which may be under the detection limit of an A/D converter. This-
will cause a large error in the calculation of sensitivity as will be shown later. This
means that this circuit is not suitable to a very high sensitivity gas sensor which is
greater than 100. Whereas, in the convention circuit does not show such the limitation
in the calculation of sensitivity. The relation of S and Vou in gas for both circuit is
shown in Fig. 4.14. However, a large error will occur in the regions of very low and

high output voltage, this will be discussed in the section 4.4.2.

We can modify the proposed circuit to measure a very high sensitivity. This
can be achieved by replacing the resistive element with an diode or transistor as

shown in Fig. 4.15. The relation of S and V,,, are given as follows.

[Theoretical] Vm=—-El Lol ) KT Ve /R ) (4.18)
g I, q 1,
[Empirical] ~ ¥, w—-ﬂln(CV")z—ElnC—Eaanh (4.19)
q q q
kT (R, ) T kT, (C -
Vou in —Vauinnir =-—In[ £ [= —In(S)=—1 —E."V(a- ohue) 4,20
e q (R,..] q 5) q H[C.ir " ] *29

This_circuit still keeps the advantage of the previous designed circuit, in
addition, it is clear from eq. (4.19) by plotting Vourin air OF Vour in gas versus In(¥;), the
straight line should be obtained. The slope gives the non-linear coefficient, @ in air or

gas, and the intercept, In(¥;,) = 0 gives C in air or in gas.
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4.4.2 Error in the Calculation of Sensitivity

Error in the calculation of sensitivity is determined by the error in evaluations

of resistance in air and gas ambient. This is demonstrated in eq. (4.20)

Ny Ve (4.20)

We can show that this error in both circuit can be expressed as follows.

For the conventional circuit:

2
@'_:_[ (Vm/VO\IIIIIHI)z ]dVoﬂtinl.ir +|: (Vi“/VW“nlll) ]demw (4.21)
S NV VoD Vo |\ aWwm-D| ¥,

out in mir in in

ingas

For the proposed circuit:

(4.22)

i_si — dVoutinn.li’ + dVW“'ﬂDl
S Vout in air Vw! in gas

By considering the forms of the above equations, it was found that the total

error in the case of the conventional circuit is a complex function. While, in the case

of the proposed circuit, the total error is only equal to the summation of an error

occurring in measuring voltage signals in air and gas.

If we use a 12-bit A/D converter to measure voltage signal in the range of 0-10
V. The resolution is 10/4095 V. Therefor, the error in measuring a voltage signal is
equal to = 1 bit or +10/4095 V. By using these values, we can plot the relation of the
total error in both circuits as shown in Fig. 4.16. It is clear that for the conventional
circuit, a large error in the determination of sensitivity will occur in the region of very
low and high output voltage. While, a large error in the proposed circuit only occur in
the region of very low voltage. In order to guarantee the error of A/D conversion in
the acceptable limit (£ 10%), it should not do the experiments at very low output
voltage.
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Fig. 4.16 Error in determination of sensitivity in (a) the conventional circuit and (b)

the proposed circuit.

4.5 Summary

In this chapter, we have shown that the systematic analysis of the measuring
circuits by considering the /-V characteristics of gas sensors can predict the effect of
the circuit components on the gas sensing parameter, i.e., sensitivity. Although, in the
point involving the recovery time, the theoretical explanation is still unsolved. The
developed circuit is valuable to comparing of the gas sensing performance from
various gas sensors . In summary, we concluded the performance of the conventional

circuit and the proposed circuit in various aspects as illustrated in Table 4.3,
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Table 4.3 Comparison between the conventional circuit and the proposed circuit.

The conventional circuit

The proposed circuit

(1) G; or Ry is a non-linear function of

VOUI

(1) G, is a linear function of Vou

(2) S is a complex function of Vou

(2) S is a simple function of Vou

(3) S depends on ¥, and R

(3) S depends on Vj, only

(4) dS/S is a complex function

(4) dSIS is the summation of the error in

measuring voltage in air and gas

(5) Hardly to be used to compare the

sensing performance of gas sensors

(5) Can be used to compare the sensing

performance of gas sensors

(6) Recovery time depends on R

(6) Recovery time does not depend on R

and faster
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