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This paper presents a novel signal processing technique for a square wave temperature modulated carbon
black/polymer composite sensor. The technique consists of only two mathematical operations: summing
the off- and on-transients of the conductance signals, and subtracting the steady-state conductance signal.
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The technique has been verified through its application to a carbon black/polyvinylpyrrolidone composite
chemoresistor. Identification of water, methanol and ethanol vapours was successfully demonstrated
using the peak time of the resultant curves. Furthermore, quantification of those vapours was found to
be possible using the height of the peak heights, which was linearly proportional to concentration. The
technique does not require zero-gas calibration and thus is superior to previously reported techniques.
icro-hotplate
emperature modulation

. Introduction

Although there is a considerable demand for portable, handheld
as or vapour monitors, they have not yet enjoyed great commer-
ial success. The diversity of gases related to air pollution makes
t difficult to identify the species and to measure their concentra-
ion using a small, low cost instrument. For example, indoor air
ollution can be caused by different types of volatile organic com-
ounds (VOCs), such as formaldehyde, benzene, toluene and xylene,
mitted from sources inside buildings [1]. Outdoor air pollution can
lso be caused by various gases such as carbon monoxide, nitrogen
xides, hydrocarbons and again VOCs emitted by automobiles [2].

Currently the most reliable way to identify and quantify haz-
rdous gases is by using expensive, bulky analytical instruments
e.g. gas chromatographs, mass spectrometers and optical spec-
rometers). There has been significant effort put into reducing the
ize and the cost of such instruments through miniaturization (e.g.
3]). However, the degree of miniaturization is still limited, due to
he nature of the parts required to be replicated, e.g. high voltages,
acuum systems, pumps.
There are two other possible approaches towards developing
andheld gas monitors: to either use an array of gas sensors with
ifferent sensing materials [4] or temperature modulation of a sin-
le gas sensor [5,6]. The feasibility of the former approach has
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been already demonstrated [4]. However, the development cost
in manufacturing 10–20 different types of chemical sensors with
guaranteed reliability is high and thus is not suitable for ubiqui-
tous sensing. Concerning the second approach, previous research
has been carried out on the temperature modulation of metal oxide
chemoresistors [5,6]. Although the identification and quantification
were successfully demonstrated, a major issue has to be resolved
before commercialization; that is a pre-calibration of the sensors
is required for both single gases and importantly their mixtures.
This is because the response of high power metal oxide gas sensors
is non-linear with gas concentration and thus a simple superposi-
tion of the responses for different gases is not always possible [7].
Provided that the identification and quantification of five different
types of gases are required, which is a reasonable assumption for
environmental gas monitor, pre-calibration has to be carried out
for all the possible concentration combinations of those five gases,
which makes commercialization difficult.

We recently reported on a novel low power temperature
modulation technique using a carbon black/polymer composite
chemoresistor sensor capable of identifying and quantifying sin-
gle vapours by using either the off or on temperature transient of
the sensor signal [8,9]. However, the technique was found to have
some significant drawbacks as given below:
1. It was not easy to identify the components when mixed, as the
curves used are always monotonously increasing (or decreasing).
This restricts its application to identifying individual vapours in
air and not mixtures.

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:TAKAO_IWAKI@denso.co.jp
dx.doi.org/10.1016/j.snb.2009.06.050
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. The technique requires the measurement of the transient con-
ductance of air (zero-gas). This means that it is necessary to
measure the zero-gas transients on a regular basis and ideally
before each measurement of a vapour—adding complexity and
cost to an instrument. Secondly, the sensor cannot be used easily
in environments where there is no zero-gas (unless a bottled dry
air is included within the unit). This limits the practical applica-
tion of this method.

In this paper, an improved technique is proposed that overcomes
hese two limitations and thus significantly enhances the applica-
ility of thermally modulated polymer composite based sensors.

. Improved signal processing technique

A carbon black/polymer composite is an insulating polymer
n which carbon black nanoparticles disperse to form electrical
athways. When the material is exposed to a vapour, the vapour
olecules diffuse into the film causing it to swell. This swelling

ncreases the average separation of the conducting nanoparticles
nd thus decreasing the electrical conductance. In the previous
aper, a carbon black/polymer composite film was deposited onto
micro-hotplate and a square wave voltage was applied to a resis-

ive microheater to modulate the temperature [9]. Identification
nd quantification of water, methanol and ethanol vapours with
ifferent concentrations were shown to be possible using either
he off- or on-transient of the electrical conductance of the carbon
lack/polymer composite with two drawbacks described above.

The novel technique proposed in this paper uses both the
ff- and on-transient responses, unlike the previous technique
escribed in [9]. First, the new technique is explained conceptually,
hen it is expressed in an analytical form and finally simulations
nd measurements are given.

The concept of the proposed technique is illustrated in Fig. 1.
ere, a square wave temperature modulation of a gas sensor is

nduced between two temperatures T1 and T2 (T1 < T2) in the pres-
nce of a vapour. Fig. 1 (a) and (b) show the conductances of the
ensor during the off- and on-transients, respectively. They are
ligned so that their temperature changes occur at the same time.
ere, G1,∞ and G2,∞ are the steady-state conductance at tempera-

ures T1 and T2 of the vapour, respectively. One can note that the
hermal response time of the micro-hotplate is smaller than the
hermal time constant of the diffusion effect as shown in [9]. The
hermal time constant of the diffusion effect for the off-transient is
maller than that for the on-transient because the temperature is
ower. Thus, the off- and on-transient curves are not line-symmetric
i.e. The on-transient curve saturates faster than the off-transient
ne). Next, by simply adding the curves in Fig. 1 (a) and (b), we
btain the curve shown in Fig. 1 (c). A peak is formed as a conse-
uence of the difference in the shapes of the off- and on-transient
urves. Although the steady-state conductances G1,∞ and G2,∞ are
he final values in the vapour, they will be affected by the baseline
rift [9]. However, it is possible to find these values by waiting long
nough for the diffusion process to reach equilibrium. Then, by sub-
racting the curve in Fig. 1 (c) by (G1,∞ + G2,∞), we obtain the curve
hown in Fig. 1(d). Thus, one can make the following predictions
bout the characteristics of the resultant curve:

. The time of the peak depends only on the diffusion coefficient at

T1 and T2 (independent of the vapour concentration) and thus is
specific to a vapour type.

. The height of the peak is linearly proportional to the vapour con-
centration since the amplitudes of both the off- and on-transients
are proportional to the vapour concentration.
Fig. 1. (a) Sensor conductance of off-transient, (b) sensor conductance of on-
transient, (c) sum of off- and on-transients, (d) final peaked curve for identification
and quantification (G: conductance, t: time).

c. The curve for a mixture will simply be made of the linear super-
position of the individual curves for each vapour, assuming that
the species are independent of each other. (Small interactions
could be modelled by extension to perturbation or non-linear
theory).

To verify the above predictions (a and b), a rigorous mathemat-
ical discussion is now given. (Note: Prediction c will not be proven
mathematically. This is because the assumption for prediction c
is needed for Fick’s equation, which our theory starts from. The
prediction will however be proven experimentally later).

To calculate the transient conductance for a step temperature
decrease from T2 to T1 as illustrated in Fig. 2, we first assume that
the diffusion of vapour in the polymer simply follows Fick’s law [10]

∂c(x, t)
∂t

= DT1

∂c2(x, t)
∂x2

(0 < x < h) (1)

where c is the concentration of the vapour in the polymer, DT1 is
the diffusion coefficient of the vapour molecule at T1, h is the thick-
ness of the film. The initial concentration profile is uniform at T2 as

follows:

c(x, 0) = cpolymer(T2) (0 < x < h) (2)

where cpolymer is the steady-state vapour concentration in the poly-
mer, which is related with the vapour phase concentration cvapour
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ig. 2. Illustration of the diffusion problem when temperature decreases instanta-
eously from T2 to T1.

nd the partition concentration K(T) as follows:

polymer(T) = cvapourK(T) (3)

Boundary conditions are set as follows:

(x, 0) = cpolymer(T1) (4a)

∂c

∂x
= 0 (x = h). (4b)

Eq. (4a) shows that the concentration at the surface of the poly-
er is independent of time and a constant value of cpolymer(T1), and

q. (4b) expresses the condition where there is no flux through the
ubstrate on which the film lies.

Solving Eq. (1) under the conditions of (2), (4a) and (4b), and
sing the relation (3), we derive the following expression for the
apour molecule concentration profile in the polymer:

(x, t) = cvapour

[
K(T1) − 4

�
(K(T1) − K(T2))

×
∞∑

m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT1

4h2
t

)

× sin
(

�

2h
(2m − 1)x

)]]
(5)

The change in local conductivity is assumed to be linearly pro-
ortional to the local vapour concentration, hence

�(x) = −Nc(x) (6)

here N is a constant. To calculate the fractional difference of the
ransient conductance G of a thin-film sensor, the local conductance
hange along a line orthogonal to the film plane is integrated (The
athematical discussion so far is described in more detail in [9]):

�G(t)
GT1,dry

= GT1 (t) − GT1,dry

GT1,dry
= 1

h

∫ h

0

��(x)dx

= −Ncvapour

[
K(T1) − 8

{
K(T1) − K(T2)

}

�2

×
∞∑

m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT1

4h2
t

)]]
(7)
tors B 141 (2009) 370–380

Thus, the fractional difference of the off-transient is easily found
from (7) and may be written as:

(Off-transient)

GT1 (t) = GT1,dry(t)

[
1 − Ncvapour

[
K(T1) − 8

�2

{
K(T1) − K(T2)

}

×
∞∑

m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT1

4h2
t

)]]
. (8)

The other transient (temperature increased from T1 to T2) is
found in the same way and thus the results are written as follows:

(On-transient)

GT2(t) = GT2,dry(t)

[
1 − Ncvapour

[
K(T2) − 8

�2

{
K(T2) − K(T1)

}

×
∞∑

m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT2

4h2
t

)]]
(9)

Eqs. (8) and (9) corresponds to the curves shown in Fig. 1 (a) and
(b). Simply summing Eqs. (8) and (9) gives:

Gs(t) = GT1 (t) + GT2 (t) =
[
GT1,dry(t)

{
1 − NcvapourK(T1)

}
+ GT2,dry(t)

{
1 − NcvapourK(T2)

}]
+ GT1,dry(t)Ncvapour

8
�2

{
K(T1) − K(T2)

}
×

∞∑
m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT1

4h2
t

)]

− GT2,dry(t)Ncvapour
8

�2

{
K(T1) − K(T2)

}
×

∞∑
m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT2

4h2
t

)]
(10)

which corresponds to the curve in Fig. 1 (c). The peak in Fig. 1 (c)
is formed due to the difference of the diffusion coefficients DT1
and DT2 . The equation converges to the following value at the limit
when t tends to infinity, or more precisely t is much greater than
the diffusion time constants:

Gs(∞) = GT1,dry(∞)
{

1 − NcvapourK(T1)
}

+ GT2,dry(∞)
{

1 − NcvapourK(T2)
}

(11)

Since the thermal time constant of the micro-hotplate is much
smaller than those of vapour molecule diffusion, the first and sec-
ond terms of the right hand side of Eq. (10) converge much faster
than the third term. Therefore,

Gs(t) − Gs(∞)

= Bcvapour

[
GT1,dry(∞)

∞∑
m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT1

4h2
t

)]
− GT2,dry(∞)
∞∑

m=1

[
1

2m − 1
exp

(
−�(2m − 1)2DT2

4h2
t

)]]

(t >> tm) (12a)
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ig. 3. Simulated response using the improved signal processing technique for three
ifferent diffusion coefficients at 25◦C.

≡ N
8

�2
{K(T1) − K(T2)} (12b)

here tm is the response time of the micro-hotplate, and B is a
onstant. Eq. (12) corresponds to the curve in Fig. 1(d).

Eq. (12) clearly shows that its shape depends only on the dif-
usion coefficients (apart from parameters that are specific to
he sensor i.e. h, GT1,dry(∞) and GT2,dry(∞)) and thus proves pre-
iction (a). The amplitude is proportional to the concentration
f the vapour and so proves prediction (b). Later in this paper,
Gs(t)–Gs(∞)) is simply referred to as the“response”, and the term
fractional response” denotes a response divided by (G1 + G2), which
s used when comparing the responses of two sensors with different
onductivities.

The theoretical response given by Eq. (12) has been plotted in
ig. 3. Here, the temperature dependence of the diffusion coefficient
s assumed to be Arrhenius type (Note: This was shown to be correct
or methanol vapour [9]):

D(T1)
D25

= exp
[
− Ea

kB

(
1
T

− 1
25 + 273.15

)]
(13a)

25 = D(25 + 273.15) (13b)

here D25 is the diffusion coefficient at 25 ◦C, Ea is the activation

nergy, T is the temperature in Kelvin, and kB is Boltzmann’s con-
tant. The following values are used to calculate and plot curves
n Fig. 3: h = 1 �m, D25 = 1 × 10−7 cm2/s, 1 × 10−8, 1 × 10−9 cm2/s
nd E = 0.40 eV (measured value for methanol [9]). It was assumed
hat the temperature steps between 25 ◦C and 55 ◦C at t = 0

Fig. 4. (a) Simulated temperature dependence of the response of the new processi
tors B 141 (2009) 370–380 373

instantaneously. The time axis is plotted in logarithmic scale to dif-
ferentiate clearly the curves corresponding to D25 = 1 × 10−7 cm2/s,
1 × 10−8 cm2/s and 1 × 10−9 cm2/s. It demonstrates that species
with different diffusion coefficients can be separated theoretically
by just the time of their peaks.

Next, the dependence of temperature modulation amplitude
was studied. The temperature dependence of the partition coeffi-
cient is assumed to be described by the following equation. (Note:
This was again shown to be correct for methanol [9]):

K(T)
K25

= exp
[
−�H0

R

(
1
T

− 1
25 + 273.15

)]
(14a)

K25 = K(25 + 273.2) (14b)

where K25 is the partition coefficient at 25 ◦C, �H0 is the standard
enthalpy change for the interaction between the polymer and the
vapour molecule, and R is the gas constant. The curves for h = 1 �m,
�H0 = −27.5 kJ/mol (measured value for methanol vapour [9]) with
the temperature modulations of 25 ◦C ↔ 55 ◦C, 35 ◦C ↔ 55 ◦C and
45 ◦C ↔ 55 ◦C are calculated and plotted in Fig. 4(a). Again, it
was assumed that the temperature steps at t = 0 instantaneously.
Relative values (the values for the temperature modulation of
25 ◦C ↔ 35 ◦C is defined as unity) of the height of the peaks and
FWHM (full width at half maximum) are plotted in Fig. 4(b); indi-
cating that the greater the temperature modulation amplitude, the
higher and narrower the peak. Therefore, it is evident that larger
temperature amplitudes are preferred for increased accuracy of the
technique.

3. Experiments and signal processing

In this section, the new processing technique is applied to both
experimental data described in [9] and new data, and discussed in
terms of temperature dependence, vapour type and concentration
dependence, thickness dependence, mixture effect, and averaging.

3.1. Carbon black/polymer chemoresistor device

Fig. 5 shows a schematic cross section of the chemoresistor
used in this work. The CMOS micro-hotplate comprises a silicon
nitride/silicon dioxide membrane in which a highly doped single
crystal silicon (SCS) resistive heater is sandwiched. The shapes of
both membrane and heater were designed to be circular with the
radii of 282 and 75 microns, respectively. The electric current was

supplied to the microheater via aluminium tracks embedded in the
membrane. The electrodes used to measure the electrical conduc-
tance of the sensing materials are also made of aluminium onto
which Au/Ni were electrodelessly plated (i.e., bump bonded) to
make stable ohmic contact to the sensing material. These elec-

ng technique. (b) Simulated relative peak height and FWHM of the response.
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Fig. 5. Schematic cross section of a carbon black/polyvinylpyrrolidone composite
chemoresistor employing an SOI–CMOS based single crystal silicon microheater.

t
m

c
t
s
s
t
a
T
l
v
5
(
c
m
m
t
s
F
l
d
P
t
F
d

3

(
b
t

T
L

P
P
P

the square wave were 50 mHz and 50% for water and methanol, and
1.67 mHz and 50% for ethanol, respectively.

The results are shown in Fig. 9. The curves for water and
methanol vapour are averages of 30 transients and that for ethanol
vapour are an average of three transients. As predicted, each vapour
Fig. 6. Structural formula of PVP.

rodes have interdigitated structures with aspect ratios of 16. The
icro-hotplate is described in more detail in [11].

Carbon black/polyvinylpyrrolidone (PVP) composite (20 wt%
arbon black) was chosen as the sensing material. The PVP used in
his work was in powder form with a molecular weight of ca. 40,000
upplied by Sigma–Aldrich (U.K.). The structural formula of PVP is
hown in Fig. 6. The polymer contains two atoms with strong elec-
ronegativity, i.e., oxygen and nitrogen (electronegativity of oxygen
nd nitrogen atoms are 3.5 and 3.0 in Pauling’s definition) [12].
herefore, it is expected that the carbon black/PVP composite has a

arger sensitivity to polar vapours, such as alcohols, than non-polar
apours. The carbon black nanospheres with a diameter of typically
0–80 nm (Black Pearls 2000) were supplied by Cabot Corporation
USA). The mixture was deposited onto a micro-hotplate using a
ommercial air brush (HB-BC or HP-CP, Iwata, Japan) through a
ask made by microstereolithography. After deposition, heat treat-
ent at 50 ◦C for 24 h was carried out in an oven to evaporate

he solvent and stabilize the sensor resistances. Finally, the sen-
ors were exposed to the flow of dry air at 25 ◦C for 12 h using an
IA (flow injection analysis) test station (described later). Table 1
ists the resistances, thicknesses, and sheet resistances of the three
evices used in these experiments (referred to as PVP2, PVP8 and
VP11) and Fig. 7 shows the photograph of PVP8. The resistances of
he film were measured at 25 ◦C in the dry air environment in the
IA test station. The deposition process of PVP is described in more
etail in [9].

.2. Temperature modulation experiments
Temperature modulation experiments of the three devices
PVP2, PVP8 and PVP11) were performed in a stainless steel cham-
er with a controlled temperature of 25 ◦C in a fully automated FIA
est station. The temperature of the carbon black/PVP composite

able 1
ist of sensors and some film properties.

Resistance [k�] Thickness [�m] Sheet resistance [k�]

VP2 4.43 1.9 70.9
VP8 1.91 6.0 30.6
VP11 13.65 0.8 218.4
tors B 141 (2009) 370–380

film was controlled by applying a voltage to the micro-hotplate.
The temperatures used in the experiments were 25 ◦C, 35 ◦C, 45 ◦C
and 55 ◦C that require operating voltages of 0 V, 0.78 V, 1.10 V and
1.35 V, respectively. The accuracy of the temperature modulation
amplitude was 0.3 ◦C. The concentrations of water, methanol and
ethanol vapours in the chamber were controlled independently
with an uncertainty of only 5%. A constant current of 10 �A was
applied to the carbon black/PVP composite film and the voltage
was recorded every 10 ms.

3.3. Temperature dependence

First of all, the results for methanol vapour (concentration:
2710 ppm) with different temperature modulation amplitudes
(25 ◦C ↔ 55 ◦C, 35 ◦C ↔ 55 ◦C, 45 ◦C ↔ 55 ◦C) taken in [9] were pro-
cessed. The sensor used was PVP11. The frequency and duty cycle
of the square wave were 50 mHz and 50%, respectively.

Fig. 8 (a) shows the processed data. The origin of the time axis
(t = 0) was defined as the time when the heater voltage switches
to cause temperature off- and on-transients (The temperature
changes within 10 ms after the voltage switches [13]). The curves
shown are generated by averaging six transients. The curves and
their temperature dependence are similar to the theoretical results
(Fig. 4 (a)). In fact, the measured temperature dependence of the rel-
ative height and FWHM of the peaks is very close to that obtained
through simulations as shown in Fig. 8 (b). The simulations are
based on the experimental values of methanol to describe the
temperature dependence, and thus can be compared with the
experiments, suggesting that the theory is valid.

The shapes of the curves are different from the simulations at
the left hand side tail region. This is because the sampling period of
each curve is 10 ms and hence the tail regions were not measured
accurately.

3.4. Vapour type and concentration dependence

Temperature modulation (between 25 ◦C and 55 ◦C) experi-
ments of device PVP11 were performed in the presence of single
vapours (water, methanol and ethanol) in air and the results pro-
cessed using the new technique. The frequency and duty cycle of
Fig. 7. Photograph of the chemoresistor device (PVP8).
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Fig. 8. (a) Characteristic behaviour in methanol (concentration: 2710 ppm) for different t
of the response in methanol vapour (concentration: 2710 ppm) with different temperatur
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ig. 9. Responses to water, methanol and ethanol vapours of different concentra-
ions.

s separated out clearly using the difference of their peaks in
ime (water: 50 ms, methanol: 1 s, ethanol 30 s). This is a rea-
onable result indicating that the species with highest molecular

ass has a highest diffusion coefficient (molecular mass of water,
ethanol and ethanol are 18, 32 and 46, respectively). The height

f the peaks, shown in Fig. 9, increases when the vapour concen-
ration increases–as the theory predicts. Fig. 10 plots the sensor

ig. 10. Concentration dependence of responses to water, methanol and ethanol
apours in air.
emperature modulation amplitudes. (b) Measured relative peak height and FWHM
e modulation amplitudes, as compared with the simulations.

responses of all the vapours (water, methanol and ethanol) at differ-
ent concentrations with linear regression lines and fared values. The
experimentally obtained responses vs. concentration data are fitted
well with regression lines, again as the theory predicts. However,
the linearity should be confirmed by further experiments especially
for methanol vapour considering the relatively low R-squared value
of 0.893. According to Eq. (12), the linear relationship is expected
only in the concentration range where the partition coefficient is
independent of the concentration (i.e. Eq. (3)). It should be noted
that the linearity will deteriorate at higher concentrations where
Eq. (3) becomes invalid.

3.5. Thickness dependence

Temperature modulation (between 25 ◦C and 35 ◦C) experi-
ments of the devices PVP8 (thickness: ca. 6 �m) and PVP11
(thickness: ca. 0.8 �m) were performed in the presence of different
concentrations of water vapour. The frequency and duty cycle of
the square wave were 10 mHz and 50%. The results were processed
using the new technique.

Fig. 11 shows the results. The curves are the averages of 30 tran-
sients. The thicker film has a 60× greater peak time (3 s) than the

thinner film (50 ms). This is a reasonable value as the peak time
should be proportional to the square of the ratio of thickness (i.e.
(6/0.8)2 = 56) and considering the significant uncertainty in the
thickness measurements (described in [9]).

Fig. 11. Thickness dependence of the fractional response to water vapour with dif-
ferent concentrations.
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ig. 12. Results for mixtures of water concentrations of 1000 ppm and methanol
oncentrations of (a) 910 ppm, (b) 1810 ppm, (c) 2710 ppm.

.6. Mixture effect

Temperature modulation (between 25 ◦C and 55 ◦C) experi-
ents of mixtures (water and methanol) were performed. The

esults were processed using this new technique. The device used
as PVP11. The frequency and duty cycle of the square wave were

0 mHz and 50%.

The results are shown in Figs. 12–14 with each curve the

verage of 30 transients. Results correspond to water and
ethanol concentrations of (1000 ppm, 910 ppm), (1000 ppm,

810 ppm), (1000 ppm, 2710 ppm), (2000 ppm, 910 ppm),
Fig. 13. Results for mixtures of water concentration of 2000 ppm and methanol
concentrations of (a) 910 ppm, (b) 1810 ppm, (c) 2710 ppm.

(2000 ppm, 1810 ppm), (2000 ppm, 2710 ppm), (3000 ppm,
910 ppm), (3000 ppm, 1810 ppm) and (3000 ppm, 2710 ppm) in
air, respectively. These figures show both the resultant curves of
mixtures and single vapour curves of water and methanol with
the corresponding concentrations. The single vapour results were

superimposed to predict the curve of the mixtures and plotted as
“prediction”. It was found that the resultant curves of mixtures are
similar to the predicted curves, though there is a tendency that
the predicted curves are higher than the experimental ones. The
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Fig. 15. Calculation of the concentration of each vapour in a mixture.

Table 2
Regression lines for water vapour sensing in mixtures of water and methanol
vapours.

Methanol Methanol Methanol Methanol

n5% = 3.9 × 107

c2
water

(15)

where n5% is the number of curves needed to reduce the measure-
ment error to 5% and Cwater is the water concentration. Thus to

Table 3
Regression lines for methanol vapour sensing in mixtures of water and methanol
vapours.
ig. 14. Results for mixtures of water concentration of 3000 ppm and methanol
oncentrations of (a) 910 ppm, (b) 1810 ppm, (c) 2710 ppm.

recise cause of this tendency is not understood but might be due
o experimental errors.

Quantification of each vapour (water and methanol) was also
arried out using the results shown in Figs. 12–14. The concentra-
ion of a species in a mixture is calculated by simply subtracting
he value of the peak at the time of the species by the sum of the
alues of the other species at the same point. For example, the con-

entration of the water in a mixture is calculated by subtracting
value of the mixture by that of methanol at 50 ms as shown in

ig. 15. Fig. 16(a) and Table 2 show the results of quantification of
ater in mixtures with methanol,and Fig. 16 (b) and Table 3 vice
0 ppm 910 ppm 1810 ppm 2710 ppm

Equation y = 1.000 x y = 1.079 x y = 0.8703 x y = 1.007 x
R-squared 0.9956 0.9094 0.9190 0.9471

versa. It was shown that water can be quantified without affected
by the presence of methanol. However, methanol cannot be quan-
tified properly with some prediction error: higher water vapour
concentration causes a decrease in the predicted methanol con-
centration. This could be due to experimental errors, but a more
likely explanation is given in the next section.

3.7. Averaging

In order to determine the lower detection limit of the sensor,
the number of curves that had to be averaged to reduce the noise
level to less than 5% was investigated. The temperature modulation
(between 25 ◦C and 55 ◦C) results of the device PVP11 in the pres-
ence of 3000 ppm of water were used for this purpose. Fig. 17(a)
and (b) show the response of (a) after averaging 30 raw data signals
(thus the same curve as the one in Fig. 9), and (b) the 30 raw data
signals. The standard deviation (or the mean square error) of the
curves in Fig. 17 (b) at 50 ms (peak time for water) was calculated
to be 5.3 × 10−8 S or 10.4% of the peak height. The noise is known to
be proportional to the inverse of the square root of the number of
samples averaged [14]. Therefore, the number of averaged curves
needed to reduce the error to be less than 5% for 3000 ppm water
vapour is calculated to be (10.4%/5%)2 = 4.3. Since the concentra-
tion is linearly proportional to the signal, the following equation is
found:
Water 0 ppm Water 1000 ppm Water 2000 ppm Water 3000 ppm

Equation y = 1.000 x y = 0.8659 x y = 0.6899 x y = 0.6478 x
R-squared 0.8930 0.9608 0.9366 0.9376
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Fig. 16. (a) Results for water vapour sensing in mixtures of water and methanol vapours. (b) Results for methanol vapour sensing in mixtures of water and methanol vapours.
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Fig. 17. Response to 3000 ppm of water (a) after av

etect 100 ppm of water, averaging of more than 1000 curves are
equired.

It should be noted that the relatively low signal-to-noise ratio
eported in this paper may be due to the fact that the output signal
f the sensors were transferred to the data acquisition PC with-
ut being amplified. Therefore the noise, and thus the number of
veraging required, may be reduced significantly by, for example,
ntegrating the detection circuitry with the sensor and amplifying
he signal-on-chip.

. Discussions

The technique proposed is supported by an analytical model
nd predicts (a) the response of the polymer sensor is linearly
roportional to the vapour concentration, and (b) linear super-
osition of responses for each vapour in a mixture is possible.
hese characteristics make vapour/gas detection in a simple mix-
ure relatively straightforward. The advantage of (b) superposition
s particularly attractive. Suppose that a vapour/gas sensor is
ensitive to five different vapours/gases then unless superpo-
ition is possible, one would be required to pre-calibrate the
ensor response to all the possible combination of concentra-
ions. For example, assuming that five different concentrations are
eeded for one vapour/gas, 55 = 3125 pre-measurements (covering
ll the possible combinations) have to be carried out. However,

f superposition is possible, only 5 × 5 = 25 pre-measurements
for single vapour/gases) are sufficient, as the response to mix-
ures can easily be predicted by superposition. Since none of
he temperature modulation techniques for metal oxide sen-
ors published previously allow superposition [5,15,16], it is
g 30 raw data signals and (b) 30 raw data signals.

believed that our proposed technique is superior. In addition,
it has to be noted that this technique does not rely upon any
chemical reactions but relies only on physical mechanisms of lin-
ear diffusion and polymer swelling, and thus may offer better
long-term reliability.

The linearity of the proposed technique was experimentally
demonstrated (Fig. 10) over the concentration range used here.
These results also agree with Lewis’s work that claims the linear-
ity of the steady-state response of this type of sensors (e.g. [17]).
However, the superposition was not clearly shown to be possible.
Although this may be due to the experimental errors, the follow-
ing discussion is given assuming that the results shown in Fig. 16
indicate that a linear superposition is problematic. One possible
explanation of this is that the second solvent (e.g. methanol) is
enhancing the diffusion of the first solvent (e.g. water) as published
in [18]. It is believed that there is a way to obviate this issue. This
is because the vapour molecules should not affect each other as
long as their concentrations are low. There are ways to reduce the
concentrations in the polymers at the expense of sensitivity:

1. Increasing the temperature (e.g. From 25 ◦C ↔ 55 ◦C to
35 ◦C ↔ 65 ◦C)

2. Using less sensitive polymers (PVP was chosen as it has the high-
est concentration to methanol in [19]. By choosing for example
poly(styrene), the sensitivity decreases by the factor of 0.05)
However many practical applications involve the detection of
lower concentrations of vapours than tested here and so this would
mean that the system would be naturally more linear. The additive
behaviour of steady-state response of carbon black/poly(ethylene-
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o-vinyl acetate) to benzene and heptane at low concentrations
0.005 < P/P0 < 0.015, where P0 is the vapour pressure of the analyte)
upports this idea [17].

It should be stated that the response of the sensor is relatively
low. For example, the peak for ethanol is at 30 s and it was nec-
ssary to wait until 300 s to form the peak. However, the response
ime of this sensor is strongly dependent upon film thickness (i.e.
roportional to the square of the thickness) as experimentally
emonstrated using water vapour in Section 3.5, because the phe-
omenon is governed by linear diffusion. Therefore, it is expected
hat the response time (i.e. time needed to form the peak) will
ecrease to less than 1 s by using a film about 8% of the thick-
ess (Note: However, decreasing the film thickness may deteriorate
ome of the properties of the sensors e.g. signal-to-noise ratio and
ong term stability. The thickness of the film should be optimized
xperimentally considering these negative effects).

It should be stated that the concentration ranges for methanol
910–4070 ppm) and ethanol (2270–9080 ppm) used in this paper
ere higher than the legal exposure limits of methanol and ethanol

200 ppm and 1000 ppm in UK [20]). Also the concentration range
f 1000 ppm–4500 ppm for water corresponds to the relative
umidity of 4.3–19.5% at 20 ◦C, which does not cover the possible
aximum relative humidity (i.e. 100%). Therefore, when applying

he proposed technique into handheld gas monitors, experiments
hat cover the above concentration ranges (possibly with different
ypes of polymers for optimization) will be needed.

. Conclusions

In this paper, a novel signal processing technique for a car-
on black/polymer composite sensor is proposed, modelled, and
emonstrated. The technique is simple, that is summing the off-
nd on-transient conductances and subtracting the steady-state
onductance value from the resulting curve. It is theoretically pre-
icted that the peak time is specific to the type of vapour while the
eight of the peak of the resultant curve is linearly proportional to
he vapour concentration. Therefore different vapours can be iden-
ified and their concentration predicted. It is also predicted that
he resultant curve for a mixture of vapours can be obtained by
superposition of the curves of its constituents. Since the resul-

ant curve of this improved technique features conductance peaks
nd unlike other techniques does not rely on zero-gas baseline val-
es, this technique should have a more widespread application and
ltimately offer a lower cost solution.

The experimental results taken were processed using the new
echnique with the following observations:

1. The larger temperature modulation amplitude makes the peak
height larger and FWHM narrower for methanol vapour. There-
fore higher temperature modulation is desirable.

. Water, methanol and ethanol vapours have their specific peak
time i.e. 50 ms, 1 s and 30 s, respectively, for the 0.8 �m thick
PVP film, and thus can be separated out easily.

. The response is linearly proportional to the vapour concen-
tration for water, methanol and ethanol in the concentration
range tested (water: 1000–4500 ppm, methanol: 910–4070 ppm,
ethanol: 2270–9080 ppm).

. A thicker film has a longer peak time (proportional to the square
of the thickness) for water.
Therefore, it is concluded that this new technique can readily
dentify and quantify single vapours. This means that the technique
s superior to other temperature modulation techniques reported
lsewhere, e.g. for metal oxide based sensors. The technique was
lso applied to mixtures of water and methanol with different
tors B 141 (2009) 370–380 379

concentrations. Water vapour was quantified properly without
interference from methanol vapour, which is a promising result
supporting superposition and hence the main advantage of the
proposed technique. However, methanol vapour quantification was
difficult at high water vapour concentration (i.e. >1000 ppm). There
will probably be a maximum concentration for each vapour that
allows the superposition, but more experimental work is needed to
verify this statement. Finally, we believe that our SOI–CMOS micro-
hotplate sensor with this signal processing technique will lead to
an on-chip analytical instrument with embedded software.
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