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Identification of Different Vapors Using a Single
Temperature Modulated Polymer Sensor With a
Novel Signal Processing Technique

Takao Iwaki, James A. Covington, and Julian W. Gardner, Senior Member, IEEE

Abstract—This paper reports on a novel temperature mod-
ulation technique to improve the ability of a single carbon
black/polymer resistive sensor to discriminate, identify and char-
acterize environmental pollutants. Such a sensor can be low cost,
low-power consumption, highly reliable, and thus ideal for indoor
gas monitoring. Here, a carbon black/polyvinylpyrrolidone film
was deposited onto an SOI-CMOS microhotplate. A novel temper-
ature modulation technique is proposed that allows the detection
of vapors using a single chemoresistor. Identification and quan-
tification of water, methanol and ethanol vapors with different
concentrations (water: 0-6000 ppm, methanol: 1360-5430 ppm
and ethanol: 2270-9080 ppm) are shown.

Index Terms—Carbon black/polymer composite, gas sensor,
microhotplate, temperature modulation.

1. INTRODUCTION

T PRESENT there is a considerable demand for portable,

handheld gas or vapor monitors of pollutants. Although
there has been some commercial success, the diversity of gases
that cause air pollution makes it difficult to identify the species
and to measure their concentration at low cost. For example,
various types of volatile organic compounds (VOCs), such
as formaldehyde, benzene, toluene, and xylene, emitted from
sources inside buildings can cause indoor air pollution [1].
Furthermore, automobiles emit polluting gases such as carbon
monoxide, nitrogen oxides, and, again, VOCs [2].

Currently, the gold standard for the identification and quan-
tification of pollutants is using expensive analytical instruments,
such as gas chromatographs, mass spectrometers and optical
spectrometers. Research towards miniaturization of such instru-
ments has been carried out (e.g., [3]), but the degree of miniatur-
ization is limited by the high number of parts required to repli-
cate the complicated operating principles. In practice, electro-
chemical sensors, catalytic bead pellistors and metal oxide re-
sistive sensors are used to detect the different hazardous gases.
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They are still relatively expensive and/or require considerable
power consumption.

Two other approaches for creating handheld gas detectors
have been explored. One is to use an array of gas sensors with
different sensing materials [4] and the other is to use temperature
modulation of a single gas sensor [5], [6]. In the former case,
by using an array, it is possible to detect, identify, and quantify
different gases. For example, Severin et al. successfully demon-
strated the identification and quantification of different vapors
(e.g., eight types of single alcohol vapors) with an array com-
prising of 20 carbon black/polymer composite chemoresistors
[4]. However, the main problem of this approach, when used
for ubiquitous environmental gas monitors, is the cost; the de-
velopment cost for 10-20 different types of chemical sensors
with appropriate reliability is high. In the latter case, previous
research on the temperature modulation of gas sensors has been
carried out using metal oxide chemoresistors [5], [6]. Those re-
ported have been successful in the identification and quantifica-
tion of gases they tested. However, there is a major issue that
requires resolving before commercialisation. Precalibration of
the sensors is needed for not only single gases but also their
mixtures with considering all the possible concentration combi-
nations. This is because the response of metal oxide gas sensors
is nonlinear in gas concentration and thus a simple superposition
of the responses for different gases is problematic [7]. Suppose
a sensor is sensitive to five different gases and measurements
at just five different concentrations are required for each gas,
5% = 3 125 premeasurements (covering all the possible combi-
nations) have to be carried out for calibration.

We recently reported at a conference the concept of a novel
gas sensing technique, which allows the identification and quan-
tification of various vapors systematically (like analytical instru-
ments) but using a single temperature modulated polymer sensor
[8]. This paper describes in full, details of the proposed tech-
nique, covering the theoretical and experimental results to both
single and complex mixtures.

II. MODELING OF TRANSIENT CONDUCTANCE ASSOCIATED
WITH A TEMPERATURE STEP IN A SINGLE VAPOR

A carbon black/polymer composite film comprises of an in-
sulating polymer into which carbon black nanoparticles are dis-
persed to provide electrical pathways. When exposed to a vapor,
the molecules (solute) diffuse (i.e., partition) into the film (sol-
vent) causing it to swell. This swelling increases the average
separation of the conducting nanoparticles and, thus, increases
the electrical resistance of the film. Previous work has shown
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that the change in electrical resistance is approximately pro-
portional to the concentration of the vapor in air, i.e., it obeys
Henry’s adsorption law at low concentrations. In a linear solva-
tion process, the concentration ¢ of vapor molecules dissolved
in the polymer is simply proportional to that in the vapor phase.
The proportional constant or partition coefficient K(7") is de-
fined as

Cpolymer (T)

Cvapor

K(T) = M

where cyapor 18 the vapor concentration in air and cpotymer(T)
is its concentration in the polymer film held at temperature 7.

It is well known that this partition coefficient is a function of
temperature

AHy = —RTIn[K(T)] @)

where AHj is the standard enthalpy change for the interac-
tion between the polymer and the vapor molecule, which is a
constant specific to the system, and R is the gas constant [9].
Thus, if the temperature of the film increases from 73 to 75 (i.e.,
T < T5) under constant ambient vapor concentration, then the
vapor concentration in the polymer decreases from cpolymer (71)
t0 Cpolymer(T2). In other words, vapor molecules have diffused
out of the polymer and into the air as ¢polymer (I2) is smaller
than cpotymer (I1). (Note: When the temperature is reduced
from T5 to T vapor molecules diffuse into the polymer from
the air.) The diffusion process is governed by a diffusion coef-
ficient of the vapor at temperature 75, which is specific to the
type of vapor and polymer. (Note: We assume that the diffusion
takes place at T, i.e., that the temperature change is quasi-in-
stantaneous.) We can use the behavior of the transient signals to
identify different organic vapors in air.

To calculate this transient conductance for a step temperature
change from T to T5, we first assume that the diffusion of vapor
into the polymer is a linear process and thus simply follows
Fick’s law [10]

dc(z,t)
ot

0%c(x,t)

where c is the concentration of the vapor in the polymer, b is the
thickness of the film. The initial concentration profile is uniform
at T1

c(z,0) = cpolymer(11) (0 <z < h). (4a)

Boundary conditions are as follows:
¢(0,1) = cpolymer(12) (4b)
%:0 (z = h). (4c)

Equation (4b) shows that the concentration at the surface of the
polymer is independent of time and a constant value of cpolymer
(T), and (4c) expresses the condition where there is no flux
through the substrate on which the film lies, i.e., it is imper-
meable. The analytical solution to the model is sketched out in
Fig. 1.

Concentration
’ Initial
cpalymer(Tl ) “— profile
RSy Transient
7 : profile
cpolymer(Tz )“J E‘\ Final
: profile
(@] : .
[ h Depth (x)
surface X }
c
C(O’ t) = Cpalymer(Tz) bottom = -0

Fig. 1. Illustration of the diffusion problem when temperature increases instan-
taneously from 775 to 75.

Solving (3) under the conditions of (4a)—(4c) and using (1),
we derive the following expression for the vapor molecule con-
centration profile in the polymer (the solution for the partial dif-
ferential equation (3) is found in, e.g., [11]):

1) = Graer | K(12) = % (K (1) = K(T1)

i 1 7(2m — 1)2DT2t
2 om—1 P 4h2

% sin (;—h(2m - 1);1;)” . (5)

The change in local conductivity is assumed linearly propor-
tional to the local vapor concentration, hence

Ac(x) = —Ne(z) (6)

where N is a constant. To calculate the fractional difference of
the transient conductance G of a thin-film sensor, it is necessary
to integrate the local conductance change along a line orthog-
onal to the film plane. (Note: This assumes that the electric field
is a constant within the field and so independent of distance x;
and is a reasonable approximation when the interdigitated elec-
trode gap is larger than the film thickness. Otherwise, the electric
field is nonlinear and the line integral has a geometric term.):

AG(H) _ Gra(t) = Graay _ 1 / ' Ao (z)dz
GTZ,dry h J0

= Nevwpor | K(T2) = &5 (K(T2) ~ K(T1):

£ [ (g2 o

4h?
where G'r2 qry is the conductance in dry air (without any va-
pors). Using the following well-known formula to calculate the
infinite series (see [12])

GTZ,dry

2

> 1 ™
; (2k—12 8 ®

1
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we find the initial and final values of the fractional change in
conductance as follows:

A

ﬂ — —chaporK(Tl) (9a)
GT2,dry

A
AGX) _ ey K(Th). (9b)
GTZ,dry

These parameters are proportional to both vapor concentration
and partition coefficient at the two temperatures. Using (7), (9a),
and (9b), the amplitude and the normalized transient of (7) is
calculated as follows:

(Amplitude)
AG(c0 AG(0
e (c0) - ) = N[K(Th) — K(T)]|cvapor (10a)
T2,dry T2,dry
(Normalized transient)
[AG(H)  AG(0)] /‘AG(oo) _AG(0)
GT2 dry GT2,dry ] GTZ,dry C7YT2,dry
B 8 — 1 7(2m — 1)2Dpo
=1- Pﬂ; [Qm—leXP(_Tt .
(10b)

The other transient (temperature decreased from 75 to T7) is
found the same way and thus the results are written as follows.
(Note: Here the diffusion coefficient is D rather than Do as
the diffusion is assumed to take place at 7} this time.)
(Concentration profile)

(K(Th) — K(13)) -

SENS

C($7 t) = Cvapor |:K(T1) -

> {le— 1P <_

7r(2m — 1)2DT1 ¢
4h?

X sin (2h(2m— Ve )”

(Fractional difference of the transient conductance)
AG(t) _ Gri(t) —
GTl,dry GTl,dry

N 1 S 0

5 e (22

(Amplitude of the fractional difference of the transient conduc-
tance)

AG(0)
Gr1,dry

(1)

GTl,dry

7r(2m— 1)2DT1
4h?

AG(0)
GT1.dry

= N[K(T1) — K(T3)]cvapor  (132)

(Normalized fractional difference of the transient conductance)

[ AG(H)  AG(o ]/‘ (x0)  AG(0)
GTl ,dry GTl ,dry GTl ,dry GTl,dry
8 7(2m — 1)2Dpy
== 2:: [2m —e (——4h2 tﬂ (13b)
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From (10a) and (10b) (or (13a) and (13b)), we can conclude the
following.

a) The amplitude of the fractional difference of tran-
sient conduction is proportional to the ambient vapor
concentration (proportionality constant is given by
N[K (T1)-K (T)).

b) The shape of the normalized fractional difference of tran-
sient conductance curve depends on the diffusion coeffi-
cient, which is vapor-specific, but independent of the am-
bient vapor concentration.

Therefore, it should be possible to identify different vapors
with just one chemical sensor using the shape of the curve and
then quantify them using the amplitude.

It should be noted that we have considered an ideal situation,
i.e., the thermal response time of the microhotplate is negligible,
and thus we have used the time-independent conductance in dry
air G'r2,4ry to calculate the fraction for (7) and (12). However,
in practice, the response time of the electrical conductance of
polymer has a finite value (e.g., 10 ms) even in dry air, and thus
the following expression with time dependent conductance in
dry air should be used to preprocess the experimental data rather
than (7) and (12):

AG()  Gra(t) — Graary(t)
Gr2,ary(t) Gr2,dry(t) '

(14)

Therefore, we require the transient conductance of both with
and without vapors to determine (14).

Finally, concentration profiles of (5) and (11) for h = 1 [um)]
and Dpy = Do = 1 x 1078 [em?/s] is calculated and plotted
in Fig. 2. Also, a normalized fractional difference of transient
conductance when the temperature increases from 7T} to T for
h=1[pm]and Dys =1x1077,1 x 1078,1 x 10~ [cm?/s]
is calculated and plotted in Fig. 3.

III. MODELING OF TRANSIENT CONDUCTANCE ASSOCIATED
WITH A TEMPERATURE STEP IN A MIXTURE OF VAPORS

In this section, the transient conductance of the carbon black/
polymer composite, associated with a temperature step in a mix-
ture of n(> 2) vapors, is discussed. Again, we first consider
the transient when the temperature steps up from 73 to 7 (i.e.,
when 77 < T5). Assuming that the diffusion coefficient of one
vapor molecule species is not affected by other vapor species
(Note: This assumption should be correct as long as the con-
centrations of vapors in the polymer are low enough. Thus, it
is required to choose the type of polymer and temperatures 7T
and 75 carefully.), the diffusion equation for each vapor can be
solved independently and in exactly the same way as described
in the previous section. Thus, the transient concentration profile
of each vapor may be written as follows:

(1) = Conponsi [m(z’g) - Km) - k),

i Lo m(@m— 1)2DT27it
2 om—17P 1h?

X sin (21h(2m - 1):5) } }

15)
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Fig. 3. Calculated normalized fractional difference of transient conductance
when temperature steps up from T to T5.

where the subscript ¢ denotes the vapor species. Previous work
has shown that the response of carbon/black polymer composite
is generally linearly additive for organic vapors [13]. Therefore,
it is natural to assume that the change in local conductivity is
proportional to the weighted sum of the local concentration of
all the vapors in the mixtures

(16)

— Z Nici(x)
=1

where N, is the proportional constant that is specific to the type
of vapors. Thus, the fractional response is

GT2 dry

AG(t)  Gra(t) —
(t

Graary(t) Gro,ary(t)

= Z:: iCvapor,i [ i(Ta) —
St o

m=1

/Ao

f ((T) = KT}

—1)2 )
(Zm 1) DT2’Zt>:| (17)

4h?

polymer
Cry

Concentration

polymer
Cra

0 02 04 06 08 1 1.2
Depth [pm]
(b)

Calculated transient concentration profiles (a) when temperature step increases from 7% to 7> and (b) when temperature step decreases from 15 to T4 .

This is in effect the superposition of the transient for each vapor.
Using (8) again we find following expressions:

AG(0) &
_— = Nsz Ti) - Cvapor,i 18a
Gr2,dry ; (M) e (15
AG(0) &
—_— = Nsz T,) - Cvapor,i 18b
GT2,dry ; (T2) e (15
(Amplitude)
L, ‘AG(OO) _AG(0)
GTZ,dry GTZ,dry
= ZNz[K Ty) — KZ(TZ)] * Cvapor,i
=1
= Z Q; * Cvapor,i (193)
=1

(Normalized transient)
AG(0) ]

[AG(t) ) AG(OO)} / [AG(O) B
GTZ,dry GT?,dry GTZ,dry GT2,dry
= Z [1 — @;Cvapor,i /Z @i Cyapor,i
] i=1

1 _7r(2m— 1)2DT2t
om—1 P An2

1-— aic‘,ap0r7i/A . fz(t)] (19b)
The other transient (when temperature steps down from 7% to
Ty) is modeled in a similar way and the results can be written
as follows:

(Concentration profile)

Ci(ﬂi,t) = Cyapor,i |:K (Tl) - (K (Tl) K; (TZ))

4
™
Z ( 2m — 1 DTl,i t)

— 4h2?

[ eXp

X sin(QLh(Zm - 1)@” (20)
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(Fractional difference of the transient conductance)

AG(t) _ GTl(t) B GTl,dry
GTl,dry GTl,dry
- 8
= Nicvapor,i |:K1(Tl) - P{Kz(Tl) - KZ(TQ)}
=1

ey

7r(2m — 1)2DT1’1'
1P <_ 4h? t)}

(Amplitude of the fractional difference of the transient conduc-
tance)

St

AG(c0)

GT2,dry

AG(0)

GTZ,dry

A:’

= Z Ni [KL(TI) - KL(TZ)] * Cvapor,i
i=1

n
= E @ * Cvapor,i
i=1

(Normalized fractional difference of the transient conductance)

o(8) = { AG(1) } / ‘ (x0)  AG(0)
GTZ,dry GTZ ,dry GTZ ,dry GT2,dry
@i Cyapor,i /Z @i Cyvapor,i
i=1 i=1
8 — 7(2m — 1)2Dpo
7_2:: [2m—1 p<_ e t)”

= [azicvapor,i/A . fi (t)]

i=1

(22a)

3

(22b)

From (19a) and (19b) (or (22a) and (22b)), it can be concluded
that:

c¢) The amplitude of the fractional difference of tran-
sient conductance is a weighted sum of the all the
ambient vapor concentrations, where the weight is
a; = NZ[Kl(Tl)—Kl(TQ)])

d) The shape of the normalized fractional difference of tran-
sient conductance curve is a weighted average of the nor-
malized transient curve f;(¢) of the all the vapors, where
the weight is a; cvapor,i-

From these conclusions, it is possible to identify and quan-
tify each vapor in a mixture. Again, the transient when tem-
perature steps up from 7y to 75 is considered first. Suppose a
transient curve for a mixture with amplitude of A.y, and the
normalized transient curve of (¢;,9;)(7 = 1,..., N) (interval:
At) is measured. We can find cyapor,i Using a least-squares
fit, i.e., choosing Cyapor,1, - - - s Cvapor,n that minimizes the fol-
lowing sum of the squares:

lgi = 9((G = DAY

XN)
I
hE

~
Il
-

2

>

gi — Z [azcvapor Z/ACXP fl((J - I)At)]

=1

. (23)

.
Il
—
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Fig. 4. Schematic cross section of a carbon black/PVP composite
chemoresistor employing an SOI-CMOS based single crystal silicon

microheater.
: : O

\
(—CHCH, —),

Fig. 5. Structural formula of PVP.

TABLE I
LIST OF SENSORS USED
Resistance [kQ] Thickness [um]  |Sheet resistance [kQ]
PVP2 4.43 1.9 70.9
PVP8 1.91 6.0 30.6
PVP1I 13.65 0.8 2184
This is achieved by solving the following equations
simultaneously:
ax®
3Cvapor.1 - 0
(24
a®
OCyvapor,n 0

These equations can be solved generally as long as the fol-
lowing conditions are satisfied.
L. a; and f; (t) are known.
II. (Number of different vapors, n) < (number of data points
over time, V).

Condition I can easily be achieved by premeasuring the tran-
sients for all the possible single vapors. Also, condition II is
normally satisfied because the number of type of vapors (n) is
typically less than 10 and the number of data points over time
(N) is typically more than 10 (e.g., for transient time constant 1
s and interval time (At) 10 ms, NV is 1000). Therefore, it can be
concluded that it is possible to identify and quantify each vapor
in a mixture comprised of n (> 2) types of vapors using this
technique. [Note: Practically, it is not always easy to separate
vapors in a mixture, especially when vapors do not have signif-
icantly different diffusion coefficients, as shown later. This is
because all the transient curves of the single vapors are monot-
onously increasing (or decreasing).]

IV. DEPOSITION OF CARBON BLACK/POLYMER COMPOSITE
MATERIALS ONTO MICROHOTPLATES

Fig. 4 shows a schematic cross section of the chemoresistor
used in this work. The CMOS microhotplate comprises a sil-
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(b)

(d)

Fig. 6. Photographs of the SOI microhotplates with carbon black/PVP composite films. (a) PVP2, (b) PVP8, (c) PVP11, and (d) PVP11 bonded on 68 pin ceramic

package.

icon 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 cir-
cular to reduce the possibility of membrane failure due to me-
chanical stress at the edges. The radii of the membrane and the
heater are 282 and 75 pum, respectively. To supply the power
to the micro-heaters, metal tracks were used to reduce both the
Joule heat generated and the conductive heat loss. A second
CMOS aluminium layer is used to form heat-spreading plates
to improve the temperature uniformity of the sensing material
(placed above the heaters). The electrodes used to measure the
resistance of the sensing materials are made of the third CMOS
aluminium layer onto which Au/Ni were electrodelessly plated
(i.e., bump bonded) to make good, stable ohmic contact to the
sensing material. These electrodes have interdigitated structures
with an aspect ratios of 16. The microhotplate is described in
more detail in [14].

Carbon black/polyvinylpyrrolidone (PVP) composite (20 wt
% carbon black) was chosen as the sensing material. PVP in
powder form was used with a molecular weight of ca. 40 000,
supplied by Sigma Aldrich (U.K.). The structural formula
of PVP is shown in Fig. 5. The polymer contains two atoms
with strong electronegativity, i.e., oxygen and nitrogen (elec-
tronegativity of oxygen and nitrogen atoms are 3.5 and 3.0 in
Pauling’s definition) [15]. Therefore, it is expected that the
carbon black/PVP composite has a larger sensitivity to polar va-
pors, such as alcohols, than nonpolar vapors. The carbon black
nanospheres with a diameter of typically 50-80 nm (Black
Pearls 2000) were supplied by Cabot Corporation (USA). The
PVP was dissolved in pure ethanol at 50 °C using a magnetic
stirrer for 12 h. Then, 0.3 g of carbon black was added and
mixed with 20 ml of ethanol using a flask shaker (Griffin and
George, U.K.) for 10 min. The mixture was deposited onto a
microhotplate using a commercial air brush (HB-BC or HP-CP
Iwata, Japan) through a mask made by microstereolithography.
The device was bonded on a 68 pin ceramic package prior to

deposition, and the resistance of the film was measured during
deposition in order to control the thickness. The mask has two
circular holes, both of which had a diameter of 400 pm, and
the distance between their centers is 1.0 mm. One circular
hole defined the area of the sensing film on the devices, and
the other was used to measure the thickness of the film. After
deposition, heat treatment at 50°C for 24 h was carried out
in an oven to evaporate the solvent and stabilize the sensor
resistances. Finally, the sensors were exposed to the flow of dry
air at 25 °C for 12 h using an FIA (flow injection analysis) test
station (described later).

Table I lists the resistances, thicknesses, and sheet resistances
of the three devices used in these experiments and Fig. 6 shows
their photographs. They are referred to as PVP2, PVPS, and
PVP11. The resistances of the film were measured at 25 °C in
the dry air environment in the FIA test station. The film thick-
ness of PVP8 was found to be ca. 6 pm using an optical interfer-
ometer (Wyko/NT2000). The thicknesses of PVP2 and PVPI11
were difficult to measure because they were comparable with
the measurement noise (typically, 2 to 3 um) caused by sur-
face roughness (the value of which could be 2 to 3 um at the
maximum). Therefore, it was decided to estimate the thickness
of PVP11, which was deposited from the same solution on the
same day as PVP8, by assuming that the resistance of the film is
inversely proportional to the resistance. The thickness of PVP2
was also estimated using the same assumption. However, PVP2
is not used in this paper when discussing the thickness depen-
dence, because it was deposited from a different solution syn-
thesized on a different date.

The deposition technique using the airbrush is basic and
manual. Therefore the repeatability strongly depends on the
skill of the person who carries out the deposition. It is be-
lieved that the repeatability as well as the quality of the film
(e.g., surface flatness and uniformity) would be improved
by using a fully automated nanoliter noncontact dispensing
system (e.g., [16]).
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Fig. 7. Conceptual illustration of the proposed technique. (a) Temperature off
transient. (b) Off transient of the sensor conductance in dry air (without vapors).
(c) Off transient of sensor conductance in vapors of three different concentra-
tions. (d) Fractional conductance in vapors. (e¢) Normalized fractional conduc-
tance in vapors. (f) Amplitude of fractional conductance.

V. PROCESSING EXPERIMENTAL DATA

Before discussing the experimental results, the method of ap-
plying the proposed technique to the experimental data is ex-
plained, conceptually using Fig. 7, as follows.

a) The temperature is switched between two temperatures

using the CMOS microhotplate heater. Here, only the off-
transient is considered for simplicity.
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b) The transient conductance signal of the carbon black/PVP
composite film in dry air is first collected. The conduc-
tance changes (with relatively small time constant) even in
dry air, since carbon black/polymer composite generally
have finite temperature coefficients of resistances. (Here,
the temperature coefficient of the resistance of the carbon
black/PVP composite film is assumed to be negative. This
turns out to be true for all the films studied in this paper,
as shown later [17].)

¢) Then, the transient conductance signals of the sensors is
recorded in different vapors. Note, the larger the vapor
concentration, the larger the amplitude and time constant
of the conductance change.

d) Then, the fraction is calculated using the signals in
Fig. 7(b) and (c), in order to cancel out the effect of the
temperature dependence of the resistance.

e) The transient curves are normalized. The shape of the re-
sultant curve should be independent of the concentration,
but depend on the analyte. Therefore, the time constant
(for example, the time to reach 50% of the final value) is
specific to the types of vapors and can be used for vapor
identification.

f) The amplitude of the fractional conductance curve
[Fig. 7(d)] should be linearly proportional to the vapor
concentration and used for quantification.

VI. CHARACTERIZATION

Temperature modulation experiments of the three devices
(PVP2, PVP8, and PVP11) were performed. The devices were
glued and wire-bonded onto ceramic packages and mounted
in a stainless steel chamber with the controlled temperature of
25°C in a fully automated FIA test station. The temperature
of the carbon black/PVP composite film was controlled by
applying a voltage to the microhotplate. The temperatures used
in the experiments were 25 °C, 35 °C, 45 °C, and 55 °C, which
require operating voltages (and powers) of 0 V (0 mW), 0.78 V
(0.8 mW), 1.10 V (1.6 mW), and 1.35 V (2.4 mW), respec-
tively. The accuracy of the temperature modulation amplitude
was about +0.3 °C. The concentrations of water, methanol and
ethanol vapors in the chamber were controlled independently
with the uncertainty of only 5%. A constant current of 10 uA
was applied to the carbon black/PVP composite film and the
voltage was recorded every 10 ms.

The results are discussed in the following order: (a) demon-
stration of the processing procedure, (b) concentration and
vapor type dependence, (c) thickness dependence, (d) temper-
ature dependence, and (e) mixture effect.

A. Demonstration of the Processing Procedure

First of all, the concentration dependence of water vapor was
studied using its “temperature off” transient to demonstrate the
procedure of Fig. 7. Temperature modulation experiments of
the device PVP2 were carried out with the presence of water
vapor of different concentrations (0, 1000, 2000, 3000, 4500,
6000 ppm). The amplitude and frequency of the applied square
wave voltage were 0.78 V (i.e., temperature modulation be-
tween 25 °C and 35 °C) and 50 mHz.
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Fig. 8. Demonstration of the processing data using the experimental results of PVP2 in water vapor. (a) Raw data. (b) Fractional transient conductance.
(c) Normalized fractional transient conductance. (d) Amplitudes of fractional transient conductance.

Fig. 8(a) shows the results. Each curve in Fig. 8(a) is the av-
erage of 30 transients. The temperature was 35 © C from O to
10 s and 20 to 30 s, and 25 °C from 10 to 20 s. (The conduc-
tance in dry air shows lower conductance at 25 °C, indicating
the temperature coefficient of resistance is negative.) Then, by
calculating the fraction using the curves from 10 to 20 s (temper-
ature off transient) with and without vapor, we obtain Fig. 8(b).
Finally, the normalized fractional conductance curves and the
amplitude of the fractional conductance curves are plotted, as
shown in Fig. 8(c) and (d). It was found that the shape of the
normalized curves does not depend on vapor concentration and
the amplitude of the fractional transient conductance curves is
linearly proportional to the concentration, both as expected.

B. Concentration and Vapor Type Dependence

Here, the results of temperature modulation experiments of
device PVP2 are discussed. The experiments were performed in

the presence of water, methanol and ethanol vapors of different
concentrations (water: 0, 1000, 2000, 3000, 4500, 6000 ppm,
methanol: 1360, 2710, 4070, 5430 ppm, ethanol: 2270, 4540,
6810, 9080 ppm). The amplitude of the applied square wave
voltage was 0.78 V (i.e., temperature modulation between 25 °C
and 35 °C), and the frequency 50.0 mHz for water and methanol
and 1.7 mHz for ethanol (lower frequency was used for ethanol
due to its smaller diffusion coefficient in PVP compared to water
and methanol).

Figs. 9-11 are the normalized fractional transient conduc-
tance curves of the (a) off and (b) on-transients in water,
methanol and ethanol vapors. The curves for water and
methanol are averages of 30 transients and that for ethanol is an
average of 3 transients. (For ethanol, the data taken every 10 ms
were averaged and plotted every 0.3 s for noise reduction).
The results indicate that the shape of the normalized fractional
transient conductance curves are independent of vapor concen-
tration but depend on vapor type, as predicted.
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Fig. 9. Normalized fractional transient conductance of PVP2 in water vapor at different concentrations: (a) off transient and (b) on transient.
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Fig. 11. Normalized fractional transient conductance of PVP2 in ethanol vapor at different concentrations: (a) off transient and (b) on transient.

Table II lists the time constants of the normalized fractional
transient conductance curves. The time constant of water is the

smallest and that of ethanol the largest. Considering that the
molecular mass of water is the smallest and that of ethanol is
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Fig. 12. Amplitudes of fractional transient conductance of PVP2 in water, methanol, and ethanol vapors: (a) off transient and (b) on transient.

TABLE II
TIME CONSTANTS (tso%) OF NORMALIZED FRACTIONAL TRANSIENT
CONDUCTANCE CURVES OF PVP2 IN WATER, METHANOL,
AND ETHANOL VAPOR

water methanol ethanol
off transient | 0.29 s+ 0.028 s 23s+033s 75s+£5.8s
on transient | 0.20s+0.021 s 1.7s+0.26 s 60s+14.1s

the largest, this result indicates that the species with low molec-
ular mass diffuse faster (molecular mass of water, methanol and
ethanol are 18, 32, and 46 [18]). The time constant of off-tran-
sient is smaller than that of on-transient for each vapor. This
is reasonable, considering that the temperature of off-transient
(25 °C) is lower than that of on-transient (35 °C) and the diffu-
sion coefficient tends to be larger at higher temperatures.

Fig. 12 plots the amplitude of fractional transient conductance
versus concentration of water, methanol and ethanol for both
the (a) off and (b) on-transients. The amplitude of the fractional
transient conductance curve of all water, methanol and ethanol
for both the off- and on-transients is linearly proportional to the
concentration, again, as predicted.

Finally, identification and quantification of vapors were car-
ried out. The amplitude of the fractional transient conductance
versus the time constant (Z,¢,) for the off and on-transients

were plotted, as shown in Fig. 13. The plots clearly show that
identification and quantification of water, methanol, and ethanol
vapors was successfully carried out using the proposed tech-
nique with either the off or on-transients of the temperature
modulated signal.

C. Thickness Dependence

The thickness dependence was also investigated. For this ex-
periment, devices PVP8 and PVP11 were used. Their thickness
was ca. 6.0 pm and ca. 0.8 pm, respectively. The devices were
tested to water with a concentration of 3000 ppm. The amplitude
of the applied square wave voltage was 0.78 V (i.e., tempera-
ture modulation between 25 °C and 35 °C), and the frequency
50 mHz.

Fig. 14 shows the normalized transient fractional conduc-
tance of both (a) off and (b) on-transient. Each curve in Fig. 14
is the average of 30 transients. Table III lists the time constants
(t599) of PVP8 and PVP11 for both off and on-transients. The
time constant of the thicker film (PVP8) was 17.5 and 11.0 times
as large as that of thinner film (PVP11) in off and on-transient,
respectively. The results suggest it is possible to modify the time
constant of the proposed technique by simply modifying the
thickness of the sensing film. This will allow the detection of
molecules with much smaller diffusion coefficients in a shorter
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Fig. 13. Identification and quantification of water, methanol and ethanol vapor using (a) off transient and (b) on transient of conductance curves of PVP2.
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Fig. 14. Normalized fractional transient conductance of PVP8 and PVP11 at 3000 ppm water vapor: (a) off transient and (b) on transient.

TABLE III
TIME CONSTANTS (%, ¢, ) OF NORMALIZED FRACTIONAL TRANSIENT
CONDUCTANCE CURVES OF PVP8 AND PVP11 AT 3000 ppm WATER VAPOR

PVPS (6.0 um)
2.1s
1.1s

PVP11 (0.8 um)
0.12's
0.10's

off transient

on transient

period of time. The theory described previously predicts that the
time constant should be proportional to the square of the thick-
ness. Therefore, the time constant of the thicker film should be
(6.0 tm/0.8 1m)? = 56 times as much as that of the thinner one,
theoretically. The discrepancy between the experiments and the
theory is probably reasonable considering the uncertainty in de-
position and thickness measurements and the variation in thick-
ness of the film across the sensor.

D. Temperature Dependence

The temperature dependence of the steady-state and tran-
sient state were investigated using methanol vapor with a
concentration of 2710 ppm and the PVP11 sensor. (Measure-
ments were also carried out in dry air for comparison). The

TABLE 1V
SATURATED CONDUCTANCE OF PVP11 WHEN THE TEMPERATURE WAS
MODULATED BETWEEN 25 °C AND 35 °C WITH AND
WITHOUT METHANOL VAPOR

Gdry Gmcrhanol AG/ Gdry
25°C 7.412E-05 7.230E-05 2.46%
35°C 7.538E-05 7.404E-05 1.78%

amplitude of the applied square wave voltage was 0.78, 1.10,
and 1.35 V, which corresponds to temperature modulation
of 25 °C « 35 °C,25 °C « 45 °C and 25 °C « 55 °C,
respectively. The frequency was 10 mHz (retention time: 50 s).

First of all, the steady-state conductance with and without
methanol vapor was considered. The conductance values taken
after 50 s (=retention time) from the off or on-transients are used
as the saturated values (or steady-state values) and shown in
Tables IV-VI. Fig. 15 shows the plot of logarithm of the steady-
state response ((Gary — Gmethanot)/Gdry) versus the inverse
of the absolute temperature (1/7°). Their relation is linear, and
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TABLE V
SATURATED CONDUCTANCE OF PVP11 WHEN THE TEMPERATURE WAS
MODULATED BETWEEN 25 °C AND 45 °C WITH AND
WITHOUT METHANOL VAPOR

Gd’)’ Gmelhcmo[ A G/ Ga'ry

25°C 7416E-05 | 7.230E-05 2.51%

45°C 7.651E-05 | 7.555E-05 1.26%
TABLE VI

SATURATED CONDUCTANCE OF PVP11 WHEN THE TEMPERATURE WAS
MODULATED BETWEEN 25 °C AND 55 °C WITH AND
WITHOUT METHANOL VAPOR

Gd:y Gmelhanol AG/ Gd/y
25°C 7415E-05 | 7.232E-05 247%
0,
55°C 7.746E-05 | 7.677E-05 0.89%
-35
4
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O
4
£
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Fig. 15. Temperature dependence of steady-state response of PVPI1 in
methanol vapor.

this is expected as steady-state response is known to follow the

following relationship:
AH,
xexp | —
PR

where A H) is the standard enthalpy change for the interaction
between the polymer and the vapor molecule and R the gas con-
stant [19]. Therefore, it is possible to calculate the standard en-
thalpy from the slope of Fig. 15, and the value was found to
be —27.5 [kJ/mol]. The negative value indicates that the ab-
sorption is exothermic reaction, and the relatively small value
(<30 kJ) shows that the adsorption mechanism is physisorption
rather than chemical reaction [19].

Then, the transient behavior was investigated. Fig. 16(a) and
(b) are the normalized fractional transient conductance curves of
the off and on-transient when the temperature modulated in the
following ways: 25 °C « 35°C,25°C « 45°C,and 25°C <
55 °C. The signals are the averages of the six transients. By
subtracting the signals of Fig. 16(b) from the unity and plotting
with those shown in Fig. 16(a), the curves in Fig. 16(c) are ob-
tained. The figure shows that the transient becomes faster as the

AG _ Gdry - Gmethanol
C;(dry C;(dry

(25)

temperature increases, as predicted. Fig. 16(d) shows that the
relationship between the logarithm of the response time (Z,,¢, )
and the inverse of the temperature (1/7") is linear. Since the dif-
fusion coefficient is inversely proportional to the time constant,
it is apparent that the temperature dependence of the diffusion
coefficient is Arrhenius type, with the activation energy (F,) of
0.40 eV, which was calculated by the following equation:

E, = kp x (slope) (26)

where kg is the Boltzmann constant.

E. Mixture

Finally, the response to a binary mixture was investigated.
The device PVP2 was tested to a mixture of 2000 ppm water
and 2710 ppm methanol in air. The amplitude and frequency
of the applied square wave voltage was 0.78 V (i.e., tempera-
ture modulation between 25 °C and 35 °C) and frequency of
50 mHz.

Fig. 17(a) and (b) show the normalized transient fractional
conductance of both the (a) off and (b) on-transient in the mix-
ture. Each curve in Fig. 17 is the average of 30 transients. The
results of single vapor of 2000 and 2710 ppm methanol and the
predicted curves from the single vapor results are also plotted
in the same figures. Table VII shows the amplitude of all the
above curves (before normalization) including the prediction. It
was found that the experimental curve in the mixture is close to
that predicted.

The results indicate that the above technique could be em-
ployed to identify and quantify each vapor in a binary mixture.
However, one caveat should be given. The technique uses mo-
notonously increasing (or decreasing) curves only. This means
it is needed to separate out several curves with different time
constants from noisy experimental curves in order to deal with
a mixture with several different vapors, a process that is not al-
ways easy.

VII. CONCLUSION

In this paper, a novel temperature modulation technique for

a single carbon black/polymer composite sensor has been pro-

posed in order to enable it to discriminate between different va-

pors. The technique can be summarized as follows.

1. Apply a square wave voltage to a resistive microheater to
step change the sensor temperature and measure the tran-
sient sensor conductance in the presence of different va-
pors.

2. Use the fractional difference in transient conductance as
the preprocessing feature.

3a. For a single vapor, the amplitude of the fractional differ-
ence of transient conductance is used to predict the con-
centration; whilst the shape of the normalized curve (which
is independent of vapor concentration but dependent upon
vapor type) to predict vapor type.

3b. For amixture of n (> 2) components, fractional difference
of transient conductance is predicted to be superposition of
those of single vapors, i.e., the fractional difference of tran-
sient conductance of a mixture is the linear combination of
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Fig. 16. Temperature dependence of the steady-state response of PVP11 in methanol vapor: (a) off transient, (b) on transient, (c) off and on transient, and (d)
logarithm of time constant versus inverse of absolute temperature.
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Fig. 17. Normalized fractional transient conductance of PVP2 in a mixture of 2000 ppm water and 2710 ppm methanol vapor: (a) off transient and (b) on transient.

that of each component with the coefficient being propor- (24)]. Therefore, identification and quantification of each
tional to the concentration of each component, as shown in vapor in a mixture is possible, as long as the conditions I
(22b). Those coefficients are found by applying the least and II in Section III are satisfied and the signal to noise
squares method to an experimental curve [i.e., by solving ratio is large enough.
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TABLE VII
AMPLITUDE OF FRACTIONAL TRANSIENT CONDUCTANCE OF PVP2 IN A SINGLE
VAPOR OF WATER AND METHANOL, AND THE MIXTURE

Water Methanol Mixture Mixture
2000 ppm 2710 ppm |(actual value) {(predicted value)

0.72 % 0.46 % 1.21 % 1.18 %

The proposed technique was applied to CMOS microhot-
plate-based carbon black/PVP chemoresistors. Identification
and quantification of single vapors of water, methanol and
ethanol with different concentrations (water: 0-6000 ppm,
methanol: 1360-5430 ppm, ethanol: 2270-9080 ppm) were
successfully demonstrated.

Next, the technique was applied to a mixture of water and
methanol with the concentrations of 2000 and 2710 ppm, re-
spectively. The results indicate that the transient curves of the
mixture are the superposition of single vapors, though more ex-
periments are needed to confirm this observation.

The device power needed to keep the temperature at 35 °C,
45 °C, and 55 °C continuously were 0.8, 1.6, and 2.4 mW, re-
spectively. Since the temperature modulation was performed by
applying a square wave voltage (produced by simply switching
on and off the operating voltage of the heater) with a duty ratio
of 50 %, the average operating power of the sensor is half of
the DC values, i.e., 0.4, 0.8, and 1.2 mW for 35 °C, 45 °C,
and 55 °C, respectively. The value is much lower than those of
metal oxide-based chemoresistors. For example, Llobet et al. re-
ported on results of multicomponent gas mixture analysis using
Pd doped tin oxide film on a platinum based microhotplate [20].
They modulated the temperature between 243 °C and 405 °C by
applying a sinusoidal wave voltage, and it requires much more
than 80 mW (which is a value needed to operate their micro-
hotplate at the minimum temperature of 243 °C continuously
[21]). In addition, it should be noted that it is possible to reduce
the power consumption by more than 50% by using the smaller
SOI CMOS microhotplates developed by ourselves, as shown
in [14].

Finally, two limitations of the proposed technique are pointed
out. First of all, it is not always easy to identify the components
of a mixture using a simple least squares method, since several
monotonously increasing (or decreasing) curves with different
time constants need to be separated out from noisy experimental
curves. Second, the technique requires the signal in the dry air
as the baseline. Since the baseline resistance is likely to change
over time, it is necessary to calibrate the zero gas transient on a
regular basis. An extended technique to obviate these two limi-
tations is proposed elsewhere [22].
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