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It was shown recently that it is possible to improve the characteristics of a chemical sensor
by means of adequate processing of the adsorption-desorption noise, which normally occurs
in microminiature sensors. The main ideais to subject the noisy output signd produced by a
small-size sensor to a kind of threshold discrimination. Mathematical analysis made in [5]
for an ideal adsorption-desorption noise alows one to conclude that selectivity of a sensor
can be highly improved due to discrimination. In order to apply this idea to a concrete
sensor, one needs to know its structural and functional characteristics, which govern the
noise statistical properties. First of all, it is necessary to determine to what extent the process
of analyte reception can be modeled by a pure surface absorption-desorption process. Thisis
astructural characteristic. Among functional characteristics are the total number of ana yte-

binding sites, N, , the binding-releasing rate constants, k*, and others. In this paper, we use

sensor response kinetic curves to determine the above characteristics for a chemoresistive
sensor based on polyaniline.
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1. Introduction

Detecting of chemical substances (anaytes) dissolved in a gas or liquid can be made by
chemical sensors able to adsorb reversibly molecules of anayte in amounts that depend on its
concentration and specificity of adsorbing sites in the sensor. Sel ectivity of adsorption of molecules
on the sites normally determines the sd ectivity of the whole sensor.

The size of industrid sensors can be very smal. As a result, the stochastic nature of the
adsorpti on-desorption process becomes visible as a noise in sensor’s output signd (see Fig. 1). This
makes difficult clear discrimination between signals produced by different anal ytes.

Adsorption-desorption noise has been studied experimentally and theoretically in connection
with phase and frequency stability in quartz resonators [1,2]. Its consequences for small sensors
operating properties are discussed in [3].

On the other hand, in natural biologica sensory systems, such astaste and olfaction, the size
of primary receptor units (receptor neurons) is so small that the number of binding sites per neuron
does not exceed 05000100000 for different species [4]. With such a rdatively small number of
receptor sites one can expect a substantial noise level and a poor signd/noiseratio, and, asaresult, a
low quality discrimination between different smells. However, the natura systems demonstrate
reliable discrimination between smdls. Here, it is worth to notice that a noisy signa about the
number of occupied receptors is subjected to a type of threshold discrimination due to specifics of
functioning of biological neurons. We expect that this way of processing of a primary signadl, if
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applied in a small industrial chemical sensor, can improve its discriminating ability. Such a
possibility was andyzed theoreticdly in [5]. For this purpose, the tempord characteristics of the
adsorption-desorption stochastic process (noise) were obtained. Namdy, if Wy, and W, (see Fig. 1)
denote the mean time whi ch the number of receptors occupied by anal yte spends continuoud y bel ow
and above a definite threshold, then one can estimate the portion of time which the process is above
the threshold during the measurement:

W,
: (€

q_Wb +Wa -

For two different analytes A; and A, the portion may be different, g, and g,. This allows one to
introduce the threshold sensor sd ectivity with respect to the A; and A,:

V= Iog(&j . )
d,

It is provenin [5] that v can be much higher than the sdectivity of individua receptors, |,

which is determined as
U= Iog(&j, €)
P,

where py, p. are the probabilities that any single receptor is occupied by analyteif Ai, A, is gpplied,
respectively.
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Fig. 1. Example of the adsorption-desorption stochastic process.

As a result, the threshold chemical detector design was proposed [6]. In this detector
(Fig. 2), the row signal, which gives the amount of receptors occupied with an odor at the primary
sensory unit, is subjected to threshold discrimination, and the result is averaged over a tempora
window. It is shown mathematically [5] based on the exact description of adsorption-desorption
statistics that the threshold detector of this type can be much more sd ective than its primary receptor
sites.
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Fig. 2. Schematic picture of athreshold chemica detector. A - andytemolecules; R - adsorption
sites; PSU — primary sensing unit; ThU — threshold unit; TAU — temporal averaging
unit. For details, see[5, 6].

All processing stages can berealized in asingle wafer, which we bdieve brings about a new
functionality to chemical sensors. This kind of design can be considered as a hew type of on chip
signa conditioning [7].

In order to apply this design to areal chemica sensor, we use a chemoresistive sensor based
on polyaniline [8]. First of al, it is necessary to determine to what extent the process of anayte
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reception can be model ed by a pure absorption-desorption process. Thisisastructural characteristic.
Also, for making estimations for quantities like g in (1), we need the functional characteristics that
govern the adsorption-desorption process. Among those characteristics are the total number of

anayte-binding sites, N, or n below, the binding-releasing rate constants, k", k., and others. In

this paper, we use sensor response kinetic curves to determine the above characteristics for a
chemoresistive sensor i nteracting with acetone dissolved in argon.

2. Materials and methods
2.1. Sensor design

The chemoresistive sensors were manufactured in the Physical Chemistry Institute of NAS,
Ukraine [8]. The sensor array was fabricated by photolithography of 150 nm thick gold on standard
glass-ceramic substrate and than wafer was diced in 6-dement chips. The chips were mounted on
small printed circuit board and were connected by wire bonding. Each element contained 20 pairs of
raster e ectrodes of 15 m width separated by 25 m distance with a common area of 2 mn? (Fig. 3).
In this paper we use the data obtained from a single dement. The films were synthesized by
dectrochemicd oxidative polymerization of monomer. Polyaniline was obtained from a 1 M
agueous solution of various acids with 0.15 M of the corresponding anilinium salt. Films synthesis
was performed in a three-dectrode nonpartitioned cdl. The polymerization was conducted in a
cydlic potentid mode. The fina thickness of the polyaniline film was (1150 nm. The films were
doped with heteropolyacids (PMo,, 03, PM 011 VO3 ).

2.2. Kingtic curves

The kinetic curves have been obtained in the Institute of Semiconductor Physics of NAS,
Ukraine. Measurement of the films responses towards the vapors of organic solvents (ana ytes) was
performed following the procedure described in [8] and using acetone as an anadyte. The sensor
array response was measured at a fixed concentration of acetone in argon, which was obtained by
streaming pure argon through a wdl with liquid acetone at room temperature. The argon flow rate
was 30 ml/min. The acetone concentration was determined by weighing the well before and after the
experiment. The concentration exact value is 5.043x10" molecules of acetone per ml. The effect of
the and yte on the dectric characteristics of the pol yaniline films was recorded as the variation of the
direct current through an array of polyaniline resistors. After each measurement, the array of
polyaniline resistors was blown with argon to remove the vapor of the analyte until the val ue of the
current had returned to its base value. Kinetic response curves were measured for about 200 s with a

stepof 2s.
2 002

Fig. 3. Chemoresistive sensor construction.
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2.3. Numerical methods

We looked for a set of physical parameters, which gives a theoretical curve optimaly
describing the experimental one. Standard programs of optimization require to specify initial val ues
of the optimizable physical parameters. If these initial values considerably differ from exact ones,
then the problem of determination of optimizable parameters becomes essentially more complicated
and often its solutions is fairly problematic even in the case of optimization of a function of single
parameter. In the case of severa parameters, programs of optimization are efficient provided that the
domains of definition of al parameters do not essentialy differ. For the considered problem,

possible values of unknown parameters either vary in a wide range (the rate constants k;*) whose
limits may differ by 10" times [9] or are unknown at all (kg ,andi). For this reason, these programs

cannot be directly used for the solution of this problem.

The procedure of optimization proposed in the present paper involves two stages. At thefirst
stage, approximate initial values of the unknown quantities are determined by the method of
minimization of a function of severa variables based on the Hooke-Jeeves procedure of direct
search [10, 11] using the algorithm presented in [12]. Since the obtained initial val ues of the required
quantities belong to different ranges, we propose a specia procedure for determination of these
values. At the second stage, we determine the optimizable parameters of the required quantities
(aloca minimum is determined) and, then, numericaly solve the system of equations for these
values and compare its solution with the experimental data.

3. Results

The typical kinetic curve obtained shows the slowest current rise at the moment of
application of and yte (Fig. 4).
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Fig. 4. Typical time dependece of theinitial part of kinetic curve,

This cannot be explained by a pure adsorption-desorption process. Indeed, the adsorption-
desorption process can be described by the foll owing scheme:

z+RO @g» RZ, 4
where Z, R denote a molecule of acetone and an adsorption site, respectivdy, and k', k™ are
the corresponding rate constants. The corresponding kinetic equation is as follows:

%[RZ]:k*[Z]—k’[RZ]v ®)

and its solution for theinitial condition [RZ]=0 isasfollows:
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[Rz](t) = "+k[,z] (1—e’k_t) : (6)

This kinetics has the fastest rate at t=0, which disagrees qualitatively with what is observed
experimentdly.

The idea of more redistic paradigm, which could describe qualitativdy the time course of
the experimental curves can be offered if one takes into account the relative sizes of the polymer
film thickness (150 nm) and an acetone molecule, which is 0.3 nm. This means that there is enough
room in the film for the acetone to migrate transversally. In this case, we must describe separatdy
the mol ecul es of anal yte that are in the film but not bound at the receptor sites and those bound. This
aso introduces an additional process of acetone exchange between the polymer bulk and the external
gas. The simplest scheme for these processesis as follows:

Z, Q@@ Z, +R Q@@ RZ,, (7
p r

where Z,,, Zin denote acetone mol ecul es in the outside gas and those in the pol ymer but not
bound, respectively; k;, k; are the constants characterizing acetone exchange rate between the
polymer bulk and the outside gas’; k", k.~ are the acetone Zin binding-releasing rate constants’ ,
respectively. In this scheme, we have two unknown functions, namely [Z; ] (the concentration of
free acetone in the polymer bulk) and [R Zin] (the concentration of acetone in the polymer bulk,

which is bound at the receptor sites end ensures their conductivity). The second one determines the
current-time course through the sensor. The corresponding ki netic equations are as follows:

L1z =k [20] K [R2a] -k [2] =K (r =[R2, ]) 2] ®

LRz, 1=K (r-[Rza])[20] - [RZ.]. ©

where r is the total concentration of (free and bound) receptor sites in the polymer bulk.
Exact solution of this par of nonlinear equations is unknown. At the same time, comparison of its
numerical solutions with the experimental data can bring about information concerning values of

physical constants, such as, k; , kK, r aswell asthe current through a single bound receptor site, i,

which are required for correct interpretation of noise in the measured data.

If we take as a volume measuring unit the polymer volume in the sensor, V =0.25x107° ml,
then concentrations [Z; ], [RZ;,], r will be equa to the numbers of molecules of free and bound

acetone, and the total amount of receptor sitesin the sensor. Denote them as a;, a,., n, respectively.
The amount of molecules of acetone in the V ml of the outside gas is a,, a, =[Z,]V =1.25x10%.
Then from Egs. (8), (9) we have

d k*

Eai :k;a0+kr_ar _k;ai _V(nr _ar)ai1 (10)
d k' _
—a =—(n. —a )Ja -k a. 11
dt r V ( r r)l pi ( )

"Here, we expect, for the sake of simplicity, that free acetone is distributed homogenously in the polymer bulk.
“Here, we adopt the simpliest paradigm: a receptor site gets its maximum conductivity after binding of asingle
acetone molecule.
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Here, dimension of k.’ is ml/s. The quantity which is measured experimentaly is i xa, ,
wherei isthe current through a single bound site

To probe the applicability of the paradigm presented in (7) and determine possible values for
the unknown constants Ky, k*, n,, and i, we numerically solve the system of nonlinear differential

equations (10), (11) with initid conditions
a(t=0)=0 a(t=0)=0 (12)

using the procedure of minimization based on the least-squares method. To this end, the
deviation of the sum of sguares of differences of the theoretica

(a (t :tm) [, t,=2m s, m=1 2,..., N ) and experimental values of the current through a sensor
at the corresponding times is minimized.

The sets of optimal parameters found are presented in the Table 1, and comparison of the
corresponding theoretical curve with the experimenta oneis shownin Fig. 5.

Table 1. Sensor’s characteristics obtained by fitting. Here, N, isthe number of experimental
points from the start taken into account.

N, kg,lls k,,1/s k'

k™ ,1/s n, I, NA
—,1/s '
V

10 | 0.448x10~7 | 0.493a | .127x10° 0.0369 | 3912x10* 0.0097
20 | 0.208x10°® | 0.794 | p100x107° | 0.0931 | 2267x10° 0.0056
30 | 0.178x1077 | 0.794 | 0.156x107° | 0.0686 | 2 041x10* 0.0431
50 | 0.423x107° | 0.781 | p151x107° | 0.0718 | 6631x10° 0.0907
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Fig. 5. Comparison of experimental (continuous line) and theoretical (dotted) curves. The
number of experimental points used is N=30. On the insert —theinitial part of the curves.

4. Discussion and conclusions

Obtained results suggest that taking into account of free analyte in the sensor polymer can
give satisfactory qualitative description of the kinetics of the initiad stage of interaction of analyte
with sensor (Fig. 5). Also, the physicd characteristics obtained by fitting (Table 1) arein the frame
of physica intuition. Thus, this approach can be fruitful for studying sensors with absorption of
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anayte. Theinformation about the physical characteristics can be utilized at the stage of synthesis of
a polymer film and for choosing an optimal doping method. At the same time, the approach can be
improved in several ways. Among those is to consider a situation when the receptor must bind more
than a single analyte molecule before it starts conducting, as wel as to use for fitting not only the
rising part of kinetic curve but also the faling part obtained after removing anal yte from the external
gas. Also we must say that the fluctuation statistics of the sensor read will differ from the pure
adsorption-desorption statistics, therefore, before exploiting the method devdoped in [5] for
improving selectivity it is necessary to perform additional mathematicd or numerical anaysis of
noisein this case.
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