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Abstract: New approach to modeling and analysis of transversal surface acoustic wave (SAW) chemical vapor sensors is presented. The sensor is
modeled as a two-port device with parts represented by equivalent circuits. Change of output voltage, or frequency, as a function of vapor concentration
is calculated. The model is general and includes propagation losses which are usually neglected in analysis methods. Closed form expressions for vapor
concentration estimations are obtained. Simulation results are compared to experimental data. The approach enables better insight in the sensor opera-
tion and therefore the optimal design of vapor sensors.

Modeliranje SAW senzorja kemic¢nih hlapov

Kjuéne besede: SAW, povrsinski akusti¢ni valovi, senzor hiapov, polimer

I1zviedek: V prispevku predstavimo nov pristop k modeliranju in analizi transverzalnega SAW senzorja kemicnih hlapov. Senzor z dvema prikljuckoma
modeliramo z nadomestnimi vezji. lzracunavamo spremembo izhodne napetosti ali frekvence v odvisnosti od koncentracije hlapov. Model je splosen in
uposteva izgube, ki jih druge analize zanemarijo. Simulacije primerjamo z merjenimi rezultati. Na$ pristop omogoca bolj8e razumevanje delovanja senzorja
zatorej tudi moznost optimalnega nacrtovanja kemi¢nih senzorjev hlapov.

1. Introduction

In the last two decades surface acoustic wave (SAW) chem-
ical vapor sensors have found numerous applications due
to their compact structure, high sensitivity, small size, out-
standing stability, low cost, fast real-time response, pas-
sivity, and above all their ability to be incorporated in com-
plex data processing systems. They can be used for in
situ monitoring and sensing systems. /1,2,3/

The basic principle of SAW sensors is the reversible sorp-
tion of chemical vapors by a solvent coating which is sensi-
tive to the vapor to be detected. It is interesting that a SAW-
based sensor system is used as a volatile organic contami-
nation monitoring system for the satellite and space vehicle
assembly rooms in NASA. SAW sensors have been able to
distinguish organophosphates, chiorinated hydrocarbons,
ketones, alcohol, aromatic hydrocarbons, saturated hydro-
carbons, and water /1/. SAW sensors are particularly use-
ful for wireless monitoring in harsh environment /4/.

Surface acoustic waves were discovered in 1885 by Lord
Rayleigh and are often named after him as Rayleigh waves
/5/. A surface acoustic wave is a type of mechanical wave
motion which travels along the surface of a solid material,
referred to as substrate. The amplitude of the wave de-
cays exponentially with distance from the surface into the
substrate, so that the most of the wave energy is confined
to within one wavelength of the surface /6,7/. The veloc-
ity of acoustic waves is typically 3000 m/s , which is much
lower than the velocity of the electromagnetic waves.

A basic SAW device was originally developed in 1965 /8/.
It consists of two interdigital transducers (IDTs) on a piezo-

electric substrate such as quartz. Each IDT is a reversible
element made of interleaved metal electrodes, which are
used to launch and receive the waves: an electrical signal
is converted to an acoustic wave and then back to an elec-
trical signal. An IDT is a bidirectional transducer that radi-
ates energy equally on both sides of the electrodes. Con-
sequently, theoretical insertion loss introduced by an IDT
is at least 6 dB.

Starting around 1970, different kinds of SAW devices were
developed for applications in pulse compression radars,
satellite communications and signal processing systems,
mobile radio, and cellular telephones /9,10/. There are
very broad ranges of commercial and military system ap-
plications that include components for radars, front-end
and IF filters, CATV and VCR components, cellular radio
and pagers, synthesizers and analyzers, navigation, com-
puter clocks, tags, and many, many others /11,12/. SAW
devices have found numerous applications outside their
conventional fields, communications and signal process-
ing. In the last two decades considerable work has been
done in the development of SAW sensors of different types.
High quality SAW filters are used as temperature, pres-
sure and stress sensors /4,13/ as well as chemical and
biosensors /14,15/. Generally, two types of chemical SAW
sensors are used: transversal (or delay) and resonant.

Analysis of SAW devices can be approached to in three
ways: (1) exact analysis by solving the wave equation, (2)
approximate analysis by means of equivalent electro-me-
chanical circuits, and (3) approximate analysis via the del-
ta function model /9,pp.55-122/. It is well known that the
exact analysis of SAW devices using surface wave theory
is very complex (even in the case of a free surface)
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/6,7,10,14/. It starts from the second Newton’s law and a
set of partial differential equations. The equations are
solved for the appropriate boundary conditions and rela-
tions between mechanical and electrical quantities of a
piezoelectric substrate. In the most general case, e.g. in
the presence of electrodes on the surface, the Maxwell's
equations for the electromagnetic field should be taken
into account, as well. Consequently, the exact analysis can
be effectively applied only for [DTs with a small number of
electrodes.

The simplest approximate method of analysis is based on
the delta function model. It gives the results relatively fast,
but its use is limited to small loads and substrates with low-
er coupling constants.

Better approximate methods use equivalent circuit models
for IDTs, where the analysis tools known in electrical engi-
neering can be applied. In these methods the accuracy
depends on the complexity of the mode!. The closed-form
solutions are derived for simple IDTs on quartz and lithium-
niobate /9, pp.55-122,15/. Recent development of
MEMS-based SAW chemical sensors, on new piezoelec-
tric materials, also utilize equivalent circuits but only for
modeling frequency characteristics of uniform IDTs /16,17/.
In addition, closed-form solutions for more complex IDT
structures have been developed by means of advanced
electrical engineering analysis methods /18,19,20,21/.

One of the main objectives in a chemical sensor analysis
is derivation of formulas which connect the change of elec-
trical signals (e.g., voltages and frequency shifts) and chem-
ical quantities (e.g., vapor concentration). The existing
analysis approaches are usually: (a) the exact analysis via
the wave equation /2,3,7/ and (b) the analysis based on
published formulas derived from the wave equation
/22,23/. The most complete treatment of the exact anal-
ysis has been reported in /7/. Generally, chemical SAW
sensors have been analyzed mainly from the chemical point
of view with less attention given to the relations between
the electrical and chemical quantities and matching condi-
tions at the electrical ports.

Typically, the analysis that is based on published formulas
{which connect electrical signals and chemical com-
pounds) neglects many properties of a real SAW delay line,
such as propagation losses, technological constraints, and
production tolerances. This is the reason why some re-
searchers perform more experiments than needed, or have
difficulties in explaining discrepancies between the expect-
ed and measured values /24/.

In this paper, a new modeling algorithm for the analysis of
transversal chemical SAW sensors, based on the electrical
equivalent circuit method, is presented. The algorithm de-
velops in a straight forward manner explicit general relations
between electrical signals, voltages or frequencies, and
vapor detection estimations taking into account properties
of real SAW devices, which are usually neglected. The whole
sensor is modeled as a two-port network consisting of three
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parts: (1) the input interdigital transducer, (2) the delay line
that is the sensing part, and (3) the output interdigital trans-
ducer. The transducers are modeled as three-port networks
and the delay line as a two-port network.

This paper focuses on the essential problem of modeling
the delay line with acoustically thin films and the influence
of the gas concentration on its behavior and, consequent-
ly, on the sensor’s output voltage or frequency. The pro-
posed algorithm is used for the vapor concentration esti-
mation and the results are compared with the experimen-
tal data. It has been shown that the concentration predic-
tion is better if the properties of practical SAW devices are
properly taken into account, especially at higher center
frequencies.

2. Principles of SAW Sensor
Operation

A transversal SAW chemical sensor can be schematically
presented as in Figure 1. It consists of two interdigital trans-
ducers on a piezoelectric substrate, such as quartz. Pie-
zoelectric materials are anisotropic, which will yield differ-
ent material properties versus the cut of the material and
the direction of propagation. Commonly used substrates
are ST-cut quartz and lithiumniobate. ST-cut quartz crystal
is cut at a specified angle (0°, 132.75°, 0°) to the crystal-
lographic axes so that it has a small or vanishing depend-
ence of wave velocity upon temperature at room tempera-
ture /7/. The SAW propagation is in the x-direction with
velocity v = 31568 m/s. Usually, Y-cut lithiumniobate crys-
tal is used. The propagation is in the z-direction with veloc-
ity v = 3488 m/s, but the temperature dependence is not
negligible.

input output
transducer transducer

sensitive coating

i ////7

substrate

Fig. 1.  The basic configuration of a chemical SAW
sensor. (Acoustic absorbers and matching
networks are not shown.)

A chemically sensitive thin layer is placed between the in-
terdigital transducers on the top surface of the piezoelec-
tric substrate. The surface wave is induced by an electri-
cal signal applied to the input IDT.

The output signal (voltage) is taken from the output IDT.
The velocity and attenuation of the wave are sensitive to
mass and viscosity of the thin layer. The purpose of the
thin layer — a polymer film - is to absorb chemicals of inter-
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est. When the chemical is absorbed, the mass of the pol-
ymer increases causing a change in velocity and phase of
the acoustic signal, which causes a change in amplitude
and frequency of the output voitage at the load impedance
Z,. Acoustic absorbers (not shown in Figure 1) should be
appropriately placed on the substrate edges to damp un-
wanted SAW energy and eliminate spurious reflections that
could cause signal distortions.

The IDTs are identical with uniformly spaced electrodes of
equal lengths and equal ratio of electrodes width and spac-
ing. The number of electrodes defines the frequency band-
width of a SAW device. The electrode’s length and number,
and matching networks at the electrical ports, should be
chosen to match the IDT input resistance, at the center
frequency fo, to the load resistance R and the generator
resistance Rg. In that case, the overall minimal loss due to
IDTs is 12 dB. The wavelength corresponding to the cent-
er frequency equals the distance between the electrodes
of the same polarity. The center frequency and the band-
width are determined by the IDT's geometry and the sub-
strate type.

The middle part of a SAW sensor is a delay line, generally
treated as lossless. However, its losses can be neglected
only for lower frequencies and smail delays (small distanc-
es between the transducers). The transfer function of the
delay line is normally assumed unity, although this may not
be true for high frequencies (f > 0.5 GHz) or if there are
films in the propagation path /12,p.1.6-10/. In communi-
cations, in electrical filtering applications, the distance be-
tween the IDTs is small. Quite opposite, in chemical sen-
sors this part is essential and must have a certain length,
usually 100-200 wavelengths /7/, which should be tak-
en into account.

3. New Model of SAW Chemical
Sensors

The configuration presented in Figure 1 can be modeled
by a general equivalent electro-mechanical circuit given in
Figure 2. The IDTs are three-port networks and the sens-
ing part is a two-port network designated by DL in Figure 2.
The characteristic SAW acoustic impedance of the unload-
ed substrate is designated by Zg and the acoustic imped-
ance due to the mass loading of the thin film is Zm:

Zy=Apgyv (1)

Zp =App v 2)

where A is the substrate cross-section area through which

the waves propagate, rs is the mass density of the piezoe-

lectric substrate, v is the SAW velocity in the piezoelectric

substrate, Am is the cross-section area of the thin film, and

Im is the mass density of the film. Zg = Ry and Z, = R_are

purely resistive electrical impedances of the generator and
the electrical load, respectively.

Zo[j-:: IDT1 | F, | DL | F; IDT 2

Vou J
& g
-+

Fig. 2. The equivalent circuit of a SAW sensor.

.
J ZO

Since the analysis of IDTs using equivalent electrical cir-
cuit models is well-known, the focus of this paper is to
model the sensing part properties. The key observations
relevant to the chemical sensor analysis are the following:
(a) the sensor operates near the center frequency and (b)
the IDTs are uniform with equal length electrodes. In that
case, the IDT driving-point admittance at the electrical port,

Yipr =G, (/) + 3B, (/) +2rfCy, j=+/-1, where Co is the
static capacitance, can be caiculated using well-known
formulas /12,p.1.6-6/.

G, (f0) =8k foCH,N2, B,(fy)=0 (3)

where k is the piezoelectric coupling coefficient, fg is the
center frequency, Cs is the capacitance per unit electrode
length, Wi is the electrode length (that is, the width of the
wave front), Ny is the number of electrode pairs. Equation
(3) is used for designing proper matching of IDTs at the
electrical ports. It should be noted that the characteristics
of IDTs outside the narrow band around the center frequen-
cy are of no interest.

The output voltage across the load Vo is proportional to
the mass loading of the sensing part. First, the output volt-
age in the presence of sensing material (polymer without
vapor) is calculated and it serves as a reference voitage
Vi, also referred to as the baseline voltage. The difference
of the output voltage in the presence of vapor and the ref-
erence voltage is proportional to the vapor concentration.
In some applications the output voltage is directly meas-
ured, but usually the sensor is a part of a more sophisticat-
ed system. In that case two equal SAW sensors are used:
one is vapor-free and serves as a reference, the other one
is exposed to vapor and actually performs the sensing func-
tion. The two SAW sensors are embedded into electrical
oscillator circuits and the frequency shift between the os-
cillators is proportional to the gas concentration. Using an
electronic circuit called the mixer the voltage proportional
to the vapor concentration is obtained from the frequency
shift. In any case the voltage across the load has to be
found, which implies that the electrical transfer function of
the sensor has to be determined.

According to Figure 2 the electrical transfer function can
be expressed as follows:
T(f) _ Vout _ Vout E?,_ﬁ
- - 4
Vg F;Z F‘l Vg ( )
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where Fi and F» are mechanical forces.

Since the transducers are identical, Vou/Fo is the conju-
gate complex value of F1/Vy, and these terms are only func-
tions of frequency. Therefore,

HOERGE )

FZ
B

where T13(f) = Vout/F2 represents the transfer function of
the transducer. Fortunately, in this case, since the sen-
sors work close to resonance in matched conditions at
the input and output, the elaborate work of computing T13(f
can be avoided. Instead of Eq. (5) a much simpler expres-
sion can be used:

(o)l =1T5 S ®)

FZ
5

At resonance, for a delay line without the polymer film, and
negligible losses, Fo/Fy =1 and | Tis{fo)|2=1/4 =~- 12dB.
Therefore, the relative variation of the output voltage Vout
due to the mass loading is equal to the relative variation of
F2. The delay line of Figure 2 can be schematically repre-
sented as shown in Figure 3.

v Zm A%
+ ? I_Ir_l — -——>
'F, ‘Rz
— -

Fig. 3. The equivalent circuit of a mass loaded delay

line.

By analogy between electrical and mechanical quantities,
the relative variation of F» and the relative variation of ve-
locity, for Zm much smalier than Zo, are determined by

_Zm N_Zml

Zo+Z,  Z, ]Zm«zo (7)

AF, Av _F,-Fy _
Fy v Fyy

where Foo denotes Fo without mass loading, and y is the
corresponding wave velocity. Using Egs. (6) and (7) the
variation of the output voltage due to the mass loading,
can be calculated as follows:

Aow _ Zny
Vo Zy
Where Vj is the output voitage without the mass loading.

(8)

Using Egs. (1),(2),(7),(8) and the well-known relationship
between wavelength, velocity and frequency, the frequen-
cy shift due to the mass loading can be calculated as:

gzé‘i:_zm :AVout :_pmhm
o v Z " Psho

Ky (9)
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where pm and hy, are the density and thickness of the thin
layer, ps is the density of the piezoelectric substrate, and
Kw is a coefficient that depends on the technological proc-
ess and implementation of the sensor. Ky is defined as the
ratio of the polymer film width W and the width of the SAW
front Wa : Kw = Wi/ Wa. The components of the wave de-
cay exponentially inside the substrate and the penetration
is of the order of one wavelength. Therefore, in Eq.(9),
instead of the substrate thickness, one wavelength Ao is
used. From the last equation Af can be determined as:

Af = - Pmm fiK (10)
Psv

The last equation shows that the higher sensitivity will be
obtained if the center frequency is higher, thickness and
density of the film larger, and the substrate density and
velocity smaller. This means that quartz (ps = 2.62 g/cms)
is a better choice for the substrate than lithiumniobate (ps =
4.7 g/cm®). Furthermore, if ST-cut quartz is used temper-
ature dependence can be neglected /7/. Using the last
equation the frequency shift, or the output voltage change,
due to the polymer sensing film (without vapor) can be
determined:

AV, Af  pph
——u =——['=——pvp JSoKyw (11)

VO ﬁ) Ps

where pp and h;, are the density and thickness of the poly-
mer, respectively. The reference voltage is

AV
=" _IAVoutleo[l_,T:nI] (12)

Since AVqut is very small, Wy, is very close to V.

Mass sensitivity Sy, is an important characteristic of SAW
sensors and is defined as S, = Af/Alpphy) /22/. Accord-
ing to Eq.(11), assuming Ky = 1, it follows:

Af 1 .2
Sp=—F—=—
" T APy pev (13)

The mass sensitivity is determined only by the substrate
(ps and v) and the geometry of IDTs (fg).

When vapor is absorbed, an additional voltage change
occurs. Using the same reasoning and the fact that hy, is
much smaller than Ag, the voltage change due to vapor in
sorbent phase, can be calculated as

AV, Pyapht
vap _ Pvap”p fo KW
Vb psv

where pyap is the density of the vapor in sorbent phase.
The sorbent phase of a volatile chemical compound is that
part of the compound which is absorbed by polymer. Since
the reference voltage shift without vapor AVqy is known,
Eq.(11), the last equation can be expressed as follows:

AVvalp . Pvap AVO

(14)

ut

(15)
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From Eq.(15) concentration of the chemical compound in
vapor phase can be predicted using the known relation
between the concentrations in sorbent and vapor phases
/22/:

K=C,/C, (16)
where K is the partition coefficient, Cs is the concentra-
tion of the chemical compound in sorbent phase (in the
sorbent coating /14,p.291/), and C, is the concentration
of the chemical compound in vapor phase (concentration
in the ambient /14,p.291/). Vapor sensitivity depends on
the choice of the sorbent coating material, polymer, and
its strength of sorption, which is given by the partition co-
efficient K. The voltage shift AWap as a function of concen-
tration C, can be obtained as

AVVaP - KCV out (1 7)

Vb pp VO

The concentration in Eq.(17) is in g/cm?. It should be not-
ed that different concentration units can be used in litera-
ture, but the units used here are asin /14,p.291/. Conse-
quently, the value of K depends on the concentration units
used. Equivalent relationship holds for Af and the frequen-
cy shift due to vapor Afyap:

Afvap =KC,Af/ Pp (18)
Equations (14)-(17) are derived for a delay line with negli-
gible propagation losses. These equations contain normal-
ized voltages (dimensionless quantities) so that they re-
main valid even for lossy delay lines. However, the propa-
gation losses affect voltage shifts and voltages (quantities
in Volts) and should be taken into account. The propaga-
tion loss is a nonlinear function of frequency, substrate and
delay. According to /6,10/ the propagation loss for quartz
can be calculated using

2
ams :(z'lstHZ+ 045fGHZ) (19)

where ay is the attenuation coefficient in dB/ls and fanz
is the frequency in GHz. The propagation loss ags (in dB)
is the product of the attenuation coefficient ays and the
delay T (in Us): agg = ajys T Any voltage V or a voltage shift
AV obtained from a lossless model should be divided by

1 AV,

the factor @ =10%%/%_ If the desired accuracy in the voit-
age shift prediction is better than 1% (that is, better than
0.001), the propagation loss should be neglected only in
the case when its value is less that 0.01 dB.

4. Simulation Results and Discussion

Prediction of mass sensitivity as a function of frequency is
demonstrated first.

For the quartz substrate (ps = 2.62 g/cm®, v=3158 m/s),
according to Eq.(13), the frequency dependence of the
mass sensitivity is calculated and presented in Figure 4.

As can be seen, the simulation results, based on the pro-
posed model, are in a good agreement with the experi-

Hz
ngfem*

i

N | £ (MHZ?)
0 50000 100000 150000 200000

Mass sensitivity versus f&. Simulated results
are represented by solid line and reported
measured values /22,Figure 6/ are designated
by dots.

mental results. The points in Figure 4 are obtained from
Figure 6 reported in /22/ for the 158 MHz device of the
transversal type and the (200, 300, 400) MHz devices of
the resonator type.

Prediction of the frequency shift due to the polymer fiim on
quartz is illustrated by the next example. Polymer is polyvi-
nyl tetradecanal (PVTD) applied by Langmuir-Blodgett (LB)
method /22/. Using Eq.(13), and the reported values for
hp=(79.5,49.6, 22, 12.4)nm and pp = 1g/cm?, the fre-
guency shifts for four different center frequencies are cal-
culated and presented in Table 1 along with the experi-
mental results /22/.

Table 1. Frequency shifts due to polymer loading.

Frequency 158 MHz | 200 MHz | 300 MHz | 400 MHz
Predicted Af | 240 kHz | 240 kHz | 239 kHz | 240 kHz
Measured Af | 247kHz |243 kHz'| 250 kHz" | 205 kHz"

The relative error in Afis (probably) caused by the fact that
the experimental values of h, are higher than the reported
calculated ones /22/, which were used in the prediction.
The **" in Table 1 marks measured reported values for res-
onator type devices. However, the predictions are made
for transversal devices, which explains the discrepancy be-
tween the experimental and predicted values at higher fre-
quencies.

Finally, predictions of the frequency shift due to vapor are
calculated. The polymer is PVTD and the vapor 1,2-
dichloethane (DCE). From Eq.(18) one can conclude that
for the same polymer, vapor concentration, and Afthe same
value of A,y should be obtained regardiess the center
frequency.

For the vapor concentration of C, = 650.8 g/m3 and the
center frequency of fy = 158 MHz, the predicted frequen-
cy shift is Afyap = 16.6 kHz and the measured shift is about
13 kHz /22/. The corresponding partition coefficient K =
1029279 is taken from the literature /1/.
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The proposed algorithm is also applied to the calculation
of vapor concentrations givenin /1/. Vapor is trichloroeth-
vlene (TCE), and the polymer is PVTD. In this case, since
the frequency is high, attenuation due to the propagation
losses should be taken into account, but it does not effect
the ratio AWap/Vs. Using data from /1/ (fo = 500 MHz,
log(K) = 2.65, pp = 0.96 g/cm®>, Af= 1.5 MHz, MW = 131.4
g/mol, Vi = 24.46 I/mol) and Eq.(17), the vapor concen-
tration is calculated as a function of AWap/W,. The results
are presented in Figure 5, where dots represent the meas-
ured data /1/. According to /1, Figure 3/ the correction
factor is Ky = 0.76. The prediction is in a good agreement
with the experimental results.

TCE (ppm)
14000 -
12 000+ <.
10000 i
8000 =
6000 =
4000 =
2000

0 , AR P
0°00 0.05 0.10 0.15 0.20

Fig. 5. TCE concentration versus the normalized
voltage shift.

The proposed method is verified using experimental data
from /24/. The experiments were carried out without any
predictions, for devices on quartz at the center frequencies
(39.6, 99, 132, 198, 264) MHz, different polymers, and
three gases which simulate warfare chemical agents. Poly-
mers were polyisobutylene (PIB), polyepichlorohydrin
(PECH), and polydimethylsiloxane (PDMS) deposited by the
spin coating technique. Space between the transducers was
1500um with the aperture 1800um. The characteristics
were measured directly using E-5061A network analyzer.

Predictions are made at o = 99 MHz for PECH and
dichloromethane (CH2Cl2, DCM) with p, = 1.36 g/cm3,
hp=0.24mm, K = 102943 MW = 85 g/mol, Vi = 24.46 |/mol.
The delay T is calculated from the distance between trans-
ducers dipt = 1500um and the wave velocity v = 3158 m/
s:T=dppr/ v =0.475us = 0.5us. The correction factor 1/
a due to attenuation loss is calculated according to Eq.(19),

farz = 0.099, ayg=(2.15f&, +0.45fg,,), T = 0.5,

agp = 2yl @ = 1078/2° 1 /a = 0.996, as expected since
the frequency is lower than 500 MHz and the delay is only
about 0.5us. For 5 ppm concentration of DCM, the pre-
dicted frequency shift is 584 Hz and the measured value
is 574 Hz /24/.

Difficulties were encountered in measuring the concentra-
tion of the same gas on PIB /24/. That can be explained
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by the proposed model: the constant K for PIB is about
three times smaller than for PECH and therefore the de-
tected voltage, which represents the gas concentration,
will be also three times smaller, which gives insufficient
voltage for the analyzer to be detected.

5. Conclusions

A new model for acoustically thin SAW transversal chemi-
cal vapor sensors has been developed. The model is based
on electrical equivalent circuits of SAW devices, which
connect electrical signals and chemical compounds, and
takes into account important properties of real SAW devic-
es, such as propagation losses, technological constraints,
and production tolerances. The unique feature of the model
is a set of closed form analytic expressions for vapor con-
centration estimations. The expressions explicitly relate the
vapor concentration, substrate parameters, and center fre-
quency. They enable insight into the influence of the sen-
sor design parameters on the sensor performance.

The presented method predicts very efficiently and cor-
rectly the frequency and voltage shifts due to the vapor
concentrations in chemical sensors. The simulation results,
based on the proposed model, are in a good agreement
with the experimental results. The results presented can
be used in future for the design of optimal sensors for a
given vapor.
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