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This work investigates the viscoelastic properties of the fluoropolyol (FPOL) polymer on the
surface acoustic wave (SAW) organophosphorous vapor sensors. A complex shear
modulus is used to express different polymer types (glassy, glassy-rubbery, and rubbery).
The different polymer types leads to different propagating properties of SAW, such as
attenuation change and velocity shift. Calculation results indicate that the glassy-rubbery
film exhibits the highest sensitivity for detecting organophosphorous vapor. The thicker the
glassy and glassy-rubbery film implies a higher sensitivity. Moreover, the SAW vapor
sensor based on the rubbery film represents the response of acoustically thick layers which
has a peak in attenuation with an increasing vapor adsorption. The selectivity factor
between DMMP (10 ppm) and H,0 (40%RH) is so low that the selectivity of FPOL film
towards water is ineffecient. However, the selectivity factor between ethanol (10 ppm) and
DMMP (10 ppm) is as high as 2512, thus confirming that the selectivity of FPOL film
towards ethanol is good. Therefore, a precise and dry humidity control in the sensors
system with FPOL coating is required. © 2002 Kluwer Academic Publishers

1. Introduction

Chemical sensor development is increasingly driven
by the need for real-time analyses in industrial pro-
cess control, environmental monitoring chemical war-
fare, and biomedical analysis. These applications of-
ten use analytical techniques such as gas chromatog-
raphy (GC), gas chromatography-mass spectrometry
(MS), atomic absorption spectrometry, and high perfor-
mance liquid chromatography. However, these methods
require large and expensive instrumentation that have a
slow response time and are not mobile. Chemical sen-
sors can be categorized as optical waveguides, devices
based on electrical phenomena, and acoustic oscillator
devices.

Surface acoustic wave (SAW) devices are attractive
for chemical sensor applications owing to their small
size, low cost, high sensitivity and reliability. Details
regarding SAW devices can be found elsewhere [1, 2],
and the feasibility of using SAW structure for vapor
detection has been examined as well [3—7]. Most SAW
vapor sensors vary the SAW phase velocity and attenu-
ation as the vapor adsorbs in the chemical interface.
The chemical interface is chemical or biochemical com-
pounds over the SAW propagating path, and selectively
and reversibly interacts with the specific analyte va-
por. The shift in phase velocity and attenuation is mea-
sured by recording the frequency and insertion loss of
SAW devices, respectively. Various effects, including
mass loading, viscoelastic (elastic) effect loading, and
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acousto-electric coupling [8—11], contribute to SAW
vapor response.

Modern vapor sensors capable of real-time moni-
toring of organophosphorous compounds, i.e., a nerve
agent, are currently lacking. The development of acous-
tic sensors for organophosphorous compounds has re-
ceived considerable attention, with those studies focus-
ing on the feasibility of selecting appropriate chemical
interfaces [12—16]. As is well known, polymer films are
the primary chemical interfaces for organophosphorous
compounds. The polymers have a higher sensitivity,
lower detectable limit, and better ability to operate at
room temperature than metal-oxide films. Related in-
vestigations only discuss how mass loading affects the
response of sensors.

This study elucidates the ability of polymer fluo-
ropolyol (FPOL) coated SAW vapor sensors to detect
the dimethy methyl phosphonate (DMMP). DMMP is
an organophosphorous nerve agent. The mass and vis-
coelastic effects of the polymer are simulated and stud-
ied. Also described herein are the effects of environ-
mental humidity factor and interference vapor.

2. Theory

Fig. 1 illustrates the coordinate system in this study. The
SAW propagates at x; direction. The complex propa-
gation factor § is represented by both wavenumber k
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Figure 1 The coordinate system used in this work.
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where j =+/—1, w is the angular frequency, and V is
the phase velocity of SAW. When the frequency is a
constant, a change in wave propagation can be repre-
sented by

AV .
AB = —ko— — jA«a (3)
Vo

in a normalized form
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where k is the unperturbed wavenamber, Vj is the un-
perturbed phase velocity of SAW, and AB, AV and
Ac are the change of B, V and «, respectively. Using
Equation 4, the change in complex propagation factor 8
can be decomposed into the change of the velocity and
attenuation. If a SAW device is incorporated in an os-
cillator loop, the fractional frequency change A f tracks
fractional velocity change, being represented by

Af _ AV
&~ 2% 5
fo Vo ©)

where f is unperturbed frequency. Loss is represented
by the imaginary part of Equation 4

A
Loss = 8.686 x —— 6)

ko

The change in propagation factor arising from surface
mass loading is expressed by

A AT .

AB VO -Za-v) -
ko 4w P

where Z 4 is the surface acoustic impedance matrices, v

is the particle velocity matrices, * is the complex con-

jugate, and P is the power density. The surface acoustic

impedance is defined as

=T - %30x,=0 = Z4 - V]x,=0 (8)

where T is the stress matrix and X3 is the unit vector in
the x3 direction. The change of velocity and attenuation
is obtained from Equations 4 and 7.
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Notably, the elastic properties of viscoelastic mate-
rials must be described by a complex modulus when
the SAW sensor is coated with a viscoelastic film, such
as a polymer film. For example, the shear modulus is
represented by G = G’ + jG”, and the bulk modulus is
represented by K = K’ 4+ jK”. G’ and K’ are the stor-
age moduli and G” and K" are the loss moduli. The
Lamé constants (A and ) can be expressed by G and
K as follows:

r=K 2G
o 3

©)
uw=G

These parameters are used as variances to alter the poly-
mer characteristics. Based on a previous study [15],
the surface acoustic impedance matrix are derived as
follows

7=
G
JRAIIS 0 0
w
G
0 j)/z_ tan(y,h) 0 )
w
K
0 0 B2 tan(sh)
w
(10)
where

1 1 4G(3G +G6)
VI=w, | —= - Ao A
G Vv 3K +4G

G
e

Substituting Equation 10 with Equation 7, the change
of the complex propagation factor can be obtained as

ABV nG
ko 4wP

G
—— tan(yh) - v% + = tan(y,h) - v%
w w
K
+ ”‘7 tan(ysh) - v32:| (12)

For the Rayleigh SAW, the change of the complex prop-
agation factor reduces to

Ap V. (nG y:K
T " d0P [7 tan(yih) - vi o+ =% tan(ysh) ”5]

(13)

The changes of velocity and attenuation are obtained
by substituting Equation 13 with Equation 4.



3. Results and discussion
3.1. Simulation of varying thickness

of glassy, glassy-rubbery,

and rubbery polymer films
A bulk modulus K and a shear modulus G can be
used to specify the mechanical properties of a linear
and isotropic polymer. The polymer with a large shear
modulus (G’ > 10 GPa) and G’ < G” is a glassy (elas-
tic) one. The rubbery (viscoelastic) regime is charac-
terized by G’ < 100 MPa, and G” is comparable to or
less than G’. The glassy-rubbery polymer refers to the
polymer with a G’ which is 100 MPa < G’ < 10 GPa.
For the calculations in this section, the operating fre-
quency is considered to be 98 MHz on Y-Z LiNbO;
wafer, and the density of the polymer (FPOL) coat-
ing film is 1.65 g/cm?®. Notably, the film thickness is
assumed to be less than 0.1 pum since the film thick-
ness in SAW vapor sensors is normally much less than
the SAW wavelength A (hTO < 0.01). The real part of the
bulk modulus is assumed to be a constant [15] so that it
equals 10 GPa in this work. From our investigation [17],
the influence of the imaginary part of the bulk mudulus
can be neglected. For the calculations, the parameter
v; =+/P are obtained from Table I. According to this
table, the polymer characteristics depend mainly on the
real part of the shear modulus [18]. Therefore, G” can
be assumed to be a constant. In Fig. 2, the imaginary
part of the shear modulus is assumed to be 50 MPa, and
the real part of the shear modulus, G’, describing three
different polymers is the variable as the film thickness,
ho. The attenuation and velocity shift increase with
an increasing film thickness and also increase with a
decreasing G’.

3.2. Simulation of vapor sorption by glassy,
glassy-rubbery, and rubbery
polymer films
The thickness and density of the polymer are taken as
a function of the concentration of gas sorbed. The con-
centration of sorption species C can be expressed as
follows:

_ Yoy
M

C (14)

where Y is the partition coefficient, cy is the vapor
concentration, and M is the molecular weight of the
sorbed vapor. The thickness and density of the polymer
film can be expressed by C as follows:

h(C) = ho(14+CU)

(15)
po+CM
p(C) = ——+
1+CU
TABLE I Properties of YZ-LiNbO3 substrate
Propagation v /P vy/ VP v, /P
velocity (m/s) X IO*Gﬂ[(m/s)/a/W/m]
3488 0 2.625 1.771
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Figure 2 Calculated result of the loss and velocity shift as a function of
the film thickness. (a) Glassy, (b) Glassy-Rubbery, (c) Rubbery.

where g and pg is the thickness and density of the
polymer film before vapor sorption, respectively. Also,
U is the specific volume of the sorbed vapor obtained
from

M
v
where py is the density of vapor.
The parameters of DMMP are py =1.145 g/cm?,
M =124, and ¢ =10%% The density of FPOL is
1.65 g/cm?. The operating frequency of Rayleigh-SAW
on YZ-LiNbOj3 is 98 MHz. In Fig. 3, the imaginary
part of shear modulus is assumed to be 50 MPa. The
bulk modulus is assumed to be constant, K’ = 10 GPa

U = (16)
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Figure 3 Calculated results of the attenuation change and velocity shift of Rayleigh-SAW as a function of concentration of DMMP with the
film thickness as a parameter. (a) Glassy, (b) Glassy-Rubbery, (c) Rubbery, (a) 7o =0.02 um, (b) ho=0.04 pum, (c) hp=0.06 um, (d) ho=

5

0.08 um, (e) ho=0.1 um.
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Figure 4 Calculated results of the attenuation change and velocity shift of Rayleigh-SAW as a function of concentration of H,O with the
film thickness as a parameter. (a) Glassy, (b) Glassy-Rubbery, (c) Rubbery, (a) 7o =0.02 um, (b) ho=0.04 pum, (c) hp=0.06 um, (d) ho=

0.08 um, (e) hp =0.1 pm.
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Figure 5 Calculated results of the attenuation change and velocity shift of Rayleigh-SAW as a function of concentration of Ethanol with the
film thickness as a parameter. (a) Glassy, (b) Glassy-Rubbery, (c) Rubbery, (a) 1o =0.02 pum, (b) ho=0.04 um, (c) hg=0.06 um, (d) ho=
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and K” =0. Fig. 3a and b summarize the effects of
glassy and glassy-rubbery polymer. The velocity shift
and attenuation increase with an increasing vapor con-
centration and film thickness. In Fig. 3c, at a high va-
por concentration, the plasticization causes the rubbery
film to behave as an acoustically thick one. The SAW
response of acoustically thick layers has a peak in atten-
uation with an increasing vapor adsorption. The glassy-
rubbery film exhibits a maximum sensitivity as illus-
trated in Fig. 3. On the other hand, the glassy film is the
stiffness material, thereby enhancing the elastic effect.
The velocity shift due to elastic effect is opposite to that
resulting from mass loading. Hence, the glassy film has
a low sensitivity.

3.3. Simulation of environmental humidity
factor and ethanol inference vapor with
glassy, glassy-rubbery, and rubbery
polymer coating

A significant environmental factor for vapor detection is

humidity. The parameters of water are py = 1.0 g/cm?,

M =18, and v =103, The operating frequency of

SAW vapor sensor is 98 MHz in Fig. 4. The imaginary

part of shear modulus is assumed to be 50 MPa, and the

bulk modulus is assumed to be constant, K’ = 10 GPa
and K” =0. Fig. 4 summarizes the effect of the envi-
ronmental humidity factor. The common relative hu-

midity in real environment is 40-70%RH. In Fig. 4,

SAW response is evident and sensitive in the range of

40-70%RH. In addition, the sensitivity for water in 40—

70%RH is significantly higher than that for DMMP in

a few ppm. The selectivity factor, S, can be defined as

follows:

_Kp-Ca

§==-r -4
KL.C,

17)

where K and K. are air-polymer partition coeffi-
cients for analyte and interference vapors, respectively,
and C4 and C; are the concentrations for analyte and
interference vapors, respectively. The selectivity fac-
tor between DMMP (10 ppm) and H,O (40%RH) is
0.3, thereby leading to a poor selectivity of FPOL film
towards water. Therefore, a precise and dry humidity
control in this application is an important requirement.
To examine the selectivity towards the interference va-
por, ethanol is chosen for simulation. The parameters
of ethanol are py =0.78504 g/cm3, M =46.06952 and
¥ = 1030, Fig. 5 illustrates the responses for ethanol.
These closely resemble the responses for DMMP. The
sensitivity for ethanol is markedly less than that for
DMMP at the same vapor concentration. By apply-
ing Equation 17, the selectivity factor between ethanol
(10 ppm) and DMMP (10 ppm) is 2512, thereby ensur-
ing that the selectivity of FPOL film towards ethanol
is good.

4. Conclusion
This study examines the feasibility of detecting
organophoshporus compounds with SAW sensors

based on FPOL polymer. First, the attenuation and
velocity shift increase with an increasing film thick-
ness and also increase with a decreasing G’ before
vapor adsorption. After vapor adsorption, the glassy-
rubbery film exhibits a maximum sensitivity. The sen-
sitivity of response increases with an increasing glassy
and glassy-rubbery film thickness. The plasticization
causes the rubbery film to behave as an acoustically
thick one. On the other hand, the glassy film has a
strong elastic effect so that the sensitivity of response
is low. The selectivity factor between DMMP and H,O
is extremely poor in the common relative humidity of a
real environment. Therefore, a precise and dry humid-
ity control for FPOL coating is necessary. Moreover,
the selectivity factor between DMMP and ethanol is
2512 so that there is a high selectivity towards ethanol.
However, the moduli of the polymer film and the par-
tition coefficient are functions of temperature and an
accurate temperature controller for the sensor system
is important.
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