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ABSTRACT 

Using computer simulation, we examined the 
response of polymer-coated acoustic-wave oscillators as 
chemical sensors. Two structures were studied for com­
parison: a thin-membrane ( ~ 2µm ) ZnO-on-Si oscilla­
tor, and a conventional surface acoustic wave (SAW) 
oscillator, both operating at a wavelength of 14lµm. 
For changes in the physical properties of the polymer 
coating, that might occur upon exposure to chemicals, 
the velocity sensitivity of the thin-membrane struc­
ture is typically an order of magnitude greater than 
that of the SAW structure. Approaches to the fabrica­
tion of these sensors are described. 

INTRODUCTION 

The sensitivity of SAW oscillators to surface per­
turbations has been used to advantage in making chem­
ical sensors [1]. Development of composite ZnO-on-Si 
SAW devices allows consideration of integrating SAW 
chemical sensors with ancillary components such as 
amplifiers and signal processing electronics. However, 
realization of such sensor packages is complicated by 
the relatively high operating frequencies required for 
adequate sensitivity (greater than 30 MHz) and by the 
difficulty of protecting the supporting circuitry from 
the environment. 

We are investigating the use of acoustic sensors 
that employ propagation of the lowest-order antisym­
metric (AO) Lamb waves on composite ZnO-on-Si thin 
membranes. For membrane thicknesses that are small 
compared to the wavelength (e.g., on the order of 1-2% 
of the wavelength) the phase velocity, and hence 
operating frequency, of the AO-Lamb mode is about 
one-twentieth that of a Rayleigh mode of the same 
wavelength. Additionally, since wave energy is present 
on both the top and bottom surfaces of the membrane, 
detection of chemical analytes can be achieved by coat­
ing and exposing the bottom side while isolating the 
sensitive electronics on the top. 

Figure 1 shows a cross section of the structure 
under consideration. Transducers placed on the mem­
brane are used to launch and receive ultrasonic Lamb 
wa-ves;- Provided that the gain of the feedback amplifier 
is sufficient to account for losses in wave transmission 
and transduction, oscillation at radian frequency w 
results, in accordance with Equation 1 [2]. 
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Fig. 1. Cross-section through ZnO-on-Si mem­
brane oscillator structure. 

(1) 

This equation states that the total phase shift 
around the loop (consisting of the acoustic path having 
length L and phase velocity v

P
, the transducers, and 

the amplifier having phase shift <1>£) is an integral 
number, N, times 21r radians. Since the phase shift of 
the amplifier is generally much smaller than that of the 
acoustic propagation path, any change of phase velocity 
results in a proportionate oscillator frequency change of 
opposite sign. It is this dependence of frequency upon 
v

P 
that is used in most SAW oscillator sensors since 

frequency can be measured accurately ( typicaJly ,, to 
better than 1 part in 107). 

The sorption of a vapor by an organic polymer 
causes the polymer to swell, changing its thickness, 
density, and elastic stiffness. As a result, exposing a 
polymer-coated ultrasonic oscillator to a vapor changes 
the resonant frequency. Since the extent to which 
vapors are sorbed is a function of the "affinities" of the 
solvent and polymer for each other, at least partial 
selectivity in the response of coated oscillators to 
different solvent vapors is expected. We have com­
puted the phase velocities of SAW and thin-membrane 
structures for three differtent polymers and several 
values of thickness, density, and stiffness. 

RESULTS AND DISCUSSION 

Computer Simulation 

The results described below were obtained using a 
computer program written by Nassar and Adler [3]. 
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Phase velocities were computed for the layered struc­
tures based on the physical and electrical constants of 
each material in the structure. We compared at a 
wavelength of 141µm, a ZnO-on-Si SAW oscillator 
(7.Sµm ZnO) and a thin-membrane oscillator (O. l µm 

ZnO, 2µm Si) coated with each of the following poly­
mers; polyvin� chloride (PV�, p = 1ro kf/m 3

, 

c 11
= 5.54, c 12

-3.40, and c 44-1.07X10N/m [4]), 
butyl rubber (GRl-soft vulcanizate, p = 925 kg/m 3 , 
c 11=3.30, c 12= 1.70, and c 44=0.78X 109N /m 2 [5,6]), 
and polyethylene (PE-" alkathene", p = 915 kg /m 3, 
c 11=4.17, c 12= 3.41, and c 44

= 0.38X 109
N /m 2 [7]) 

(P= density, c;j = stiffness constants). The PVC is a 
highly crystalline polymer that is glassy at room tem­
perature, while the PE is a rubbery polymer of low 
crystallinity, and the GRl is a soft vulcanizate which is 
rubbery and amorphous. 

At this wavelength the uncoated SAW and mem­
brane devices have resonant frequencies of 31 MHz and 
1.46 MHz, and piezoelectric coupling strengths 
(-t:,. v /v) of 0.53% and 0.34%, respectively. Interest­
ingly, the coupling of the membrane device increased to 
~ 0.6% upon coating with the polymers. 

Figure 2(a) shows the relationship between the 
SAW phase velocity and the thickness of each polymer. 
For thin polymer layers (less than ~ 1 % of the 
wavelength) there is a linear dependence, with the 
slopes nearly proportional to the densities of the poly-· 
mers. This agrees with experimental results reported 
by Wohltjen for other polymers on a quartz SAW 
oscillator [2]. As the layer thickness increases, the 
slopes also increase for all three polymers. The greater 
velocity decrease seen for PE may be due to its rela­
tively low shear modulus, c 44 • According to Wohltjen 
[2] the decrease of velocity (or frequency) due to mass
loading of a SAW is mitigated by a stiffening effect in
polymers having moderately high shear moduli. This
effect would be stronger in the PVC and GRl than in
the PE.

The polymer-thickness dependence of the Lamb­
mode oscillator phase velocity is shown in Figure 2(b). 
The velocity passes through a minimum near 1. 7µm for 
PVC and GRI and near 2.4µm for PE. Apparently, for 
thin layers the polymers load the Si membrane and 
consequently lower the velocity, but for film 
thicknesses that are comparable to or greater than that 
of the substrate, the structure starts to behave like a 
polymer membrane that is stiffened by the Si. As the 
polymer thickness increases, the AO-mode velocity­
increases and eventually approaches the Rayleigh-mode 
velocity for an infinitely-thick polymer substrate. The 
velocity of the PVC-coated device shows the strongest 
thickness dependence on both sides of its minimum, 
consistent with the high density and stiffness of the 
polymer. The PE and GRl coated oscillators have simi­
lar slopes at very low thicknesses but the GR I has a 
significantly steeper slope for the thicker layers. That 
the minimum velocity for PE occurs at a thicker coating 
layer and the slope of the curve is shallower beyond 
the velocity minimum may both be attributable to its 
relatively low shear modulus. 
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Fig 2. (a) Plot of phase velocity versus poly­
mer thickness for SAW oscillator coated with 
PVC, GRl , and PE polymers. (b) Plot of 
phase velocity versus polymer thickness for 
membrane oscillator coated with the same 
polymers as above. 
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The sensitivities of each device to small changes in 
thickness, density, and stiffness are shown in Table I. 
Results were obtained by reducing the thickness (d) or 
density (p) by 1 % or by reducing all of a polymer's 
stiffness constants (c) by 10%. Sensitivities are 
presented as the fractional velocity change divided by 
the fractional change in the parameter of interest. In all 
cases, the sensitivity of the AO-mode oscillator is 
greater than that of the SAW. The sensitivities of the 
AO-mode structures are from 3.2 times that of the 
SAW, for thickness changes in PE near 4µm , to 86.5 
for stiffness constant changes in PVC at l.µm. For both 
structures the velocity decreases as the elastic stiffness 
decreases or as the density increases. The sign of the 
thickness dependence is, of course, a function of the ini­
tial thickness for the membrane oscillator but is always 
negative for the SAW devi�. 
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Table I: Sensitivities (x 102) of AO-mode and SAW 
structures with given polymer coatings. 

(!!..v Iv) 

l!!..d d) 

Polymer t(µm ) AO SAW 

PVC 
1 -4.66 -0.70
3 +20.3 -2.55

GRl 
1 -3.25 -0.46

3 +16.6 -1.70

PE 1 -4.96 -0.47

4 +17.0 -5.30

For a given polymer, the sensitivities of the SAW 
oscillator to changes of thickness and density are nearly 
equal, and are generally much greater than the sensi­
tivity to stiffness changes ( with the possible exception 
of PE at 4µm ). For a given polymer on the membrane 
device, changes of thickness, density or stiffness all 
produced comparable phase velocity changes. 

When a polymer absorbs a vapor the polymer 
swells, softens, and usually undergoes a change in den­
sity. Therefore, in order to simulate more closely the 
response of the coated oscillators to chemical exposure, 
we calculated the fractional velocity change due to 
simultaneous changes in thickness, density, and 
stiffness. The results, shown in Table II, were obtained 
for polymers originally lµm thick by increasing the 
polymer thickness by 10%, decreasing the density by 
1 %, and decreasing the stiffness constants by 10%. 
(Note that the density was reduced by only 1 % since, 
in cases of swelling by organic solvent vapors having 
densities similar to the polymers, the net density 
change will be much smaller than thickness and 
stiffness changes). As shown, the sensitivity of the 
membrane structure is 10-13 times that of the SAW 
oscillator. We have shown recently that the fractional 
frequency shifts of the AO-mode oscillator will be 
twice the fractional changes of velocity, owing to the 
dispersion of this mode [8]. Thus, in terms of fre­
quency, the sensitivity of the membrane structure 
should be 20-26 times that of the SAW. 

Table II: Sensitivities (x 103) of AO-mode and 
SAW structures, found by increasing polymer 
thickness 10%, decreasing density 1 %, and decreas­
ing stiffness 10% (for an original polymer thick­
ness of lµm ). 

!!..v 
-

V 

Polymer AO SAW Ratio 
PVC -7.11 -0.66 10.7 
GRl -5.18 -0.45 11.6 
PE -5.79 -0.45 13.0 

(!!..v Iv) (!!..v Iv) 
(!!,,_n 'nl l!!..c le) 

AO SAW AO SAW 

-10.6 -0.73 +3.46 +0.04

-22.5 -2.50 +18.9 +0.35

-7.33 -0.47 +2.54 +0:03

-17.0 -1.62 +15.4 +0.23

-7.50 -0.48 +1.60 +0.02

-20.9 -4.05 +17.2 +2.16

Membrane Fabrication 

We have made square membranes up to 1.0cm on a 
side and from 0.9 to 3µm thick in (100)-Si wafers. 
The Si membranes are made by first diffusing boron to 
a high concentration ( > 7x 1019cm-3) into the front
surface of a wafer. A masking oxide is grown on the 
back side of the wafer, and square holes are etched in it 
to define the membrane area. The orientation­
dependent etchant called EDP (ethylenediamine with 
pyrocatechol in water, plus a small amount of pyrazine 
[9]) is then used to etch the Si from the back side of the 
wafer. Etching stops once the less-heavily doped Si has 
etched away to expose the heavily boron-doped region. 

Initially, when we deposited ZnO by rf planar 
magnetron sputtering the membranes buckled or broke 
owing to the compressive stresses that arise in the pro­
cess. We found that the stress could be relieved sub­
stantially by depositing a l OOOA-thick gold layer 
(deposited on top of a 250A-chromium_layer for adhe­
sion), before the ZnO sputtering. A number of initially 
buckled membranes left in the sputtering chamber for 
12 h at 300

°
C flattened out sufficiently to permit us to 

form electrodes by photolithography. We have also 
made partially-coated membranes having flat central 
regions by sputtering ZnO through a silicon mask that 
exposes only the center of the membrane to ZnO. 
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