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Investigations on Plasma—Polymer-Coated SAW
and STW Resonators for Chemical
Gas-Sensing Applications

Ivan D. Avramoy Member, IEEEShigeru Kurosawa, Michael Rapp, Piotr Krawczak, and Ekaterina I. Radeva

Abstract—Results from gas probing with various analyte vapors concentration of volatile chemical gases and vapors in the am-
on high-Q low-loss surface transverse wave (STW) and surface pient air. Unfortunately, the QCM has serious sensitivity limi-
acoustic wave (SAW) resonators coated with thin plasma—polymer tatinns in such sensor applications. A successful alternative is

films of hexamethyldisiloxane (HMDSO), styrene, and allyl alcohol .
at different polymerization conditions are presented in this paper. offered by surface acoustic wave (SAW) or surface transverse

At the same acoustic wavelength of 7.2:m and identical film Wwave (STW) sensors coated by thin selective gas sorption films.
thicknesses, HMDSO-coated STW devices feature substantially They are small, rugged, and feature very high sensitivity and
higher relative sensitivities to all analytes compared to their |arge operational dynamic range. Also, since in most applica-
SAW: counterparts. When operated in a microwave oscillator iqns they are based on highly efficient interdigital transducers
loop, plasma—poly-styrene and allyl-alcohol-coated STW dewcesOr high<) low-loss resonators in the 0.1-3-GHz range, which
generate strong sensor signals, even at low analyte concentrations, 9 . : - ge,
retaining an oscillator short-term stability in the 1 times 10-9/s have low aging and excellent temperature stability, SAW and
to 1 x 10~8/s range. A 250-kHz sensor signal with 7x 10=%/s STW sensors are very attractive for applications in wireless sys-
stability was obtained from a styrene coated 700-MHz STW tems for detection, transmission, and processing of sensor data
resonator oscillator at a 1400 parts per million concentration of [2]-[6]. In addition, SAW sensors are used in a variety of “elec-
xylene vapor, which results in a measurement resolution of Iesst - " and ' t ted detecti dech ¢ hi
than 40 parts per billion for xylene in the ambient air. It is shown ronic noses" and au Qma edgas detectionandc roma ographic
that, with respect to sensitivity and stability over long probing Systems, many of which have matured to commercial products
periods, plasma—polymer films may become a serious competitor [7]-[11].
to the more or less unstable soft polymer coatings currently used  The chemosensitive film deposited on the surface of the
in S_AW-based gas sensors for ap_plications in wireless systems foracoustic wave device plays the key role for achieving optimum
environmental control and protection. overall sensor performance [12], [13]. A good coating should
Index Terms—Films, gas detectors, plasma, polymers, surface have a good adhesion to the substrate surface, should be able
acoustic wave resonators. to easily and quickly absorb and completely desorb as large as
possible amounts of the measured gas, should be stable over
|. INTRODUCTION temperature and time, should not change its sensitivity over

L. . many cycles of gas probing, and should be reasonably selective
INCE THE late 195.0. S, It has been recognized that e;fb only one gas if possible. Finally, it should not seriously
remely small quantities of substance on the surface o

d@grade the loss an@ of the acoustic wave resonator since

bulk acoustic wave (BAW) resonator will affect the BAW prOp'ﬂgs may result in performance degradation of the entire sensor

agation velocity and resultin amass proportional downshiit Ustem. Due to the complexity of their molecules and excellent
the resonant frequency [1]. This phenomenon has been succg ?f)tive properties, various kinds of polymer films are very

fully implfhmebntetdkin a va;iet%/_ (?]f_hi?hh—resoléjtion gtralvimetrL ell suited for SAW- and STW-based sensors [12]-[18]. The
SEnsors, the best known ofwhich IS the quartz-crystal MICrobgi, o commonly used films are soft and have a “jelly-like” or

ance (QCM), widely used in thin-film deposition systems and i'}'ubbery” structure. They are typically deposited using spin

a v?rlet{ of cr}emlcal_ and b|otlolglcalltseln50£I appthca;FIOnS- C%bating or air-brush techniques and feature excellent sensitivity
rent sys emsthort' enw:jor;m?rll a i?}n rotan ptro ec I(?IT' requ%g reasonable selectivity [15]. Unfortunately, they are difficult
gas sensors that can detect less than one part per mifion (pﬁ_)81 eposit on the acoustic device, feature poor reproducibility,

are not stable enough with time, and some of them get easily
dissolved and moved away by the probing analyte. This results

, . _ in a decreasing sensor signal with time and makes it necessary
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polymerization process. Their sensitivity is not quite as high as gas phase analyte

soft polymers, but their overall stability is substantially better. In \L \l/ \l/ \l/ \l/ \L \l/ \l/ \l/
addition, they do not significantly degrade the loss ghaof the

acoustic wave device, which allows high-resolution measure- ™" "% ] [ e
ments and detection limits that are in the parts per billion (ppb) R E " S T S 0 " R
range. Pairs of SAW and STW devices, operating at the same quartz substrate \\4mmm

acoustic wavelength, were coated with thin films of three dif-
ferent plasma polymer species. One of them is hexamethyldigy. 1. Operation principle of a SAW- or STW-based gas phase sensor coated
iloxane (HMDSO) and is a “glassy” solid film. The other two arevith a chemosensitive film.

styrene and allyl alcohol, which are semisolid and were gener- o

ated under various polymerization conditions. The results from ‘;352222:22:82 &ME%%S d 910909/8/ ES; -})gb%s_da

gas probing with low-concentration vapors from various chem- ™ M aas1:h4|(()ri9z§g%513 MHE
ical analytes show that SAW- and STW-based sensors using / \\M o5 Mkl 432 551 MiHk
these polymers are well suited for gas-sensing systems with pro: -32.576 :
longed use in which sensor replacement is not tolerable. // \\

[I. OPERATION PRINCIPLE OF SAW- AND STW-BASED / \

GAS SENSORS J \
SAW and STW resonators are narrow-band low-loss devices } / \

based on the Fabry—Perot principle and are typically fabricated 2 J /I 53 \\
on atemperature-stable piezoelectric quartz substrate [19]. The) : I~ —,
consist of aluminum interdigital transducers, exciting and de- J /I “

tecting the acoustic wave, and periodic reflector gratings, which
build a standing wave along the resonator cavity. The two types  Tenter 4325251 MHz Span 1.000 MHz
of SAW modes, i.e., SAW and STW, differ in the way of local @
particle displacement along the device cavity and in the value

: : »1:Transmission &MLog Mag 1.0dB/ Ref -9.75 dB
of the wave propagation velocity. The SAW mode, also called  J5r 2 ces &MPhgse 9 90.0-/  Ref 0.00 =

Iﬂ1

the Rayleigh wave, is based on an elliptic motion and has a free 1: > M&ast:Mkr 433270 MHZ]
surface velocity of 3156 m/s on 42 7fotated Y-cut (ST-cut) e 2.&)‘;;?03;’5 TS
quartz. The STW mode is based on a shear horizontal motion 2 \ " po.03g -
normal to the propagation direction, and has a 5100-m/s prop- /\ \

agation velocity on 36rotated Y-cut (AT-cut) quartz. In this
study, we used the same acoustic wavelength of /i@ 2which
results in 433- and 701-MHz resonance frequency for the SAW
and STW devices, respectively. We felt that a performance com-
parison of both types of acoustic wave devices at the same wave
length is more relevant than a comparison at the same frequenc: ,,. \
This is because, if the wavelengths and film coating conditions \

are identical on the same material and cut orientation, then only / \ﬁy—wf —'
the type of local particle displacement will be responsible for

the differences in interaction with the film and, therefore, for the r / \ \

differences in sensitivity and overall sensor behavior. Results or ~ Center 433.508 MHz S
these differences for the two types of acoustic wave devices used (b)

are shown and discussed later in this paper.
. . . p P Fig. 2. Gas probing behavior of 433-MHz SAW resonators coated under
If a thin chemosorptive film is deposited on a SAW or STVVdenticaI coating conditions with a highly sensitive coating at: (a) low and (b)

resonator structure, as shown in Fig. 1, and a gas phase analigteconcentration of the probing analyte.

of a certain concentration is applied, then the film will absorb

gas molecules of the analyte and increase its mass until equilibrsus 250 kHz at the high concentration shown in Fig. 2(b).
rium is reached. This process, which is called gas probing, willis evident that in the high-concentration case, the device loss
reduce the acoustic wave propagation velocity due to the massreases by 2 dB. The reason for this loss increase is that, if
loading effect and will shift down the device resonant frequendyigh-sensitivity coatings are used to probe high concentrations
This effectis illustrated in Fig. 2(a) and (b), which compares thaf chemical gases, the sorbed gas significantly increases the film
downshifts of the frequency and phase responses of 433 —Mirass, causing a substantial attenuation of the standing acoustic
two-port SAW resonators, coated at identical film depositiowave in the resonant cavity. However, even under such extreme
conditions, when probed at a low and high concentration of tipeobing conditions, the loaded deviQeremains unchanged and
probing gas, respectively. The downshift of the resonance fiig-typically in the 1500-3000 range for the SAW and STW de-
guency at the low gas concentration in Fig. 2(a) is only 38 kH4ces used in this study. If such a sensor resonator is connected
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Fig. 4. RF plasma reactor for generation and device coating with semisolid
Fig. 3. Plasma reactor for generation and device coating with solid HMDS®lyrene and allyl-alcohol polymer films.
polymer films. 1: reactor chamber, 2: electrodes, 3: sample holder, 4: generator,
5: microvalves, 6: containers for HMDSO monomer and ammonia modificator,
7: diffusion pump, 8: vacuum balloon, 9: rotary pump. glow-discharge ac voltage is about 500 V, 50 Hz. The current

density is 0.4 mA/crh. The gas phase pressure in the reactor
in the feedback loop of a microwave oscillator, then its higth- chamber is 0.2 Pa. The polymer thickness is controlled by a
provides a high degree of oscillator stabilization and low phaB&AW crystal resonator used as a QCM. The modification of
noise which is the main limiting factor to the sensor resolutiaie deposited polymer films for increasing their sorption sen-
and its detection limit. In such a system, the sorbed gas wsitivity is done by exposing them for 5 min to ammonia va-
cause a concentration proportional downshift of the oscillatpors in the same reactor [22]. The modification process is per-
frequencyA f, which is called the sensor signal, and can easifprmed at a gas phase pressure of 0.3 Pa and a current density
be measured with a high-resolution frequency counter. The @é-1.3 mA/cnft.
cillator short-term stabilityr, (7), wherer is the measurement A similar plasma reactor setup was also used for the genera-
time, limits the resolutio® of the sensor, measured in parts peiion and deposition of semisolid styrene and allyl-alcohol films.
million as follows: It is schematically shown in Fig. 4 and discussed in detail in
[23] and [24]. The plasma polymerization conditions are con-
R= [Cay(v)fov] /Af (1) trolled by two parameters: the vapor pressure of the monomer
and the power of the glow discharge. We varied the power be-
whereC is the concentration of the measured gas in parts g#een 50-200 W, while the monomer pressure was held constant
million and f, is the oscillator frequency. Due to the high- at100 Pa. The thickness of the styrene and allyl alcohol was con-
of the acoustic wave device, for SAW- and STW-based senstiglled by the deposition time, which was varied between 5-75s.
o,(7) is typically in the 1x 10~%s to 1 x 10~%/s range, de-
pendent on the type of coating and measurement conditions. As IV. |NFLUENCE OF THECOATING ON THE ELECTRICAL
will later be shown, this allows very high-resolution gas con- PERFORMANCE OF THESAW AND STW DeVICES
centration measurements over a sampling tinoé 1 s.

"'"H )
T o—d—

13.56MHz generator
7 8

If a thin dielectric film is deposited on the surface of a SAW
or STW resonator, according to Fig. 1, it will decrease the reso-
nant frequency, lower the loadé}] and increase the device loss.

We decided to use plasma polymer films because they daor this reason, it is important that the resonators have a@igh-
be deposited in a well-controlled and reproducible process be., a low loss before coating. We found that a resonator with
any orientation of piezoelectric quartz. In addition, they fe&.5 dB of insertion loss and a loadégl of 3000 can tolerate
ture excellent thermal stability and insolubility in organic solmuch higher film thicknesses than a resonator with 7 dB of loss
vents, acids, and alkalis [20], [21]. Furthermore, by varying thrend a@ of 2000. After depositing the same thickness of a sen-
different parameters of the plasma process in which the pobitive coating on both devices, the 2.5-dB device had 12 dB of
mers are synthesized, films with different selectivity and sorjpss, a loadedy of 1500, and provided very low-noise sensor
tion properties can be obtained [20]. signals with probing, while the 7 dB device had a very weak re-

The generation of the solid HMDSO films and simultaneousponse and was practically unusable.
device coating were performed in the plasma reactor, schematiThe viscoelastic properties of the film, its thickness, and in-
cally shown in Fig. 3. In the reactor chamber (1), two aluminuteraction with the acoustic wave mode will determine the ex-
electrodes (2), horizontally arranged above each other, genetate to which the electrical performance of the acoustic device
the glow-discharge current. It is used to create the low-teris-degraded [13], [14], [25]. Generally, solid and semisolid films
perature plasma from HMDSO monomer, thus synthesizing thee better tolerated by the acoustic devices than soft films. The
polymer layers [20]. This process occurs on the surface of thits in Fig. 5(a) and (b) compare the electrical performance of a
SAW and STW resonators placed on the sample holder (3). T4@3-MHz SAW two-port resonator before and after coating with

Ill. PLASMA REACTORS
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R433/3 before deposition R 700
MKR(250): 433.86MHz MKR(250): 701.33MHz
MAGTD (V) -7.49dB 5dB/ -31.75dB MAGTD (v) -5.40dB 5dB/ -30.90dB
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IRG(R):0dBm IRG(T):0dBm RBW:10kHz VBW:10kHz 500 IRG(R):0dBm IRG(T):0dBm RBW:10kHz VBW:10kHz 500
(@ (@
R433/2 after 190 nm HMDSO deposition STW2 190 nm HMDSO on board
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MAGTD (V) -13.18dB 5dB/ -31.75dB MAGTD (V) -8.38dB 5dB/ -32.80dB
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o (b)
(b)

) Fi%.oe. Frequency and phase responses of a 701-MHz STW-based two-port
Fig. 5. Frequency and phase responses of a 433-MHz SAW-based two-p@Hynator: (a) before and (b) after coating with 190 nm of HMDSO film.
resonator: (a) before and (b) after coating with 190 nm of HMDSO film.

Climatic chamber
a 190-nm thin HMDSO film, respectively. The comparison 0’| Personal | | DC power supply
the device frequency and insertion loss at resonance [data poi| computer anglifier
at the marker positions in Fig. 5(a) and (b)] shows that the filr T )
causes a frequency downshift by about 2.5 MHz and a loss i ouut Temperature
crease by 5.7 dB. Only aninsignificant degradation of the devic} Freguency J _,:M"WM:_ . ‘“!ddi
loaded® as a result of coating is observed. Unfortunately, STV|  counter HMDSO coated STW sensor :;?w:f

devices are not so forgiving. As evident from the data compa!
ison before and after coating in Fig. 6(a) and (b), respective . 7. Experimental setup for measuring the sensitivity to humidity of
the HMDSO film causes not only a loss increase by 3 dB and4#pso-coated STW resonators.

frequency downshift by 4.3 MHz, but also a serious distortion

of the phase and frequency responses. We also observe arising

of a second resonant mode at about 7 MHz higher than the mgf-gble oscillation only at the frequency of the marker position
STW mode. This second resonance has a low loss andchigh- y d y P

which means that it is well trapped to the surface and is, theld, thg main resonance where high-resolution measurements are
fore, of STW origin [19]. As shown in [26], more than one resoPOSSIble'
nances can occur in a shear-horizontal acoustic wave device due
to the Love effect, in which an additional stiff layer, deposited

on the substrate surface, can support higher order modes whenla this study, we used two different experimental gas probing
certain film thickness is achieved. Fortunately, in our case, ttgstups. One of them, shown in Fig. 7, is based on a climatic
second mode has little or no effect on the performance of thbamber with temperature and humidity control and was used
measurement oscillator, stabilized with this device, becauséoameasure the sensitivity of HMDSO-coated STW resonators
phase reversal of 18@t the higher resonance will guarante¢o stepwise changes in relative humidity. The latter are placed in

V. VAPOR PROBING EXPERIMENTAL SETUPS
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Fig. 8. Automated experimental gas probing setup using the sensor head wffttoe sicoustic wave basewma and gs aalyzing ystem (SAGAS) system.

the chamber and connected in the feedback loop of a measagpropriate rate of the pump generating the gas flow through
ment oscillator, the frequency of which is counted by a high-retiie sensor head. The integrator at the air outlet of the system
olution frequency counter. The system control, data acquisitiqgerovides a uniform gas flow and greatly reduces probing noise
and processing are performed by a personal computer that aladhe gas responses of the sensors. The actual concentration of
generates the humidity-frequency characteristics of the mesch probing gas was measured by the gravimetric method in
sured devices. which the mass of liquid in the analyte container was weighed
The second computer controlled setup, shown in Fig. 8, whefore and after evaporation for a prolonged period of time (say,
used to measure the sensitivity of SAW and STW devices 24 h), at constant temperature, and with the system operating
different chemical gases of a certain concentration. Up to eigider exactly the same conditions as in a real measurement. The
SAW or STW sensors are placed in a specially designed sensoncentration was then calculated from the evaporated mass of
head, which provides uniform gas flow and equal gas concentthe liquid, taking into account the molecular mass of the ana-
tion to each of the individual sensors [9]. Every one of them Igte and air, as well as the pump rate. The four analytes used
connected in a microwave oscillator circuit, and data acquisitiom this study and their concentrations were: di-chloro ethane
is performed by multiplexing the measurement oscillators in tl{6500 ppm), ethyl acetate (17600 ppm), tetra-chloro ethylene
head hundreds of times during each gas probing cycle. By me&2850 ppm), and xylene (1400 ppm).
of a low-noise local oscillator, stabilized with a sealed uncoated
SAW or STW resonator, also housed in the head, the frequency v/|. REsuLTS FROM THEGAS PROBING EXPERIMENTS
of each oscillator is downconverted to a low IF, equal to the dif-
ference in device frequency before and after coating, accord?ﬁgll
to Figs. 5 and 6. The IF is then measured by a high—resolﬁ-
tion reciprocal frequency counter providing concentration pro- In this experiment, we compared the sensitivities of SAW
portional frequency readings from all sensors in the head. Taed STW devices of the same acoustic wavelength and coated
sensitivity to each of the four analytes in this study was pewnder identical conditions with solid HMDSO films to vapors
formed by consecutive probing with vapors from each analyté the four analytes discussed in the previous section. Five pairs
over several “probe-flush” cycles of 100- to 200-s duration eactonsisting of one SAW and one STW device each, were coated
Flushing with air was performed by switching the valve at theith five different film thicknesses of HMDSO polymer in the
inlet of the sensor head. Since we were interested in the sengdasma reactor from Fig. 3. Gas probing was then performed in
behavior at fairly low concentrations of the probing gases, wke experimental setup from Fig. 8 by running several “probe-
used the saturated vapors above the liquid phase of the analftesh” cycles with 160-s duration each. The results from tetra-
in the four containers that build up at room temperature. Viéhloro ethylene probing at 2650-ppm concentration on the STW
then reduced the gas concentration by means of permeation cafid SAW devices are compared in Fig. 9. Such probing com-
placed in the upper part of each container and by selecting @arisons were performed with the other three analytes too. The

Chemical Vapor Probing on HMDSO-Coated SAW and
W Resonators
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HNDSO coated 100 Mitz ST resonars A at thick HMDSO films is explained by the fact that
etra-chloro ethylene probing at 2650 ppm concentration A A . X X ) .
40k a stiff solid HMDSO film in combination with the
. \GL__L..- periodic metal film grating of the resonator structure
. I causes waveguiding due to efficient trapping of the STW
80 — el energy to the substrate surface. In this case, most of the
25k — 350, wave energy is confined in the sensing layer and the
interaction with the probing agent is very strong [26],
[28]. As shown in [26], this is not the case at thin films
= when most of the STW energy is concentrated in the
] d bulk immediatel der th f h h
10k y under the substrate surface where the
| |_— pus — interaction with the film and probing gas is weaker. At
] very low HMDSO thicknesses, the SAW devices seem to
0 be more sensitive than their STW counterparts, as shown
- " " ; ; — 1 ¥ by the 50-nm data in Table I. Since the thin film causes an
0 100 200 300 400 500 600 700 800 . . e . . . .
Time (s) insignificant SAW attenuation, the deformation, which is
@) always concentrated at the substrate surface for Rayleigh
waves, is strong and, therefore, the interaction with the
HMDSO coated 433 MHz SAW resonators . . . . . .
Tetra-chioro ethylene probing at 2650 ppm concentration | = A:190nm thin film is stronger than in a thin-coated STW device

= B: 50 nm

[ —c2xm with insufficient energy trapping to the surface.
] E: uneoated 3) The high 37-kHz sensitivity of the 100-nm
6k HMDSO-coated STW device to 2650-ppm tetra-chloro
] B ethylene concentration implies that, by choosing an
optimum thickness of the “glassy” polymer film, it is
\\ possible to maximize the sensor sensitivity to a particular
K oy chemical gas of interest. Thus, a high degree of sensor
] [~ T selectivity can be achieved. This is also consistent with
2k the results in [26], showing that once the wave energy
] is trapped to the device substrate, further film thickness
L increase only spreads the wave energy into the bulk of
the sensing film, and this reduces sensitivity at its surface
b 0 100 150 200 250 300 %0 400 450 500 550 600 650 again. As shown in Table I, a film thickness optimization
Time (s) can also maximize sensitivity of SAW devices, but their
) sensitivity remains fairly low. We feel that, for both types

of devices, the optimum film thickness for each probing
Fig. 9. Comparison of: (a) STW versus (b) SAW sensitivities to tetra-chloro

ethylene vapors on pairs of devices coated at different film thicknesses of solid ?‘gent will depend on hO\.N degply its molecules penetrate
HMDSO. into the bulk of the sensing film.

4) Keeping in mind that solid HMDSO films are very stable

. , . over time and a large number of probing cycles [6],
probing data obtained are shown in Table I. Unfortqnately, the  \ve feel that they are well suited for standalone sensor
100-nm coated Sample E of the 433-MHz SAW device setwas gy qtems with moderate sensitivity in which the sensor
damaged and an uncoated device was used mst_ead. This is why long-term stability is of primary importance.
we could not make a SAW versus STW comparison at 100 nm
of HMDSO film. To eliminate the influence of the device fre-
quency and allow a sensitivity comparison at the same wa- Gas Probing on STW Resonators Coated with Highly
length, Table | compares the relative gas probing sensitivitieshgnsitive Semisolid Styrene Films

parts per million of both types of devices, normalized by the de- - . . .
. . - As shown in Fig. 10, very high sensor signals were obtained
vice frequencies. The sensitivity factors were calculated as tpe : .
. . ... Irom 700-MHz STW devices coated at three different polymer-
ratio of the measured relative STW versus SAW sensitivities._,. - ; . ;
. - zation conditions in the plasma reactor from Fig. 4. Itis clearly
From the probing data in Fig. 9 and Table |, we draw the fol2 :
lowing conclusions evident that sensaf7 coated at 100-W glow-discharge power
' and 100-Pa monomer pressure for 20 s features two to four times
1) The sensitivity of SAW and STW devices of the samkigher sensitivity to all four analytes than the other two sen-
wavelength to low concentrations of chemical gases isers. This means that the sensitivity of the styrene coating will
creases with the thickness of the HMDSO film, which istrongly depend on the polymerization condition and the coating
consistent with the theoretical data in [27]. thickness.
2) At sufficiently high film thicknesses (350 nm in this The data in Fig. 10 indicate a different shape of the sensor
study), the relative sensitivity of STW devices is by aignal at each of the analytes during the gas probing cycle. With
factor of 1.4-3.8 better than of their otherwise identicali-chloro ethane and tetra-chloro ethylene, the sensor achieves

SAW counterparts. The much higher STW sensitivitgaturation fairly fast, in 40 to 50 s after gas has been turned on.

20k

15k

5

Frequency shift with probing (Hz)
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5k
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TABLE |
COMPARISON OF THERELATIVE SENSITIVITIES AT LOW GAS CONCENTRATIONS OF THEFOUR ANALYTES ON SAW AND STW DeVICES WITH AN ACOUSTIC
WAVELENGTH OF 7.2 pm, HMDSO Q)ATED WITH THE SAME FILM THICKNESS AND UNDER IDENTICAL POLYMERIZATION CONDITIONS

Device/Analyte | Di-chloro ethane | Ethyl acetate | Tetra-chloro ethylene Xylene
6500 ppm 17600 ppm 2650 ppm 1400 ppm
700 MHz STW 2 KHz 2.8 KHz 3.5KHz 2.4KHz
50 nm HMDSO (2.9 ppm) (4 ppm) (5 ppm) (3.4 ppm)
433 MHz SAW 1.5 KHz 4 KHz 3 KHz 2.2 KHz
50 nm HMDSO (3.5 ppm) (9.2 ppm) (6.9 ppm) (5 ppm)
Sensitivity factor 0.82 0.43 0.72 0.68
(STW/SAW)
700 MHz STW 3KHz 4.8 KHz 7.5 KHz 3.7KHz
190 nm HMDSO (4.3 ppm) (6.9 ppm) (10.7 ppm) (5.3 ppm)
433 MHz SAW 1.8 KHz 3.8 KHz 3.5KHz 2.5KHz
190 nm HMDSO (4.2 ppm) (8.8 ppm) (8.1 ppm) (5.8 ppm)
Sensitivity factor 1.02 0.78 1.32 0.91
(STW/SAW)
700 MHz STW 8.3 KHz 8.5 KHz 7 KHz 4 KHz
280 nm HMDSO (11.9 ppm) (12.1 ppm) (10 ppm) (5.7 ppm)
433 MHz SAW 3.4KHz 5KHz 5.8 KHz 44 KHz
280 nm HMDSO (7.9 ppm) (11.5 ppm) (13.4 ppm) (10.2
ppm)
Sensitivity factor 1.5 1.05 0.75 0.56
(STW/SAW)
700 MHz STW 11 KHz 14 KHz 15 KHz 9.5 KHz
350 nm HMDSO (15.7 ppm) (20 ppm) (21.4 ppm) (13.0
ppm)
433 MHz SAW 1.8 KHz 23 KHz 5.1 KHz 4.2 KHz
350 nm HMDSO (4.2 ppm) (5.3 ppm) (11.8 ppm) 9.7 ppm)
Sensitivity factor 3.74 3.77 1.81 1.4
(STW/SAW)
700 MHz STW 5KHz 6 KHz 37 KHz 7.3 KHz
100 nm HMDSO (7.1 ppm) (8.6 ppm) (52.8 ppm) (104
ppm)

This is not the case with xylene, which needs more than 10@h& long response time of the sensor. In our opinion, allyl-al-
to achieve saturation. The reason for these response time diffahol-based sensors should be used in systems with slowly
ences is that, at room temperature, xylene is less volatile thaarying concentrations of the measured gases.
the other two analytes. The most volatile analyte is ethyl acetate,
which evaporates very fast, which is the reason for its relatively Vi
high concentration of 17 600 ppm, compared to the other ana- '
lytes. The volatility of ethyl acetate is so high that, within 100 s
of “gas-off” time, it causes overpressure in the container. This Every user of a sensor system would like to see a sensor pro-
produces the high-concentration peaks on top of the sensor siging an output signal that is proportional only to the concen-
nals and their exponential decay after gas is turned on. tration of the measured gas and for which no other effects should
have an influence on it. Since SAW and STW devices have
i : s it very good reproducible temperature characteristics [19], pos-
Resonators Coated with Highly Sensitive Semisolid sible temperature-induced frequency shifts can easily be com-
Allyl-Alcohol Films pensated for by monitoring the temperature during long gas
Probing experiments with acetone and ethanol vapors s&nsing in which the ambient temperature may change [6]. The
1400- and 7400-ppm concentration were performed on 1-Gldwn aging of the SAW and STW resonators is also negligible.
STW resonators coated at 100 W, 100 Pa, and 50 s wiflnly the stability of the sensing film over a long period of time
semisolid allyl alcohol in the reactor from Fig. 4. The resultand over many cycles of probing remains the major concern and
are shown in Fig. 11(a) and (b) for acetone and ethand, therefore, one of the most important design considerations in
respectively. The comparison with the data from styrene coatgctical sensor systems.
devices in Fig. 10 shows that semisolid allyl alcohol also We performed several stability tests on the polymer-coated
provides excellent sensitivity, but features substantially high8TW used in this study. The humidity measurement data in
response times than styrene. This is evident from the dataFig. 12 were obtained from a 770-MHz HMDSO-coated STW
Fig. 11, which show that 5 min of probing time are not enougtesonator tested in May and August 1998 in the experimental
for achieving saturation. The reason for the decreasing sensetup from Fig. 7. In between, the sensor was left for three
signal with the number of the probing runs is attributed tmonths in open air. The comparison of the two data plots in

L ONG-TERM STABILITY OF POLYMER-COATED
STW RESONATORS

C. Acetone and Ethanol Vapor Probing on 1-GHz STW
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Fig. 10. Results from gas probing with: (a) di-chloro ethane, (b) ethyl acetate, (c) xylene, and (d) tetra-chloro ethylene on 700-MHz STW sedsaith coat
semisolid styrene at three different polymerization conditions. (Before performing this measurement, Samatefirst saturated with molecules of xylene and
other analytes and was not regenerated by extensive air flushing).

Fig. 12 indicates an excellent reproducibility of the measurés shown in Table Il, a sensitivity reduction of only 10%—-25%
ment results, implying a very high stability of solid HMDSOwas observed after repeated probing with all four analytes.
films. The small differences in the 70%—-90% relative humiditjfter extensive flushing with air, we were able to restore the
range are attributed to uncertainties in the readings of the ensor within 1% of its initial sensor performance.
grometer in the climatic chamber in that range. Further stability measurements on styrene- and allyl-alcohol-
Fig. 13 shows the first 15 cycles of xylene probing atoated SAW and STW sensors are planned in the near future.
1400-ppm concentration over several hours of probing on
the styrene-coated STW samplEy. The reproducibility of
the 250-kHz sensor signals at each of the probing cycles is
excellent, which means that styrene is very stable and does notypically, awell-designed SAW-or STW-based feedbackloop
get dissolved when flushed with xylene vapors. Furthermorescillator will have a short-term stability inthed10~%/s to 1x
it features very fast response times and excellent sorption a@t®/s range [19]. When coated with a chemosensitive coating
desorption characteristics. and used as a gas sensor device under practical measurement
In another experiment, we performed continuous treatmestnditions, the short-term stability ofthe measurement oscillator,
of sampleJ7 with 1400 ppm of xylene vapors without airstabilized with the sensor, will degrade by one to two orders of
flushing for 62 h 40 min. The purpose of this extreme-caseagnitude, whichismainlyattributedtoflownonhomogenities of
experiment was to see how saturation of the styrene film withe measured gasinthe system. As shown by (1), thiswilllimitthe
xylene molecules will affect the sensitivity to the other analytesesolution of the sensor. In this study, we evaluated the short-term
Fig. 14(a) and (b) is a comparison of the probing behavistabilities of the practical STW-based sensor oscillators at 700
to di-chloro ethane vapors of 6500-ppm concentration befowHz and 1 GHz afterdown conversionusing ahigh-resolutionre-
and after xylene treatment, respectively. It is evident that tlegrocal counter. We found that, referencedto the actual oscillator
sensitivity to di-chloro ethane has decreased by about 16% dretjuency, the 1-s stabilities are8.0~°/s and 7« 10~°/sforthe
the response time has increased as a result of xylene saturatle@Hz and 700-MHz oscillators, respectively. Table 1l presents

VIIl. RESOLUTION OFSTW-BASED GAS SENSORS
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resolution values from some of the most sensitive gas sensors ()

tested in this study. The results show that even “glassy” HMD

SI%. 14. Probing behavior of a styrene-coated 700-MHz STW resonator: (a)

films can provide better than 1-ppm resolution at an ultimate filivefore and (b) after saturating with xylene vapors at 1400-ppm concentration
stability, as discussed in the previous section. Semisolid styrdpief2 h 40 min.
films can resolve concentration changes as low as 40 ppb, which
isareal challenge to commonly used chemical sensor techniques.
The 1-GHz allyl-alcohol-coated sensors demonstrated a resolun this paper, we have presented results from sensitivity,
tionof200and 580 ppb foracetone and ethanol, respectively. stability, and resolution studies on 433-MHz SAW-based and

IX. SUMMARY AND CONCLUSIONS
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TABLE I

SENSITIVITY REDUCTION OF THESTYRENE-COATED SAMPLE .J7 AFTER TREATMENT WITH XYLENE VAPORS AT 1400-ppm @NCENTRATION FOR62 h 40 min

Analyte Sensor signal Sensor signal Relative
(concentration) before xylene after xylene sensitivity
treatment treatment reduction
Di-chloro ethane (6500 ppm) 190 KHz 160 KHz 15.8 %
Ethyl acetate (17600 ppm) 300 KHz 270 KHz 10 %
Tetra-chloro ethylene (2650 ppm) 315 KHz 270 KHz 14.3 %
Xylene (1400 ppm) 240 KHz 180 KHz 25 %
TABLE Il
RESOLUTION DATA MEASURED ON AHMDSO-COATED AND A STYRENE—COATED 700-MHz STW $£NSORSUNDER PRACTICAL SENSING CONDITIONS
Analyte/ Di-chloro ethane | Ethyl acetate | Tetra-chloro ethylene Xylene
Resolution 6500 ppm 17600 ppm 2650 ppm 1400 ppm
700 MHz STW - - 500 ppb -
100 nm HMDSO Data in Fig. 9 a)
700 MHz STW/Styrene 230 ppb 620 ppb 60 ppb 39 ppb
(100W/100Pa/20s) Data in Fig. 14 a) Fig. 13

700-MHz and 1-GHz STW-based gas phase sensors using thémforming part of the measurements, partly preparing the
chemosensitive plasma—polymer film coatings, which are obxperimental data for evaluation and for the fruitful discussions.
tained in a well-controlled and reproducible glow discharge
polymerization process. STW resonators coated with thin solid
HMDSO films are up to 3.8 times more sensitive compared to
identically coated SAW resonators of the same acoustic wavefl] G. Z. Sauerbrey, “Verwendung von Schwingquarzen zur Waegung

length. They provide moderate sensitivity and are well suited
for systems with 1-ppm resolution or lower, in which ultimate [,
film stability over time and number of measurement cycles is
required. Up to ten times higher sensitivities and resolutions as
highas 40 ppb are achievable with semisolid styrene-coated ST
devices. With respect to sensitivity, similar results are obtained
with allyl-alcohol-coated STW devices, butthese films generally
require longer response times. Although our results show that
semisolid styrene and allyl-alcohol films provide very good
stability, further probing work with various analytes is necessary
to confirm that this is true for all gases of interest. Additional air s
flushing experiments are also required to test the regeneration

properties of styrene and allyl-alcoholfilms.
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