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Surface acoustic wave (SAW) devices equipped with an electrode-width-controlled (EWC)/
single-phase unidirectional transducer (SPUDT) and fabricated on ST-X quartz were proposed
and found to have low insertion loss and single-mode capability. The devices were then
used to determine parts-per-billion levels of nitric oxide (NO). A new modified equivalent
circuit (EC) model was used to model and analyze the characteristics of SAW devices prior
to their fabrication. The small-signal frequency responses (S;;) obtained by simulation and
measurement were consistent. A feedback-loop oscillator was used to design SAW-resonator-
stabilized oscillators that provided stable oscillation. A SAW oscillator with an EWC/SPUDT
structure was used to provide fundamental signals with high output power, induce high
harmonic suppression, and realize long-term frequency stability. SAW devices with an EWC/
SPUDT structure were coated with a Cu®*/PANI/WOs-sensitive layer to successfully determine
parts-per-billion levels of NO. For a NO concentration of 50 ppb in dry air, the frequency shift
in the SAW sensor with the EWC/SPUDT structure is 502 Hz. Moreover, the response and
recovery time are 40 and 112 s, respectively. The sensitivity of NO detection for a concentration
range of 20—80 ppb is approximately 4.2 Hz/ppb (~3.43 kHz/mg/m3).

1. Introduction

Modern chemical sensors are designed to be highly sensitive and to efficiently transform
chemical responses into measurable electronic signals. These devices should be designed such
that they can be used for wireless communication and should be small to realize portable and
miniaturized detection chips. Moreover, the accuracy of such sensors should be comparable
to that of conventional analytical instruments. In environmental monitoring, personal safety,
and industrial manufacturing, the detection of toxic or noxious gases at concentrations in parts-
per-billion is crucial. Hydrogen sulfide (H;S), for example, is a hazardous air pollutant and is
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widely emitted during industrial processes such as oil and natural gas drilling and refining,
sewage treatment, and paper milling.(l’z) H>S can cause hypoxia and is hazardous for human
health even when present in low concentrations. In February 2010, the American Conference
of Governmental Industrial Hygienists adopted a new threshold limit recommendation for H»S.
They lowered the 8-h-time-weighted average for H,S to 1.0 ppm. Moreover, the acceptable
ambient limit for H,S that is recommended by the Scientific Advisory Board on Toxic Air
Pollutants of the United States is in the range of 20~100 ppb.) NO, (NO and NO,) in the
environment is generated during the high-temperature combustion of fossil fuels. NO, is a
known component of photochemical smog and increases the risk of respiratory diseases in
human beings.#"® Therefore, the NO concentration in ambient air should be monitored to
examine and predict air quality, and provide public warning alerts. In physiopathology, the
NO concentration in exhaled breath is used as a biomarker for monitoring inflammation in
asthma patients.”’ The NO concentration ranges from 10 to 33 ppb in the exhaled breath of
healthy adults. For patients with asthma, the NO geometric mean ranges from 6 to 98 ppb.(8’9)
Therefore, it is crucial to fabricate sensing devices that can detect parts-per-billion levels of the
gas with high sensitivity.

Various types of transducers, such as acoustic, thermal, and optical transducers, have
been studied for the development of chemical sensors. Among the various types of sensing
technologies, acoustic sensors have been particularly used for developing smart sensing devices
because of their excellent actuation features.!? Surface acoustic wave (SAW) devices are
some of the most prominent acoustic devices used in chemical sensing applications. Since
the interdigital transducer (IDT) was developed in 196510 SAW technology has been widely
used and studied for advancement. Owing to improvement in their design and fabrication,
SAW devices are used in a wide range of radio frequency applications for frequency control,
frequency selection, and signal processing. Currently, these devices are widely used in
applications ranging from professional radar and communication systems to consumer
applications such as mobile phones.

Because most SAW energy is trapped within a depth of 1.5 wavelengths on the surface of
a material, SAWs are sensitive to variations in surface characteristics,(lz) such as those in the
mass loading effect, elastic properties, and acoustoelectric effect. In 1979, Wohltjen and Dessy
developed gas sensors based on SAW oscillators that were structured using delay lines.'®) Since
then, SAW devices have been found to be highly valuable for developing smart miniaturized
sensors owing to their high sensitivity, small size, and rapid response. These devices have
been applied in many studies for gas sensing.(m’m Quartz is commonly used as a substrate
for sensor applications because of its high temperature stability (temperature coefficient of
delay, TCD~0) at room temperature (RT). However, the proposed SAW gas sensors using
quartz substrates have high insertion loss because of bidirectional IDTs and the relatively weak
piezoelectric coupling of quartz substrates. For effective detection, a practical SAW sensor
should have a sufficiently large sensitive film area between the input and output IDTs. The
long wave propagation distance between the input and output IDTs may result in a multimode
response. Unfortunately, high insertion loss and multimode response are the primary factors
that affect the frequency stability of the oscillator circuit with a SAW sensor.?? Therefore, it is
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difficult for a SAW sensor using a quartz substrate to achieve target detection in one step and
when parts-per-billion levels of gas are present.

Sensitivity could be markedly enhanced using SAW sensors with higher operating
frequencies. Therefore, SAW sensors with operating frequencies above 200 MHz were
commonly employed. 19 Some studies have shown that SXFA-coated and BSP3-coated
single-phase unidirectional transducer (SPUDT) SAW sensors with an operating frequency of
300 MHz detected DMMP in N, with sensitivities of 0.48 kHz/mg/m® (~2.42 kHz/ppm) in the
concentration range of 2—14 mg/m?> and 3.09 kHz/mg/m?> (~15.45 kHz/ppm) in the concentration
range of 1.5-8 mg/m>, respectively.!>!®) These SPUDT SAW sensors had a threshold detection
limit of less than 0.004 mg/m3. In a previous study,(23) we developed a bidirectional A/4-
electrode transducer SAW sensor coated with a 0.2% Cu®?/PANI/WO; sensitive layer that
sensitively detected NO at ppb levels in dry air. In this work, a SPUDT SAW device working
at frequencies below 100 MHz as well as having low insertion loss (less than 10 dB) and single-
mode capability is proposed for detecting NO at a parts-per-billion level. A new modified
equivalent circuit (EC) model, which is effectively developed by combining the EC model
with the coupling-of-mode (COM) parameter model, was used to model and analyze the
characteristics of the proposed SAW device. The performance of the proposed device was
demonstrated by experiment. Subsequently, an oscillator circuit containing the SAW device
in the feedback loop was configured for gas sensing. The change in oscillator frequency was
monitored to investigate the detection properties of the sensor. The improved sensitivity,
reversibility, and response time of a SAW sensor for detecting the parts-per-billion levels of NO
were investigated in this study.

2. Design Considerations

2.1 SAW device

Various SPUDT configurations can be used to realize a SAW filter with low insertion loss
due to the inherent unidirectivity of the SAW. The first SPUDT was proposed by Hanma
and Hunsinger in 1976.%Y  Since 1982, various SPUDT configurations, such as the double-
metallization and floating-electrode SPUDT configurations, have been presented.*> 2% Studies
have revealed that these SPUDT configurations not only reduce the insertion loss but also
suppress triple-transit interference, flatten the passband ripple, and minimize the group delay
ripple in SAW filters.

In this study, the electrode-width-controlled (EWC) SPUDT configuration was used in
input and output IDTs to form a two-port resonator or a delay line for reducing the insertion
loss and for multimode selection. The simulation result of frequency response is presented in
Fig. 1 and reveals that the EWC/SPUDT structure enhances the signal power generated in the
forward direction but reduces that in the reverse direction owing to the distributed reflection
sources. The structure can suppress triple-transit interference that causes reflections within the
transducers and can effectively reduce insertion loss.* On the other hand, transducers with a
bidirectional A/4-electrode width exhibit an antisymmetric radiation conductance response with
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Fig. 1. Normalized forward and reverse frequency responses of pure EWC/SPUDT transducers (length is 1054).
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Fig. 2. (a) Normalized radiation conductance and frequency responses of bidirectional 1/4-electrode transducers
(length is 1054) and (b) the frequency response of the device with the length of input and output bidirectional 1/4-
electrode transducers of 1054.

respect to the center frequency, as displayed in Fig. 2(a), and may affect the frequency response
of the device, as illustrated in Fig. 2(b). Conversely, the normalized radiation conductance
response of the transducers with the EWC-SPUDT structure is symmetric with respect to the
center frequency. Thus, the EWC/SPUDT transducer exhibits a higher frequency performance,
as indicated in Fig. 3, than the bidirectional 1/4-electrode transducer.

A long distance was designed between the input and output transducers so that a sensitive
film could be deposited to enable effective detection. However, a long distance may deteriorate
device performance and multimode response. Owing to the multimode response, the oscillator
may induce frequency mode hopping, and the stability of the oscillator is also affected. To
predict device performance, a new modified EC method was proposed in this study to model
and analyze the characteristics of SAW devices prior to their fabrication. The COM theory
and EC are widely used in analyzing SAW devices. Both methods show some advantages and
disadvantages. For example, the model using the COM theory requires less time for executing a
program but requires some effort to derive equations and parameters for different IDT structures.?)
By contrast, the EC is very flexible and thus easily fits various IDT structures; nevertheless, the
calculation requires a higher number of iterations to form electrodes in an organized manner,
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Fig. 3. (a) Normalized radiation conductance and frequency response of EWC/SPUDT transducers (length is
1054) and (b) the frequency response of the device with the length of input and output EWC/SPUDT transducers of
1054.

thus requiring a long execution time.3? In this study, the COM and EC models were combined
to employ their different advantages by developing a new modified EC model that converted
COM parameters into EC parameters with a metallization ratio of 0.5. Then, the EC parameters
were used for modeling various IDT structures with metallization ratios other than 0.5. This
new modified EC method was applied to the design of SAW sensors with EWC/SPUDT
structures in this study.

As shown in Fig. 4, the parameters Zy, Z,,, jB, and Cs should be determined in advance to
simulate the SAW using Mason’s EC model. Here, L; and L, are the lengths of the metallized
and unnmetallized portions, Z, and Zj are the characteristic impedances of these portions,
and y,, and yo are the propagation constants under these portions, respectively. By using the
finite-element method and spectral domain analysis (FEMSDA),GI) the software developed by
Hashimoto, the following COM parameters were calculated and extracted at a metallization
ratio of 0.5: the velocity of the slow-shear surface skimming bulk wave (SSBW), V3, the
dielectric constant &(0), the propagation loss a, the electromechanical coupling factor k°, the
parameter determining the reflection of the SAWs, ¢, the penetration depth of the SAWs, #, and
¢ = Vp/Vyer (Where V,oris the SAW velocity for reference). Then, by considering the approximate
dispersion relation proposed by Plessky(32) and the dispersion relation of short-circuited grating,
the detune factor 8, and reflection coefficient per period for the short-circuited coefficient, x»,
were calculated using the COM parameters.(33) The detune factor is expressed as

o Mr

! Vref p

where x1; is the self-coupling coefficient corresponding to the phase shift per period of the
short-circuited grating without reflection, p is the length of a unit cell of each electrode, and M
is the Bragg reflection of the Mth order. The characteristic impedance of the metallized portion
in the EC model that is obtained by conversion from the COM parameters is Z,, = 1 —x12p when
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Fig. 4. (a) Cross-field model for a single electrode of the IDT and (b) three-port Mason’s EC of a single electrode
including an acoustic impedance discontinuity.

Zo = 1. The susceptance element jB connected in parallel at the electrode edges is responsible
for the energy storing effect. In the energy storing effect, the energy of a scattered BAW is
stored near the strip edge. The effect causes a reduction in SAW velocity. The relationship
between the susceptance element and the self-coupling coefficient is as follows: jB = jxy1p. Cs
is the static capacitance of a single electrode and is given by

C - Wg(;’o)go g((;l,)) ’ @)

where W is the width of the acoustic aperture of the electrode, ¢¢ is the dielectric constant of
air, and K is the Jacobian complete elliptic integral of the first kind with ¢ = sin(nLy/2p) and

q' =+1- qz). The transformer ratio R, is obtained using

1
K(2 2)

R, =(=1)" 2'facskzz() K(q)

)
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The average shifted center frequency f; ©? of the periodic transducer configuration is given as

fa= va/2p. Moreover, the average shifted velocity v, under an IDT due to metallization can be
expressed as v,= Vyer (1 — k11p/m).

Figures 5(a) and 5(b) illustrate the results obtained when the COM approach and new
modified EC model were used to calculate the reflection coefficient of a reflection grating, and
the transduction response between the electric and acoustic ports of an IDT at a metallization
ratio of 0.5, respectively. As indicated in the figures, the results obtained using the two methods
are in agreement. The element factor presented in Fig. 6 is the ratio of the excitation efficiency
for each period of the IDT relative to the best one.®® The element factors obtained using the
new modified EC model are consistent with those in another study.(33) This proves that the new
modified EC model is suitable for modeling and analyzing the characteristics of SAW devices.

2.2 Feedback-loop oscillator design
When specific gas molecules are absorbed on the sensitive layer coated on the wave

propagation path of an SAW sensor, SAW propagation is perturbed. A change in SAW
propagation can be evaluated by measuring the frequency shift in the SAWs. Hence, the
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Fig. 5. (a) Reflection coefficient of a reflection grating and (b) transduction response between electric and acoustic
ports of an IDT at metallization ratio of 0.5.
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oscillator circuit with the SAW device in the feedback loop was selected for this study; its
architecture is presented in Fig. 7. The oscillator consists of a loop amplifier, a two-port SAW
device, and a loop gain or phase adjust circuit, and a signal sampling circuit fabricated using
lumped components. The oscillation presents a closed loop gain initially, and the oscillation
phase satisfies Barkhausen’s criteria:

) (Gampa Gsawr Dad]) > 1 (4)
and
Hamp + 0, 6?adj =27 N, o)

where Gy and 6y, are the gain and phase change of the loop amplifier, and Gy, and 0y, are
the loss and phase change of the two-port SAW device, respectively; Gyg; is the total loss of the
loop gain or phase adjust circuit and signal sampling circuit; and 6,4 is the total phase change
in the circuits.

3. Experimental Methods
3.1 Materials and reagents

Aniline monomer was obtained from ACROS (Bergen County, NJ, USA) and distilled prior
to use. Tungsten hexachloride (WClg, Aldrich, St Paul, MN, USA), ammonium persulfate
[(NH4)2S,0g, Showa, Tokyo, Japan], hydrogen chloride (HCI, Union Chemical Works Ltd.,
Hsinchu, Taiwan), isopropanol (TEDIA, Fairfield, OH, USA), copper sulfate (CuSQO4, Aldrich),
and ammonium hydroxide (NH4OH, TEDIA) were used without pretreatment. All chemicals
used were of the analytical reagent grade. NO gases with concentrations of 116 and 300 ppb
were obtained from Jing-De Gas Co. (Kaohsiung, Taiwan).

Signal Sampling

O
Output

i

Phase Loop Gain
Adjust Adjust
gl M- VW

<
<
<

Sensitive
Layer =

Fig. 7. Block diagram of a feedback-loop oscillator.
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3.2 Preparation of Cu?"/PANI/WOs films

The procedure employed to prepare Cu®"/PANI/WOs solution was similar to that employed
in our previous studies.®? Tungsten oxide gel was first synthesized and then mixed with an
aniline precursor. Tungsten (VI) hexachloride was mixed with isopropanol in an ice bath, and
then, hydrolysis occurred at RT. The solution was subsequently gelled using NH4OH. Aniline
monomer (0.1 mol) was dissolved in 1 M HCI and mixed with tungsten oxide gel by stirring
vigorously. The aniline solution was polymerized by adding ammonium persulfate; the solution
was then maintained at RT for 20 h. Subsequently, the obtained PANI/WOs precipitate was
rinsed in deionized water and then washed with 1 M HCI solution. The derived solution was
mixed with isopropanol, which facilitated the deposition of the sensitive layer. Moreover, the
obtained PANI/WO3 solution was mixed with appropriate amounts of CuSO4 aqueous solution
to prepare copper-ion-doped PANI/WOj films with 0.3 wt% Cu?".

3.3 SAW sensor measurement

The sensing properties of the fabricated SAW sensors were evaluated within an enclosure
containing NO at various concentrations. Figure 8 shows the setup applied in the NO
measurement experiment. Mass flow controllers (Sierra, Kyoto, Japan) were used to prepare
the required set of gas dilutions by using certified NO of 116 ppb and dry air cylinders (Jing-
De Gas Co., Kaohsiung, Taiwan). NO and dry air were transported using mass flow controllers
equipped with a precision mass flow meter (Sierra) to change the ratio of NO gas to dry air. A
NO sensor (FENO, Bedfont, UK) was used to independently confirm the NO concentration
in the gases generated using this dilution method. The outflow was controlled at a constant
flow rate of 110 mL/min during the measurements. Dual-track sensors were placed in a sealed
5 cm? test chamber with a stable temperature. A temperature controller was used to maintain a
constant temperature of 23 °C.

Dry
air

Fig. 8. (Color online) Experimental setup for NO measurement.®
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The frequency of the SAW sensors was continually monitored using a frequency counter
(53132A, Agilent, USA) connected to a computer through a GPIB interface. Before the transient
frequency response of a sensor to NO was measured, the gas sensor was exposed to a dry air
stream for 30 min to eliminate unwanted gas molecules and stabilize the background signal.
Each NO pulse comprised 180 s NO exposure followed by 30 min dry air purge. The sensor
response was defined as the variation in the operating frequency of the SAW sensor due to NO
adsorption. The frequency shifts in all experiments were calculated on the basis of the average
response of the reactions, and the corresponding standard deviations of triplicate measurements
were calculated.

4. Results and Discussion

4.1 SAW device

In this study, the SAW sensor was designed as a two-port resonator or a delay line with an
operating frequency of approximately 98.3 MHz (period: 32 pm) and fabricated on an ST-X
quartz substrate. The geometric parameters of the fabricated SAW devices are listed in Table
1. The aperture was 1 mm (314), the distance between the input and output transducers was
approximately 600 um, and aluminum IDTs with a thickness of 3200 A were produced using
the lift-off method. To reduce interference from the environment, a dual-device configuration
was used, as illustrated in Fig. 9, and the size of the device was approximately 15.3 x 5.8 mm?.

As shown in Figs. 10 and 11, the simulation and measurement (obtained using an Agilent
85033E network analyzer) results for devices D1 and D2 are consistent. The frequency
responses of devices D1 and D2 reveal low insertion losses of 8.6 and 9.2 dB, respectively, and
linear phase changes at the 3 dB frequency bandwidth. The insertion losses of devices D1 and

Table 1

Geometric parameters of SAW devices.

Device DO D1 D2
Device structure Two-port resonator Two-port resonator Delay line
Length of input transducers 1064 1064 185
Length of output transducers 1064 1064 1854
Configuration of transducers  bidirectional 1/4-electrode EWC/SPUDT EWC/SPUDT
Number of strip gratings 150 150 —

Reflector IDT Sensitive layer

Fig. 9. (Color online) Photograph of a dual-device configuration.
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Fig. 10. Frequency response of SAW two-port resonator with EWC/SPUDT transducers (device D1) under matched
conditions: (a) simulated and measured amplitude responses and (b) measured phase response.
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Fig. 11. Frequency response of SAW delay line with EWC/SPUDT transducers (device D2) under matched
conditions: (a) simulated and measured amplitude responses and (b) measured phase response.

D2 were slightly lower than that of device DO. The frequency and phase responses reveal that
the oscillation criteria are only satisfied at the center frequency; that is, there are minimum
losses at this frequency [M1 in Figs. 10(a) and 11(a)]. The corresponding phase is marked as M2
in Figs. 10(b) and 11(b). Although there is a phase shift of 2 and the oscillator criterion is met
[M3 or M4 in Figs. 10(b) and 11(b)], the corresponding insertion loss is 10 dB higher than the
loss in the primary mode. Similarly, if the insertion losses of other modes in the passband meet
the oscillator criterion [M6 or M7 in Fig. 10(a)], the modes do not satisfy the oscillation phase
criterion. This finding indicates that the EWC/SPUDT structure enhances the single-mode
selection, and thus, the oscillator works at a single frequency.
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4.2 SAW oscillator

The oscillator circuit with the SAW sensor in the feedback loop was selected for this study,
and its architecture is presented in Fig. 7. The output and input ports of the SAW sensor were
connected by an oscillator circuit, which was fabricated using discrete elements integrated into
a circuit board. The discrete elements included a two-stage amplifier with a gain of more than
30 dB, a 3 dB lump-element reactive Wilkinson power splitter, and a lumped-element phase
adjuster. The performance of the oscillator was measured using a spectrum analyzer (N9010A,
Agilent). The narrow and wide scans of the output spectrum of oscillators D1 are presented
in Fig. 12, and the output parameters of three oscillators are listed in Table 2. Compared with
oscillator DO, oscillators D1 and D2 (which include EWC/SPUDTs) have a fundamental signal
with higher output power and exhibit superior harmonic level suppression. This implies that the
EWC/SPUDT configuration effectively guides the SAW energy transmission between the input
and output IDTs and suppresses the level of the harmonics.

Frequency stability is considered a key factor affecting the sensitivity of a sensor.
Temperature change or oscillator aging generally results in changes in oscillator frequency
over time. For good oscillators, this instability is measured in parts per million. The long-
term stabilities of the oscillators are summarized in Table 2. The long-term frequency drifts
in these oscillators were measured over 24 h. The devices that employ the EWC-SPUDTs
exhibit a higher oscillator performance, which is characterized by output power, harmonic level
suppression, and long-term frequency stability, than the devices that employ the A/4-electrode
transducers.

Mkr1 98.172 MHz Mkr1 196.370 MHz
7.87d -

1L%gBJdiv Ref 10.00 dBm Bm 10 dBidiv Ref 10.00 dBm 18.30 dBm
og

I
!
I
|
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800 1 R A 500 \'
f W‘\ e S 4ty AT MY \,/w o o et wvj
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t ,,| H iy
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) 5000 o
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(a) (b)

Fig. 12. (a) Measured output spectrum for operating frequency of 98.3 MHz and (b) harmonics spectrum of SAW
two-port resonator with EWC/SPUDT transducers (device D1).

Table 2

Output parameters and frequency stabilities of oscillators.

Device DO D1 D2

Output power of fundamental (dBm) 6.95 7.87 7.42
Relative level of 2nd harmonic (dBm) —18.51 —26.17 -19.24

Long-term stability (ppm) 1.17 0.36 0.66
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4.3 SAW sensor

As aforementioned, NO detection is crucial in medical applications. The aim of this study
was to develop a SAW sensor for detecting parts-per-billion levels of NO at RT. To this end, a
dual-track configuration was used to reduce environmental interference. A sensing track was
obtained by spin-coating a 1.5 % 0.5 mm? sensitive 0.3%-Cu>"/PANI/WO; layer between two
IDTs; no sensitive layer was deposited on the reference track surface. The thickness of the
Cu?*/PANI/WOj5 sensitive layer was measured to be approximately 3000 A by ellipsometry.
It was reported in Ref. 23 that the Cu?"/PANI/WOs sensitive layer had a porous structure and
could detect NO.

Figure 13 displays the responses of the developed SAW sensors when exposed to 50 ppb NO
in dry air at RT. The frequency response of the SAW sensors increases during NO exposure
and is reversible. The perturbation mechanisms of SAW propagation after the adsorption of gas
targets can be expressed as®

2
?{; ﬁov e folh ( j+4cf0(AhG)——A[o-—j ©)

2
+vC

where ¢, and ¢, are the coefficients of mass sensitivity and elasticity, respectively, m/4 is the
change in mass per unit area, % is the thickness of the sensitive layer, G’ is the shear modulus,
k? is the electromechanical coupling coefficient, and oy is the sheet conductivity of the sensitive
layer. The first term on the right-hand side of Eq. (6) represents the mass loading effect that
results in negative frequency shifts and is a function of NO concentration. The second term is
the contribution of the elastic properties of the sensitive layer. The frequency shift resulting
from the elastic effect is positive. The third term represents the acoustoelectric effect. The
frequency shift due to the acoustoelectric response is positive because NO was a reducing gas
at RT in this study.®> The frequency shift during exposure to NO in dry air, as illustrated

600
550 4
500 4
450 A

0 50 100 150 200 250 300 350 400 450 500 550 600
Time (s)

Fig. 13. Response of a SAW sensor coated with a 0.3% Cu?'/PANI/WOj sensing film to 50 ppb NO in dry air at
RT.
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in Fig. 13, was positive, indicating that the elastic and acoustoelectric effects of the sensitive
layers outweighed the mass loading effect. Therefore, the modification of the elastic and
acoustoelectric effects led to increases in oscillation frequency.

Figure 13 also reveals that both EWC/SPUDT SAW sensors, which are devices D1 and D2,
exhibit higher responses than the bidirectional //4-electrode transducer SAW sensor during
NO adsorption. For a NO concentration of 50 ppb in dry air, the frequency shift in the EWC/
SPUDT SAW resonator is 502 Hz. Moreover, the response time and recovery time, which
are defined as the time required for the response signal to rise to 90% of its maximum after
the beginning of gas exposure and the time required for the response signal to return to 90%
of the original baseline signal upon removal of target gas, respectively, were calculated. The
experimental results are listed in Table 3 and reveal that the response time is less than 1 m and
that the recovery time is about 2 min at a NO concentration of 50 ppb in dry air.

Devices DO and D1, which both have a two-port resonator structure, were next exposed
to various NO concentrations to evaluate sensitivity. The sensor response increases with
NO concentration, as plotted in Fig. 14. The sensitivity of device DI was evaluated to be
approximately 4.2 Hz/ppb (~3.43 kHz/mg/m3), which is approximately three times higher than
that of device DO (~1.5 Hz/ppb) for NO concentrations in the range of 20—80 ppb. These results
indicate that the developed EWC/SPUDT SAW sensor exhibited accurate parts-per-billion-level
detection, optimal reversibility, and rapid response to NO at RT.

Table 4 shows some of the SAW NOj sensors reported in the literature.**>% Compared with
other SAW sensors in early works, the frequency response in the present work is significant
towards 20 ppb NO concentration. Hence, the present EWC/SPUDT SAW sensor coated with a
Cu?"/PANI/WOs layer is able to sensitively detect NO gas concentrations of the order of parts-
per-billion at room temperature.

Table 3 800 oo
Experimental results of gas sensors to 50 ppb NO in 700 - @DI . e .-
dry air at RT. 600 e
Device DO D1 D2 5500 ........ .
Frequency shift (Hz) 128 502 211 £ w [ '
Response time (s) 12 40 15 g
Recovery time (s) 139 112 138 %300
2200 eeee= O----
e
100 B=====""""" o
0
20 30 40 50 60 70 8 90
NO concentration (ppb)
Fig. 14. Frequency shifts of the sensor in response to
various NO concentrations in dry air at RT.
Table 4

Comparison of different SAW sensors reported in the literature.

Sensing film Target Operating Operating Gas . Sensor response Reference
gas temperature frequency concentration

SnO, NO, RT 433.92 MHz 20 ppm ~30 MHz [36]

ZnO NO; RT 99.5 MHz 400 ppb 6 kHz [37]

PZT NO, RT 99.4 MHz 80 ppm 1.11 kHz [38]

CuZ/PANI/WO;  NO RT 98.3 MHz 20 ppb 477Hz  This work
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An EWC/SPUDT SAW resonator using a Cu®*/PANI/WOs sensitive layer exhibited a
detection sensitivity of 4.2 Hz/ppb for detecting NO in the concentration range of 20—80 ppb.
In the future, the development and improvement of SAW sensors for detecting parts-per-billion
levels of gases will be continued for subsequent medical applications.

5. Conclusions

In this study, the new modified EC model was used to model and analyze the characteristics
of SAW devices prior to their fabrication. The simulation and measurement results were
consistent. The EWC/SPUDT configuration enhanced single-mode selection, effectively guided
the SAW energy transmission between the input and output IDTs, and suppressed the harmonic
level. SAW oscillators fabricated on an ST-X quartz substrate with an EWC/SPUDT structure
could be operated at a single frequency and provided a higher-output-power fundamental signal,
superior harmonic level suppression, and long-term frequency stability compared with those
without the structure. The experimental results obtained using the gas sensor revealed that a
SAW sensor has superior sensitivity, responds rapidly, and requires a short recovery time for
detecting parts-per-billion levels of NO in dry air at RT. An EWC/SPUDT SAW resonator using
a Cu®"/PANI/WOs sensitive layer exhibited a detection sensitivity of 4.2 Hz/ppb for detecting
NO in the concentration range of 20—80 ppb. In the future, the development and improvement
of SAW sensors for detecting parts-per-billion levels of gases will be continued for subsequent
medical applications.
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