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Abstract

Surface acoustic wave (SAW) gas sensors based on the acoustoelectric effect exhibit wide application prospects for in
situ gas detection. However, establishing accurate models for calculating the scattering parameters of SAW gas sensors
remains a challenge. Here, we present a coupling of modes (COM) model that includes the acoustoelectric effect and
specifically explains the nonmonotonic variation in the center frequency with respect to the sensing film’s sheet
conductivity. Several sensing parameters of the gas sensors, including the center frequency, insertion loss, and phase,
were experimentally compared for accuracy and practicality. Finally, the frequency of the phase extremum (FPE) shift
was determined to vary monotonically, and the range of selectable test points was wide, making the FPE an
appropriate response parameter for leveraging in SAW gas sensors. The simulation results of the COM model were
highly consistent with the experimental results. Our study is proposed to provide theoretical guidance for the future

development of gas SAW sensors.

Introduction

Recently, surface acoustic wave (SAW) gas sensors
have attracted significant attention across numerous
industries due to their advantages, such as high sensi-
tivity, digital output, reliability, accuracy, low cost, and
passive wireless detection”>. SAW gas sensors typically
incorporate one or two of the following sensing
mechanisms: the mass loading effect, the elastic loading
effect, or the acoustoelectric effect’. Most studies have
utilized frequency shift equations to analyze the depen-
dence of mass, elastic modulus, and conductivity on the
frequency shift of SAW gas sensors toward determining
the primary underlying mechanisms of these techni-
ques®’. Recent studies have indicated that the acousto-
electric effect plays a more significant role in influencing
the frequency shift as depends on the acoustic velocity®.
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Therefore, several studies have attempted to use theo-
retical analysis to optimize the performance of SAW
sensors based on the acoustoelectric effect. Most of these
related studies have relied solely on velocity change
equations to calculate the center frequency shift of SAW
sensors™'®, while some have attempted to establish
corresponding models. Jakubik et al. developed a phe-
nomenological model outlining the interdependence
between normalized sheet conductivity and acousto-
electric sensitivity''. The model predicted the perfor-
mance of SAW gas sensors with single or bilayer
structures. Using the transfer matrix method, Fan et al.
calculated the effect of sheet conductivity on the velocity
and center frequency of a multilayer SAW sensor'?,
However, these studies did not consider the center fre-
quency shifts caused by triple transit signals, electrode
reflections, or other stray signals.

While the abovementioned theoretical analyses have
contributed to improving the sensitivity of sensors, they
have limitations and cannot fully explain some experi-
mental phenomena for SAW gas sensors based on the
acoustoelectric effect. For example, while some
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experimental results are consistent with the theoretical
predictions that the center frequency of SAW sensors
decreases as the film sheet conductivity increases'>'?,
other studies reported conflicting results on this
topic'>'®. Thus, it is inaccurate to predict frequency
shifts solely based on the velocity changes caused by the
acoustoelectric effect in SAW sensors. The center fre-
quency'”™"? is the most commonly used sensing para-
meter for SAW gas sensors, and some studies have
investigated the variations in insertion loss®® and
phase*”** induced by target gases. However, existing
models cannot simultaneously calculate these sensing
parameters. Based on the aforementioned analysis, a
major issue in SAW sensor modeling is the absence of a
solution for calculating the transmission coefficient of
SAW sensors while accounting for the influence of the
film sheet conductivity.

In this work, we establish a model that includes the
acoustoelectric effect for SAW gas sensors. The model
incorporates film sheet conductivity changes into the P-
matrix of the acoustic propagation path, enabling the
calculation of the scattering parameters for the entire
sensor system. The model also couples second-order
effects such as electrode reflections, wave velocity varia-
tions, and propagation losses. Compared to the finite
element method (FEM), which is known for its high
precision in SAW device analysis, the coupling of modes
(COM) model provides an efficient alternative for simu-
lating the transmission coefficient without imposing sig-
nificant computational and storage burdens. The modified
COM model can simulate the variations in the sensing
parameters of SAW gas sensors, including the center
frequency, insertion loss, and phase. The simulation and
experimental results exhibit excellent agreement, con-
firming the accuracy of the proposed model. This model
was used to simulate the nonmonotonic variation
between the center frequency and sheet conductivity,
providing theoretical support for previously unexplained
experimental phenomena. Additionally, the step changes
in the center frequency induced by in-band fluctuations
are investigated. Furthermore, the FPE shift serves as a
suitable response parameter for SAW gas sensors due to
its monotonic variation within a wide range of thin-film
conductivities.

Model description
Acoustoelectric effect

The interaction between SAWs and carriers in an
overlaid semiconductor can be described using a complex
propagation parameter as y = a + jB. The real part « and
the imaginary part S, each of which are nonmonotonic
functions of the normalized sheet conductivity ¢, can be
used to determine the attenuation per wavenumber k and
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the fractional velocity perturbation as follows™:

OLNI<2 &

aTee 0
2

A, B_ K ¢ (2)

where K is the electromechanical coupling coefficient, & =
as/ou; 0y is the sheet conductivity of the sensing film; g, is
the characteristic sheet conductivity at which the maximum
acoustoelectric attenuation and the greatest rate of change
in acoustic velocity both occur; o, is given by oy =
vs(eo +€), where vg is the acoustic velocity, & is the
vacuum dielectric constant, ¢ is the dielectric constant of
the piezoelectric medium, and Av is the change in acoustic
velocity due to exposure of the sensing film to the target
gases. Based on Egs. (1) and (2), Fig. S1 was plotted to
depict the amplitude attenuation and velocity shift of the
SAW variation as a function of €. The acoustoelectric effect
becomes more pronounced with increasing K> When € = 1,
the film carriers gain the most energy, which results in the
most attenuation and the fastest velocity change.

An oscillating electric field excited by the acoustic surface
wave propagates across the piezoelectric substrate and
interacts with carriers in the semiconductor layer, resulting
in coupling between the phonons and electrons. The film
sheet conductance varies due to the target gas, changing the
transmission coefficient S,; response of the sensor.

Establishment of the COM model for SAW gas sensors

The COM model was established to calculate the S,;
response of the SAW delay line gas sensors, as shown in Fig.
la. The input interdigital transducer (IDT), acoustic pro-
pagation path and output IDT are the three fundamental
components of gas sensors. Building upon the existing
COM model for the SAW delay line, this study expanded
the existing model to incorporate the impact of thin films
on the energy and velocity of SAWs within the acoustic
transmission path. The corresponding investigation focused
on analyzing the influence of the acoustoelectric effect on
the gas sensor response, encompassing parameters such as
insertion loss, center frequency, and phase.

The process of excitation, transmission, and interaction
of SAWs in an IDT can be described by the P-matrix.
Based on the external operating characteristics, the IDT is
equated to a three-port linear circuit comprising an
electrical terminal and two acoustic terminals. The P-
matrix of the IDT is expressed as follows:

U_(0) Py Py P3| [UL(0)
U, L) | = [Py Py Pyu||U_(L) (3)
I P31 P Pss A
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Fig. 1 Schematic of the simulation studies on the SAW delay line gas sensor. a Schematic of the geometric layout and associated COM model.
b P-matrix cascading. ¢ Equivalent two-terminal network for a SAW gas sensor

b
tWas BT
IA&I I b, ¢4 I ]l s
a, —- = = L .~ d
! P, P, P, 2
b, — F— F—1 — Cz
a, a,
C Z, a, a, 2,
(% SAW gas sensor (})
z, b b, 2z,

where U, (x) and U_(x) are the forward and backward
propagation amplitudes of the SAW, L is the length of the
transducer, / is the current, and V' is the voltage.

The basic equations of the COM model include a group
of partial differential equations that describe the coupling
of SAW's propagating in opposite directions. The solution
of the COM equation for the IDT can be expressed in
terms of the P-matrix, and each element in the matrix can
be represented by COM parameters**, The COM para-
meters that depend mainly on the piezoelectric substrate
are obtained from Abbott and Hashimoto’s frequency
dispersion equations and Plessky’s dispersion equations
for a two-parameter model*>°.

In addition, the P-matrix of the acoustic propagation
path for the SAW delay line is expressed as follows:

0
Pp=|D (4)
0

o o
o o o

For a free surface, D = e /%L¢, where kg is the free sur-
face propagation constant and L, is the propagation path
length. k¢ is given by k; = w 7Y, where o is the angular
frequency, v, is the acoustic velocity, and y’ is the pro-
pagation loss. If the acoustic propagation path is covered
by a semiconductor film, it is necessary to consider the
attenuation and the change in SAW velocity that results
from the acoustoelectric effect, which is represented by
the propagation parameter y = a + jB. The corresponding
modified D = e Jkla=rL —

—j(2—jy' )L ,(LJrji) jr<s .
e () sz ) , where L is the length of the
semiconductor film along the direction of acoustic
propagation.

expression is given by

The acoustic propagation path has no electrical term-
inal, and its acoustic terminals are connected in series
with the acoustic terminals of the input and output IDTs,
as shown in Fig. 1b. The P-matrix of the SAW delay line
gas sensors is derived from the unit P-matrix by cascad-
ing. The admittance matrix Y and scattering parameters S
of the gas sensors are obtained from the P-matrix of the
SAW delay line*”. The admittance matrix Y is expressed
as follows:

|:IA:| B [Yu le] |:VA:| (5)
I Yoo YullVs
where V4 and Vj are the voltages applied to the electrical
terminals of the input and output IDTs, respectively, and
I, and Ip are the currents generated by the input and
output IDTs, respectively.

The relationship between the admittance parameter Y

and the individual elements P; of the P-matrices is
expressed as follows:

P;BPQZPfIDZ

vy = pA 4 TPl
e

(6)
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Finally, the SAW gas sensor can be regarded as part of a
two-terminal network, as shown in Fig. 1c. Based on the
admittance matrix Y, the transmission coefficient S,
which includes both magnitude and phase, is expressed as
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follows:

—2V/R1R,Y 5,

Sy =
A QA+ Z1Y1)(1 + ZyY %) — Z1ZY12Y o

©)

where R; = Re(Z;) and Z,; is the equivalent impedance of
the peripheral circuits.

According to the COM model for SAW gas sensors, £
influences element D of the Pp matrix, thereby influen-
cing the admittance matrix Y and the scattering para-
meter Sy;.

Experimental section
SAW sensor fabrication

Based on the simulation results of the COM model, a
prototype SAW gas sensor was fabricated. Figure 2a
schematically depicts the structure of the acoustoelectric
effect for a SnO, thin film on a 128° YX-LiNbO; (LN)
substrate. The IDT design was patterned by photo-
lithography. Each IDT comprised 30 finger pairs with a
period of 20pum. A Cr/Al (5nm/600nm) bilayer was
subsequently deposited on the wafer using an e-beam
evaporator, followed by a lift-off process to form the IDTs.
The aperture of the IDTs was 500 pm, and the propaga-
tion length was 4000 pm. The main sensing mechanism of
SAW H,S sensors based on SnO, films is the acousto-
electric effect’”. This sensor serves as a representative
example to validate the wide applicability and reliability of
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the modified model. To realize the sensing film, a
0.7 x 2mm?* SnO, film was deposited in the acoustic
propagation region of the SAW sensor. Ag electrodes with
a thickness of 200 nm for testing the film resistance were
deposited on both sides of the SnO, film using vacuum
evaporation.

Material deposition

The SnO, film was deposited on an LN substrate at
room temperature by RF magnetron sputtering of the
SnO, target (diameter: 3 in, purity: 99.99%). The distance
between the target and substrate was 100 mm. The base
pressure for deposition was less than 9 x 10~* Pa, and
during deposition, and this pressure was maintained at
2 Pa using a 30sccm Ar constant flow and an adaptive
pressure controller. The SnO, target was set at 100 W.
The SnO, film deposition rate was 7 nm/min. Finally, the
samples were annealed at 500 °C for 2h. The prepared
SnO, film exhibited a strong response to H,S, which
manifested as a wide range of sheet conductivity changes
and realized a SnO, film that was suitable for verifying the
correctness of the COM model.

Characterization

Scanning electron microscopy (SEM, ZEISS, Gemini-
SEM 300) was used to inspect the SnO, layer morphol-
ogies. As shown in Fig. 2b, the SnO, layer exhibited a
homogeneous and dense microstructure with a uniform

Input IDT
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[
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Fig. 2 SAW gas sensor overview. a Schematic of the acoustoelectric effect for a thin film on an LN substrate. b SEM image of the SnO,/LN sample.
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thickness of 350 nm. The crystal structure of the SnO,
layer was analyzed via X-ray diffraction (XRD, Empyrean,
PANalytical B.V.) with Cu Ka radiation in the 26 range of
10-80°. As shown in Fig. 2¢, four distinct 260 peaks at
26.61°, 33.89°, 38.97°, and 51.78° were attributed to the
(110), (101), (111), and (211) planes, respectively.
According to Hall measurements (ECOPIA HMS-5500),
the SnO, layer exhibited an electron mobility of 1.85 cm?/
(V:s), a sheet carrier density 7, of 1.58 x 10*cm ™2, and a
sheet conductance of 4.68 x 10”7 S at RT.

Experimental setup

In Fig. 3a, the SAW sensor was fixed on a specially
designed printed circuit board. The gas sensing mea-
surement system as described in Fig. 3b, ¢ was used to
evaluate the SAW gas sensor. This system was capable of
dynamically regulating humidity and target gas con-
centration. The temperature and relative humidity in the
test were maintained at 25 °C and 25%, respectively.

During the experiments, the SnO, film was exposed to 50
ppm H,S gas, and the total flow rate was adjusted to
200 sccm. The S;; of the SAW gas sensor under static
conditions was determined via a network analyzer (Agi-
lent E5071C). The film resistance was measured using a
source measurement unit (Keithley 6487) while simulta-
neously measuring S,;. The output signal was monitored
in real-time using software. The SnO, sheet conductivity
was determined from its resistance Rg using the equation
s = (1/Rs)x (W/L), where W and L are the width
(0.7 mm) and length (2 mm) of the film, respectively.

Results and discussion
COM model validation

The simulated and measured S,; curves of the SAW gas
sensor before and after depositing the SnO, thin film are
shown in Fig. 4. Details of the LN parameters used in the
COM model are listed in Table 1. We determined the
insertion loss and center frequency based on the Sy;
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Fig. 4 Simulated and measured S,;. a Original SAW sensor and b the sensor coated with the SnO, film
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Table 1 The 128° YX-LiNbO; parameters used in the COM
simulation

Parameters Values
Acoustic velocity vs (m/s) 3992
Electromechanical coupling coefficient K2 (%) 55
Dielectric constant € = 56.68¢, (F/m) 502x107"°
Characteristic sheet conductivity oy (5) 204 %107

curve, where the center frequency was defined as the
frequency corresponding to the minimum insertion loss.
The S,; curves obtained from both the measurements and
simulations exhibited similar results. Reflections at the
fingered electrodes led to asymmetry in the main lobe of
the S,; curves. The measured insertion losses were
slightly greater than the simulated insertion losses due to
intrinsic limitations of the physical device, such as non-
ideal energy losses and incomplete impedance matching
due to the effects of the measurement system. The
simulated and measured scattering properties of the
designed SAW gas sensor with and without the SnO, thin
film are summarized in Table 2. The measured center
frequencies of the device without and with the SnO, thin
film were 193.06 MHz and 194.81 MHz, respectively.
When the SAW coupled to the SnO, thin film, part of the
SAW acoustic energy was transferred into the film. The
measured insertion loss increased from 6.77 dB to 8.05 dB,
which is attributed to the acoustoelectric effect. There was
no significant difference between the simulated and
measured results, verifying the accuracy of the modified
COM model. The above results demonstrated that the
COM model can accurately simulate the frequency
response characteristics of the prototype SAW gas sensor,
establishing the model as a tool for optimizing sensor
structures.

Table 2 The simulation and measurement results of the
center frequency and insertion loss without and with the
sensing film are shown in Fig. 4

Structures  Methods Center frequency Insertion loss
(MHz) (dB)

Without film  Simulation 192.70 —546

Without film  Measurement  193.06 —6.77

With film Simulation 194.82 —7.04

With film Measurement  194.81 —805

Optimization of the SAW gas sensors

The modified COM model was further utilized to study
three key aspects of SAW sensors. First, the variations in
the insertion loss and center frequency with film sheet
conductivity were examined. Second, the center frequency
was determined to be susceptible to step changes caused
by in-band fluctuations, and a time-gated technique was
implemented to mitigate this effect. Finally, the phase
frequency shift displayed a monotonic relationship with
the film sheet conductivity, indicating that the phase
frequency shift is a more favorable property to employ as
a sensing parameter.

Insertion loss and center frequency

The operating principle of SAW gas sensors based on
the acoustoelectric effect relies on the film sheet con-
ductivity changing due to the adsorption and desorption
of target gas molecules, which affects the acoustic trans-
mission characteristics. In the modified COM model, the
normalized sheet conductivity { was used as the inde-
pendent variable to calculate S,; and obtain the corre-
sponding center frequency and insertion loss. A
monotonically varying characteristic is typically needed as
a measurement parameter for gas sensors. However, our
simulations and experiments showed that the center
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frequency and loss varied nonmonotonically with . The
SnO, sheet conductivity response and recovery curves of
the SAW gas sensor toward H,S at room temperature are
shown in Fig. 5a. The corresponding dynamic insertion
loss and center frequency response curves of gas exposure
and release are shown in Fig. S2. Due to the rapid
response of the sensor in the experiment and the limited
density of data points used for analysis, the recovery curve
of the sensor was utilized for comparison with the
simulation results. Based on these recovery curves, we
obtained the insertion loss and center frequency as
functions of ¢ and compared these values with the
simulated results, as shown in Fig. 5c, d. The insertion loss
reached its maximum at {=1 (05=0y;). The simulated
center frequency exhibited the following characteristics:
(1) the trend of the curve was not monotonic but was
rather symmetrical about £ = 1, and (2) the curve was not
smooth and had stepped shapes. Notably, the variations in
film sheet conductivity and gas concentration are corre-
lated, and within a certain concentration range, this
relationship may exhibit linearity. As the concentration of
H,S decreases, the range of variation in & will narrow.
This phenomenon is further discussed by investigating the
variations in the insertion loss at different H,S con-
centrations, as shown in Fig. S3. When the H,S

concentration drops to a certain value, £ remains con-
sistently less than 1, and the variation in the insertion loss
with £ becomes monotonic.

Figure 5b shows the simulated S,; with significant in-
band fluctuations based on the different film sheet con-
ductivities. The in-band fluctuations in the S,; curves are
caused by the combination of the direct signal with
parasitic responses that propagate through the delay line
multiple times with decreasing amplitude®. The exact
position of these ripples depends on the phase relation-
ship between the direct signal and multiple transit signals,
which can be affected by changes in the SAW velocity
(which may occur due to factors such as film sheet con-
ductivity, electrical or mechanical boundary conditions,
and temperature). As the film sheet conductivity changes,
the in-band fluctuations are affected. The center fre-
quency remains constant until there is a shifting of the
wave peak where the minimum insertion loss occurs. This
shift does not affect the continuous change in the inser-
tion loss because it is approximately the same for several
adjacent wave peaks. The insertion loss increases when
€<1 and the sheet conductivity increases. When the
highest peak of the in-band fluctuation changes, this
change results in a sudden shift of the center frequency.
However, the experimentally observed step change in the
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central frequency is more pronounced than that observed
in the simulation results, as shown in Fig. 5d. This dis-
crepancy is attributed to the assumption of ideal condi-
tions by the model, while second-order effects and
parasitic responses of the device in the actual test can
result in more significant changes in the in-band fluc-
tuations. In gas sensing experiments, it is typical that the
center frequency undergoes continuous variation when
the sheet conductivity changes only to a limited extent
and when the in-band fluctuation is negligible. In addi-
tion, if the response time of the SAW sensor is slow, step
changes in the center frequency are more pronounced®.

Center frequency after elimination of in-band fluctuations
To investigate the physical mechanism underlying the
center frequency step changes in Fig. 5d, the frequency
domain S,; curve was filtered by the time-gating techni-
que based on Fourier transform operations. The fre-
quency domain S,; curve recorded for the case of no gas
infusion (as obtained from the modified COM model
shown in Fig. 4b) was converted to the time domain using
a fast Fourier inverse transform, thereby deriving the
pulse response of the sensor. As shown in Fig. 6a, the first
pulse was the direct signal, and the subsequent con-
tinuous pulses were parasitic responses, due to effects
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such as the occurrence of multiple reflection signals and
round-trip reflection signals. On a linear scale, the direct
signal can be represented as a triangle with a slightly
slower falling edge slope than a rising edge slope due to
the reflections within the IDTs. The direct signal contains
all the necessary information for evaluation, while any
signals outside this region are considered interfering sig-
nals. Subsequently, the direct signal data and other data in
the time domain response excluding the pulses were fit to
obtain a new curve, as shown in Fig. 6b. Finally, based on
the fitting curve and its phase information, a fast Fourier
transform was performed to obtain the gated S,; signal in
the frequency domain, as shown in Fig. 6c. In this
experiment, the time-gated function of the network ana-
lyzer was utilized to eliminate unnecessary signals, and
the processed frequency domain S,; curve did not exhibit
in-band fluctuations, as were observed in the simulation
results. The center frequency of the elimination of in-
band fluctuations varied with &, as shown in Fig. 6d, with
no step changes in the center frequency. The corre-
sponding dynamic response curves of gas exposure and
release are shown in Fig. S4. The above analysis revealed
that multiple reflection signals and round-trip reflection
signals were the main causes of in-band fluctuations,
which ultimately led to step changes in the center
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frequency. As such, in-band fluctuations could be elimi-
nated through signal processing or by optimizing the IDT
structure, such as through the use of a single-phase uni-
directional transducer (SPUDT). However, the dynamic
curves of the center frequency after the elimination of in-
band fluctuations in the simulation and experiment were
not smooth. This occurs because even after the elimina-
tion of triple transit and any other interfering signals, the
exact location of the minimum insertion loss remains
somewhat affected by the internal reflections within the
IDT. Theoretical predictions of the center frequency shift,
as shown in Fig. 6d, exhibited a nonmonotonic trend that
was consistent with the experimental results. Specifically,
as ¢ increases, the center frequency initially decreases
(é<1, os<oyr) and then increases (£>1, ogs>0y) and is
determined by the relative magnitudes of os and o, In
Eq. (2), the velocity change is inversely proportional to
& Moreover, as the center frequency shift is directly
proportional to the velocity change, the center frequency
shift is inversely proportional to the normalized sheet
conductivity. Therefore, Eq. (2) could not exclusively
explain why the observed phenomenon of the sheet
conductance was proportional to the frequency in this
work or in Refs. '>', which were caused by the
acoustoelectric effect. In contrast, the modified COM
model directly simulated the center frequency shift,
overcoming the limitations of the equation-based
description and providing a more accurate explanation
of the frequency response of the SAW gas sensor.

A more suitable
extremum shift
The insertion loss and center frequency are com-
monly used as sensing parameters in SAW wave gas
sensors. If the resistance of the sensing film changes
significantly in the case of gas infusion, the changes in
the insertion loss and center frequency that occur after
the elimination of in-band fluctuations are not mono-
tonic. Therefore, the insertion loss and center fre-
quency do not satisfy the requirements of the sensing
parameters. In some previous studies, the phase shift is
used as the sensing parameter for gas testing. However,
due to the limited range of the phase shift (—180° to
180°), which leads to complex experimental data pro-
cessing, we propose and discuss the possibility of using
the FPE shift as a sensing parameter. In our experiment,
a phase extremum near the center frequency was
marked with a network analyzer, and the frequency
shift of this marked point was recorded when the sensor
was exposed to H,S. The corresponding dynamic
response curves of gas exposure and release are shown
in Fig. S5. The modified COM model was used to
simulate FPE corresponding to different { values, and
there was high consistency between the simulated and

parameter: frequency of phase
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experimental results (as shown in Fig. 7), further
demonstrating the accuracy of the modified COM
model. As ¢ increased, the FPE changed monotonically,
and when {=1, the FPE changed very quickly, indi-
cating the highest sensitivity of the sensor.

In SAW gas sensors, the adsorption of gas induces a
phase shift A® between two IDTs, stemming from the
change in velocity of the SAW (Av/vs). Specifically, this
relationship is expressed as follows:

I A
AD = 2mf x — x =¥
14

(10)
S Vs

where f is the frequency and [ is the distance in the
acoustic propagation region.

In Fig. 7, the phase angle is held constant at the marked
point, and the resulting frequency shift is recorded. The
angle and frequency are different representations of the
same phase change and exhibit the same trend. Therefore,
the FPE should demonstrate a similar trend as the varia-
tion in acoustic velocity. Crucially, the center frequency,
which is typically defined as the frequency corresponding
to the maximum point on the S,; curve, is influenced by
changes in the SAW velocity and by SAW attenuation.
Thus, even when eliminating in-band fluctuations, the
trend of the center frequency shift differs from that of the
velocity change.

The phase experiment was independent of signal pro-
cessing, which resulted in more convenient and quicker
gas detection than does the evaluation of the center fre-
quency. Furthermore, the more substantial shift in the
FPE, in contrast to the shift in the center frequency, sig-
nificantly enhances the gas sensor response, leading to
heightened sensitivity. As a sensing parameter, the FPE
had no specific requirements for the range of resistance
changes and showed good monotonicity. In addition, the
selection of test points for the frequency of the phase shift
was broad. As the film sheet conductivity increased, the
phase curve shifted toward lower frequencies without
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significant changes in shape, as reflected in the simulated
phase curves shown in Fig. 7. Therefore, any point on the
phase curve measurable by the SAW sensor can be a
viable test point for investigating the frequency associated
with the phase shift, which broadened the selection range
of testing.

Conclusion

Our study established a COM model that included the
acoustoelectric effect for SAW gas sensors. This model is
proposed to serve as a valuable tool for optimizing sensor
performance. The performance of the model was experi-
mentally validated, and a comparison revealed that the
measured and simulated results were strongly correlated.
The modified COM model was also used to explain pre-
viously reported nonmonotonic variations in the center
frequency for several SAW gas sensors based on the
acoustoelectric effect. In the present state of the art, there
is a lack of simulation models for calculating the phase of
SAW gas sensors, and our study effectively addresses this
issue. Additionally, the phase frequency shift was
demonstrated to be a more suitable sensing parameter for
use with SAW gas sensors.

Acknowledgements

This work was supported by the National Key Research and Development
Program of China (Grant No. 2022YFA1204603), the Shenzhen Science and
Technology Innovation Program (Grant No. GJHZ20210705142539009), and
the National Natural Science Foundation of China (Grant No. 11874169).

Author details

'School of Integrated Circuits, Huazhong University of Science and
Technology, 430074 Wuhan, People’s Republic of China. “CAS Center for
Excellence in Nanoscience, National Center for Nanoscience and Technology,
100190 Beijing, People’s Republic of China. *Department of Microsystems
Engineering, Laboratory for Electrical Instrumentation and Embedded Systems,
University of Freiburg, 79110 Freiburg, Germany. “Research Institute of
Huazhong University of Science and Technology in Shenzhen, 518057
Shenzhen, People’s Republic of China

Author contributions
All the authors have given approval to the final version of the manuscript.

Conflict of interest
The authors declare no competing interests.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/541378-024-00673-w.

Received: 22 November 2023 Revised: 25 January 2024 Accepted: 4
February 2024
Published online: 24 May 2024

References
1. Rabus, D. et al. Subsurface H,S detection by a surface acoustic wave passive
wireless sensor interrogated with a ground penetrating radar. Acids. Sens. 5,
1075-1081 (2020).
2. Nasri, A, Pétrissans, M, Fierro, V. & Celzard, A. Gas sensing based on organic
composite materials: review of sensor types, progresses and challenges. Mater.
Sci. Semicond. Process. 128, 105744 (2021).

20.

21,

22.

23.

24,

25.

26.

27.

28.

29.

Page 10 of 10

Pasupuleti, K. S. et al. Boosting of NO, gas sensing performances using GO-
PEDOT:PSS nanocomposite chemical interface coated on langasite-based
surface acoustic wave sensor. Sens. Actuators B 344, 130267 (2021).

Zhu, H. et al. Elastic loading enhanced NHs sensing for surface acoustic wave
sensor with highly porous nitrogen doped diamond like carbon film. Sens.
Actuators B 344, 130175 (2021).

Li, H. et al. Surface acoustic wave NO, sensors utilizing colloidal SnS quantum
dot thin films. Surf. Coat. Technol. 362, 78-83 (2019).

Penza, M, Milella, E. & Anisimkin, V. I. Gas sensing properties of Langmuir-
Blodgett polypyrrole film investigated by surface acoustic waves. IEEE T.
Ultrason. Ferr. 45, 1125-1132 (1998).

Jakubik, W. P. Surface acoustic wave-based gas sensors. Thin Solid Films 520,
986-993 (2011).

Luo, W. et al. A surface acoustic wave H,S gas sensor employing nanocrys-
talline SnO, thin film. Sens. Actuators B 176, 746-752 (2013).

Li, M. et al. Colloidal quantum dot-based surface acoustic wave sensors for
NO,-sensing behaviour. Sens. Actuators B 287, 241-249 (2019).

Al-Mashat, L, Tran, H. D, Wlodarski, W., Kaner, R. B. & Kalantar-zadeh, K. Poly-
pyrrole nanofiber surface acoustic wave gas sensors. Sens. Actuators B 134,
826-831 (2008).

Jakubik, W, Powroznik, P, Wrotniak, J. & Krzywiecki, M. Theoretical analysis of
acoustoelectrical sensitivity in SAW gas sensors with single and bilayer
structures. Sens. Actuators B 236, 1069-1074 (2016).

Fan, L. et al. Influence of surface conductivity on sensitivity of acoustic wave
gas sensors based on multilayered structures. [EEE T. Ultrason. Ferr. 58, 451-460
(2011).

Li, W. et al. Room-temperature ammonia sensor based on ZnO nanorods
deposited on ST-cut quartz surface acoustic wave devices. Sensors 17, 1142
(2017).

Zhou, L. et al. Integrated sensor based on acoustics-electricity-mechanics
coupling effect for wireless passive gas detection. Nano Res. 16, 3130-3141
(2023).

Chen, X, Li, D. M, Liang, S. F, Zhan, S. & Liu, M. Gas sensing properties of
surface acoustic wave NH; gas sensor based on Pt doped polypyrrole sen-
sitive film. Sens. Actuators B 177, 364-369 (2013).

Jakubik, W, Krzywiecki, M., Maciak, E. & Urbanczyk, M. Bilayer nanostructures of
CuPc and Pd for resistance-type and SAW-type hydrogen gas sensors. Sens.
Actuators B 175, 255-262 (2012).

Penza, M, Cassano, G, Sergi, A, Sterzo, C. L. & Russo, M. V. SAW chemical
sensing using poly-ynes and organometallic polymer films. Sens. Actuators B
81, 88-98 (2001).

Tang, Y. L. et al. Ammonia gas sensors based on ZnO/SiO, bilayer nanofilms
on ST-cut quartz surface acoustic wave devices. Sens. Actuators B 201,
114-121 (2014).

Constantinoiy, I, Miu, D. & Viespe, C. Surface acoustic wave sensors for
ammonia detection at room temperature based on SnO,/Cos0, bilayers. J.
Sens. 2019, 1-6 (2019).

Wu, Q. et al. High-performance p-hexafluoroisopropanol phenyl functionalized
multiwalled carbon nanotube film on surface acoustic wave device for
organophosphorus vapour detection. Nanotechnology 33, 375501 (2022).
Lim, C, Wang, W, Yang, S. & Lee, K Development of SAW-based multigas
sensor for simultaneous detection of CO, and NO,. Sens. Actuators B 154,
9-NO16 (2011).

Wang, W, Lee, K, Kim, T, Park, I. & Yang, S. A novel wireless, passive CO, sensor
incorporating a surface acoustic wave reflective delay line. Smart Mater. Struct.
16, 1382 (2007).

Ricco, A. J, Martin, S. J. & Zipperian, T. E. Surface acoustic wave gas sensor
based on film conductivity changes. Sens. Actuators B 8, 319-333 (1985).
Plessky, V. & Koskela, J. Coupling-of-modes analysis of saw devices. Int. J. High.
Speed Electron. Syst. 10, 867-947 (2000).

Plessky, V. P.in 1993 Proceedings IEEE Ultrasonics Symposium. 195-200. Vol. 191.
(IEEE, 1993).

Abbott, B. P. & Hashimoto, K in 1995 IEEE Ultrasonics Symposium. Proceedings.
An International Symposium. 239-245. Vol. 231. (IEEE, 1995).

Tobolka, G. Mixed matrix representation of SAW transducers. J. IEEE Trans.
Sonics Ultrason. 26, 426427 (1979).

Yamada, J. Relation of the insertion loss and the triple transit echo in surface
acoustic wave unidirectional transducers. Ultrasonics 40, 935-937 (2002).
Luo, W. et al. Nanocrystalline SnO, film prepared by the aqueous sol-gel
method and its application as sensing films of the resistance and SAW H,S
sensor. Sens. Actuators B 217, 119-128 (2015).


https://doi.org/10.1038/s41378-024-00673-w

	Analysis of the acoustoelectric response of SAW gas sensors using a COM�model
	Introduction
	Model description
	Acoustoelectric�effect
	Establishment of the COM model for SAW gas sensors

	Experimental section
	SAW sensor fabrication
	Material deposition
	Characterization
	Experimental�setup

	Results and discussion
	COM model validation
	Optimization of the SAW gas sensors
	Insertion loss and center frequency
	Center frequency after elimination of in-band fluctuations
	A more suitable parameter: frequency of phase extremum�shift


	Conclusion
	Acknowledgements




