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Abstract

Wide-range and high-sensitivity hydrogen sensors are critically important for hydrogen safety in aerospace and
advanced transportation sectors. This work demonstrates a thermal-conductivity surface acoustic wave (SAW) based
sensor to achieve high sensitivity hydrogen sensing. By integrating thermal balance and acoustic wave equations, a
precise mechanistic model elucidating the structure-activity relationships among gas flow rate, operating temperature,
and MEMS architecture in determining sensing sensitivity is constructed. Guided by this model, the SAW hydrogen
sensor with on-chip microheater integration was developed. Furthermore, a highly integrated SAW hydrogen sensing
system with ultra-low baseline noise (<30 pV) was constructed for performance evaluation. Leveraging the exceptional
thermal sensitivity of the SAW device and system stability, the optimized sensor achieves wide detection range (up to
100% vol), low detection limit (~6 ppm), rapid response and recovery time (Too/T1o: ~15s), excellent repeatability
(error<2.4%) at a relatively low operating temperature (120 °C). The prepared SAW sensor provides an effective solution
for hydrogen leakage monitoring across unprecedented concentrations (ppm-100% vol), establishing a new paradigm

for hydrogen safety applications.

Introduction

With the continuous advancement of carbon neutrality,
as a secondary green energy source, hydrogen (H,) energy
holds broad application prospects in aerospace, industrial,
and nuclear power sectors'. However, H, is odorless,
colorless, and spreads quickly. It can explode between
4-75% vol in air and needs only 0.017 m] to ignite,
making leaks highly dangerous™”. Taking leakage from an
H, storage tank at a refueling station as an example,
leakage concentrations span from ppm-100% vol in a
short time*. Thus, hydrogen sensing with a wide range
and high sensitivity is critically important for hydrogen
leakage monitoring.

Typical hydrogen sensors, such as metal oxide, catalytic
combustion, and electrochemical sensing technologies,
feature high sensitivity and rapid response™°. However,
they struggle to achieve ultra-wide-range (ppm—100% vol)
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hydrogen detection and suffer from finite operational
lifespans due to the adsorption saturation limitations of
sensitive materials”®. Thermal conductivity effect-based
hydrogen sensor is one of the most effective detection
technologies for high-concentration hydrogen leakage
environments, offering advantages including a broad
detection range (up to 100% vol), immunity to poisoning,
long service life, and fast responseg. Common thermal
conductivity-based hydrogen sensors are resistive MEMS
devices, whose fundamental principle relies on hydrogen-
induced perturbations to the resistance of thermosensitive
elements, thereby extracting hydrogen information from
resistance changes. Nevertheless, their detection limit is
typically >0.1% vol, failing to meet the requirements for
trace hydrogen leakage detection'®'. Consequently,
pursuing sensing technologies with enhanced thermo-
sensitive effects represents a viable approach to address
the low sensitivity of thermal conductivity-based hydro-
gen sensors.

Surface Acoustic Wave (SAW) gas sensing technology
has garnered significant attention due to its high sensi-
tivity, rapid response, and micro/nano-scale dimen-
sions'>™'*. A typical SAW gas sensor structure involves
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depositing specific gas-sensitive materials along the
acoustic propagation path, of which decouples the gas
information from the acoustic. Sensitive film coated SAW
hydrogen sensors have achieved substantial research
progress' !>, Thermal conductivity-based SAW gas sen-
sing technology modulates the operating temperature of
temperature-sensitive SAW devices by exploiting thermal
conductivity variations in gas mixtures. However, thermal
conductivity-based SAW hydrogen sensors remain
inadequately explored. V.I. Anisimkin et al. designed the
thermal conductivity-based SAW gas sensor integrated
with a heating film, achieving hydrogen detection in the
range of 0.1-100% vol and response time of 10 min'®,
Tooru Nomura et al. proposed a dual-channel SAW
device to solve the environmental temperature inter-
ference, and the response time was about 100 s, In 2020,
Li et al. summarized the current research progress in
thermal-conductivity-based SAW gas sensing technology,
highlighting that the primary challenges remain low sen-
sitivity (>0.1% vol) and slow response speed (min level)'®.
Thus, research on the sensing mechanism and optimized
design of high-sensitivity thermal-conductivity-based
SAW gas sensors is of critical importance for enhancing
the sensitivity of thermal-conductivity-based SAW
hydrogen sensors.

To address these challenges, a microscale thermal
conductivity-based SAW hydrogen sensor featuring a
surface-integrated annular micro-heater is proposed in
this study. Based on the thermal equilibrium equation and
SAW propagation theory, a comprehensive thermo-
acoustic response model for the thermal conductivity-
based SAW hydrogen sensing mechanism is established,
explicitly identifying the factors influencing sensitivity.
Guided by this theoretical framework, a high-performance
thermal conductivity-based SAW hydrogen sensor and its
integrated sensing system are fabricated. Benefiting from
the high temperature sensitivity of the SAW device and
the stability of the SAW hydrogen sensing system, the
designed sensor achieves wide-range (up to 100% vol)
hydrogen monitoring with a low detection limit (~6 ppm),
which provides a novel approach for high-sensitivity
thermal conductivity-based gas sensing technology.

Design and simulation
Structure and sensing mechanism

The fundamental structure of the designed thermal
conductivity-based SAW hydrogen sensor is shown in
Fig. 1la. An annular micro-heater is symmetrically posi-
tioned around the periphery of the SAW device to elevate
its operating temperature via joule heat. The symmetrical
structure facilitates uniform temperature distribution on
the SAW device surface through symmetrical thermal
conduction, thereby ensuring SAW propagation stability.
To enhance sensing sensitivity, lithium niobate
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piezoelectric crystal is selected as the substrate for theo-
retical analysis. The operational process involves the
micro-heater raising the SAW device’s operating tem-
perature, which in turn is perturbed by changes in the
thermal conductivity of the gas mixture. This enables
temperature-induced perturbations to SAW propagation
characteristics based on the thermoacoustic transduction
mechanism.

To establish a simulation model for the thermal
conductivity-based SAW hydrogen sensor, the following
assumptions are made: (1) The perturbation of the input
signal from the interdigital transducers (IDTs) on the
device surface temperature and the thermal loss of the
IDTs themselves are neglected. (2) Heat loss due to
thermal radiation is disregarded. Based on the law of
conservation of energy, the internal energy Q of the
heated SAW device can be expressed as:

Q:ch+Qcp+Qv+PiVl+Q0 (1)

Here, Q.;, Q. Q, and Q, represent the heat dissipation of
the piezoelectric crystal, heat loss through external
thermal contacts, convective heat loss to the surrounding
environment, and the internal energy of the device at
ambient temperature, respectively. The heating power of
the micro-heater is given by Py, :VTZ, where V is the
heating voltage of the micro-heater and R is the resistance
of the micro-heater. Considering the relationship between
resistance R and temperature change AT, R=Ry(1 +
aAT), where a is the temperature coefficient of resistance
and R, is the initial resistance'®. By incorporating
Fourier’s law and Newton’s law of cooling into Eq. (1),
the transient heat transfer equation for the SAW device
can be derived:

me, T —Td _ (kLAh

keAe 6 V2
Sy A )(T-T
dt ty, g 2= ‘>( A

(1 +aAT)

2)

In the above equation, M. and C. represent the
equivalent heated mass and equivalent specific heat
capacity, respectively; k, denotes the thermal conductivity
of the piezoelectric crystal; A is the contact area between
the micro-heater and the piezoelectric crystal; ¢, is the
thickness of the piezoelectric crystal; k, is the equivalent
thermal conductivity between the piezoelectric crystal and
other thermal contacts; A, is the contact area at the
thermal interface; ¢, is the heat transfer distance of the
thermal contact; T is the time-dependent temperature; T',
is the ambient temperature; /; represents the convective
heat transfer coefficients for the six surfaces of the SAW
device; and A; is the area of each of the six surfaces
i=1,2..6. Under steady-state conditions, dT-Ta) _

a
Thus, the expression for the temperature change AT of
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Fig. 1 Modeling of sensing mechanism and numerical calculation. a The diagram and modeling map of the thermal conductivity-based SAW

hydrogen sensor, b thermal conductivity of the H,/Air mixture gas, (c) working temperature of the SAW device at different heating voltages, (d)

response curve between temperature of SAW device and hydrogen concentration under different heating voltages, (e) effective dielectric constant

curves at different temperatures, (f) temperature effect on SAW velocity, (g) simulation curve of sensing response under different heating voltages, (h)

influence of heating voltage and flow velocity on sensing sensitivity
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the SAW device is:
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Where AT =T — T,, equivalent thermal conductivity
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coefficients are as follows:

o mx kmwc

g L

(4)

where Nu is the average Nusselt number, k,; is the
thermal conductivity of the gas mixture, and L is the

characteristic length. The theoretically calculated thermal
conductivity of hydrogen/air mixtures is shown in Fig. 1b
(simulation parameters in Table S1 of supplementary
information and calculation formula in Note S1 of
supplementary information). Evidently, increasing hydro-
gen concentration enhances the thermal conductivity of
the mixture. These results align closely with calculations
by Masaya Watanabe et al''., validating the effectiveness
of the computational model. Furthermore, the operating
temperature of the SAW device increases with rising
heating voltage due to joule heating (Fig. 1c). To analyze
the influence of hydrogen on the operating temperature,
computations were performed for 0-100% vol H, at
heating voltages of 4.5V, 5V, and 5.5V (Fig. 1d). While
higher initial operating temperatures were achieved with
increased voltage, the significantly greater thermal
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conductivity of hydrogen compared to air caused a sharp
decrease in device temperature (>13°C) as hydrogen
concentration rose. This temperature variation intensified
with higher initial operating temperatures, indicating that
elevated operating temperatures enhance sensing
sensitivity.

To further examine the perturbation mechanism of
temperature on SAW propagation, this study employs the
acoustic wave equation and the effective permittivity
method to rapidly calculate SAW velocity at different
temperatures. The effective permittivity, as defined by
Milsom et al., is given by*’:

a(s)

s D(s, %3],

&s(s) (5)

Here, &(s) represents the effective permittivity, o(s)
denotes the surface conductivity, @ is the angular fre-
quency, |s| is the slowness, and @(s,x3) is the surface
potential. By incorporating temperature as a factor in the
wave equation, the effective permittivity curve at different
temperatures is solved, thereby revealing the temperature
sensitivity of the SAW device. The simulation parameters
of LN are the experimental data of Smith®’. The calcu-
lated effective permittivity curves are shown in Fig. le. As
the device temperature increases, the effective permittivity
curve progressively shifts toward lower frequencies, indi-
cating an inverse correlation between SAW velocity and
temperature. This is confirmed by the SAW velocity
curves at different temperatures in Fig. 1f. The SAW
velocity decreases by 0.3033 m/s per °C. Furthermore, the
SAW device based on a 128°YX-LN substrate exhibits
excellent linearity (R* >99.99%), implying that tempera-
ture can be linearly decoupled from the SAW velocity.
Consequently, hydrogen concentration information can
also be decoupled. As shown in Fig. 1g, higher heating
voltages lead to an increase in SAW velocity with rising
hydrogen concentration. Increasing the heating voltage
(i.e., elevating the sensor temperature) enhances the
sensing response sensitivity. Benefiting from the linear
and negative velocity-temperature coefficient of the SAW
device (Fig.1f), the variation trend of SAW velocity in
Fig. 1g exhibits a strong inverse correlation with the trend
of temperature variation. Additionally, to clarify the
influence of external perturbation factors on sensing
sensitivity, the theoretically calculated response sensitivity
S is defined as:

s==" (6)

where Av represents the change in SAW velocity and c is
the hydrogen concentration. Taking ¢ =1 estimates the
full-range sensitivity of the thermal conductivity-based
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SAW hydrogen sensor. Figure 1h illustrates the sensitivity
map under varying hydrogen flow rates and device
heating voltages. The results reveal that the sensing
response sensitivity increases with higher heating vol-
tages. However, a distinct nonlinear relationship exists
between flow velocity (Fv) and sensing sensitivity. Flow
rates enhance the heat exchange process between the
device and hydrogen, while higher flow rates increase the
Reynolds number, reducing the operating temperature
and consequently diminishing sensitivity. Clearly, achiev-
ing high sensitivity in SAW hydrogen sensors requires
balancing the heating voltage and flow velocity. Addi-
tionally, the surface heat transfer coefficient is closely
related to device dimensions. Figure S1 of the supple-
mentary information demonstrates that reducing device
size improves sensitivity, though this effect is less
pronounced than that of flow velocity. Given the relation-
ship between SAW velocity and phase shift:

Av
Ap=——@,=—2nf,—L 7
@ Yo Po ”foVOZ s (7)

where f; is the operating frequency of the SAW device,
and L is the SAW propagation path length. As evident
from Eq. (7), gas sensing utilizing SAW phase shift allows
sensitivity manipulation by controlling the acoustic
propagation path. Specifically, under identical SAW
velocity changes, increasing the acoustic propagation path
length enhances the sensing response sensitivity. Thus,
thermal conductivity-based SAW hydrogen sensing tech-
nology, which employs phase as the sensing metric,
possesses theoretical potential for higher sensitivity.

Design and preparation of the SAW
sensing device

A delay-line SAW device was used for hydrogen sen-
sing, and 200 MHz was chosen as the working frequency
of the SAW chip after considering the gas sensing sensi-
tivity and sensor cost. Aluminum input and output
interdigital transducers (IDTs) were deposited on the
surface of a 128°YX-LN piezoelectric crystal using stan-
dard photolithography. The IDTs adopted an apodized
unidirectional single-phase transducer structure to
achieve unidirectional acoustic wave propagation, thereby
reducing SAW propagation loss and enhancing sensing
accuracy’”. The micro-heater was fabricated using the
same process as the IDTs and positioned at the periphery
of the SAW propagation region to avoid disturbing SAW
propagation. Detailed structural parameters of the device
are listed in Table 1. Additionally, two SAW sensors with
distinct SAW propagation path lengths were designed to
comparatively analyze the impact of phase modulation on
the sensitivity of the thermal conductivity-based SAW
hydrogen sensor.
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Fig. 2a displays the fabricated SAW sensing chip wafer
based on the aforementioned device parameters, exhibit-
ing a smooth and intact surface. Figure 2b presents a
single thermal conductivity-based SAW device with

Table 1 Detailed structure parameters of the SAW device
Parameters Values
Substrate LiNbO3
Orientation 128°Y
IDTs materials Aluminum
Wavelength (\) 1945 um
Exciting finger width 0.125\
Reflecting finger width 0.25\
Thickness of IDTs 120 nm
Length of wave propagation path 200N 100N
Number of exciting IDTs 15
Number of false fingers 20
Number of output IDTs 15
Aperture of IDTs 80
Microheater materials Aluminum
Thickness of microheater 120 nm
Length of microheater 270N 170N
Width of microheater 130N
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dimensions of 6 mm x 3 mm. The fabricated single-phase
unidirectional IDT structure closely matches the theore-
tical design®’. Furthermore, dummy finger structures are
uniformly distributed in the input IDTs to enhance the
stability within the bandwidth of the SAW device.
Electrical characterization of the SAW device using an
Agilent E5061B network analyzer reveals low insertion
loss (~ -10dB, Figure S2 of the supplementary informa-
tion) and linear phase characteristics (Fig. 2c) at the
operating frequency of 200 MHz, ensuring signal stability
during sensing operations. By applying DC voltage to the
micro-heater and employing infrared thermography, the
relationships between heating voltage vs. power con-
sumption and heating voltage vs. operating temperature
were obtained (Fig. 2d). Experimental results align closely
with theoretical simulations (Fig. 1c). Figure 2e illustrates
the relationship between the 200 MHz phase response
and operating temperature (real-time response curve in
Figure S3a of the supplementary information). The SAW
device based on the 128°YX-LN substrate demonstrates
linear temperature sensitivity, enabling accurate tem-
perature extraction from phase variations. Furthermore,
experimental results show excellent agreement with cal-
culations using the effective permittivity method, vali-
dating the computational model. Moreover, a linear
fitting of the relationship between temperature and phase
(Fig. S3b of the supplementary information) exhibits
that a temperature change of 1°C induces a phase
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Fig. 2 Fabrication of SAW sensor devices and their performances. a The wafer of the thermal conductivity-based SAW sensor, (b) the structure of
the SAW chip and IDTs, (c) the phase response of the SAW device, (d) the working temperature and power consumption of the SAW device under
different heating voltages, (e) phase shift comparison between simulation and experiment at different working temperatures
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shift of -6°, which is beneficial to realize high-sensitivity
hydrogen sensing.

Results and discussion
SAW sensing system

To enable acoustic excitation and signal acquisition for
the SAW device, a SAW gas sensing system architecture
was shown in Fig. 3a. It comprises a sealed gas chamber,
sealing plate, SAW device, SAW signal processing board,
and mechanical packaging. The mechanical encapsulation
of the sensing system employs a robust stainless-steel
structure to enhance the reliability and safety of the
sensor in high-concentration hydrogen environments.
Furthermore, a hermetically sealed plate effectively iso-
lates the hydrogen atmosphere from direct contact with
the signal processing circuitry, thereby preventing
potential adverse effects of high-concentration hydrogen
on the electronic components within the sensing system.
This design ensures operational integrity while complying
with essential safety requirements for hydrogen applica-
tions. The SAW device is bonded to a beam-mounted
base using rubber adhesive, with electrical connections
established through wire bonding between the SAW
device signals and the base (Fig. S4a of the supplementary

information). Connections between the device and prin-
ted circuit board (PCB) are implemented via soldering. To
ensure stable and reliable hydrogen sensing performance
testing, a metal gas chamber and metal sealing plate iso-
late the SAW device from the signal processing circuitry.
This design maintains the SAW device in a stable gas
environment while preventing high-concentration
hydrogen from contacting the signal processing board,
thereby enhancing system reliability and stability. The
SAW signal circuit architecture includes power supply
and voltage conversion module. RF signal generator, sig-
nal processor, signal splitter, sensing module, phase
detector, and ADC chip. Its fundamental operating prin-
ciple aligns with our previously reported work®. Phase
information from the SAW device is converted to a linear
voltage output (1° = 10 mV) using the AD8302 phase
detector. The fabricated PCB (Fig. S4b of the supple-
mentary information) has a diameter <5cm. Benefiting
from the excellent SAW device performance and robust
system packaging, the developed SAW hydrogen sensing
system exhibits extremely low baseline noise (<30 uV), as
demonstrated in Fig. 3b, and the fully integrated SAW
hydrogen sensing prototype is shown in Fig. S4c of the
supplementary information. The limit of detection (LOD),
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Here, o represents the variance of the system baseline
noise, while S, denotes the sensor sensitivity. A lower
baseline noise variance coupled with higher sensor
sensitivity contributes to improved detection limits. The
baseline noise variance of the sensing system is determined
by the stability of both the SAW device and sensing
circuitry. As clearly demonstrated in Fig. 3¢, which shows
the system baseline noise variance at different operating
temperatures, there exists an essentially positive correlation
between baseline noise variance and operating tempera-
ture. Notably, when the device temperature exceeds 120 °C,
the baseline noise increases dramatically. This phenom-
enon can be attributed to two primary factors: first, the
elevated temperature of the SAW device may induce
heating in the sensing circuitry, thereby amplifying circuit
noise”’. Second, higher operating temperatures intensify
thermal exchange between the SAW device and the
ambient environment, leading to phase fluctuations in
the SAW device and consequently increasing the system
baseline noise. After comprehensive consideration of both
sensitivity requirements and the need for low detection
limits, the operating temperature of the SAW device in this
study set at 120°C. Moreover, the baseline noise of the
sensor demonstrated excellent long-term stability when
operating at 120°C, with a baseline drift of less than
0.6 uV/s (Fig. S5 in the Supplementary Information).
Therefore, this temperature represents an optimal balance
between achieving sufficient sensitivity while maintaining
acceptable noise levels for reliable hydrogen detection.

Gas testing platform

To evaluate the hydrogen sensing performance of the
designed thermal conductivity-based SAW device, a
hydrogen sensing test platform was established as shown

in Fig. 4. All gases used in the experiments, including
standard dry air, hydrogen, and four common industrial
gases (carbon monoxide (CO), methane (CH,), carbon
dioxide (CO,), and oxygen (O,)) for selectivity tests, were
supplied by Shanghai Mingyu Industrial Gas Co., Ltd.,
each with a purity of 99.999%. Standard dry air and
hydrogen were precisely mixed using a gas generator
(MEF-5B, Zhongke Huanyi (Beijing) Metrology Technol-
ogy Co., Ltd.) equipped with mass flow controllers to
automatically produce hydrogen/air mixtures with con-
centrations ranging from 0 to 100% vol. Additionally, four
standard industrial gases were also mixed in-situ with air
using the gas generator to produce different gas con-
centrations for selectivity testing. The humidity generator
(EPOCH2017S, Epoch Tech Co., Ltd.) was utilized to
produce air with controlled relative humidity levels at
room temperature (~25 °C), ranging from 20% to 80% RH,
for evaluating the effect of humidity on the SAW hydro-
gen sensor. The generated gas mixtures were delivered
through gas lines to the packaged SAW device. The SAW
sensing circuit transmitted the acquired phase informa-
tion to a host computer via serial communication,
enabling real-time SAW phase data acquisition and sto-
rage. All gas experiments were conducted within a fume
hood to mitigate the risk of hydrogen explosion, while the
ambient temperature was maintained at ~25°C. All
experimental equipment was calibrated prior to use.

Mechanism verification

To validate the theoretical model, we first maintained a
constant gas flow velocity of 1.36 m/s and measured the
response sensitivity of the SAW hydrogen sensor at
operating temperatures of 40 °C, 80°C, and 180 °C (cor-
responding to different heating voltages). As shown in
Fig. 5a, the designed SAW hydrogen sensor exhibited
normal and rapid response capabilities within the 0.2—4%
vol hydrogen concentration range. The sensitivity values
obtained through least-squares fitting (Fig. 5b) clearly
demonstrate that higher operating temperatures enhance
sensing response sensitivity, consistent with the
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simulation results presented in Fig. 1g. Furthermore, with
the SAW device heating voltage held constant, we
investigated the effect of flow velocity on sensor response.
Figure 5c shows that the SAW sensing sensitivity at dif-
ferent flow velocities initially increases and then decreases
with increasing flow rate, matching the simulation results
in Fig. 1h. However, experimental observations revealed
that higher flow velocities degrade response stability,
likely due to intensified temperature fluctuations on the
SAW device surface caused by rapid gas flow. This con-
clusion is supported by the higher baseline noise observed
at high flow velocities compared to low flow velocities
(Fig. S6 of the supplementary information). To examine
the influence of the phase modulation effect on sensitivity,
two SAW devices with different propagation lengths were
compared. Results in Fig. 5d demonstrate that increasing
the acoustic propagation path significantly enhances
sensitivity. The device with 200\ propagation length
showed 2.24 times higher sensitivity than the 100\ device.
This improvement stems from enhanced heat exchange

processes and superior phase modulation capability in
longer SAW devices. While both devices exhibited similar
SAW velocity changes, the extended propagation path
provided additional sensitivity gain through phase mod-
ulation. After comprehensive evaluation of both sensing
sensitivity and operational stability, 200\ acoustic propa-
gation path, 1.36 m/s flow velocity and 120 °C operating
temperature were finally selected as the optimal operating
conditions of the SAW sensor, and the power consump-
tion of the sensor is less than 0.4 W.

Detection range and LOD

Based on the optimized structural parameters, the thermal
conductivity-based SAW device was exposed to hydrogen
concentrations ranging from 100-30% vol, 10-0.2% vol, and
1000-50 ppm to evaluate its detection range. As shown in
Fig. 6a—c, the sensor demonstrated rapid and well-shaped
responses across the entire tested range (100% vol to
50 ppm), with corresponding sensitivities of 38.5mV/%,
67.7mV/%, and 0.0063 mV/ppm, respectively. The
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experimental results showed good agreement with theore-
tical calculations (Fig. S7 of the supplementary information),
validating the effectiveness of the theoretical model. Con-
sidering the variation in sensitivity across different con-
centration ranges, the limit of detection (LOD) was
calculated to be approximately 6 ppm based on the sensitivity
(85,=0.0063 mV/%) obtained from the low-concentration
range (Fig. 6¢) and the baseline noise variance (6 =13.1 pV
at ~120 °C) shown in Fig. 3¢

Response and recovery time

The response time is defined as the duration required to
reach 90% of the full-scale signal, while the recovery time
refers to the time needed to return to 10% of the baseline
value. As shown in Fig. 7a, the designed thermal
conductivity-based SAW hydrogen sensor exhibits rapid
response (Too: 14.9 s) and recovery (T1o: 14.7 s), providing
an effective solution for rapid hydrogen detection.

Repeatability

To evaluate sensor repeatability, the device was cycli-
cally exposed to 0.5% vol hydrogen concentration 20
times (Fig. 7b). The SAW sensor demonstrated stable
responses (mean: ~40mV) with a repeatability error
<2.4%, confirming excellent reproducibility.

Humidity interference
The prepared SAW hydrogen sensor was exposed to
varying relative humidity levels (20-80% RH) to evaluate

humidity interference. As shown in Fig. S8 of the sup-
plementary information, the real-time response curves
demonstrate that the sensor maintains excellent response
speed and repeatability to 4% vol H, across all humidity
conditions. However, a gradual decrease in sensing sen-
sitivity was observed with increasing humidity levels
(Fig. 7c). From the sensing mechanism perspective, the
sensitivity of thermal-conductivity-based SAW hydrogen
sensors is positively correlated with changes in gas ther-
mal conductivity. The observed reduction in sensitivity
under humid conditions indicates that humidity attenu-
ates the thermal conductivity variation of hydrogen dur-
ing sensing, which aligns with the humidity-dependent
hydrogen thermal conductivity trend?®.

Selectivity

Selectivity is critical for gas sensors. Herein, the
thermal-conductivity-based SAW hydrogen sensor was
systematically exposed to 4% vol CO, 0.5% vol CHy, 1%
vol CO,, and 1% vol O, to evaluate its characteristic
responses. The real-time response curves are presented in
Fig. S9 of the supplementary information. Figure 7d
summarizes the response magnitudes of the sensor to
these five gases, demonstrating that the sensor exhibits
the highest sensitivity to H, gas, which can be attributed
to the significant thermal conductivity difference between
H, and air. Furthermore, the experimental results reveal
distinct response magnitudes and directions for the other
four gases due to their respective thermal conductivity
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differences relative to air (Ak in Fig. 7d). This observation
is consistent with the intrinsic operating principle of
thermal-conductivity-based gas sensing technology.

Stability

Figure 7e compares the sensor’s responses to 1% vol,
10% vol, 30% vol, and 90% vol hydrogen over a two-month
interval. Benefiting from the SAW device’s low operating
temperature (~120°C), superior electrical performance
(propagation loss <—10dB), robust micro-heater, and
stable sensing system, the prepared SAW hydrogen sensor
exhibits outstanding long-term stability.

Figure 7f benchmarks the sensor against recent thermal
conductivity-based hydrogen sensors. The results high-
light that the proposed SAW hydrogen sensor featured
high sensitivity at a relatively low operating temperature
(~120 °C). Obviously, the prepared thermal conductivity-
based SAW hydrogen sensor achieved wide detection
range (up to 100% vol), low detection limit (~6 ppm), fast
response and recovery time (Tgo/T1o: ~155), excellent
repeatability (repeatability error <2.4%) and long-term
stability. In fact, the sensor designed in this study exhibits
excellent sensing performance, primarily due to the pre-
cise construction of the thermoacoustic conversion
model. This model identifies the key factors and their
influencing patterns that affect sensor sensitivity, such as
operating temperature, gas flow rate, and acoustic pro-
pagation path, which helps to extract optimized design

parameters. The above theoretical model has also been
well validated through experiments. Meanwhile, the SAW
phase modulation technology proposed in this study has
increased the sensitivity of the sensor by more than twice.
In addition, the high integration design of the gas
chamber-SAW device-signal processing circuit has
achieved ultra-low baseline noise (<30 V), significantly
improving the detection limit. In summary, this study has
effectively improved the sensitivity and other performance
of the thermal conductive SAW hydrogen gas sensor
through theoretical model construction and sensor
structure design, providing an effective solution for ultra-
wide range and high-sensitivity hydrogen leak detection in
aerospace, nuclear power, and industrial fields. Future
work may focus on researching compensation strategies
for environmental temperature and humidity changes
from the perspective of surface acoustic wave device
architecture or artificial intelligence algorithms, in order
to further improve sensing accuracy.

Conclusion

To address the challenge of low sensitivity in existing
thermal-conductivity-based surface acoustic wave (SAW)
hydrogen sensors, this paper conducts a systematic
investigation into high-sensitivity thermal-conductivity-
based SAW hydrogen sensors, employing SAW sensing
mechanisms, device design and fabrication, and sensing
system development as the research framework. By
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integrating thermodynamic equations and acoustic wave
equation, a comprehensive thermoacoustic response
model for thermal conductivity-based SAW hydrogen
sensing was completely established. Through comparative
analysis of multiple parameters including heating voltage,
flow velocity, and device dimensions, the design metho-
dology for high-sensitivity SAW devices under multi-
parameter perturbations was clarified and experimentally
validate our approach. A phase-detection-based SAW
sensing circuit and an integrated SAW hydrogen sensing
system were fully developed, demonstrating extremely
low baseline noise (<30 V). Experimental results confirm
that the fabricated thermal conductivity-based SAW
hydrogen sensor achieves ultra-wide detection range (up
to 100% vol), low detection limit ~6 ppm, and rapid
response and recovery time (Tqo/T10: ~15 s) at a relatively
low operating temperature (~120 °C). Benefiting from low
operating temperatures, low acoustic loss and robust
SAW sensor and stable SAW sensing system, the sensor
simultaneously exhibits outstanding repeatability and
long-term stability. This work provides an effective solu-
tion for rapid hydrogen leak detection in hydrogen energy
safety applications.
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