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Abstract— The increasing demand for humidity detection in both commercial and industrial applications has driven the
rapid advancement of humidity sensors built on various technologies. Among these, surface acoustic wave (SAW) technology
has emerged as a promising solution, thanks to its inherent advantages, including compact size, high sensitivity, and

straightforward operating principle. In this study, we present a surface acoustic wave (SAW)-based humidity sensor
featuring a functional polymer film as the active sensing layer. The film was deposited through an electrochemical bottom-
up approach using the monomer 3,4-ethylenedioxythiophene (EDOT) and the polyelectrolyte Poly(sodium 4-
styrenesulfonate) (PSS) in deionized water. Cyclic voltammetry was employed to optimize the deposition process, ensuring
controlled film growth and a preserved radiofrequency response of the sensor. The resulting PEDOT:PSS film was
extensively characterized morphologically via Optical Microscopy and Atomic Force Microscopy (AFM). Sensor’s electrical
properties were assessed using a Vector Network Analyzer (VNA) under controlled environment. The sensor exhibits a
maximum sensitivity of 16.8 ppm/%RH and a detection limit (LOD) of 0.3 %RH. The study further explores the
enhancement of humidity sensitivity through the active layer surface control, aiming to improve sorption interactions and
selectivity. These findings contribute to the development of high-performance SAW humidity sensors with potential for

integration into compact, low-power monitoring systems.

Keywords— PEDOT:PSS, Electropolymerization, Humidity sensing, Surface acoustic wave (SAW), Organic sensors.

|. INTRODUCTION

Humidity is a critical environmental factor that significantly
affects numerous areas of everyday life. Beyond ensuring
human comfort, accurate monitoring and control of humidity
are essential in various manufacturing and storage settings to
maintain optimal production quality [1], [2], [3].

Current research on humidity sensors primarily focuses on
optical [4], resistive [5], capacitive [6], and acoustic resonator-
based devices [7], [8]. While capacitive and resistive sensors
offer advantages such as compact size, simplicity, and low
cost, they are often limited by low measurement accuracy.
Impedance-based humidity sensors, while widely used, present
several limitations. Their performance is often affected by
temperature variations and frequency dependence, leading to
reduced accuracy without proper compensation.

On the other hand, acoustic resonator-based sensors,
especially those whose function depend on surface acoustic
waves, offer several advantages, including compact size, high
sensitivity [9], [10], straightforward fabrication, and excellent
measurement stability over a wide range of operating
conditions. Using ST-cut quartz as the piezoelectric substrate
provides excellent temperature stability, low acoustic loss, and
compatibility with well-established high-precision
microfabrication techniques. These characteristics make
quartz particularly suitable for reliable and repeatable SAW
device performance in sensing applications. Beyond the
sensing technology itself, selecting appropriate humidity-
sensitive materials 1is essential for developing high-
performance humidity sensors. Commonly used active layer
materials include ceramics [11], metal oxides [12], 2D

materials [13], and conducting polymers (CPs) [14] . Among
the latter, the poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) has recently attracted considerable
attention [15] [16]. Drawing upon its distinctive molecular
structure rendering it highly hygroscopic [17], PEDOT:PSS
has been widely employed as an active layer in humidity
sensing devices reported in literature [18], [19], [20].

Similar to other CPs [21] [22], the functionalization process
of PEDOT:PSS film may adopt many configurations,
primarily involving depositing the polymeric solution or in situ
polymerization of the monomer. For polymer solution-based
deposition, reported techniques include drop-casting [23],
inkjet printing [24], spin coating [25], electrospinning [26]
[27], and dip coating [28]. On the other hand, fabrication based
on monomer solutions requires oxidative polymerization,
which can be homogeneous (chemically initiated) or
heterogeneous (electrically initiated). Both methods benefit
from EDOT’s high oxidative potential, which is in turn
devoted to the ethylenedioxy bridge increasing the electron
density on the thiophene ring, and the lower band gap of the
conjugated polymer [29]. Homogeneous polymerization offers
simple and fast processes, however, it cannot achieve strong
polymer adhesion and precise control over film thickness and
morphology [30]. Indeed, this can be achieved by
heterogeneous polymerization through techniques like cyclic
voltammetry, in which these properties can be precisely tuned
by adjusting parameters like the scan rate, potential range, and
number of cycles. Such polymeric properties are also widely
dependent over the electrolyte nature [31], temperature [32],
PH [33], and solvent [34].
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In this work, we demonstrated a highly sensitive and
tunable humidity sensor based single-port SAW resonator.
Fabricated on piezoelectric ST-Quartz material, interdigital
transducer (IDT) electrodes were modified by means of
PDOT:PSS electropolymerization. Cyclic voltammetry was
employed to optimize the deposition process, ensuring uniform
film growth and desirable electrochemical properties. To
analyze the electrical behavior of the SAW resonator, we
developed a modified Butterworth-Van Dyke (mBVD)
equivalent-circuit model implemented in Python. The
performances of the proposed SAW humidity sensors were
investigated systematically, including their sensitivity,
reproducibility, sensing mechanism, repeatability, response,
and recovery time.

II. MATERIALS AND METHODS

A. Materials

3,4-Ethylenedioxythiophene (EDOT, >97%) and sodium
polystyrene sulfonate (PSSNa, Mw = 70,000), both purchased
from by Sigma-Aldrich, were used without further
purification. Sensors were made on ST-cut quartz substrates
(Precision Micro-Optics Inc.), commonly employed for
surface acoustic wave (SAW). Deionized water (DI) was used
throughout the preparation of all aqueous solutions and for
rinsing steps to prevent any ionic contamination that could
affect the electrochemical polymerization process. A high-
purity nitrogen cylinder was used as the carrier gas during
humidity experiments, providing a controlled environment.

B. Methods

SAW Sensors Design and Fabrication: A 4-inch ST-cut quartz
wafer with a single side polished was used as the piezoelectric
substrate in this work. The wafer was cleaned by sonication in
acetone, isopropanol, for 15 min in each solvent, followed by
ultraviolet irradiation in an ozone atmosphere (ozonolysis) for
30 min to eliminate dust and contaminants from the substrate's
surface. Following the cleaning process, the substrate was
dried with high-purity nitrogen gas.
Table 1. Design parameters of SAW devices

Construction parameters

Working Frequency = [431.7 - 436.6] MHz
Metal Thickness: (Ti/Au)=(10nm/100nm)
Reflector Qty: Nbr=4
Transducer Fingers: NP= 50
Reflector Fingers: Nr= 16
Separation: Lg= A/4
Gap=1A
Root= 4\

Metallization ratio= 0.5

Material parameters

Material: Quartz
Orientation: ST-Cut (+42.75Y)
Free velocity: V=5100 m.s™!
Wave velocity : v=4475 m.s™!

The cleaned substrate was subsequently coated with a positive
photoresist bilayer (COPO El 13% / PMMA). After the e-beam
lithography process, the bilayer photoresist was developed in
MIBK (methyl isobutyl ketone) and IPA (isopropyl alcohol)
for 30s. A (Ti/Au) IDT electrodes, used to construct SAW
devices, were then thermally evaporated on top of the
substrate. Finally, a lift-off process was conducted by
immersing in organic solvent (SVC-14) at 70°C for 2h,
followed by rinsing in acetone and IPA, and drying with
nitrogen. The device comprises a set of reflector gratings that
form an acoustic cavity, along with an Interdigital Transducer
(IDT) that couples acoustic energy into this cavity. The device
consists of 50 interdigitated gold fingers that are 2.58 pm wide
and 110 nm thick, Fig.1a. The device supports the propagation
of shear-horizontal surface acoustic waves (SH-SAWs).To
improve the electrical performance of the studied resonators,
several fabrication parameters were optimized [35], including
the number of IDT finger pairs (Np), finger width (W), number
of reflector electrodes (Nr), and number of Bragg reflectors
(Nbr) . The corresponding material properties and design
specifications of the SAW resonator studied in this paper are
summarized in Table 1. The sensing surface of the resonator is
functionalized using a bottom-up growth of a conducting
polymer (PEDOT:PSS) [36], via electropolymerization
method, employing a three electrodes system, Fig. 1b.

When exposed to water vapor, the modified SAW sensor
undergoes mass loading due to the adsorption of water
molecules. This interaction alters both the velocity and
amplitude of the SH acoustic waves propagating through the
device. The change in acoustic wave velocity can be expressed
by the following equation [37], assuming that the variation in
substrate elasticity is negligible.

VoV (271' j
oD gy 1
7 4\ P )
Where 8V/Vo represents the relative change in the SAW phase
velocity, op is the variation in mass density, A is the acoustic
wavelength, and A corresponds to the mechanical
displacement within the SAW sensor structure.

Solution Preparation: Aqueous solution of EDOT(10 mM)
and PSS(10mM) were prepared in a clean room. To solubilize
EDOT by means of PSS emulsions, further heating and mixing
were done using an ultrasonic water bath for less than 5
minutes.

Electrodeposition: Before and after each polymerization
process, the sensors were rinsed with DI water and dried with
an air stream. The experimental setup consisted of a three-
electrode configuration comprising a gold working electrode
(WE), a platinum counter electrode (CE), and an Ag/AgCl-
coated silver wire serving as the reference electrode (RE), as
shown in Fig. 1b. The RE was injected into the well through
a pierced hole to maintain the proper surface area ratio and
spatial positioning relative to the counter electrode (CE), in
accordance with electrochemical cell requirements.
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Fig.1. (a) Design parameters of a one-port SAW resonator (b) electrochemical
setup showing the working, reference and counter electrodes embedded into
the PDMS well. (c) Optical microscopy images of the functionalized SAW (d)
Zoom on IDT fingers.

For each electropolymerization experiment, 30ul of the
solution is inserted into a PDMS well on top of the printed
working electrode. A Palmsens 4 potentiostat/galvanostat was
employed to control and monitor the electrochemical
parameters. This setup ensured uniform polymer growth and a
quasi-reproducible film characteristics across all fabricated
samples. Electrochemical measurements were carried out at
room temperature under varying applied potentials, scan rates,
and numbers of cycles. Figures l.c and 1.d present the
selectively electropolymerized IDTs of the SAW resonator.

Fig. 2. Humidity sensing measurement set up.

Humidity  Sensing  Setup: The humidity sensing
characterization setup is illustrated in Fig.2. The SAW
humidity sensor was mounted inside a sealed measurement
chamber connected to a Nextron Micro Probe System, which

supports precise environmental control. The Relative humidity
(RH) within the chamber was controlled using a precision
humidity regulation system composed of a dual-channel mass
flow controller (MFC), a 200 cc deionized (DI) water bubbling
bath, and dedicated PID-based humidity control software. This
system enables fast and accurate modulation of RH from 4%
to 95%, with a typical ramp speed of 10% RH per minute, an
accuracy of £2% RH, and a resolution of 0.1% RH. Nitrogen
(N2) was used as the carrier gas during the measurements, with
a total flow rate maintained at 500 SCCM.

Radiofrequency characterization: Electrical characterization
of the fabricated SAW devices under controlled humidity
conditions was conducted using a calibrated Rohde & Schwarz
Vector Network Analyzer (VNA) operating across the 9 kHz
to 6 GHz range. The VNA was connected to the sensor via
precision micro-probes in the Nextron system. Scattering
parameters (S-parameters) were recorded for each sensor to
evaluate key electrical performance metrics, including
resonance frequency shift, quality factor, electromechanical
coupling coefficient and impedance matching.

III. RESULTS AND DISCUSSION

A. EDOT:PSS Electropolymerization on SAW resonator

To ensure a uniform film growth and preserve the acoustic
performance of the device, cyclic voltammetry was employed.
We first started by setting a wide voltage scan range to initiate
the electropolymerization process. The voltammogram
obtained is shown in Fig.3.a and it reveals a quasi-reversible
electrochemical behavior of EDOT:PSS solution within a
potential window of [-1V, 1V]. First, the monomer is oxidized
showing a pronounced anodic peak at 1V, leading to
PEDOT:PSS polymer formation. Then, with the reverse
sweeping, the bipolaronic and polaronic neutralization of
PEDOT+ occurs, as observed by the presence of two small
reduction peaks respectively around -0.499 V and -0.8 V [38].
Another confirmation of EDOT polymerization is given by the
nucleation loop formation during the oxidation phase of the
first cycle, which is another characteristic feature for polymer
initiation and growth [39].

Subsequent experiments were performed within a
narrower potential window, with the minimum reduction
potential limited to -0.5V, Fig. 3.b. This adjustment improves
the mechanical stability of PEDOT polymer by limiting its
reduction on the gold surface. At lower reduction potentials,
PEDOT" becomes de-doped into its neutral state, thereby
weakening its interactions with PSS anions. Consequently,
hydrogen bonding between PSS and water molecules is
favored. During cycling, the repeated transition between the
de-doped (swollen) and doped (contracted) states of PEDOT
in backward and forward sweeps ultimately degrades the
polymer’s mechanical properties over time. Limiting the
reduction potential also helps shorten the
electropolymerization duration, resulting in improved process
repeatability and more uniform film formation.
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Fig.3. Cyclic Voltammograms corresponding to the electropolymerization of EDOT:PSS at v=100 mV/s in the potential window a) [-1, 1V] & 4 cycles, b)) [-
0.5,0.8V] & 5 cycles and ¢) [-0.5,0.8V] &10 cycles.

To further investigate the capacitive behavior that may occur
during the electropolymerization process, two voltammograms
were recorded and presented in Fig. 3.b and 3.c. Both
voltammograms illustrate the electropolymerization of
EDOT:PSS within a potential window of [-0.5 V, 0.8 V],
performed over 5 and 10 cycles, respectively. Notably, distinct
capacitive behavior emerges only when polymerizing
EDOT:PSS for more than 3 cycles (Fig. 3.c). This was also
seen with other potential windows (see supplementary
information Fig. S1). Such a phenomenon is likely attributed
to charge accumulation at the electrode-polymer interface.
Hence, during the electrochemical deposition of PEDOT:PSS,
part of the applied charge is stored within the electric double
layer that forms at the interface between the film and the
electrode surface.

B.  Optimization of the Electropolymerization Process

Through this work, we proceeded to understand the CV
parameters’ control over EDOT polymerization rate, and
PEDOT:PSS thickness and morphology. For this, we
investigated the effects of the scan rate, the cycling potential
window, and the number of cycles.

a. Scan Rate Effect

EDOT:PSS was electropolymerized onto four distinct
SAW resonators, precisely covering the active regions of the
interdigital transducers (IDTs). Each device was subjected to
four cycles within a potential window of —0.5 V to 0.8 V, and
at different scan rates: 25, 50, 100, and 200 mV.s™* (Fig.4). The
analysis of the obtained CV-curves is crucial for understanding
the dominant mechanism governing the electropolymerization
reaction. Accordingly, the Randles—Sevéik approach was
applied to assess the kinetic behavior of the process (see
Supplementary Information). In fact, the two box plots of
Fig.S5 show a very low correlation factor R?~0.141 and 0.109,
proving that the electrochemical behavior of the monomeric
solution is controlled by both EDOT diffusion and PEDOT
growth onto the gold electrode.

Optical images of the polymerized SAW devices are depicted
in Fig.4. It is clear that the Bragg reflectors remain unmodified
during the electropolymerization process, retaining their
characteristic gold appearance. This further highlights the
localized and well-confined polymer growth over the IDTs

region.
d
h

RMS = 2.44

RMS = 4.6

Fig.4. Morphological characterization: Optical Microscopy images (a-d) and the corresponding Atomic Force Microscopy images (e-h) of polymerized SAW
devices within a potential window [-0.5V, 0.8V] based on 4 cycles at different scan rates (a, €) 25 mV.s™!, (b, f) 50 mV.s™, (c, g) 100 mV.s', and (d, h) 200 mV



On the other hand, the color contrast of PEDOT:PSS films on
the interdigitated fingers fades progressively as the scan rate
increases from 25 to 200 mV.s' (Fig.4a—d), indicating a
reduction in the polymer film thickness and surface coverage.
This observation is further supported by the profilometry
measurements summarized in Table 2, which show a
consistent decreasing trend in film thickness with increasing
scan rates. For instance, the highest polymer thickness (~243
+ 14 nm) was obtained for devices electropolymerized at 25
mV.s™!, whereas those processed at 200 mV.s™! exhibited a
significantly thinner layer of 22 + 4 nm. To confirm these
findings, complementary AFM characterization (Fig.4e—h)
was performed, revealing a progressive decrease in both height
and surface roughness. This confirms the formation of thinner
and more compact PEDOT:PSS layers at higher scan rates.

Table 2. Profilometry results revealing the polymer thicknesses on different
SAW devices electropolymerized within [-0.5, 0.8V] with 4 cycles at different
scan rates

Scan rate Thickness
mV.s! (nm)
25 243 +14
50 134 £29
100 72+16
200 22 £4

For instance, the root mean square roughness (RMS) of the
film has successively decreased from 16.07 to 2.44 over
increasing the scan rate from 25 to 200 mV.s™!. At higher scan
rates, the potential sweep becomes too fast for EDOT
monomers to diffuse efficiently to the electrode surface, and
the rate of electron transfer may surpass that of analyte
diffusion. This results in a lower concentration of oxidized
EDOT radical cations available for the polymerization. Not
only can this explain the variations in the thickness parameter,
as fewer PEDOT polymers are consequently synthesized, but
it can also account for the changes in surface roughness, which
is highly dependent on PEDOT chain length that becomes
shorter at higher scan rates.

b.  Potential Window / number of cycles Effect

To assess the effect of the potential window and number
of cycles on the electropolymerization process, we specifically
focus on key outcomes such as polymer thickness,
morphology, and the mass influence on the -electrical
characteristics of our devices. Our study was conducted by
electropolymerizing EDOT:PSS at a fixed scan rate of 100
mV.s'!, with a constant minimum reduction potential of -0.5V,
while varying the maximum oxidation potential from 0.75V to
1V. For each case, the influence of the number of cycles was
also examined by performing 6, 8, and 10 polymerization
cycles. The quantification of polymer deposition was based on
the charge exchanges on the working electrode surface which
were extracted following equation 2, [40]:

Qc = [i(t)x dt = ?i(n)xAt:

n=1

number of cycles

N
J l(l’l) x2 Vmax Vmin X (2)

scan rate  number of data points

n=1

Calculated charge values are summarized in the plot presented
in Fig.5a. For all devices electropolymerized with the same
number of cycles along with the increase of maximum
potential, the plot shows a proportional increase in the average
charge currents. For example, during the
electropolymerization of EDOT:PSS with a maximum
oxidation potential of 0.75V, the recorded mean charge value
was 25 uC. This value progressively increases to 80 uC, 277
pC, then 560 uC as the maximum oxidation potential is raised
to 0.8V, 0.9V, and 1V respectively. Such a proportionality is
preserved with all devices being electropolymerized with the
other numbers of cycles. On the other hand, SAW devices
electropolymerized at the same maximum oxidation potential
but with different numbers of cycles did not exhibit a linear
trend in the charge quantity. As a further analysis of the
influence of these two parameters on PEDOT:PSS deposition,
optical microscopy images were captured for these devices
(Fig.5.b). In particular, these results reveal similar coloration
of IDTs which are electropolymerized at the same maximum
oxidation potential (e.g., 0.75V) and regardless of the cycling
number (6 , 8, 10). Indeed, this shows similar polymer growth
and confirms again the insignificant impact of the cycling
number. Alternatively, the observations across different
maximum oxidation potentials for a fixed number of cycles
were unique. All devices with a maximum oxidation potential
reaching 1V exhibit undesirable polymerization on the Bragg
reflectors, suggesting an extensive 2-D horizontal growth of
the polymer over the surface of the interdigitated fingers. This
can be attributed to PEDOT’s conductive nature and the local
electric field effect. Besides, we can observe short-circuiting
across the IDTs themselves for all devices electropolymerized
at the oxidation potential of 0.9V and 1 V, and this occurs even
with the lowest number of cycles during this experiment. As a
result, once the polymer growth extends sufficiently to reach
the gold reflectors, it causes a short circuit, effectively
incorporating the reflectors into the electrical path and
enabling further PEDOT polymerization on their surface. In
fact, this increases the effective surface area for polymerization
and can alter the expected thickness and mass of the deposited
PEDOT layer. On the other hand, devices electropolymerized
within the oxidation potentials of 0.75 V and 0.8 V showed no
short-circuiting across the IDTs, even after 10 cycles.
Moreover, the uniform coloration and absence of afore-noticed
clusters indicate a more homogeneous polymer distribution.

To assess the impact of the deposited polymer on the
electrical response of the sensor, we sought to identify an
optimal potential that ensures sufficient polymer growth while
preserving the acoustic and the electrical performances of the
SAW resonators. For this, a systematic radiofrequency (RF)
characterization was carried out using reflection scattering
parameter (Si1) measurements following the electrodeposition
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Fig. 5. a. Average peak current variations extracted from CV voltammogramme, b. the corresponding optical microscopy images of devices electropolymerized
at v=100 mV/s with different number of cycles and maximum oxidation potentials, c. Normalized S;; Gain response versus the applied oxidation potential E;, d.
Zoom normalized S;; Gain response for E;=1V applied potential.

process. The data presented in Fig.Sc-d indicates that
increasing the oxidation potential leads to a gradual decrease
in both the rejection level and the quality factor. Specifically,
the rejection level decreases from —26.5 dB to —0.84 dB when
the potential increases from 0.75 V to 1.0 V. The observed shift
in the resonance frequency further indicates an increased mass
loading effect associated with thicker polymer deposition.
Based on these results, an optimal oxidation potential of E: =
0.75 V was identified, above which the RF performance of the
devices begins to degrade.

C. Modified Butterworth-Van Dyke Equivalent Circuit

In order to investigate the impact of PEDOT:PSS growth
on the surface acoustic wave (SAW) resonator, the reflection
scattering parameter S;; was modeled using a modified
Butterworth—Van Dyke (mBVD) equivalent circuit, Fig. 6a.
This model was generalized in the whole humidity spectrum
(see supporting information). In the fitting plots, the solid
curve corresponds to the measured data, while the dashed
curve represents the fitted response obtained from the mBVD
model. Fig.6b and 6c show the scattering parameter (Sii)
responses of both the unmodified SAW resonator and the
PEDOT:PSS-modified device, respectively. The resonant
frequency (f;), anti-resonant (f,) frequency and Conductance
Full Width at Half Modulation (GFWHM), were extracted
from Conductance (G) and Impedance (Z) measurements. The

resonator’s quality factor (Q) and the electromechanical
coupling coefficient (K?) were then extracted using equations
3 and 4.

f,
Q_ GFWHM (3)
K’ = ><f xtan[ f f] 4)
Ja 2

After functionalization, key circuit parameters were extracted
from the fitted mBVD model. The reference SAW resonator
exhibits a resonance frequency of 436.580 MHz, a return loss
of —27.25 dB, and a quality factor (Q) of 3830. After
PEDOT:PSS deposition, the resonance frequency shifts to
431.82 MHz, with a return loss of —11.33 dB and a reduced Q
factor of 2601. This frequency downshift of approximately
4.66 MHz is attributed to the mass loading effect induced by
the PEDOT:PSS layer. The -electropolymerized polymer
causes a degradation in return loss, which further contributes
to the decrease in the Q factor. A comparison of the SAW
resonator parameters before and after electropolymerization
with PEDOT:PSS is presented in Table 3. The results show
that the motional resistance (Rn) increased substantially from
54.44 Q2 to 98.93 Q, reflecting higher acoustic losses after
polymer electrodeposition.
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modified SAW resonator

In our model, this motional resistance is governed by a
quadratic equation depicting the non-linearity of the
amplitude. The motional inductance (L) exhibits a slight
increase from 76 pH to 82 pH, while the motional capacitance
(Cm) decreases marginally from 1.8 fF to 1.65 fF. These
parameters are the primary factors that determine the resonant
frequency. Because of its geometry and the nature of the
substrate, the IDT of the SAW resonator exhibits a capacitive
behaviour. This effect is represented in our mBVD model by
the static branch, characterized by the capacitance Co, which
increases from 0.89 pF to 1.32 pF. The variation in Co can be
attributed to the standard capacitive behaviour of the IDT
structure. Considering the fabrication characteristics of the
sensor, the IDT geometry effectively forms a parallel-plate

capacitor. According to the classical capacitance relation:
C=52 )
D
where ¢; is the relative permittivity of the medium, S is the
effective electrode’s surface area and D is the separation
between electrodes.

Table 3. mBVD model parameters

Parameters Reference PEDOT :PSS
SAW SAW
R 5444 Q 98.93 Q
Ln 76.23 uH 82.6 uH
Cn 1.8 fF 1.65 {F
Co 0.89 pF 1.32 pF
Ro 11.38 KQ 2.65 KQ
Rs 8.75Q 21.2Q
Ls 491.12 pH 671.65 pH
(0] 3830 2601
O mBvD 3830 2249
K 2.39 %o 1.69 %o
K2usvp 2.43 %o 1.65 %o
R? 99.01 % 94.89 %
fr 436.58 MHz 431.82 MHz
D 2.548 pm 2.510 pm

Based on AFM images we can measure the variation in finger
width (D). From the data in Table 3 it can be seen that the
effective surface area increased by 46%, which explains the Co
variation. Furthermore, the IDT capacitor, at these working
frequencies, exhibits parasitic elements that cannot be
neglected and especially after polymerization. This behaviour
can be represented by a leakage resistor (Ro) decreasing from
11.38 kQ to 2.65 kQ, a resistor (Rs) increasing from 8.75 Q to
21.2 Q, and an inductor (L) which increase from 491.12 pH to
671.65 pH. We should note that regarding all static branch
parameters, Ry exhibits a clear dependence toward humidity,
reflecting humidity-induced modifications in the electrical
properties of the PEDOT:PSS layer. This tends to indicate a
sub-skin depth Metallo-organic interface mechanism
underlying the humidity dependent semiconductor behavior
[41].

D. Humidity Sensing Results

The sensing performance of the fabricated SAW devices
was studied by humidity characterization experiments.
Measurements were carried out over a wide %RH range (from
10% to 80%) using a precision humidity control setup
described in section II.
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Fig. 7. (a). illustration of the mechanical effect of water interaction with PEDOT:PSS sensing layer. (b) frequency shift Af versus relative humidity %RH for
distinct recorded charge densities, (c-g) Dynamic responses of the selected SAW sensor (with charge density of 76 uC/mm?) versus the humidity variations
(%RH): (c) Reflection scattering parameter S;; amplitude (dB), (d) Impedance variation, () Zoom on impedance values at the resonance frequency, (f) Transient
response of the resonator (red curve) vs. the humidity sensor of the Nextron system (black curve), (g) Hysteresis characteristics of the SAW sensor.

The aim of this study is to assess the response of the
PEDOT:PSS-modified resonators to relative humidity (%RH)
variations and to correlate these responses with the film’s
electrochemical properties. The importance of this correlation
lies in the dependence of the polymer’s mass on the overall
charge density transfer during electropolymerization. The
sensing mechanism is governed by a decrease in the SAW
resonator’s resonant frequency, which occurs as water
molecules are adsorbed into the PEDOT:PSS layer. This
frequency shift occurs primarily from the mass loading effect,
where the adsorbed water molecules increase the effective
mass on the active surface, thereby reducing the acoustic wave

velocity. Additionally, the absorbed moisture alters the
dielectric constant and conductivity of the PEDOT:PSS film,
producing an electrical loading effect that further influences
the propagation of surface acoustic waves. The interaction
between PEDOT:PSS and water molecules (Fig. 7a) arises
from both hydrogen bonding and electrostatic attraction
between the negatively charged sulfonate (—SOs~) groups of
PSS and the partial positive charge of water molecules [42],
[43]. These interactions contribute to reversible water
adsorption on the polymer surface, resulting in measurable
shifts in resonant frequency and signal amplitude. This
behavior was further examined through quantitative analysis.
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The frequency responses of modified-SAW sensors were
analyzed under different humidity levels. Fig.7b shows the
frequency shift (Af) observed as a function of the charge
density obtained from the different electrochemical
depositions. The curves reveal a proportional relationship
between the increase in frequency shift and the increase in
charge density. A maximum shift of 562 kHz is reached at a
relative humidity (RH) level of 80%, with a sensor marking a
charge density of approximately 76 pC/mm? during
electropolymerization. This selected sensor has thus
constituted the focus of our next studies shown in Fig. 7c-g.
We first extracted the reflection characteristics (S1:) as shown
in Fig.7c. Indeed, when the sensor is subjected to variations in
relative humidity from 25%RH to 80%RH, the resonance
frequency shifts toward lower frequencies, accompanied by a
decrease in the amplitude of the Sy, reflection signal. Fig.7d-e
illustrate the variation in input impedance of the SAW
resonator, presenting the maximum shift, under the same
conditions. At 20% RH, the series resonant frequency (f;) of
the resonator is measured to be 431,91 MHz, with a
corresponding series input impedance (Z;) of 75.70 Q. As the
humidity increases to 55% RH, fr shifts downward to 431,67
MHz, while Z; rises to 87.65 Q. This trend continues with
increasing humidity, showing a clear correlation between
higher RH and both a decrease in resonant frequency and an
increase in input impedance. At the highest tested humidity
level of 80% RH, the resonant frequency shifts to 431.44 kHz,
and the series input impedance increases to 99.52 Q. These
changes are primarily attributed to the swelling behavior of the
deposited PEDOT:PSS film under humid conditions.

These observations can be described with reliance on the
underlying interactions between water molecules and the
polymeric layer. Specifically, water molecules, via the partial
positive charge on hydrogen atoms, interacts with the
negatively charged sulfonate (—SOs") groups of PSS~ (fig.7.a).
As the relative humidity increases, the surface mass of
PEDOT:PSS increases. This swelling effect contributes to the
observed downshift in resonant frequency and can explain the
previously discussed results of figures 7.b and 7.c.

During both adsorption and desorption phases, the
accuracy of the previous results was verified by comparing
humidity levels detected by the resonator to those of the
humidity sensor of the Nextron system (Fig. 7). For both
phases, humidity was tested in the range of 15% to 80% RH.
Given the grain-like structure of the polymer described by
Saha et al. [44], this volumetric expansion of PSS-rich shell
increases the space between adjacent PEDOT polymers
reducing thus their pi interactions. This creates a drop in the
transfer of positive charge carriers (holes) which in turn lessens
the polymer’s conductivity and rises the input impedance [16].

The reversibility of the water adsorption mechanism is
indeed crucial for sensing applications in terms of sensor’s
recyclability. For this, hysteresis test was performed on the
PEDOT:PSS-coated SAW humidity sensor and the results are
shown in Fig. 7g. Inside the test chamber, the device was
cycled from 15% RH up to 85% RH, and then back to 15%

RH. The hysteresis remains minimal for RH values above
25%, with the adsorption—desorption gap limited to less than
11 kHz, highlighting the sensor’s excellent reversibility.
Linear regression analysis of the adsorption and desorption
branches yielded coefficients of determination (R2) of 0,995
and 0,992, for both desorption and adsorption, respectively.
This indicates a high degree of linearity and repeatability.
From the slope of the frequency-humidity calibration curves,
the sensor’s sensitivity parameter (S) can be extracted. It
quantifies the variation of the resonance frequency in response
to relative humidity (RH) changes, as expressed in the
equation 6 [45]. The limit of detection (LOD), however, which
indicates the capability of the sensor to detect very small
humidity variations with high precision, can be calculated
according to equation 7.

s OXIOG[ ppmj (6)
Ay % f. % RH
LOD=(3><f STDEV j (% RH) 7)
Sensitivity

The calculated sensitivity of the SAW sensor exhibits an
interesting value of -16.8 ppm/ %RH, which compares
favorably with those reported in the literature [46] [47] [10]
[48] [49] (see Table S1 in supplementary information).
Furthermore, while the limit of detection (LOD) is 0.3%RH,
confirming the capability of our sensor to detect very small
humidity variations with high precision.

Based on what have proceeded, it is observed that the
sensor exhibits high sensitivity with excellent linearity, along
with a reasonable response and recovery time during both
adsorption desorption cycles. This is owing to the selectively
tuned properties of the PEDOT:PSS layer, enabling its
uniformity and controlled roughness, ensuring strong adhesion
to the gold electrodes and stable transduction of humidity-
induced signals.  Although the sensing dynamics are
influenced by the gradual diffusion of water molecules within
the polymer matrix, the electrochemically deposited
PEDOT:PSS film provides enhanced reproducibility
compared with conventionally coated layers. Owing to these
advantages, the developed sensor is well suited for applications
in, industrial process control, healthcare, and smart detecting
systems.

[V.CONCLUSION

In this paper, a shear-horizontal surface acoustic wave (SH-
SAW) resonator was designed and characterized for humidity
sensing applications. The active sensing layer, based on
PEDOT:PSS conducting polymer, was grown directly on top
of interdigital transducers (IDTs) by means of electrochemical
deposition, a technique that enables precise control over the
film’s thickness, uniformity, and morphology. The fabricated
sensor exhibits a stable and repeatable response over the tested
humidity range, with a measurable downshift in resonance
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frequency due to the combined mass loading and dielectric
modulation effects induced by water adsorption on the
PEDOT:PSS layer. The electrical behavior of the resonator
was modeled using the modified Butterworth—-Van Dyke
(mBVD) equivalent circuit, showing excellent agreement with
the experimental Si;; measurements. The developed device
exhibited a sensitivity of -16.8 ppm/%RH and a limit of
detection (LOD) of 0.3%RH, demonstrating competitive
performance compared with state-of-the-art SAW-based
humidity sensors. These results highlight the advantages of the
controlled electrochemical deposition process, confirming its
potential for fabricating high-performance, reliable, and

miniaturized SAW  humidity sensors suitable for
environmental, industrial, and biomedical monitoring
applications.
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