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Abstract: Surface acoustic wave (SAW) technology is promising for humidity monitoring due
to its digital output, small size, large-scale production and wireless passive capability, but there
are major challenges to achieve ultra-high sensitivity and fast responses using the conventional
SAW devices. Herein, ultrahigh frequency (4.7 GHz and 5.9 GHz) shear-horizontal (SH) SAW
devices were developed and a ternary nanocomposite strategy of graphene quantum
dots/polyethyleneimine/silicon dioxide nanoparticles (GQDs-PEI-SiO2 NPs) was proposed as
a sensitive layer to achieve ultrahigh sensitivity and fast response. This ternary material system
was constructed by modifying the surface of SiO2 NPs with the PEI through an electrostatic
force, and then adsorbing the GQDs onto the PEI through hydrogen bonds. Compared with the
conventional low frequency SAW devices, the ultrahigh frequency SH-SAW devices showed
exceptionally ultra-high sensitivity (2.4 MHz/%RH, 1000 times as high as a 202 MHz SAW
device), fast response (20s/5s), excellent linearity, and good repeatability in the range of 20-
80% RH. These superior performances are attributed to ultrahigh frequency of SAW devices,
large specific surface areas of the nanocomposite (which exposed multiple hydrophilic groups
in PEI and GQDs), and high vapor pressure of convex spherical curved liquid surface (which
accelerated the adsorption and desorption of water molecules).
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1. Introduction

Humidity is a basic physical quantity which is linked with water or vapor contents in the
atmospheric environment and is one of the most basic environmental parameters [1].
Agricultural planting management, microelectronics processing, biomedicine, weather
forecasting and many other industries all need to precisely monitor and control humidity [2-4].
According to their sensing principles, the reported humidity sensors can be broadly divided
into resistance-type, capacitive-type, optical-type, and resonant-types, the last of which include
quartz crystal microbalance and surface acoustic waves (SAWs) [4]. SAWs are generated and
characterized by spatially periodic interdigital transducer electrodes on the surface of a
piezoelectric substrate. H20 or water molecules adsorbed on the surface of SAW sensor will
change its resonant frequency or phase angles, mainly due to the changes of the characteristics
of sensitive material, including mass loading, conductivity changes, and elastic modulus
changes [5]. SAW devices are widely used for humidity detection due to its digital output, low
cost, large-scale production and wireless passive capability. For example, Tang et al. [6]
reported SAW humidity sensors with porous sol—gel SiO: films, and proved that large specific
surface areas and porous structures can greatly improve the humidity sensing performance. Le
et al. [7] reported SAW humidity sensors with graphene oxide (GO) films as the sensing layer,
and reported that the mass loading effect is the main contributor to the sensing mechanism of
the graphene-based SAW humidity sensors. Kuznetsova et al. [8] reported that the Sezawa
wave mode based SAW humidity sensor with GO films has better performance than the
commonly used Rayleigh wave, with a sensitivity of 91 KHz/% RH.

However, current SAW humidity sensors still have many issues, with some of them listed



as following.

(1) For SAW humidity sensors based on a mass loading effect, increasing working
frequency can greatly enhance the sensitivity of SAW humidity sensor. For example, Kawalec
et al. developed a 393 MHz SAW humidity sensor with Nafion coating, with the sensitivity
being double higher than that of a 196 MHz SAW device [9]. However, most the currently
reported frequencies of SAW humidity sensors are below ~3 GHz. which hinders the
achievement of ultrahigh frequency and ultrahigh sensitivity for humidity detection.

(2) For SAW humidity sensors, a sensing layer is typically needed to improve its sensing
performance, and it is often required for excellent hydrophilicity, good durability, large specific
surface area, and high porosity [10]. Various materials including metal oxides [11], polymers
[12], carbon materials [13], transition metal dichalcogenides [14], and MXenes [15] are widely
used for humidity sensing. Currently, many humidity sensors using single type of sensing layer
material have been reported, but these sensors have quite different limitations, making them
unsuitable for various applications. For example, most polymer sensing layer-based humidity
sensors showed low sensitivities due to their relatively smaller specific surface areas.[16].
Graphene oxide-based humidity sensor might have swelling effect and relatively low stability
in the high relative humidity (RH) range. [17].

Recently, to address the limitations of individual materials, researchers developed
different types of nanocomposite sensing materials to improve various sensing properties and
broaden their applications. These include Au/TiO2/poly(3,4-ethylenedioxythiophene) (PEDOT)
[11], 3D architecture graphene/PVA/SiOz2 [12], and GQDs/ZnO NMs [13]. However, there is

still a challenge to manufacture SAW humidity sensors with excellent comprehensive sensing



performance (e.g., high sensitivity, fast response time, and good repeatability.) but using simple
processes.

To solve these critical issues, herein, ultrahigh frequency shear-horizontal (SH) SAW
devices with frequencies of 4.7 GHz (SAW wavelength of 600 nm) and 5.9 GHz (SAW
wavelength of 400 nm) were developed on LiNbO3/Si02/SiC heterogeneous substrate using an
electron beam lithography technology, as shown in Figure 1a. A ternary composite strategy of
graphene quantum dots/polyethyleneimine/silicon dioxide nanoparticles (GQDs-PEI-SiO2 NPs)
was proposed as a sensing layer to achieve both ultrahigh sensitivity and fast responses. The
ternary nanocomposites were synthesized in an aqueous solution, and the modified PEI was
coated onto the surfaces of SiO2 NPs by electrostatic forces. The GQDs were adsorbed onto
PEI by forming hydrogen bonds with PEI. The SAW humidity sensor was finally obtained by
coating nanocomposites of GQDs-PEI-SiO2 NPs onto the whole surface of ultrahigh frequency
SAW devices with an aluminum oxide as an insulation layer. The developed humidity sensors
show ultrahigh sensitivity (i.e., 2.4 MHz/%RH, which is 1000 times as high as the conventional
202 MHz SAW device [12], and 80 times as high as the 1.56 GHz SAW device with a sensitive
layer of CeO2 nanoparticles/PVP nanofibers [18]), fast responses (20s/5s), excellent linearity
(R°=0.9814), and a good repeatability in the range of 20-80% RH. Finally, the sensing
mechanisms of GQDs-PEI-SiO2 NPs ternary nanocomposites were explored, and the ultrahigh
sensitivity and fast response capabilities were attributed to large numbers of exposed
hydrophilic species (-OH, -COOH, -NH2) and the additional positive pressure of convex
spherical curved liquid surface which accelerated the adsorption and desorption of water

molecules (Figure 1a).
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Figure 1: The schematic diagram of ultrahigh frequency SAW humidity sensor with proposed GQDs-PEI-SiO,
NPs ternary composite material; (b) Preparation process of GQDs-PEI-SiO, NPs ternary composite material and
ultrahigh frequency SAW humidity sensor; (¢) SEM images of ultrahigh frequency SAW device and IDTs
(A=600nm); (d) The SAW humidity sensing testing system.
2. Experimental section
2.1 Preparation and Characterization of GQDs-PEI-SiO; NPs

Figure 1b shows the detailed preparation processes of the proposed GQDs-PEI-SiO2 NPs
ternary composite material. Firstly, the PEI and SiO2 NPs were dispersed in deionized water
and stirred ultrasonically for 15 minutes to obtain 2 mg/ml SiO2 NPs solution and 1% PEI
solution, respectively. Then, 10 ml SiO2 NPs solution (2 mg/ml) and 10 ml PEI solution (1%)
were mixed in equal volumes, and stirred ultrasonically for 15 minutes to obtain a mixed

solution of PEI-SiO2 NPs. After that, 1 ml GQDs solution (20 mg/ml) was added into 20 ml



PEI-SiO2 NPs mixed solution, and then ultrasonically stirred for 15 minutes to obtain GQDs-
PEI-SiO2 NPs ternary nanocomposites.

Surface morphologies and element distributions of SiO2 NPs, PEI-SiO2 NPs and GQDs-
PEI-SiO2 NPs were characterized using a scanning electron microscope (SEM, Sigma-300,
Zeiss, Germany) and an energy dispersible spectrometer (EDS, CLARA Xplore 30, TESCAN,
Czech Republic). The nanostructures of GQDs, PEI-SiO2 NPs, and GQDs-PEI-SiO2 NPs were
studied using a transmission electron microscope (TEM, FEI Tecnai 20, America). Chemical
bonds in various raw materials and ternary composites were analyzed using a Fourier infrared
analyzer (FTIR, Nicolet iS 10, America) and a Raman spectroscope (Alpha300 access, WlTec,
Germany). Surface area and porosity were characterized using an Analyzer (JW-BK200C,
JWGB SCI.&amp; TECH, China) for SiO2 NPs, PEI-SiO2 NPs and GQDs-PEI-SiO2 NPs.

2.2 Preparation of Ultrahigh Frequency SAW Humidity Sensors

The substrate material for fabricating ultrahigh frequency SAW devices was LiNbO3 (220
nm) film/Si02(130 nm)/SiC, and the crystal cut of LiNbO3 was 34°Y-X cut. Interdigital
transducers (IDTs) of ultrahigh frequency SAWs with wavelengths (1) of 600 nm and 400 nm
were fabricated using electron beam lithography (EBL) and lift-off processes, by depositing 5
nm Cr/25 nm Au electrodes. Then overlay/alignment process was used to fabricate the bus bar
with 5 nm Cr/40 nm Au electrode. After that, the wire bonding pad was obtained using a laser
direct writing overlay process with 5 nm Cr/40 nm Au electrode. The overall device
manufacturing process is illustrated in Figure S1. Figures 1c and S2 present the overall
structures and IDT images of the fabricated ultrahigh frequency SAWs with A of 600 and 400

nm, demonstrating that the fabricated devices have achieved the designed structures, with



uniform IDTs’ widths without apparent finger breakage or short circuit. 10 nm Al20O3 insulating
protective layer was further deposited onto the whole surface of IDTs and bus bars using an
ion beam sputtering (IBS) process. For preparing the sensitive layer, a pipette was used to take
0.5 ul volume of GQDs-PEI-SiO2 NPs solution to drop on surfaces of SAW device. This
process was followed by heating the device on a hot plate at 60 °C for 3 minutes to remove
excess solvent. The scattering parameters of these ultrahigh frequency SAW devices were
measured using a network analyzer (Ceyear, 3656D).
2.3 Humidity Tests using Ultrahigh Frequency SAW

Figure 1d shows the humidity detection platform with ultrahigh frequency SAW devices.
The dry compressed air was served as a carrier gas during the humidity detection and the
ambient temperature in the laboratory was maintained at around 25°C. We used a mass flow
meter to make sure that total pressure was remained nearly a constant during the experiments.
Different RH levels were realized by setting the ratios of dry air (RH=0) and wet air (RH=100%)
by adjusting the flow meter. The wet air was generated by flowing dry air through a gas bottle
containing water. In the humidity box, high frequency probes and cables were used to transmit
signals of the SAW humidity sensor to a network analyzer, and the frequency shifts of SAW
humidity sensor under different RH levels were recorded using a LabVIEW program. During
the test, a commercial hygrometer was applied to check the RH level inside the humidity
chamber.
3. Results and Discussion
3.1 Characterization of GQDs-PEI-SiO> NPs Ternary Nanocomposites

Figures 2(a~c) show the surface morphology and element distribution of SiO2 NPs, PEI-



Si02 NPs and GQDs-PEI-SiO2 NPs nanocomposite, and all of them are rough and porous due
to the accumulation of numerous nanoparticles. These types of structures provide more
adsorption sites for water molecules and improve the sensitivity of humidity sensing. We
studied the distributions and contents of Si, O, C and N elements in these types of materials.
Element distribution results revealed that, compared with those of single SiO2 NPs, the PEI-
SiO2 NPs composite shows extra N elements in the material, and the content of C element has
been increased, indicating that PEI (which contains C and N elements) has been successfully
integrated onto SiO2 NPs. After the addition of GQDs, the content of C element is significantly
increased, as the GQDs contains abundant of C. In addition, the content of N element is also
slightly increased, indicating the presence of N element in GQDs, which will be further
demonstrated in the subsequent FTIR results. The residual C element in the SiO2 NPs sample
may be due to the inevitable exposure of the sample to air during the testing process.

We further used TEM to investigate microstructures of GQDs, PEI-SiO2 NPs, and GQDs-
PEI-SiO2 NPs composites. Results shown in Figure 2d indicate that the GQDs have particle
sizes of 4-12 nm, and the average lattice spacing of GQDs is ~0.28 nm, indicating a similar
structure to that of the graphitic carbon [19]. For the PEI-SiO2 NPs binary nanocomposite as
shown in Figure 2e, the SiO2 NPs are covered with a 2-3 nm thick PEI layer, which
demonstrates that the PEI is successfully decorated onto the surfaces of SiO2 NPs for the PEI-
Si02 NPs composite. In addition, compared with the PEI-SiO2 NPs composite, there are a large
number of GQDs observed on the surfaces of PEI-SiO2 NPs (Figure 2f), illustrating that GQDs

are attached to the PEI surface to form GQDs-PEI-SiO2 NPs ternary composite material.



Figure 2: SEM images and EDS elemental images (Si, O, C, and N element) of (a) SiO, NPs; (b) PEI-SiO, NPs
and (c¢) GQDs-PEI-SiO; NPs; TEM images of (d) GQDs; (¢) PEI-SiO, NPs and (f) GQDs-PEI-SiO, NPs.

FTIR and Raman spectroscopy were used to analyze the chemical bonds and functional
groups contained in the GQD, PEI, SiO2 NPs, PEI-SiO2 NPs and GQDs-PEI-SiO2 NPs

nanocomposites. As shown in Figure 3a, there are various peaks in the FTIR spectrum of



GQDs including O-H (3200 cm™!), C=0 (1632 cm™!), N-H (1575 cm™), and C-O (1395 cm™),
indicating the presence of -OH, -NH2, -COOH on the surface of GQDs [19-21]. This also
explains the increase in N element content in the EDS diagram of GQDs-PEI-SiO2 NPs (Figure
2¢). For the FTIR results of PEI-SiO2 NPs, the peaks at 1110, 798, and 475 cm™ are attributed
to the vibrational bands of Si-O-Si stretching vibration, Si-O stretching and Si-O bending
vibration in SiO2 NPs [22], related to the host material of SiO2 NPs. C-N stretching vibration
mode (1285 cm™!), -CH2 bending vibration mode (1456 cm™') and N-H bending vibration mode
(1590 cm™) [23] are all observed, indicating the presence of -NH: in PEI and also
demonstrating that the PEI has been successfully decorated onto SiO2 NPs [24]. Compared
with that of PEI-SiO2 NPs binary material, the FTIR spectrum of GQDs-PEI-SiO2 NPs ternary
nanocomposite has two weak vibrations modes at 1395 and 1650 cm™!, caused by the C-O
stretching vibration and C=0 stretching vibration of GQDs, respectively [20][22]. This proves
that GQDs have been successfully modified onto the surfaces of PEI-SiO2 NPs. FTIR results
show that the ternary nanocomposites contain a large number of hydrophilic groups (-OH, -
COOH, -NH2) which can be used as the hydrophilic sites, for enhancing the sensitivity of
humidity sensing.

Figure 3(b) shows the characterization results obtained from the Raman spectroscope.
Compared to those of SiO2 NPs, the additional peaks of 1459, 2874, and 2956 cm™ in the PEI-
SiO2 NPs are attributed to the -CH and -CH2 vibration modes of the carbon skeleton in PEI
[25]. The spectra of GQDs and GQDs-PEI-SiO2 NPs show typical graphene characteristics,
including the D band (1412 cm™") caused by defects and symmetrical fractures at the edges of

graphene, and a G band (1650 cm™) caused by in-plane vibration of sp? carbon [26]. This once



again proves that the GQDs have been successfully integrated into the ternary nanocomposite
system. In the graphitic systems, the Ip/Ic ratio (where Ip and I are the integrated D and G
band intensities, respectively) is an important figure of merit related to the defect density and
the crystallite size of carbon materials [26][27]. After adding the GQDs into ternary materials,
the Ip/lg ratio is increased from 0.9 to 1.32. This indicates an increase in defects in GQDs,
which is caused by the hydrogen bonds formed between GQDs and PEI [28].

We further investigate the specific surface areas of the nanocomposites. The results of
BET-specific surface areas for SiO2 NPs, PEI-SiO2 NPs, and GQDs-PEI-SiO2 NPs are 169, 82,
and 96 m?/g, respectively. Results demonstrate that the large specific surface areas in both the
composites of PEI-SiO2 NPs and GQDs-PEI-SiO2 NPs are mainly induced by the large specific
surface area of SiO2 NPs. Compared with that of pure SiO2 NPs, the decreased specific surface
area of PEI-SiO2 NPs is mainly due to the agglomeration of SiO2 NPs caused by the
involvement of viscous PEI, which can be verified from the TEM image analysis (Figure 2e).
For the GQDs-PEI-SiO2 NPs, a large number of GQDs are attached to the particle surfaces,
resulting in an increased surface roughness and an increased specific surface area, if compared
with that of the PEI-SiO2 NPs. Both the PEI-SiO2 NPs and GQDs- PEI-SiO2 NPs have large
specific surface areas, which are beneficial to expose more hydrophilic species and thus

enhance the sensing performance.
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Figure 3: (a) FTIR results of SiO, NPs, PEI, GQDs, PEI-SiO, NPs, and GQDs-PEI-SiO, NPs; (b) Raman
spectroscopy results of SiO, NPs, GQDs, PEI-SiO, NPs, and GQDs-PEI-SiO, NPs; (c) BET surface area results
of Si0O, NPs, PEI-SiO; NPs and GQDs-PEI-SiO; NPs
3.2 Humidity Sensing for Ultrahigh Frequency SAW

Figure 4a shows the Si11 measurement results of the ultrahigh frequency SAW devices
(600 nm wavelength), and the corresponding resonant frequency was 4.7 GHz. To analyze this
vibration mode, a 3D periodicity model of SAW was established and simulated using the
COMSOL software, as shown in Figure 4b. The structure parameters of SAW device in
simulations are exactly the same with the experimental studies. The thickness of the LiNbO3
piezoelectric layer was set as 220 nm, the thickness of the SiOz layer was 160 nm, the thickness
of the Au electrode was 25 nm with its width of 0.2 A, and the thickness of the SiC substrate
was set as 5 A. As can be seen from the results shown in Figure 4b, the Y11 curve obtained

from the simulation is similar with the Y11 curve obtained from the experimental results, which



clearly proves the correctness and reliability of the simulation model. Figure 4a inset illustrates
the particle displacement patterns of this mode (frequency of 4.7GHz) and the vibration of
sound waves is mainly concentrated in the Y direction perpendicular to the propagation
direction, which clearly demonstrate that the vibration mode is SH-SAW.

Figures 4¢ & 4d show the measured frequency shifts of the ultrahigh frequency SAW
humidity sensor (A= 600 nm) at six different humidities conditions (i.e., RH=30%, 40%, 50%,
60%, 70%, 80%) with five cycles. Performance of the SAW humidity sensor (such as frequency
shift, response time and recovery time) has not shown apparent changes within 5 cycles of
humidity tests, indicating the good repeatability of the fabricated ultrahigh frequency SAW
humidity sensors at different humidities conditions.

Figure 4e shows the frequency responses of the ultrahigh frequency SAW sensor to
various humidity levels, which are increased from 20% to 80% and then decreased from 80%
to 20% at room temperature. It can be seen that the frequency shift of the sensor is rapidly
increased with the increase of RH and reaches a maximum value of 78 MHz at 80% RH, then
the frequency shift is decreased when the RH is reduced to its initial state. The frequency shift
versus the humidity change can be drawn using a logarithm format, yielding a linear correlation
between relative changes in resonant frequency and RH, as shown in Figure. 4f. The linear
function was modeled using the equation as follows:

InAf = a(RH — RHy) + b (2)
where RHy is the reference relative humidity, Af'is the frequency shift, a and b are constants.
The calculated linear regression coefficient is ~0.9865, indicating a good linearity.

The sensitivity (S) of the humidity sensor over a certain humidity range can be determined



using:
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where Af'and 4RH are the frequency shifts and humidity changes, respectively. The obtained
average value of sensitivity is as high as ~1.3 MHz/%RH in a humidity range of 20~80% RH.

The hysteresis of the ultrahigh frequency SAW humidity sensor (A=600 nm) was

calculated using the formula,

Am
Emax =—=—%100% (4)
Yrs
where 4m is the maximum hysteresis error, and Yrs is the full-scale output. During the whole

testing cycle, the maximum deviation is ~1.5 MHz (e.g., at the relative humidity of 70% RH)

and the hysteresis is as small as ~1.92% (Figure. 4g)
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Figure 4: (a) Reflection parameter (Si;) of ultrahigh frequency SH-SAW device with A of 600 nm and SH-SAW



particle displacement diagram (St: Total displacement, Sx: X displacement, Sy: Y displacement, Sz: Z
displacement); (b) 3D single-cycle model of the ultrahigh frequency SAW device and simulation/experiment
results of Y11 performance; The frequency shift of an ultrahigh frequency SAW humidity sensor (A= 600 nm)
through five cycles at six different humidities (¢) RH=30%, 40% and 50%; (d) RH=60%, 70% and 80%; (¢)
Frequency shift results obtained from an ultrahigh frequency SH-SAW humidity sensor (A=600 nm) within
ambient humidity of 20%-80%RH; (f) The /nAf versus RH for the SAW humidity sensor (A=600 nm), showing
good linearity relationship; (g) Hysteresis of ultrahigh frequency SH-SAW humidity sensor (A=600 nm); (h) The
response and recovery times of the ultrahigh frequency SAW sensor (A=600 nm) at various RH levels; (i) The
humidity sensing performance of PEI-SiO, NPs and GQDs-PEI-SiO, NPs on the ultrahigh frequency SAW device
(A=600 nm).

Figure 4h shows the response and recovery times of the ultrahigh frequency SAW
humidity sensor (A=600 nm) at different RH levels. The recovery time is ~5s and the response
time is 22 s at an RH value of 80%.

We further compared the humidity sensing performance of ultrahigh frequency SAW
device using PEI-SiO2 NPs binary nanocomposite and GQDs-PEI-SiO2 NPs ternary
nanocomposite. Figure 4i and Figure S3a&b show that after adding the GQDs, the frequency
shift was increased from 65 MHz to 78 MHz (i.e., an increase of 20%). The response and
recovery times are shortened from 55s/25s to 22s/5s, respectively, under the same RH change
from 20% to 80%. Clearly adding the GQDs into the nanocomposite dramatically improves the
sensitivity and improves the responsiveness of sensors.

To confirm if the higher frequency leads to a better humidity detection for the ultrahigh

frequency SAW devices, we further prepared another ultrahigh frequency SAW device with a



smaller wavelength (A= 400 nm), and the resonant frequency is increased to ~5.9 GHz, as
shown in Figure Sa. The simulated particle displacement diagram reveals that this vibration
mode is SH-mode. For humidity sensing, similar to the SAW device with A of 600 nm, the
SAW humidity sensor with A of 400 nm exhibits a high repeatability and stability, with
insignificant performance changes under cyclic RH level changes within 20%—-80%—20%.
However, compared with the SAW device with the frequency of 4.7 GHz (A=600 nm), the SAW
device with a frequency of 5.9 GHz (A=400 nm) shows a much larger frequency shift at the
same humidity change (Figure Sb), demonstrating that the increased resonant frequency truly
leads to a larger frequency shift with the same humidity changes. Figure Sc illustrates the
frequency responses of the ultrahigh frequency SAW sensor with a frequency of 5.9 GHz with
the humidity levels increased from 20% to 80% and then decreased from 80% to 20% at room
temperature. The logarithm values of frequency shifts are linearly correlated with the humidity
change (Figure 5d) with a linearity of 0.9814. The average humidity sensitivity of 5.9 GHz
SAW device was calculated to be ~2.4 MHz/% RH (20%-80% RH), which is ~1.8 times higher
than that of 4.7 GHz SAW device. The hysteresis of the 5.9 GHz SAW device is ~2.32%
(Figure Se), and response/recovery times are about 20s/5s, which are quite similar to those of
the 4.7 GHz SAW device. In addition, For the SAW sensor with the resonant frequency of 5.9
GHz, their humidity sensing performance using the GQDs-PEI-SiO2 NPs ternary
nanocomposite as the sensing layer is also much better than that using the PEI-SiO2 NPs binary
ones (Figure 5f and Figure S3c&d).

All these results demonstrate that using a GQDs-PEI-SiO2 NPs ternary sensing layer onto

a higher frequency SAW device will lead to better humidity sensing performance. The obtained



humidity detection results are summarized in Table 1. Results show that compared with the
previously reported SAW humidity sensors reported in literature, our ultrahigh frequency SAW
humidity sensor shows the highest humidity average sensitivity (which is 1000 times higher
than a conventional 202 MHz SAW devices on LiNbO3, and 80 times as high as the 1.56 GHz

SAW device with a sensitive layer of CeO2 nanoparticles/PVP nanofibers) with excellent

responsiveness.
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Figure 5: (a) Reflection parameter (Si;) of ultrahigh frequency SH-SAW device with A of 400 nm and SH-SAW

particle displacement diagram (St: Total displacement, Sx: X displacement, Sy: Y displacement, Sz: Z

displacement); (b) The frequency shift of ultrahigh frequency SAW humidity sensors (/= 4.7GHz and 5.9GHz)

through five cycles at RH= 80%; (c) Frequency shift results obtained from an ultrahigh frequency SH-SAW

humidity sensor (A=400 nm) within ambient humidity of 20%-80%RH; (d) The InAf versus RH for the SAW

humidity sensor (A=400 nm); (¢) Hysteresis of ultrahigh frequency SH-SAW humidity sensor (A=400 nm); (f) The

humidity sensing performance of PEI-SiO, NPs and GQDs-PEI-SiO> NPs on the ultrahigh frequency SAW device

(A=400 nm).



Table 1. Comparisons of different SAW-based humidity sensors

. Sensitivity . Resp./Rec.
Ref. Year  f[MHz]  Sensing material Measuring range .
[KH7/% RH] time
Electrospun CeO,
[18] 2016 1560 NP/PVP NE 30 11%~95% ~15/~35s
s s
[81 2018 222 GO 91 3.6%~98% 600s/6s
[12] 2020 202.5 3DAG/PVA/SiO, 2.429 0%-90% 24/14.4s
[13] 2020 220 GQDs/ZnO NMs 40.16 30%-70% 27/12s
[29] 2021 430 Si0O, 1.14 10%-80% 6/21.3s
[30] 2021 434 Al,O; Layer 9 0%-98% 50/50s
[31] 2022 200 cellulose acetate 9.46 20%-90% 21/14s
This .
K 2023 4700 GQDs-PEI-SiO, 1300 20%~80% 22/5s
wor
This .
K 2023 5900 GQDs-PEI-SiO, 2400 20%~80% 20/5s
wor

We further investigated the relationship between sensitivity and noise (or stability) of the
high frequency SAW devices and low frequency SAW devices. The obtained results are shown
in Figure 6. Figure 6a shows that the noise for the 5.9 GHz SAW device is about 0.62~0.68
MHz with a humidity reading of 20% RH, and it is about 0.92 MHz for a humidity level of 80%
RH. For the high frequency SAW device of 4.7 GHz, the noise is 0.55~0.62 MHz for 20% RH,
and 1s 0.81 MHz for 80% RH (Figure 6b). Whereas for the low frequency SAW device of 197
MHz, the noise is only 0.013~0.014 MHz for 20% RH, and is 0.013 MHz for 80% RH (Figure
6¢). Results showed that with the increase of resonant frequency for the SAW device, the noise
is indeed increased. Compared with the SAW sensor with a frequency 197 MHz, the noise of

SAW sensor with a frequency of 4.7 GHz has been increased by ~57 times, and the noise of



the SAW humidity sensor with a frequency of 5.9 GHz has been increased by ~66 times.
However, it also should be addressed that, the frequency shifts are ~150 MHz, ~80 MHz
and ~0.5 MHz, for the SAW devices with their resonant frequencies of 5.9 GHz, 4.7 GHz and
197 MHz, respectively. Compared with the SAW sensor with a frequency 197 MHz, the
frequency shift has been increased by ~160 times and ~300 times for the SAW sensors with
frequencies of 4.7 GHz and 5.9 GHz. Therefore, increasing the resonant frequency of SAW
devices does indeed increase noise, but it also lead to the significant increase in sensitivity, and
the increased rate of sensitivity is much higher than that of noise. In addition, based on the

results we have obtained, the high frequency device can be well used for the humidity detection

with a good stability.
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Figure 6: The frequency shift and noise (stability) of SAW humidity sensors with different wavelengths (a): A=400
nm (frequency of 5.9 GHz); (b) A=600 nm (frequency of 4.7 GHz); and (c) A=20 pum (frequency of 197 MHz).
The humidity sensitive materials were GQDs-PEI-SiO; NPs for all the SAW devices, and the humidity level was

changed from 20% RH to 80% RH, and then back to 20% RH.



3.3 Bonding and Sensing Mechanisms of Ternary Nanocomposites

The bonding mechanisms of GQDs-PEI-SiO2 NPs ternary nanocomposite sensing layer
on ultrahigh frequency SAW devices were investigated and the results are shown in Figure 7a.
For the PEI-SiO2 NPs nanocomposites, the PEI and SiO2 NPs carry dissimilar electric charges
on their surfaces in an aqueous solution, therefore, they were bound together through the
electrostatic force [32]. According to the FTIR results (Figure 3a), there are a large number of
-NH: in PEI, while a large numbers of -OH, -COOH and -NHz are in GQDs. These chemical
groups are prone to forming hydrogen bonds and thus are strongly bound together [28][33].
Hydrogen bonds are also formed between GQDs and PEI-SiO2 NPs, which attract GQDs
strongly adsorbed onto the PEI-SiO2 NPs to obtain the ternary nanocomposite. Raman
spectroscopy analysis (Figure 3b) also shows the increase in the Ip/IG ratio of GQDs in ternary
materials, which proves the formation of hydrogen bonds.

Figure 7(b) illustrates the humidity sensing mechanism of GQDs-PEI-SiO2 NPs ternary
nanocomposite sensing layer. According to widely reported adsorption theory, water molecules
in the environment are bound at the hydrophilic points (-OH, -COOH, -NH2) in the sensitive
materials through the hydrogen bonds [34]. A large number of water molecules are therefore
absorbed on the surface of the sensitive material, which increases the mass loading effect,
resulting in decreases in the resonant frequency of SAW device. The responses of sensors to
humidity are significantly dependent on the types and quantities of exposed hydrophilic groups
and the structures of sensitive materials.

The electronegativity of atoms has an important influence on the formation of hydrogen

bonds with water molecules. According to the electronegativities of O (3.5) and N (3.0), O-



H...O is considered as a much stronger hydrogen bond than the N-H...O [32]. In GQDs-PEI-
SiO2 NPs ternary nanocomposites, there is a large amount of -NHz in PEI. This forms N-H...O
type hydrogen bonds with water molecules, which are good for humidity sensing. Meanwhile,
-OH and -COOH in GQDs can form additional and stronger O-H...O type hydrogen bonds
with water molecules. This increases the number and type of hydrophilic groups in the
nanocomposite, which can optimize the sensitivity and response/recovery time of the sensor.
In addition, the loosely packed and porous sensing layer is conducive to adsorption of water
molecule and effective exposure of hydrophilic points. According to the specific surface area
results (Figure 3c), after modifying and integrating the PEI onto SiO2 NPs, due to the increases
in particle size and agglomeration of SiO2 NPs, the specific surface area is decreased to a
certain extent, but there is still a large specific surface area of 86 m*/g. A large number of
hydrophilic groups are exposed to the environment, thus providing the PEI-SiO2 NPs binary
nanocomposite with an excellent sensitivity. From the result shown in Figures 2f and 3c, it can
be observed that the addition of GQDs makes the surfaces of PEI-SiO2 NPs much rougher and
increases the specific surface areas of the GQDs-PEI-SiO2 NPs nanocomposite. As a result,
introducing additional hydrophilic groups and increasing specific surface areas can expose
more hydrophilic sites in GQDs-PEI-SiO2 NPs, resulting in higher humidity sensitivity of the
Sensor.

On the other hand, water molecules adsorbed on the surface of nanoparticles can naturally
form a convex spherical surface. Due to the surface tension of the liquid, the surface tension
on the curved liquid surface cannot be offset, resulting in a combined force directed towards

the center of curvature, resulting in additional pressure. According to the Yang-Laplace



equation, the relationship between additional pressure and surface curvature radius is:

=2 (5)

r
where Ap is additional pressure, o is surface energy, r is curvature radius, the curvature radius
of a convex surface is positive, while the curvature radius of a concave surface is negative.
The additional pressure of water molecules on the convex surface is positive, so their
vapor pressure is greater than the environmental pressure, making them more prone to
volatilization and easily reaching an equilibrium state [35]. This process corresponds to the
response process of the sensor. Therefore, nanoparticles with smaller radius can bring greater
vapor pressure and speed up the response of the sensor. According to the characterization
results of SEM and TEM (Figure 2), the diameter of PEI-SiO2 NPs is ~30 nm, and the diameter
of GQDs is 4-12 nm. The introduction of GQDs reduces the radius of the curved liquid surface
formed by water molecules, increases the additional pressure, and significantly improves the

response speed. The contrasting results shown in Figure 4i and Figure 5f proved that this

design methodology can significantly optimize the response/recovery time of sensors.
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Figure 7: (a) Bonding mechanism of ternary composite material; (b) Humidity sensing principle of ternary



composite material.
4. Conclusion

In this paper, ultrahigh frequency SH-SAW devices with their frequencies of 4.7 GHz and
5.9 GHz were fabricated, and a ternary nanocomposite strategy using GQDs-PEI-SiO2 NPs
was proposed as the sensing layer to achieve ultrahigh sensitivity and fast response. The ternary
nanocomposite layer was constructed by the modification of PEI, which was then attached onto
the surfaces of SiO2 NPs due to the electrostatic forces, and the GQDs were adsorbed onto the
PEI by forming hydrogen bonds with PEI. The achieved humidity sensors show exceptionally
high average sensitivity (2.4 MHz/%RH, which is 1000 times higher than that of a convention
202 MHz SAW devices and 80 times as high as the 1.56 GHz SAW devices), fast response
(20s/5s), excellent linearity (R’=0.9814), and good repeatability in the range of 20-80% RH.
The ultrahigh sensitivity and fast response capability are attributed to the ultrahigh resonant
frequency, a large number of hydrophilic groups and the positive pressure of convex spherical
curved liquid surface.
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