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Abstract—Surface acoustic wave (SAW) devices are powerful platforms 

for mass sensing, chemical vapor or gas detection, and bio-molecular 
identification. Great efforts have been made to achieve high 
sensitivities by using super-high frequency SAW devices. Conventional 
SAW sensing is based on mass-loading effects at the acoustic wave 
propagation (or delay line) region between two interdigitated 
transducers (IDTs). However, for many super-high frequency SAW 
devices with their small sizes, there is a huge challenge that the 
sensitivity is difficult to be further increased, simply because there are 
very limited areas between the IDTs to deposit a sensing layer. Herein, 
we proposed a novel strategy based on giant mass-sensitivity effects 
generated on the global area of acoustic wave device (defined as areas 
of both delay line region and IDTs), which significantly enhances 
sensitivity and reduces detection limit of the SAW device. Both 
theoretical analysis and experimental results proved this new strategy 
and mechanism, which are mainly attributed to the efficient energy 
confinement at the IDTs region for the super-high frequency SAW 
devices. The achieved mass sensitivity using this new strategy is as high as 2590 MHz•mm2•µg-1, which is about 500 
times higher than that obtained from only using the acoustic wave propagation region with a SAW frequency of 4.43 
GHz. A hypersensitive humidity detection has been demonstrated using this newly proposed sensing platform, 
achieving an extremely high sensitivity of 278 kHz/%RH, fast response, and recovery times of ~37 s and~35s. 

Index Terms—Ultrahigh frequency; SAW; global area; mass-loading effect; Hypersensitivity sensors 

 

 

I.  Introduction 

URFACE acoustic wave (SAW) devices have been widely 

used as a sensing platform to monitor physical parameters, 

such as temperature, strain, mass, ultraviolet (UV) [1]-[4], or 

electrochemical and biological signals, including 

concentrations of ions, gas, molecules, protein and DNA [5]-

[10]. For the SAW devices used for mass sensing, chemical 

vapor detection, and high precision bio-molecular 

identification, the sensing layer is normally deposited at the 

delay line region (or the acoustic wave propagation areas) 

between two opposite IDTs, which forms the fundamental 

sensing area as shown in Figures 1a&b. Mass-loading of 

particles, gas molecules, or bio-molecules at the acoustic wave 

propagation region will cause perturbation of the wave’s 

velocity, leading to the shift of resonant frequencies [11]. SAW 

sensor’s mass sensitivity can be calculated using equation ∆𝑓 =
𝐶𝑓0

2

𝐴
∆𝑚 [12], where A is the active surface area, C is a constant, 

Δf is the frequency shift, f0 is the resonant frequency of the 
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device, and Δm is the mass-loading or mass change.  

To enhance the sensitivity of SAW devices using the mass-

loading effect, a commonly used strategy is to increase the 

resonance frequency f0. For example, Wohltjen et al. fabricated 

various SAW resonators with different resonance frequencies 

of 31, 52, 112, and 290 MHz, and confirmed that the mass 

sensitivity of SAW oscillators was increased with the frequency 

[13]. Dickert et al reported that the sensitivity of SAW-

resonators was increased with the resonance frequencies 

increased from 80 MHz up to 1 GHz [14]. Cai et al measured 

the sensitivity of a SAW biosensor for DNA sequencing and 

cell detection, and obtained a high sensitivity of 6.7×10-

16g/cm2/Hz using the third-order harmonic mode of 6.4 GHz 

[15]. Since the resonance frequency of a SAW device is 

dependent on 𝑓0 =
𝑐

𝜆
 (where c is the acoustic wave velocity and 

λ is the SAW wavelength), it is needed to either increase the 

acoustic wave velocity or reduce the wavelength in order to 

further increase the frequency of the SAW sensor. 

However, when the frequency of a SAW sensor is increased 

above GHz, there is a huge challenge to further reduce the 
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distance between the opposite IDTs (often they are designed in 

sub-micrometer scales) As it is well-known, for these high-

frequency SAW devices, if the distance between two IDTs is 

too large, there will be a significant propagation loss or 

deterioration of SAW transmission signals [12]. With such 

significantly reduced dimensions, There are not enough area 

and also it is difficult to deposit enough sensing layer in this 

region [16]. Therefore, it is highly desirable to explore an 

alternative strategy or a new sensing mechanism, which can 

overcome such limitations/contradictions and further push the 

detection limit for these super-high frequency SAW devices. 

In 2020, our group proposed a new sensing mechanism which 

uses mass-loading effect directly on the IDT electrodes of SAW 

resonators [12]. This method enables enhanced sensitivity 

compared with that of the conventional SAW devices which are 

based on mass loading at the delay-line region. However, that 

proposed method using the IDT electrode sensing still has its 

limitations. For example, the metal IDT electrodes cannot be 

used in a liquid environment, or corrosive medium, and also 

conductive sensitive film cannot be used, as these will short-

circuit or damage the IDTs.  In addition, it also has a great 

challenge to deposit/fabricate sensing film directly onto the IDT 

electrodes, as these IDTs are often in nanoscales with GHz high 

frequencies. The self-assembly process of the sensing layer 

could be used to form sensing film onto IDTs, although is also 

difficult, but the other methods such as dip coating or spin 

coating are all unsuitable. 

To address this issue, in this study, we propose a new strategy 

that integrates the mass-loading effects generated on a global 

area of the device (e.g., both the wave propagation area and two 

IDTs regions), thus achieving a super-high sensitivity for high-

frequency SAW devices. Figure 1d shows our new concept to 

achieve such a giant mass-sensitivity effect based on the global 

area for high-frequency SAW devices. Theoretical analysis, 

simulations, and experimental results showed that the 

frequency shifts caused by mass loading in the global area are 

much larger than those of conventional sensing method which 

uses only the delay line region. We demonstrated that this 

enhancement becomes significant when the frequency of the 

SAW device is increased to above 1 GHz. The key mechanism 

of such an enhanced sensitivity was identified as the efficient 

energy confinement within the IDTs’ area, which was 

theoretically investigated and experimentally verified. We 

further demonstrated its application for humidity sensing and 

obtained both super-high sensitivity and fast responses using 

this new sensing strategy.  

 
Figure 1. (a) SAW device that consists of IDTs and piezoelectric substrates; (b) SAW device with the conventional mass-loading region between two IDTs; 

(c) SAW device with the mass-loading region on the IDT electrodes; (d) The proposed new SAW device with the mass-loading region on the global area; (e) 
Complete 2D model of the SAW structure and its modal shapes; (f) 2D periodic model of the SAW structure and its modal shapes; (g) Schematic diagram of 

experiments of micro-mass using conventional sensing mechanism on propagation area; (h) A schematic diagram of experiments of micro-mass using proposed 

novel sensing mechanism on the global area; (i) A schematic illustration of SAW humidity sensor with the H2O molecules adsorption mechanism on the 
proposed SAW sensitive layer; (j) A schematic view of the humidity SAW sensing testing system. 

II. FEM SIMULATION AND THEORETICAL CALCULATION 

To compare the frequency shifts caused by the mass-loading 

effects based on the conventional acoustic wave propagation 

region and the newly proposed idea using the global area, a 2D 

model (using the COMSOL 5.4a) was established and analyzed 



 

 

in the frequency domain of the global area (Figure 1e). In this 

model, the piezoelectric layer is LiNbO3, the IDT electrode is 

Au with a thickness of 30 nm, and the wavelengths λ are 400 

and 800 nm, respectively. For the mass loading effect of SAW 

devices in the acoustic propagation region, Au film is used as 

mass loading material. The thicknesses of Au film are 10 and 

30 nm, and the mass loadings in the acoustic wave propagation 

area are ∼0.193 and ∼0.579 μg·mm−2, respectively. To 

simulate the mass-loading effect from the global area on the 

frequency shift, an Al2O3 film is added onto the SAW global 

area surface with a thickness of 10 nm to act as an insulation 

layer. This layer can prevent the IDT electrodes to form a short 

circuit and protect the IDTs being damaged by the environment. 

The Au film was then added onto this insulation layer and the 

same mass-loading per unit area was applied, which can be 

compared with that of the case on the acoustic wave 

propagation area.  

To investigate the sensing mechanisms and the main 

contributing factors of giant mass-loading effects on the global 

area of the SAW device, we have further simulated the 

frequency responses with the same mass-loading (0.386 

µg·mm−2) in three different cases, i.e., within the conventional 

propagation area, the IDT region, and the newly proposed 

global area at different wavelengths (i.e., from 400 nm to 20 

µm). We also compared the frequency responses of mass-

loading in the global area with those on the IDT region. The 

frequency-domain analysis using a completed 2D model and a 

periodic 2D model (Figure.1f) was conducted. The detailed 

simulation parameters are shown in the supporting information 

(SI). 

Theoretical finite element model/boundary element model 

(i.e., FEM/BEM) were also applied for the verification of the 

simulation results. Green’s function was employed for the semi-

infinite piezoelectric material, and we only considered the 

charges at the electrode/substrate interfaces (z=0) [17]. The 

Green’s function is described using the following equation:  
'
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where φ is the electric potential, u is particle displacements, σ 

is the charges at the interface, t is the mechanical stress 

components in the z-direction, aj is the half electrode width for 

the jth electrode of the elementary period, cj is the x coordinate 

of the electrode center, Ne is the number of electrodes for one 

period of the array, 𝐺𝛶
𝛲(𝑥)  is the periodic harmonic Greens 

function (which was first introduced by Plessky et al [12]).  

Next, the mechanical behavior of electrodes is simulated in 

the above system, where the electrodes are treated as being 

homogeneous, isotropic and elastic according to the method 

reported in Ref [18][19]. We have chosen to discretize each 

electrode into triangular elements. The FEA was performed 

using linear equations which show the relationship between 

nodal displacements and force vectors (U, F): 

( )2− =K M U F                                         

(2) 

where F is computed from stresses ts , and K, M are stiffness 

and mass matrix, respectively. 

( ) ( )t
esi s iF x W x dx=                                    

(3) 

where ( )iW x  is the FEA basis function associated with node 

i  [19]. 

The current which passes through the jth-finger can be 

calculated using the following equation: 
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                            (4) 

Finally, we calculated the admittance matrix of the SAWs 

with arbitrary numbers of IDTs, and the frequency responses 

were obtained.  

III. EXPERIMENTAL SECTION 

We used the UV lithography process (See Figure S1) to 

fabricate low-frequency SAW devices (λ of 20 µm) and used 

electron beam lithography (EBL, See Figure S2) with a 

proximity effect correction (PEC) algorithm [1] to fabricate 

high frequency (λ of 800 nm) SAW devices, to verify the mass 

sensitivity at the global area of SAW devices. An optical 

microscope and a scanning electron microscope (SEM, model 

of Zeiss SIGMA HD) were used to characterize the SAW de-

vices. For mass sensing in the propagation area or the delay line 

region, we directly deposited a 5 nm-thick Au film, which 

produced a mass loading of 0.0965 µg·mm−2 using a thermal 

evaporator (Figure 1g). For mass sensing based on the newly 

proposed global area of the SAW device, a 10 nm-thick Al2O3 

insulating passivation film was firstly deposited using an 

atomic layer deposition (ALD) method to form an insulator 

layer onto the global-area of the device. Then, a 5 nm-thick Au 

film was deposited on the global area of the SAW device 

(Figure 1h). The detailed fabrication information is shown in 

SI. The S21 transmission spectra of the SAW devices were 

recorded before and after the deposition of such a mass loading 

layer, using a network analyzer (Ceyear 3656D).  

We further demonstrated the humidity detection using the 

giant mass-sensitivity effect achieved from the global area of 

the SAW device. For this purpose, ZnO nanowires (NWs) were 

used as the sensing material (Figure 1i). A solution of ZnO NWs 

was dripped onto global areas (including the conventional 

acoustic wave propagation area and the global area), and then 

dried on a hot plate at 80 °C to form the sensitive layer of ZnO 

NWs. An SEM with its attached energy dispersive X-ray 

spectroscopy (EDS) was used to characterize the surface 

morphologies of the sensitive films. For humidity sensing, we 

used a wavelength of 20 µm for the low frequency SAWs and 

a wavelength of 800 nm for the high frequency SAW humidity 

sensor. The humidity testing system is shown in Figure 1j. N2 

(99.99% purity) was used as the carrier gas [20],[21]. Different 

relative humidity (RH) levels were achieved by precisely 

controlling the relative proportion of dry N2 gas and wet N2 gas, 

the latter of which was produced by passing dry N2 through a 

bottle with the deionized water. The ratio of dry and wet gas 

flowing into the humidity box was controlled by adjusting the 

glass rotameter, in order to adjust the relative humidity. A mass 

flow meter (MFM) was used to ensure the total pressure 

unchanged during the experiments. A standard thermo-



 

 

hygrometer was used to calibrate the humidity level. The testing 

chamber’s temperature was ~25°C. A LabVIEW program was 

applied to record the frequency changes as a function of time at 

different RH levels.  

IV. RESULTS AND DISCUSSION 

A. Mass-Loading Effects on Acoustic Wave 

Propagation Area and Global area of SAW device. 

Figures 2a&b show the simulated shifts of the resonant 

frequencies due to the mass-loading effects, at the acoustic 

wave propagation area, and on the proposed global area of the 

SAW device with a wavelength of 400 nm, respectively. 

Figure 2. Simulated frequency responses of high frequency SAW devices with different mass loadings on (a) acoustic wave propagation are a between two 

IDTs with a wavelength of 400 nm; (b) global area with a wavelength of 400 nm; (c) acoustic wave propagation area with a wave-length of 800 nm; (d) 

global area with a wavelength of 800 nm. 

As the mass-loading is increased from 0 to 0.193 and to 0.579 

µg·mm−2 at the delay line region of the SAW device, the 

frequency is only shifted ~1.2 MHz, e.g., from 7.2373 to 

7.2365, and then to 7.2361 GHz, respectively. Whereas for the 

mass-loading on the global area, the frequency is shifted up to 

~1440 MHz, e.g., from 7.577 to 6.986, and then to 6.137 GHz. 

The results show that with the same mass-loading, the 

sensitivity based on the global area of the SAW device is 1200 

times larger than that based on the delay line region. Similar 

results are obtained for the device with a wavelength of 800 nm 

as shown in Figures 2c&d. For the same mass loading, the 

frequency shifts are 1 MHz, and ~613 MHz, for the same mass 

loading on the delay line region and on the global area, 

respectively. These results reveal that the mass sensitivity 

obtained on the global area is significantly larger than those 

within the delay line region. 

B. 4.2 Mechanism of Mass-Loading on global area of 
the SAW device. 

To investigate the mechanisms and the contribution factors 

of giant mass-loading effects using the global area of SAW 

device for mass detection, we have simulated the frequency 

responses of SAWs with the same mass-loading (0.386 

µg·mm−2) generated at the propagation area, the IDT region and 

the global area of the SAW device, respectively, at high-

frequency range (λ of 400 and 800 nm), middle frequency range 

(λ of 3.2 and 4 µm), and low-frequency range (λ of 16 and 20 

µm). Results in Figure 3 and Table S1 show that the frequency 

shifts of SAW devices based on the global area are comparable 

to the sums of frequency shifts on the propagation area and the 

IDTs region for all the different wavelengths, demonstrating 

that a combination of mass-loadings on the propagation area 

and the IDTs region leads to mass-loading effects on the global 



 

 

area.  

Figure 3a shows that in the high frequency range with an IDT 

wavelength of 400 nm, the frequency shifts are about 7.4 MHz, 

1036.6 MHz and 1036.7 MHz for the sensing layer at the wave 

propagation area, the IDTs region, and the global area, 

respectively. Figure 3b shows that for the wavelength of 800 

nm, the shifts of the frequencies for the SAW devices are about 

6.2 MHz, 405.2 MHz and 415.6 MHz for the sensing at the 

propagation area, the IDTs region and the global area, 

respectively. These results clearly show that, at high frequency 

range, the main contribution factor for the mass-loading effects 

at the global area giant of SAW devices is mainly contributed 

from the IDTs’ region, whereas the mass-loading effect at 

propagation area is relatively insignificant.  

In the middle frequency range (e.g., λ of 3.2 and 4 µm), 

results shown in Figures 3c&d still demonstrate a similar 

phenomenon, revealing that the main contribution factor for the 

frequency shifts is due to the mass-loading at the IDTs region. 

Whereas at the low frequency range (e.g., λ of 16 and 20 µm), 

we can observe that the frequency shifts of SAWs on global 

area are nearly in the same order of magnitude compared with 

those on the IDTs’ region. The above results clearly 

demonstrate that the main contribution of giant mass-loading 

effects of SAW device is mainly from the IDTs area, especially 

for the high frequency SAW devices. 

 
Figure 3. Simulated frequency responses for mass-loading effects at different areas (the wave propagation area, the IDTs region, and the global area) of a SAW 

device with a series of wave-lengths of (a) 400 nm; (b) 800 nm; (c) 3.2 µm; (d) 4 µm; (e) 16 µm; (f) 20 µm. 

To further verify the main contribution of giant mass-

sensitivity effect, different mass-loading simulations were 

performed on the LiNbO3-based SAW devices with different 

wavelengths from 200 nm to 40 µm. Figures 4a&b show the 

mass-loading effects (e.g., with the increase of Au thicknesses 

from 10 nm to 90 nm) on both the global areas and IDT areas 

on the frequency responses with λ of 400 nm. The frequency 

shifts are similar for mass sensing at both the global areas and 

IDT areas with various mass-loading effects, verifying that the 

main contribution for this giant mass-sensitivity effect is from 

the mass-loading on the IDT areas. In addition, as the Au layer 

thickness is increased from 10 nm to 90 nm, the frequency is 

decreased by ∼2.5 times, e.g., from 7.5 to 3 GHz at λ of 400 

nm. However, with the λ value of 20 µm as shown in Figures 

4c&d, the resonance frequency is only decreased by 5.2%, with 

the same mass-loading effect. These results confirm that the 

giant mass-loading effects are more significant at a higher 

frequency range. Figures 4e&f summarize the effects of 

different mass-loading effects at both the global areas and IDT 

areas for LiNbO3-based SAW devices with wavelengths 

increased from 200 nm to 40 µm. The simulation results 

confirm that the main contribution for this giant mass-

sensitivity effect is from the mass-loading on the IDT areas, and 

the mass loading on the global area has more significant effect 

on SAW frequency shifts when the SAW resonant frequency is 

larger than 1 GHz. 



 

 

 
Figure 4. Simulated frequency response of different mass-loading (Au thickness from 10 nm to 90 nm) on: (a) Global area of SAW device with a λ of 400 nm; 

(b) IDT area of SAW with λ of 400 nm; (c) Global area of SAW device with a λ of 20 µm; (d) IDT area of SAW device with a λ of 20 µm; (e)&(f) Frequency 
shifts of different mass-loading on global area and IDT area, with a series of λ from 200 nm to 40 µm on the LiNbO3; (g) The simulated vibration modes of the 

LiNbO3-basd SAW sensor with different λ and Au thicknesses. 

 

To understand the physical origins that the higher frequency 

leads to a significant mass-loading effect, we simulated the 

surface vibration patterns of the SAW devices with a mass-

loading at IDT regions. The obtained results are shown in 

Figure 4g. For the SAW device with a relatively low frequency 

(e.g., λ of 20 µm), when the thickness of mass-loading of Au 

film is increased from 10 nm (0.5/1000 λ) to 90 nm (4.5/1000 

λ), the changes of particle vibration modes and the IDT 

electrode shapes are insignificant. The surface vibration is 

mainly within the LiNbO3 layer because the mass-loading 

thickness is much smaller than the microscale wavelength and 

the mass loading is a perturbation to the acoustic waves. 

However, for the super-high frequency SAW device with λ of 

400 nm, there is a relatively large mass loading for high 

frequency SAW device but not the perturbation, when the Au 

layer thickness is increased from 10 nm (2.5/100 λ) to 90 nm 

(22.5/100 λ). Furthermore, the particle vibration patterns are 

changed significantly, e.g., being not concentrated much in the 

LiNbO3 layer, but within the IDT regions. As the IDT region 

does not have piezoelectric effect, the wave velocity is 

significantly decreased. 

As the IDT regions includes IDT fingers and IDT gaps, we 

further made different mass-loadings on IDT fingers using the 

LiNbO3-based SAW devices with λ of 400 nm, and the obtained 

results are shown in Figure S3. The frequency shift is almost 

the same with the mass-loading on IDT regions, indicating that 

the giant mass-loading effects are originated from the mass-

loading at IDTs electrodes. Furthermore, the particle’s vibration 

patterns (Figure S4) confirm that the acoustic energy being 

confined into electrodes leads to a significant decrease of the 

wave velocity. We have further performed calculations of 

frequency changes using FEM/BEM for the SAW device with 

a λ of 400 nm. The obtained results are shown in Figure S5, 

from which a similar trend of frequency changes with those 

from the simulation is obtained, demonstrating the reliability of 

the simulated results. 



 

 

C. Experimental Demonstration of Giant Mass-Loading 
Effects at Global area of SAW device. 

We performed the mass sensing tests to verify the giant mass-

sensitivity effect at the global areas of the SAW devices. The 

fabricated SAW devices with a low frequency (λ of 20 µm) and 

a high frequency (λ of 800 nm) are shown in Figures 5a&b, 

which demonstrate the high quality of the fabricated IDTs. For 

the sensing based on the wave propagation area, a 5 nm-thick 

Au film (corresponding to a mass loading of 0.0965 µg·mm−2) 

was deposited at both propagation area (Figures 5c&d) and the 

global area (Figures 5e&f). The detailed device parameters and 

properties are listed in Table S2. 

Figures 5g&h present the frequency shifts of low frequency 

SAW devices (λ of 20 µm) with the same mass-loading, on the 

acoustic wave propagation area and the global area, 

respectively. The obtained results show that the frequency shift 

caused by mass loading of surface acoustic wave devices in the 

acoustic propagation region is about 0.25 MHz, whereas the 

frequency shift due to the mass loading at the global area is 0.5 

MHz, which is doubled. These results clearly show that at a low 

frequency range, the mass-loading on the global area is slightly 

more sensitive than that on the acoustic wave propagation area. 

Figure 5. Optical image of the fabricated low-frequency SAW device with λ of 20 µm for (a) initial state; (c) 5 nm-thick Au film at the propagation area;(e) 

5nm-thick Au film at the global area. Optical image of the fabricated high-frequency SAW device with λ of 800 nm for (b) initial state; (d) 5nm-thick Au film at 

the propagation area; (f) 5nm-thick Au film at the global area. Experimental mass-sensor results of the frequency response of SAW devices. (g) Mass loading on 
propagation area of SAW with a wavelength of 20 µm; (h) Mass loading on global area of SAW with a wavelength of 20 µm; (i) Mass loading on propagation 

area of SAW with a wavelength of 800 nm; (j) Mass loading on global area of SAW with a wavelength of 800 nm. 

However, for the cases of the devices with much higher 

frequency (e.g., λ of 800 nm), results are significantly different. 

As shown in Figures 5i&j, under the same mass-loading of 

0.0965 µg·mm−2, the frequency shift of the SAW device due to 

the mass loading at the acoustic wave propagation area is only 

about 0.5 MHz, whereas the frequency shift at the global area 

of the SAW device is about 250 MHz for the SAW sensor with 

the wavelength of 800 nm. The corresponding mass sensitivity 

at global area is 2590 MHz•mm2•µg-1, which is 500 times larger 

than that at acoustic wave propagation area (5.2 MHz•mm2•µg-

1) for the SAW frequency of 4.43 GHz.  

In addition, when the resonance frequency is increased from 

197 MHz to 4.43 GHz, the frequency shift is only increased 

from 0.25 MHz to 0.5 MHz for the acoustic wave propagation 

area (Figures 5g&i). Whereas the frequency shift is increased 

from 0.5 MHz to 250 MHz for the mass-loading at global area 

(Figures 5h&j). These experimental results verified that the 

proposed sensing method based on the global area is more 

suitable for ultrahigh frequency SAW devices. 

D. Giant Mass-Loading Effects Used for Hypersensitive 
Humidity Sensing. 

Figure 6a shows an SEM image of the fabricated high-

frequency (λ of 800 nm) SAW sensor deposited with ZnO NWs. 

The ZnO NWs were decorated at the surface of the global area 

of SAW device, and their porous structures provide numerous 

absorption sites for water molecules. Figures 6b&c show the 

EDS elemental mapping of the ZnO NWs, revealing that the 

ZnO NWs were successfully deposited onto the global area of 

the SAW device.  

Figure 6d shows variations of the resonant frequencies of a 

low frequency (λ=20 μm, 198 MHz) SAW device based on the 

propagation area and the global area, and also those of a high 

frequency (λ=800 nm, 4.33 GHz) SAW device based on the 

global area. The relative humidity was changed from 10% to 

70% for five cycles. The resonance frequency was decreased 

when the RH level was increased from 10% to 70% due to the 

adsorption of water molecules, and the frequency was returned 

to the original value when the humidity was decreased from 

70% to 10%, without any apparent saturation. The results 

demonstrate good repeatability and stability from 10% to 70%, 



 

 

for both the acoustic wave propagation area and the global area 

of the SAW device. The low-frequency sensor based on the 

propagation area achieved a maximum frequency shift of 7.5 

kHz, whereas the low-frequency sensor based on the global area 

achieved a nearly doubled frequency shift of 15 kHz. This result 

is consistent with those from the previous mass sensing and 

simulation results. Whereas for the high-frequency SAW 

sensor, a frequency shift of 10 MHz was achieved as the relative 

humidity is increased from 10% to 70%, which is more than 

1333 times improvement compared with the low-frequency 

SAW humidity sensor. 

Figure 6e summarizes the variations of resonance 

frequencies at different RH levels (10%～85%) of the SAW 

sensor based on the global area. In general, the resonance 

frequencies of the SAW sensors show a nonlinear or 

exponential relationship to the humidity, similar to those 

reported in the literature [22]. Therefore, a log function between 

the frequency shift and relative humidity changes can be 

described using the following relationship 

𝑙𝑛 𝛥𝑓 = 𝑎(𝑅𝐻 − 𝑅𝐻0) + 𝑏                      (5) 

where Δf is the shift of resonant frequency, RH0 is the reference 

relative humidity, a and b are two coefficient constants. The ln

Δf has a linear relationship with the RH levels (R2 = 0.948) for 

the high-frequency SAW sensor at the global area, as shown in 

Figure 6f.  

The sensitivity (S) of a humidity sensor is defined as: 

𝑆 =
|∆𝑓|

∆𝑅𝐻
                                        (6) 

where Δ f and ΔRH are the frequency shifts and humidity 

changes, respectively. The calculated average humidity 

sensitivity of the measured high-frequency SAW sensor is as 

large as 278 kHz/%RH within the humidity range of 10~85% 

RH, which is much higher than those of the other reported 

SAW-based humidity sensors, as listed in Table 2. The highest 

humidity sensitivity is 1.23 MHz/%RH, at the humidity point 

of 85% RH. 

Figures 6g&h show the response and recovery times of high 

frequency SAW humidity sensors. The corresponding response 

time and recovery time are about 37 s and 35 s, respectively, 

which are much shorter than those of low frequency SAW for 

both acoustic wave propagation area and the global area of the 

SAW device. Results showed that sensing based on the global 

area at a higher frequency can greatly reduce the response time 

and recovery time of the SAW humidity sensors. 

Figure 6. (a) SEM image of high-frequency SAW humidity sensor with ZnO NWs; (b)&(c) EDS elemental mapping of Zn and O elements of high-frequency 
SAW sensor; (d) Frequency comparison of SAW humidity sensors with sensing mechanism on both propagation area and global area for low-frequency SAW, 



 

 

and on global area for high-frequency SAW, with the humidity changed from 10 to 70% RH for several cycles. (e) Dynamic responses of the high-frequency 
SAW sensors based on global area sensing toward the humidity changed from 10 to 85% RH; (f) The experimental and linearly fitted response curves toward the 

humidity at various RH for high frequency SAW based on global area. (g) Response and recovery time of low frequency SAW humidity sensors based on 

propagation area and global area, with the humidity level changed from 10 to 70% RH; (h) Response and recovery time of high frequency SAW humidity sensors 
based on global area, with the humidity level changed from 10 to 70% RH. 

 

Table 2. Comparisons of sensitivities of different SAW-based humidity sensors 

Ref. Year f [MHz] Sensing material Sensitivity [KHz/% RH] Measuring range Resp./Rec. time 

[23] 2015 199.3 sol-gel method SiO2 8.25kHz/%RH 30%93% 12s/5s 

[24] 2015 300.4 ZnO layer 7.1kHZ/%RH 5%95% N/A 

[25] 2016 1.56GHz CeO2 NPs /PVP nanofibers 29.76kHz/%RH 11%95% 20s/25s 

[26] 2018 392 GO 42.08kHz(@80%RH) 10%90% 22s/8s 

[27] 2018 222 GO 91kHz/%RH 3.6%98% 600s/6s 

[28] 2019 226.3 GO 25.3kHz/%RH 10%90% 10s/9s 

[8] 2020 204.3 (3DAG)/PVA/SiO2 2.429kHz(55%-90%RH) 0%90% 24s/14.4s 

[5] 2020 219.6 ZnO NW/GQD 40.16kHz/%RH 30%80% 27s/12s 

This work 2022 4.33GHz ZnO NW 278kHz/%RH 10%85% 37/35s 

V. CONCLUSION 

In this work, a new sensing strategy was proposed, based on 

the giant mass-sensitivity effect achieved on a global area of the 

SAW device. The sensitivity of the device has thus been 

significantly increased compared with those from the 

conventional sensing mechanisms. The enhanced mechanism 

for the sensitivity based on the global area of the SAW device 

is attributed to the giant mass-loading effect, which has been 

theoretically investigated and experimentally verified in this 

study. The achieved mass sensitivity at the global area of the 

SAW device is 2590 MHz•mm2•µg-1, which is 500 times larger 

than that at conventional acoustic wave propagation area for the 

high frequency (4.43 GHz) SAW device. Based on this novel 

concept, we demonstrated for a humidity detection application, 

and obtained an extremely high sensitivity of 278 kHz/%RH, 

with a fast response and recovery time of about 37 and 35 s. 

This work opens new vistas for the development of a super 

high-frequency SAW platform for micro-mass sensing, trace 

chemical vapor detection and bio-molecular identification. 
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