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ABSTRACT: Surface acoustic wave (SAW) devices are widely used for physical, chemical and biological sensing applications, 
and their sensing mechanisms are generally based on frequency changes due to mass loading effect at the acoustic wave 
propagation area between two interdigitated transducers (IDTs). In this paper, a new sensing mechanism has been proposed 
based on significantly enhanced mass-loading effect generated directly on Au IDT electrodes, which enables significantly en-
hanced sensitivity compared with that of the conventional SAW devices. The fabricated ultrahigh frequency SAW devices 
show significant mass-loading effect on the electrodes. With Au electrode thickness increased from 12 nm to 25 nm, Rayleigh 
mode resonant frequency decreases from 7.77 GHz to 5.93 GHz, while that of the higher longitudinal leaky SAW decreases 
from 11.87 GHz to 9.83 GHz. The corresponding mass sensitivity of 7309 MHz∙mm2∙g-1 (Rayleigh mode) is ~8.9×1011 times 
larger than that of a conventional quartz crystal balance (with a frequency of 5 MHz) and ~1000 times higher than that of 
conventional SAW devices (with a frequency of 978 MHz). Trinitrotoluene concentration as low as 4.4×10-9 M (mol∙L-1) can 
be detected using the fabricated SAW sensor, proving its giant mass-loading effect and ultrahigh sensitivity.  

Sensors based on surface acoustic waves (SAWs) have 
been considered as powerful tools to measure physical pa-
rameters, such as temperature, force, acceleration, humid-
ity, electric and magnetic fields and potentials, 1-5 or chemi-
cal and biochemical values, such as concentrations of gas, 
vapor, ion, DNA and protein.6-9 Bulk piezoelectric materials 
such as quartz, LiNbO3 and LiTaO3 have usually been the 
substrates of choice for SAW sensing applications, mainly 
due to their large piezoelectric coefficients and electrome-
chanical coupling coefficients, thus high energy transduc-
tion coefficients.10, 11 In addition, smooth surfaces and good 
piezoelectric properties of these bulk substrates are bene-
ficial to micro-fabrication of the SAW IDTs which lead to 
high quality factors (Q) and good sensing accuracy of SAW 
devices.12  

Generally for the delay-line based SAW devices, the 
sensing area of the SAW sensor is the acoustic wave propa-
gation region between two IDTs.13 When there are mass 
loading effects or changes in electrical, physical and chemi-
cal properties of the sensing areas, the resonant frequen-
cies and phase angles of SAW sensors will be changed.14 
The mass sensitivity of SAW sensors is generally based on 
the following formula,15 

∆𝑓 =
𝐶𝑓0

2

𝐴
∆𝑚     (1) 

where 𝑓0 is the resonant frequency of SAW device, ∆𝑓 is the 
frequency shift, 𝐶 is a constant, 𝐴 is the active surface area 
and ∆𝑚 is the mass loading (or change). In order to in-
crease the sensitivity of SAW devices, we need to either in-
crease the resonant frequency 𝑓0 or decrease the wave-
length based on the relationship of f0 = c/, where, c is the 
acoustic wave velocity and  is the SAW wavelength. How-
ever, it is becoming difficult when the SAW frequency is in-
creased up to GHz level, as the distance between the two 
ports of SAW IDTs will need to be several micrometers or 
even sub-micrometer scale, and the wavelength of the IDT 
will be decreased to nano-scale.16 Otherwise, if the distance 
between the two ports of SAW IDTs is quite large for the 
SAW device with a wavelength in sub-micron scale, there 
will be significant propagation loss of SAWs and weakened 
signal quality. 

In this paper, we investigate a new sensing mecha-
nism, which is based on the significant mass-loading effect, 
directly on the IDT electrodes of SAW resonators. Theoreti-
cal, simulation and experimental results show that fre-
quency shifts due to the mass-loading effects directly on 



 

top of IDT electrodes are significantly larger than those on 
the acoustic wave propagation area, mainly due to the sig-
nificant changes of acoustic fields at the exciting regions of 
the SAWs. This phenomenon becomes more significant 
when the frequency is above GHz. In this study, using an 
optimized nanofabrication process, ultrahigh frequency 
SAW devices with frequencies up to 12 GHz are fabricated, 
and their high mass sensing sensitivity is demonstrated for 
trinitrotoluene (TNT) detection.  

Theoretical calculation and experimental 

FEM simulation and theoretical calculation 

Firstly, we performed simulations of mass-loading ef-
fects on IDT electrodes using a finite element analysis 
(FEA) method with a commercial COMSOL 5.3a software. 
To investigate the differences of frequency shifts between 
the mass loading at acoustic wave propagation area (Figure 
1 (a)) and that directly on IDT electrodes (Figure.1(b)), a 
complete two-dimensional (2D) model was established and 
a time-domain analysis was performed (Figure.1 (c)). Pie-
zoelectric layer was chosen as LiNbO3 and its thickness was 
set as 2λ with a fixed bottom boundary condition. The two 
sides of the LiNbO3 was assigned to be in low reflection 
boundary conditions. A free and zero charge boundary con-
dition was assigned to the top surface of the piezoelectric 
LiNbO3 layer. The electrode material was Au with a thick-
ness of 12 nm, and the boundary between the LiNbO3 and 
Au was assigned to be free and continuous. The wavelength 
λ was set as 400 nm. The SAW IDTs were consisted of 80 
pairs of fingers with an aperture (W) of 20λ and each IDT 
has 50 reflectors. The distance between the two IDTs was 
40λ. To simulate frequency shifts due to the mass loading 
within the acoustic wave propagation area, Au film was set 
as the mass loading material with an area of 40λ  20λ and 
thicknesses of 6 nm and 13 nm, corresponding to mass 
loadings at acoustic wave propagation area of 1.15 g∙mm-2 
and 2.51 g∙mm-2, respectively. On the other hand, to simu-
late frequency shifts due to the SAW mass loading directly 
on the IDT electrodes, the Au film was added on the SAW 
IDTs with thicknesses of 6 nm and 13 nm. Because the SAW 
device has 80 pairs of IDT fingers, the mass loadings were 
estimated to be ~1.15 g∙mm-2 and 2.51 g∙mm-2, respec-
tively.  

A periodic 2D piezo plane strain modeling was further 
conducted (Figure.1(d)) to investigate the mechanism of 
electrode mass-loading effect on SAW propagation proper-
ties, such as resonant frequency, wave modes, particle vi-
bration, surface perturbation and geometrical variations of 
the electrode shape of the SAW devices. SAW IDTs are peri-
odic in nature, alternatively consisting of positive and neg-
ative potentials. Thus, one period of the electrode would be 
sufficient to illustrate the resonance characteristics of the 
SAW resonator. For this type of simulation, the thicknesses 
of Au electrode were chosen as 10, 20, 30, 50, 80, 100, 120, 
150, 200 nm to demonstrate different mass loading effects 
on the IDT electrodes. The wavelengths were set as 10 m 
and 200 nm to study the differences of mass loading effects 
between the micro-scale IDTs and nano-scale IDTs. The 
substrates were set as LiNbO3 or AlN/Diamond in order to 
investigate the substrate influences.  

To verify the correctness and accuracy of simulation 
results and theoretically analyze the relationship between 
mass loading directly on IDT fingers and the performance 
of super-high frequency LiNbO3 SAW device, finite element 
model/boundary element model (FEM/BEM) method was 
used. The 2D numerical model for the simulation of a peri-
odic array of Au electrodes on a semi-infinite half space 
was used. The Au was set as a thin layer. The LiNbO3 was 
set as an isotropic half space during simulation because its 
thickness is much larger than the SAW wavelength. Green’s 
function for a semi-infinite piezoelectric substrate was em-
ployed, where only charges at the electrode/substrate in-
terfaces (z=0) were considered.17 The Green’s function is 
described using the following equation:  

 (
𝑢(𝑥)
𝜑(𝑥)

) = ∑ ∫ 𝐺𝛾
𝑝
(𝑥 − 𝑥′) (

𝑡𝑠(𝑥′)

𝜎(𝑥′)
)

𝑐𝑗+𝑎𝑗
𝑐𝑗−𝑎𝑗

𝑑𝑥′
𝑁𝑒
𝑗=1      (2) 

where u is particle displacements, φ is the electric poten-
tial, t the mechanical stress components in z-direction, σ 
the charges at the interface, 𝑁𝑒 is the number of electrodes 
for one period of the array, 𝑐𝑗 is the x coordinate of the 

electrode center, and 𝑎𝑗 is the half electrode width for the 

jth electrode of the elementary period. 𝐺𝛾
𝑝
(𝑥) is the periodic 

harmonic Greens function (which was first introduced by 
Plessky et al).18 

The next simulation step was to integrate the elec-
trode’s mechanical behavior into the above system. Using a 
similar approach as described in Ref18, we assumed that 
the metallic electrodes are homogeneous, isotropic, and 
elastic ( is the mass density;  and  are the Lame con-
stants).19 Each electrode was discretized into triangular fi-
nite elements (linear or quadratic interpolation can be 
used) and the FEA was used to derive linear equations 
which are related to the nodal displacements and force 
vectors (𝐔, 𝐅):  

(𝐊 − 𝜔2𝐌)𝐔 = 𝐅        (3) 

where 𝐊, 𝐌 are stiffness and mass matrix, respectively, and 
𝐅 is computed from stresses ts according to: 

𝐹𝑖 = ∫ 𝒕𝒔(𝑥)𝑊𝑖(𝑥)𝑑𝑥Γ𝑒𝑠
       (4) 

where 𝑊𝑖(𝑥) is the FEA basis function associated with node 
𝑖. The derivation process of the formula and calculation 
method was referred to our previous work.19 

Finally, the current flowing into the j-finger can be cal-
culated using the following equation: 

𝐼𝑗 = ∫
𝜕𝜎(𝑥)

𝜕𝑥
𝑑𝑥

𝑎𝑗
−𝑎𝑗

        (5) 

Once the current flowing into every single finger was 
obtained, we then calculated the admittance matrix of the 
SAWs with arbitrary numbers of electric ports according to 
the circuit theory. Based on this, the scattering matrix and 
the frequency responses were obtained. 

Experimental 

To fabricate the high frequency SAW devices, a layer 
of 60 nm thick PMMA was spin-coated onto an 128o Y-cut 
X-rotated LiNbO3 substrate, which was heated and main-
tained at 180 ℃ for 5 minutes. Since the LiNbO3 substrate 
is non-conductive, it would accumulate charges during the 
electron beam lithography process and thus the images 
would be distorted. To solve this problem, a thin 



 

conductive layer of ESPACER was spin-coated at 4000 rpm 
in order to obtain a layer of ~40 nm on top of the PMMA. 
Then the electron beam exposure was conducted using an 
equipment of Raith 150 Two with an accelerating voltage 
of 30 kV. As the proximity effect of electron beams will 
cause a relatively large dose in the middle of UV exposure 
area and a smaller dose in the surrounding area, such a 
non-uniform dose distribution for the SAW IDTs would 
cause the failure of IDT fabrication. We used an improved 
electron-beam lithography lift-off process with a proximity 
effect correction (PEC) algorism. After the electron-beam 
exposure, the conductive polymer was removed by rinsing 
with deionized water for more than 30 seconds, and then 
the patterns were developed in a developer solution 
(MIBK: IPA=1:3) for 1 minute at -18 ℃. This was followed 
by immersing the sample inside isopropanol (IPA) for one 
minute at the same temperature, and finally quickly dried 
with N2. After that, thermal evaporation was used for met-
allization, which was consisted of a Cr adhesion layer (1 
nm) followed by an Au layer (~12 nm, 18 nm or 25 nm). Fi-
nally, the substrate was rinsed in acetone to form the SAW 
IDTs. The bus bar and wire pad (30 nm in total) of the SAW 
devices were fabricated using the conventional photoli-
thography and lift-off processes. The number of IDT pairs 
(N) of all devices was 80 with the metallization ratio of 0.5 
and the number of reflectors was kept as 50. The acoustic 
aperture of the IDT was 20λ and its direction is perpendic-
ular to the cutting edge of LiNbO3 wafer. The two-port IDTs 
have the ground-signal-ground (GSG) electrode configura-
tion with the same ground (In supplementary materials), 
which is compatible for high frequency SAW measurement. 
The G pad and S pad have the same length of 100 m and 
width of 100 m, and the distance between these two pads 
is 150 m. Different wavelengths λ of 400, 600, and 800 nm 
were designed and fabricated.  

The fabricated SAW IDTs were characterized using a 
scanning electron microscope (SEM, model: Zeiss SIGMA 
HD). The frequency responses of the fabricated SAW de-
vices were measured using an Agilent N5247A network an-
alyzer equipped with a GSG probe station which can accu-
rately record the frequency, amplitude, insertion loss and 
electromagnetic coupling coefficient (k2eff) of the SAW de-
vices.   

Figure 1(e) shows a schematic diagram of TNT sensing 
experiments. Firstly, we measured the resonant frequency 
of the SAW device with λ of 400 nm and remarked as S1 in 
Figure 1(e). Next, the molecules of p-aminobenzenethiol 
(PABT) were added on the surfaces of AuNPs (Au Nanopar-
ticles: Au IDTs) through incubation of AuNP@LN (Au IDTs-
lithium niobate structure) substrate within the PABT solu-
tions for 2 hrs.20 Here, the supramolecular host molecules 
functionalized with the self-assembled monolayer were 
bonded to the long chains of mercaptan or thioether, which 
were formed on the gold electrode through a strong inter-
action of Au-S bonds.21, 22 The excess and free PABT mole-
cules were then removed by spinning the SAW chip at 
8000 r∙min-1 for 5 min, and the chip was dried on a hot 
plate at 120 ℃ for 10 min. The resonant frequency of the 
device S2 was tested at this stage to verify the chemical 
linking of the PABT on the surface of AuNP@LN through 
Au-S bonds. Finally, 1.5 ml of 4.410-9 M TNT solutions 

diluted with methanol were dropped onto the surface of 
SAW detector and incubated for 2 hrs. The resonant fre-
quency S3 was obtained after the free TNT solutions were 
removed. 

 

Figure 1. (a) Schematic illustration of sensing area of a conven-
tional SAW sensor; (b) Schematic illustration of sensing area on 
the SAW IDT electrodes; (c) The simulated complete 2D model 
and the mode shapes of the SAW structure; (d) The simulated 
periodic 2D model and the mode shapes of the SAW structure; 
(e) A schematic diagram of the experiment process of TNT de-
tection 

Results and discussion  

Mass loading effects at SAW propagation area and on 
SAW IDTs electrodes 

Figure 2 shows the simulated results of resonant fre-
quency differences between the mass loading effects on 
SAW propagation area and on SAW excited IDTs elec-
trodes. It is clear that, for the case of SAW propagation 
area, with the mass loading increased from 0 g mm-2 to 
2.51 g mm-2, the frequency is only shifted from 8.72 to 
8.68 GHz (corresponding to a shift of 0.04 GHz). Whereas 
the frequency is decreased from 8.72 GHz to 7.66 GHz (cor-
responding to a shift of 1.06 GHz) for the mass loading di-
rectly on the SAW IDTs electrodes. Results clearly show 
that for the same mass loading, the mass sensitivity ob-
tained based on the SAW IDT electrodes is 26 times larger 
than that based on the SAW propagation area. 

 

Figure 2. Simulated resonate frequency responses for mass 
loading effects of SAW device with a wavelength of 400 nm (a) 
mass loading effect on SAW IDTs, (b) mass loading effect at 
acoustic wave propagation area between two IDTs 

Enhancing mechanism of electrode mass-loading ef-
fects on the SAW propagation properties 

To investigate the enhancing mechanism of electrode 
mass-loading effect on the SAW propagation properties, 
different IDT thicknesses were made for the SAW devices 
with different wavelengths λ of 200 nm and 10 m, on dif-
ferent substrates of LiNbO3 and AlN/Diamond, respectively 
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(detailed information of the material properties used in 
simulation is provided in the supplementary materials).23-

25 Figure 3(a) shows the frequency responses of different 
Au electrode thicknesses for LiNbO3 based SAW devices 
with the λ of 200 nm (nano-scale IDTs). Results show that 
for the IDTs’ wavelength in nanoscale, the electrode mass 
loading has a significant effect on SAW frequency shift. 
With the Au electrode thickness increased from 10 nm to 
200 nm, the resonant frequency is decreased by ~6.5 
times, e.g., from 16.3 GHz to 2.5 GHz. However, when the λ 
value is in a micro-scale (eg. 10 m, see Figure. 3(b)), the 
resonant frequency is only decreased by 6.7%, e.g., from 
384 MHz to 358 MHz, at the same mass loading condition. 

 

Figure 3. Effects of electrode thickness on SAW resonant fre-
quency performance with different wavelengths and sub-
strates. (a) wavelength of 200 nm and substrate of LiNbO3; (b) 
wavelength of 10 m and substrate of LiNbO3; (c) wavelength 
of 200 nm and substrate of AlN/Diamond; (d) wavelength of 10 
m and substrate of AlN/Diamond 

We have further simulated the SAW devices with the 
layered structure (AlN/Diamond) to verify this observa-
tion, and the results are shown in Figures. 3(c) and 3(d). 
With the Au electrode thickness increased from 10 nm to 
200 nm, the resonant frequency is decreased by ~9 times 
and ~11.5%, for λ of 200 nm and 10 m, respectively. 
These results clearly show that mass loading on the IDT 
electrodes has more significant effect on SAW frequency 
shifts when the wavelength is within nanoscale, and the 
higher resonant frequency will lead to enhanced electrode 
mass-loading effect on the SAW propagation properties. 

To verify the correctness and accuracy of simulation 
results, we have also done the theoretical calculation of fre-
quency responses using FEM/BEM for LiNbO3 SAW device 
with the λ value of 200 nm, and the results are shown in 
Figure 4 (a). It is clear that, the frequency shifts have the 
same trend with those from the simulation and the fre-
quency is decreased from ~16.3 GHz to ~2.5 GHz, by ~6.5 
times, demonstrating the reliability of simulated results. 

Frequency response characteristics of the SAW de-
vices with different wavelengths of 200 nm, 400 nm, 600 
nm, 800 nm,1000 nm and 10 m for with different elec-
trode thickness (10~200 nm) were further simulated using 
COMSOL Multiphysics 5.3a. Results shown in Figure 4(b) 
clearly indicate that with the same electrode thickness, the 

SAW device with a smaller wavelength will show a larger 
frequency shift. In addition, the smaller wavelength leads 
to a larger decrease of velocity for both the LiNbO3 and 
AlN/Diamond SAW devices, as shown in Figures 4(c) and 
4(d). These results demonstrate that the smaller period of 
IDTs has more pronounced mass-loading effect than the 
larger period of IDTs, which means electrode mass-loading 
effect on the IDTs in nanoscale is very suitable for ultrahigh 
frequency SAW sensing. 

 

Figure 4. (a) FEM simulation results of frequency responses of 
a LiNbO3-based SAW with λ of 200 nm; (b) Simulated charac-
teristic of the frequency response of LiNbO3-based SAW with 
different wavelengths and different electrode thicknesses; (c) 
Simulated acoustic velocity changes of LiNbO3-based SAW with 
different wavelengths and different electrode thicknesses; (d) 
Simulated acoustic velocity changes of AlN/Diamond-based 
SAW with different wavelengths and different electrode thick-
nesses 

To understand why the smaller wavelength leads to 
the larger mass loading effect, we have investigated the 
mechanism of electrode mass-loading effect on SAW IDTs 
by analyzing the periodic 2D piezo plane strain modes of 
SAW induced mass-loading. We simulated the particle vi-
bration patterns of the SAW devices, and the results are il-
lustrated in Figure 5. For the wavelength of 10 m, when 
the electrode thickness is increased from 10 nm (1/1000 
λ) to 200 nm (1/50 λ), the mode of particle vibration and 
geometrical variations of the electrode shape (acoustic 
wave field) do not show significant changes, because the 
electrode thickness is far less than the wavelength in mi-
cro-scale. However, when the wavelength is 200 nm (na-
noscale), with the electrode thickness increased from 10 
nm to 200 nm and the electrode thickness gradually in-
creased up to 1λ, there is a relatively huge electrode mass 
loading for wavelength of 200 nm. Furthermore, with the 
electrode thickness increased from 10 nm to 200 nm, the 
particle vibration patterns of the SAW devices are dramati-
cally changed. When the thickness is 10 nm, the particle vi-
bration is mainly concentrated in the piezoelectric LiNbO3 
layer. However, when the electrode thickness is increased 
to 200 nm (e.g., 1λ), the particle vibration is more concen-
trated within the electrodes, which do not have the piezoe-
lectric effect, thus leading to the sharp decrease of the ve-
locity.  
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Figure 5. The simulated geometry and vibration modes of the 
LiNbO3-basd SAW structure with a wavelength of 200 nm (the 
top row) and 10 m (the bottom row)with different electrode 
thickness 

Experimental demonstration of mass loading effects 
on SAW IDTs 

To experimentally verify the giant mass-loading effect 
on IDT electrodes, we have fabricated high frequency SAW 
devices with the electrode thicknesses of 12, 18 and 25 nm. 
The first device with a thickness of 12 nm can be assumed 
to be the original SAW device without mass loading (e.g., 
assuming a mass loading effect of zero). The other two 
SAW devices can be assumed to have a mass loading of 
1.16 g∙mm-2 and 2.51 g∙mm-2, respectively. Fig. 6(a) 
demonstrates that we have optimized the EBL fabrication 
process and can fabricate the nanoscale IDTs with good re-
peatability (3 IDTs), uniformity and high quality.  Figure 
6(b) shows an optical image of complete two-port S AW de-
vices in a GSG electrode configuration. The SAW IDTs with 
different wavelengths of 400, 600, and 800 nm were de-
signed and fabricated as shown in Fig. 6(c) to 6(e). 

 

Figure 6. (a) The SEM image of high frequency IDTs with the 
number of IDT pairs (N) of 80 and reflectors of 50 by optimized 
EBL process (these three IDTs have the same wavelength of 400 
nm, showing the good repeatability); (b) Optical image of high 
frequency SAW devices (SAW1 with a wavelength of 600 nm 
and SAW2 with a wavelength of 400 nm). (b). (c)~(e) SEM im-
ages of fabricated SAW IDTs with wavelengths of 400, 600, 800 
nm. 

Figures 7(a) to 7(c) show the reflectance spectra (S11) 
of super high frequency SAW devices with different 

wavelengths and IDT thicknesses of 12 nm (0 mass load-
ing), 18 nm (1.16 g∙mm-2 mass-loading) and 25 nm 
(2.51g∙mm-2 mass-loading), respectively. Results showed 
that all the SAW devices with different wavelengths pre-
sent multiple wave modes. We used the COMSOL Mul-
tiphysics software to verify that these wave modes are 
Rayleigh modes and Longitudinal Leaky SAW (LLSAW) 
modes. With the wavelength decreased from 800 nm to 
400 nm for the IDT thickness of 12 nm, the frequencies are 
gradually increased from the range of 4~8 GHz to the 
range of 7~13 GHz. Whereas the insertion loss and signal 
amplitude are decreased slightly, which is mainly due to 
the larger impedance of the IDTs with very narrow and 
slender IDT fingers. As we know that with such small fea-
tures, it is difficult to achieve uniform widths of IDTs, thus 
the signals become worse. Nevertheless, the SAW device 
with the wavelength of 400 nm has obtained a good fre-
quency signal at 12.8 GHz. As far as we have searched in 
the literature, this is the highest frequency for SAW device 
made on the lithium niobate substrate for sensing applica-
tion. 

As shown in Figure. 7(a), for the SAW devices with a 
wavelength λ of 400 nm, the Rayleigh frequencies with the 
IDT thicknesses of 12, 18 and 25 nm are 7.6 GHz, 7 GHz and 
5.7 GHz, respectively, which means there is about 2 GHz 
frequency shift when the IDT thicknesses is increased from 
12 to 25 nm. Whereas the frequency values of the corre-
sponding LLSAW modes are decreased from 12.8 GHz, 11.5 
GHz to 10.2 GHz, e.g., achieving a frequency shift of 2.6 GHz. 
Similarly, the frequencies of the SAW devices with the λ of 
600 nm and 800 nm are also decreased sharply for both 
the Rayleigh modes and LLSAW modes (The detailed infor-
mation of the tested device properties is provided in the 
supplementary materials).  

 

Figure 7. Frequency responses of the fabricated high fre-
quency SAW device with the wavelength of (a) 400 nm, (b) 
600 nm and (c) 800 nm (d) Frequency response of high fre-
quency SAW device for TNT detection 

We have further performed the simulations of fre-
quency responses of super high frequency SAW devices 
with different wavelengths of 400, 600 and 800 nm and 
with the IDT thicknesses of 12, 18 and 25 nm. The simula-
tion results showed that the frequency is decreased 
sharply when the IDT thickness is increased from 12 to 25 
nm, which are compatible with the experimental results as 
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shown in the Supplementary materials. These results 
clearly demonstrate that the IDT electrode mass-loading 
has a significant effect on the SAW propagation properties 
of the nano-scale SAW devices.  

It should also be noted that, when the IDT thickness is 
increased from 12 nm to 18 nm, the increased IDT mass 
values are: 14.84 pg  for the  of 400 nm, 33.39 pg for the  
of 600 nm, and 59.35 pg for the  of 800 nm. Based on 
these results, we can conclude that the minimum detection 
mass in this work is 14.84 pg. As the corresponding fre-
quency shift is about 0.6 GHz for this mass loading, the the-
oretical accuracy can be estimated as 2.4710-11 ng for 1 
Hz. This detection limit is quite small compared with those 
reported in literature,26-28 which demonstrates the great 
potential for using this giant electrode mass loading effect 
in sensing applications. 

The mass sensitivity of the SAW devices can be esti-
mated as the frequency shift due to the mass change per 
area of A, (∆f/∆m/A).29 where ∆m is the change of mass 
loading, A is the area of the sensing region. The calculated 
sensitivity values for the Rayleigh and LLSAW mode are 
~7309.1 MHz∙mm2∙g-1 and 8129.5 MHz∙mm2∙g-1, respec-
tively, for the SAW device with the wavelength λ of 400 nm. 
Furthermore, for the Rayleigh mode, the device with a 
smaller wavelength will have a larger mass sensitivity due 
to its higher resonant frequency. The higher-order har-
monic mode has a larger sensitivity compared with that of 
the Rayleigh wave mode, also due to its higher frequency. 
The highest sensitivity of 8129.5 MHz∙mm2∙g-1 obtained in 
this study is ~8.9×1011 times larger than that from a con-
ventional QCM device (with a frequency of 5 MHz), and 
~1000 times larger than a conventional LiNbO3 SAW de-
vice with a frequency of 978 MHz, which have been listed 
in Table 1. 

 

TABLE1. Characteristics of mass sensitivity SAW and QCM sensors 

Reference Year Type 
Resonant fre-
quency(GHz) 

Sensitive of Mass sensing 

26 2010 SAW 
0.121 

0.978 

0.1315MHz∙mm2∙μg-1 

8.23 MHz∙mm2∙μg-1 

27 2017 SAW 0.144 32.42kHz/μg 

28 2016 SAW 0.311 700kHz/μg 

30 2007 QCM 0.006 6.1kHz∙mm2/μg 

31 2013 QCM 0.005 7.11Hz/μg 

32 2016 QCM 0.005 234.1 Hz/μg 

This work 2019 SAW 11.867 
6.351106MHz/μg 

(8129.51903MHz∙mm2/μg) 

 

TNT detection using SAW device 

It is a great challenge but a crucial demand to develop 
SAW biochemical sensors to detect ultra-low concentra-
tions of species in either gaseous or liquid environments 
(e.g., molecular biomarkers for diseases, toxic gases for en-
vironmental control and safety, and contaminants for wa-
ter quality). In this section, we demonstrate the capability 
to use our newly developed LiNbO3-based SAW devices for 
detection of TNT, which is one of the most commonly com-
ponents of dangerous explosives. TNT has caused not only 
well-known security threat and cancer risk, but also an en-
vironmental concern due to contamination of soil and 

groundwater. It can be absorbed through skin, possibly re-
sulting in anemia and abnormal liver functions.33, 34  

The SAW device with the wavelength of 400 nm and 
Au electrode thickness of 12 nm was used for the TNT 
sensing, and the measurement results are shown in Figure 
7(d). The original SAW resonator has a Rayleigh wave 
mode with a resonant frequency of 5.48 GHz. When the 
PABT was chemically bonded onto the surface of 
AuNP@LN through Au-S bonds, the resonant frequency 
was decreased to 5.4783 GHz. After the IDTs were treated 
with 1.5 ml 4.4×10-9 M TNT, the frequency was further de-
creased to 5.47143 GHz, e.g., with a shift of 6.87 MHz. 



 

Results clearly indicate the great potential of the giant 
mass-loading effect for ultrasensitive sensing applications.  

Conclusions 

This paper investigates a new sensing mechanism 
based on the mass-loading effect directly on the IDT elec-
trodes. Theoretical, simulation and experimental results 
show that the sensitivity of mass-loading effect on IDT 
electrodes is far greater than that on acoustic wave propa-
gation area, due to the huge changes of acoustic field in the 
IDTs area. In addition, the nanoscale period () of IDTs has 
more pronounced mass-loading effect than that of micro-
scale , which means electrode mass-loading effect on IDTs 
in nanoscale is suitable to be applied to improve the sensi-
tivity of the SAW sensors. Optimized nanofabrication pro-
cesses were developed for the fabrication of extreme-high 
frequency SAW devices and 12 GHz Longitudinal Leaky 
SAWs was realized with an IDT finger width of 100 nm. 
With the Au electrode thickness increased from 12 nm to 
25 nm (or with the corresponding mass-loading from ini-
tial state to 2.511 g∙mm-2), the Rayleigh mode resonant 
frequency was decreased from 7.77 GHz to 5.93 GHz, while 
the higher LLSAW mode was decreased from 11.87 GHz to 
9.83 GHz. The estimated mass sensitivity for the two 
modes are 7309.1 MHz∙mm2∙g-1 and 8129.52 
MHz∙mm2∙g-1. The obtained highest sensitivity value is 
8.9×1011 times larger than that of a conventional quartz 
crystal balance (QCM with 5 MHz frequency) and ~1000 
times higher than a conventional SAW device (with a fre-
quency of 978 MHz), respectively. We also demonstrated 
that this giant mass-loading effect can be used as an excel-
lent analytical platform for TNT detection with a low de-
tection limit, indicating its great potential for ultrasensitive 
sensing applications. 
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