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Abstract: Surface acoustic wave (SAW) technology has been extensively explored for wireless 

communication, sensors, microfluidics, photonics and quantum information processing. 

However, due to their fabrication issues, SAW devices’ frequencies are typically limited within 

a few GHz, which severely restricts their applications in 5G communication, precision sensing, 

photonics and quantum control. To solve this critical problem, we proposed a hybrid strategy 

which integrates extreme-nanomanufacturing process (e.g., nanolithography) and 

LiNbO3/SiO2/SiC heterostructure structure, and successfully achieved a record-breaking 

frequency ~44 GHz of SAW devices and large electromechanical coupling coefficients up to 

15.7%. We performed theoretical analysis and identified the guided higher-order wave modes 

generated on these slow-on-fast SAW platforms. To demonstrate its superior sensing 

performance, we have performed micro-mass sensing, and obtained an extremely high 

sensitivity of ~33151.9 MHzmm2/g, which is ~1011 times higher than that of a conventional 

quartz crystal microbalance (QCM) and 4000 times higher than that of a conventional SAW 

device with a frequency of 978 MHz.  

Keywords: ultra-high frequency; SAW; higher-order-mode; hypersensitive detection 

1. Introduction 

Surface acoustic wave (SAW) technology is currently extensively applied for applications 

in physical and biochemical sensors [1], photonics [2] and quantum acoustics, communication, 

signal processing [3] and lab-on-a-chip [4]. The maximum working frequencies of many 

conventional SAW devices are up to a few gigahertz (GHz), which cannot meet the strong 

demands of ultrahigh frequency acoustic wave devices for future electronics and 

communications. It is critically required for the SAW devices to be operated at higher 

frequencies (>3 GHz) for precision sensing [5], 5G communication, and quantum control of 

SAW induced phonons [6], as well as integrated microwave-photonics signal processing [7]. 

A SAW device’s resonant frequency, f, is linked with the acoustic wave velocity v and the 
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wavelength (), based on the formula of f=v/. To increase the SAW device’s frequency, two 

main methods are frequently used. The mostly common approach is to reduce the value of  

via increasing the resolution of patterns using a nanoscale manufacturing technology [8]. In 

Ref [9], Büyükköse et al. reported that a SAW device based on ZnO/SiO2/Si structure achieved 

a high frequency of 16.1 GHz using a nanoimprint lithography [9]. Using an electron beam 

lithography (EBL), Mohammad et al. achieved a high frequency of 14.2 GHz for a LiNbO3 

SAW device with a wavelength of 200 nm [10]. Our group has recently reported a LiNbO3 

SAW device with a 30 GHz frequency, which was made using an improved EBL process [11]. 

The second approach is to design and apply slow-on-fast structures by using a film with a low 

velocity on top of a substrate, which has a much higher value of acoustic velocity, e.g., ZnO/SiC 

[12], AlN/SiC [13], ZnO/diamond [14], AlN/diamond [15], AlN/Pt/diamond/Si [16]. 

Previously, our group has reported that high frequencies of 33.7 GHz [17] and 17.7 GHz [18] 

have been successfully obtained with the SAW devices based on AlScN/diamond/Si and 

AlN/diamond/Si structures, using the EBL technology.  

However, there are several key issues which need to be solved. (1) To reduce the value of 

, most of researchers focus on pushing the dimensions limits of the interdigital transducers 

(IDTs) on a single crystal substrate, such as LiNbO3, due to its excellent surface smoothness 

and high electromechanical coupling coefficient (K2). However, these single crystal substrates 

often have low wave velocities and/or are incompatible with complementary metal oxide 

semiconductor (CMOS) process. (2) For the slow-on-fast structure designs, the piezoelectric 

materials are normally ZnO or AlN which have relatively low K2 values, and thus severely 

affect the device’s performance. Recently, single crystal film/SiC based SAW devices on 

multilayered substrates of LiNbO3/SiC [19] or LiNbO3/SiO2/SiC [20] were utilized for making 

high frequency SAW devices, especially for SAW filters. However, previous studies are mainly 

focused on SAW devices with working frequencies lower than 5 GHz, without much focusing 

on the potentially generated multiple acoustic modes for superhigh frequency applications. 

To address these critical issues, herein, we proposed a hybrid strategy which integrates 

nanoscale extreme manufacturing processes and heterostructures design on slow-on-fast 

substrates, and successfully break the frequency record of the current SAW devices. Based on 

this novel idea, we developed heterostructures of LiNbO3/SiO2/SiC, and applied an electron 

beam lithography with a proximity effect correction (PEC) algorithm to optimize the 

dimensions of SAW IDTs, which can achieve a finger width of electrode down to 35 nm. Finite 

element method (FEM) was applied to theoretically analyze and identify the higher-order 

acoustic modes of LiNbO3 films based slow-on-fast SAW devices. We then successfully 

fabricated the SAW devices with frequencies from 5 to ~44 GHz. Finally, a super-high mass 

sensitivity was achieved, demonstrating its superior sensing performance and potential 

applications for such a high frequency SAW platform. 

2. Experimental 

Figure 1a illustrates the overall structure of the proposed one-port ultra-high frequency 

SAW resonator, which is manufactured on a LiNbO3/SiO2/SiC multilayered heterostructure. A 

4-inch X cut-34°Y LiNbO3 single crystal was applied as the piezoelectric layer due to its 

relatively high value of K2 and excellent surface smoothness which are beneficial for device 

fabrication and performance. The detailed fabrication processes of LiNbO3 single crystal film 



on the slow-on-fast substrates are shown in Figure S1, which is based on a typical ion-cut 

process. SiC was applied as the carrier substrate because it exhibits large velocities for both 

shear waves (7100 m/s) and longitudinal waves (12,500 m/s) [21], low propagation loss and 

high thermal conductivity. As it is well-known, SiC is one of the third-generation 

semiconductor materials with the capability for integration of microelectronic devices with the 

SAW devices on one single chip [22]. In this multilayer design, SiO2 was applied as a 

temperature compensation layer. Figure S2 presents the technological process diagram of the 

EBL and lift-off for patterning the nanoscale IDTs. The optimized PEC algorithm for the EBL 

has previously been reported in Ref. [11]. In this work, wavelengths from 160 to 800 nm were 

prepared. The IDTs have a pair number of 50, and the aperture (L) is 20 . The reflectors are 

separated from the IDTs with a distance of 0.25 . The detail geometrical information of the 

SAW devices is summarized in Table S1. 

The fabricated structures of IDTs and cross-section morphology of the LiNbO3/SiO2/SiC 

multilayer were checked using a scanning electron microscope (SEM, Carl-Zeiss Sigma HD, 

Germany). An X-ray diffractometer (XRD, D8 ADVANCE, Germany) was used to characterize 

the crystalline structures of the films. Surface topography of the LiNbO3 film/SiO2/SiC 

multilayer was investigated using an atomic force microscope (AFM, SPI-3800N, Seiko Co. 

Japan). Device performance was characterized using an R&S®ZVA vector network analyzer 

(with its maximum frequency up to 67 GHz), together with MPI 200 mm automated 

engineering probe system (MPI TS2000-SE) and ground-signal-ground (GSG) probes. Before 

the scatter (S)-parameter measurements of fabricated SAW devices, we used the calibration 

chips for the difference cases of open circuit, short circuit and load calibration, in order to 

minimize the parasitic parameters generated by the radio frequency cable and probe test 

equipment.  

The sensing mechanism of mass detection was based on the loading effect of the gold (Au) 

IDT electrodes, which was reported in our previous work [23]. Different Au IDT thicknesses 

of 20 nm (defined as 0 mass loading) and 25 nm (with an estimated mass-loading of 0.0966 

g∙mm-2) were employed as different mass loadings on the SAW device, and then the changes 

of frequency signals were obtained. In this study, Au was selected as the material for IDT 

electrodes, as it shows a better electrical conductivity than aluminum, and during the lift-off 

process, it shows less defect formation and failure of the IDTs. 

Temperature effects on the responses of SAW devices were studied using a probe system 

and a network analyzer with a LabVIEW program. The MPI probe system has an integrated 

thermal chuck (20300°C), with a touchscreen display, placed conveniently in front of the 

operator for fast operations and immediate feedbacks. The SAW samples were placed on a 

loading chuck of the probe system during the test, and the GSG probe was used to connect the 

SAW IDTs with the network analyzer. We used the touchscreen display to adjust the 

temperature and heated the loading chuck inside the equipment to adjust the temperature to the 

set point, and then recorded the changes of the frequency signals.  



 

Figure 1. (a) Schematic illustration of the proposed one-port SAW device using the LiNbO3/SiO2/SiC 

heterostructure; (b) Cross-section morphology of LiNbO3/SiO2/SiC heterostructure; (c) AFM micrograph 

of the LiNbO3/SiO2/SiC substrate; (d) XRD pattern of LiNbO3/SiO2/SiC substrate. (e) Optical image of 

fabricated SAW with a  of 160 nm; (f) ~ (i) SEM images of IDTs with number of both IDT pairs and 

reflectors of 50, and different  of 800, 600, 400, 320, 200 and 160 nm. 

3. Results and discussion 

Figure 1b presents an SEM image of the SAW device based on the LiNbO3/SiO2/SiC 

heterostructure. Results showed that the single crystalline LiNbO3 films are seamlessly bonded 

onto the SiO2/SiC substrate. The thicknesses of LiNbO3 film and SiO2 film are ~220 nm and 

~140 nm on the SiC carrier substrate. Figure 1c shows an AFM image, revealing the surface 

morphology of the SAW device. The roughness value of the LiNbO3 film is about 0.615 nm (a 

root mean square or RMS value), and it is much smaller than those of AlN or ZnO film based 

slow-on-fast substrates reported in literature [12-16]. The smooth surface is vital to push the 

limit of frequency by reducing IDT finger width via improved patterning resolution using the 

extreme nano-manufacturing technology. Figure 1d shows XRD spectra of LiNbO3 film on the 

SiC substrate. There is only one peak at two theta angle of ~34°, exhibiting the highly oriented 



(110) LiNbO3 film. Figure 1e is the optical image of SAW device. Figure 1f presents the 

complete IDTs, demonstrating that our optimized manufacturing method using the improved 

EBL can successfully achieve nanoscale patterns of IDTs. Figures 1gl present a series of SEM 

images of SAW IDTs with wavelength  of 160, 200, 320, 400, 600 and 800 nm. Clearly an 

ultra-high resolution IDT finger with a 160 nm wavelength and a width of ~35 nm (Figure S3) 

was realized. Through a thorough literature survey, we have confirmed that this value is the 

smallest wavelength for all the slow-on-fast layer structure of SAW devices reported.  

Admittance (Y11) curves of the various fabricated devices are shown in Figure 2, and the 

reflectance (S11) signals of the fabricated SAW devices are presented in Figure S4. Multiple 

acoustic modes can be observed for all the SAW samples. The range of resonant frequency is 

increased from 4 15 GHz to 1042 GHz, as the wavelength is decreased from 800 nm to 160 

nm. The signal amplitude is decreased slightly with the decrease of wavelength, which is 

attributed to the increased impedance of the devices with much finer IDT patterns. In addition, 

it is quite difficult to obtain the uniform IDT fingers for smaller wavelength devices, thus 

resulting in relative weak signals. Nevertheless, a high frequency value of 41.5 GHz was 

recorded for the fabricated device with a wavelength  of 160 nm. We have further fabricated 

four SAW samples with the same  of 160 nm to verify that the high frequency obtained is not 

because of parasitic responses or noises. All these devices display similar results, as shown in 

Fig. S5, proving that this frequency signal is induced by SAWs.  

To verify the modes of these multiple peaks, we have conducted numerical analysis using 

FEM method (with COMSOL software), and obtained admittance values of these SAW devices 

with different wavelengths. Figure 2 presents the obtained analysis results, which indicate that 

the simulated frequency signals of samples with various wavelengths are in good agreements 

with the experimental results. The detailed theoretical analysis and experimentally obtained 

results of SAW devices’ frequencies can be seen in the supporting materials. 

 
Figure 2. Admittance and resonant frequency performance spectra for the SAW samples with different  of 

800, 600, 400, 320, 200 and 160 nm, where the red line is the admittance of experimental SAW devices and 



the upper line is the admittance characteristic of FEM simulation.  

To further confirm the multiple modes of these SAW devices, eigenfrequency analysis 

was conducted to investigate the particle vibration patterns. Figure 3a presents the particle 

vibration pattern of each mode for the ultra-high frequency SAW devices. Clearly Mode 1 

corresponds to shear-horizontal (SH) wave mode, and its particle displacements and wave 

vibrations are mainly existed along the direction of horizontal aperture [20], as shown in Fig. 

S6a. The Mode 2 is the standard Rayleigh wave [11], the Mode 3 is a longitudinal SAW coupled 

with harmonic metal thickness mode [24], the Mode 4 is longitudinal SAW [25], and the Mode 

5 is high-order SH mode. All the other modes are the high-order SAWs which propagate near 

the SiC substrate [26]. It should be noted that with the decrease of SAW wavelength, more 

acoustic modes are excited and detected as illustrated in the Figure 3a. This is mainly due to 

the layered structure of SAW devices, the submicron thickness of the piezoelectric film, and 

the enhanced interference effect with the decrease of SAW wavelength. For example, as shown 

in Fig. 3a, only the Rayleigh mode (Mode 2) is observed if the wavelength is smaller than 320 

nm. Whereas the Mode 10 and Mode 11 have been detected only when the wavelength is below 

200 nm. These clearly shows that more higher-order SAW modes are generated when the 

wavelength is smaller than thickness of the layer [27]. 

The phase velocities of different wave modes as a function of the normalized thickness 

kH (2πH/λ, where H is the thickness of LiNbO3 and k is the wave vector) are summarized in 

Fig. 3b. It is clear that with the increase of kH, the phase velocities of all these modes decrease, 

mainly because more acoustic energy is confined inside the LiNbO3 layer whose sound velocity 

is much smaller that of the substrate.  

Bode quality factors (Q) [28] of the SAW resonators with varied wavelengths can be 

calculated using: 
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where delay (S11) is group delay of the S11 parameters and ω is angular frequency. The measured 

Bode-Q curves of devices with different wavelengths are shown in Fig. S7. Table S2 and Fig. 

3c summarize the calculated Q values for the SAW resonators with different wavelengths. With 

the increase of SAW wavelength, the Q value of each mode increases as shown in Fig. 3c, 

except for the modes 10 and 11. The reason for the decreased Q values for these smaller 

wavelength cases can be explained by the larger impedance values of the SAW devices with 

extremely narrow IDT fingers, higher acoustic loss, and also the non-uniformity of IDT widths 

produced by the nanoscale fabrication. The higher order modes of 10 and 11 are generated only 

for the IDT wavelengths of 200 and 160 nm. This is because the interference effect generated 

by the wave reflection from the SiC substrate is significantly enhanced when  is smaller than 

the thickness of LiNbO3 [27], thus a smaller wavelength is beneficial for the generation of 

higher modes for the ultra-high frequency SAWs [18]. The Q values of both mode 10 and mode 

11 increase when the SAW devices’ wavelength is decreased (from 200 nm to 160 nm), because 

of the increased interference effect of reflected acoustic waves from the substrate. 



 

Figure 3. (a) Particle displacements of the multiple modes for the SAW with wavelength from 800 to 160 

nm. (b) Phase velocity vs. the normalized film thickness on the LiNbO3/SiO2/SiC structure (kH) SAW, where 

H represents LiNbO3 thickness. (c) Q values vs. wavelengths for SAW with the  from 800 to 160 nm. 

 

The effective coupling coefficient (k2
eff) can be calculated using: 
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where fp and fs are anti-resonant and resonant frequencies of admittance curves for the SAW 

resonators, respectively. Table S3 summarizes the obtained k2
eff values of all the SAW devices. 

Results show that the Mode 1 (SH wave) has a higher k2
eff value, compared with those of the 

other higher modes, which is consistent with theoretical simulations (Table S3). A high value 

of k2
eff 15.7 % is obtained for the device with a frequency of 10 GHz (SH wave) and the 



wavelength of 160 nm. Whereas for the device with a frequency of 41.5 GHz (Mode 11), at the 

same wavelength of 160 nm, the k2
eff value becomes 7.3 %. A detailed analysis of the SH mode 

which has relatively good performance and a large k2
eff has been summarized in Fig. S6 in the 

supplementary materials. 

For the demonstration of the application of these ultra-high frequency SAW devices, we 

have conducted mass detection tests by mass-loading onto the IDTs of the SAW devices [23]. 

Two different IDT thicknesses, e.g., 20 nm (which is assigned as the original state without any 

mass loading) and 25 nm (corresponding to a mass loading of 0.0966 gmm-2 on IDTs) for 

SAW devices were fabricated. Figures 4a and 4b as well as Fig. S8 show the mass sensing 

results using the fabricated SAW samples with wavelength  of 320, 200, and 160 nm. With 

adding mass onto the IDTs, the frequency value of the SAW device is decreased for all these 

wavelengths. The SAW device’s sensitivity can be calculated based on the changes of 

frequency divided by mass changes per sensing area [29], using the following formula: 

S=∆f/(∆m/A)                                            (3) 

where ∆f is shift of the frequency, ∆m is mass loading, S is the mass sensitivity, and A is the 

sensitive area. Table S4 summarizes the obtained mass sensitivity values of all the modes for 

the samples with various wavelengths. Results show that the devices with smaller wavelengths 

have much larger mass sensitivities, because of their higher working frequencies. As shown in 

Figure 4c, as the device’s wavelength is decreased from 320 nm to 160 nm, its shift of 

frequency is increased from 648.9 MHz to 1527.9 MHz. These indicate the dramatically 

increased mass sensitivity values for the SH modes, e.g., 6717.1, 10183.9, and 15817.5 

MHzmm2/g, for the wavelengths of 320, 200, and 160 nm, respectively.  

For a fixed wavelength, different modes have different sensitivity values. As shown in 

Figure 4c, the frequency shifts for the SH wave mode and Rayleigh wave mode are quite 

different under the same mass loading for all the wavelengths. Although the SH wave mode 

has a lower frequency, but its sensitivity is much higher compared with that of Rayleigh wave. 

This is because that SH wave’s velocity is more sensitive to the mass loading on the electrode, 

especially for heavy metal films [30]. 

We have calculated all the mass sensitivity values for the SAW devices (Table S4), and 

the results show that the Mode 11 possesses much higher sensitivity values compared with 

those of the other modes. The highest mass-sensitivity for all the SAW devices is ~33151.9 

MHzmm2/g for the Mode 11 with the frequency of 44.2 GHz. Based on the extensive 

literature search, this frequency value is the highest reported frequency value for a SAW device. 

Compared with the mass sensitivity results of a conventional quartz crystal microbalance 

(QCM) and a standard SAW device with a frequency of 978 MHz reported in literature listed 

in Table 1, the corresponding value of our SAW device obtained in this study is about 1011 

times higher, and ~4000 times higher, respectively. 

The temperature characteristics of SAW devices is another important parameter for 

application. The temperature coefficient of frequency (TCF) of a SAW device can be calculated 

using: 
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where, f0 is the SAW device’s resonant frequency at room temperature, ∆f is the change of 



frequency, ∆T is the temperature shift. For the LiNbO3/SiO2/SiC based SAWs with wavelengths 

 of 160 nm and 200 nm, the obtained TCF values are summarized in Fig. 4d and Fig. S9. As 

the SH wave mode has the best performance, and Mode 11 have the higher sensitivity values, 

we only show the TCF results of these two modes. The results clearly reveal a linear trend of 

frequency shift as a function of temperature as shown in Figure 4d. The TCF values are -165.8 

ppm/K and -229.0 ppm/ K for the SH modes, and they are ~ -48.6 ppm/K and ~ -55.2 ppm/ K 

for the Mode 11, indicating that the Mode 11 is slightly less sensitive to temperature changes. 

In order to verify the TCF values, which we measured in the experiments, we theoretical 

calculated the temperature effects of the SH mode for SAW devices with  of 160 nm. The 

obtained TCF value is ~154.4 ppm/K (Fig. S10), which is close to the experimentally obtained 

result (-165.8 ppm/ K).  

 

Figure 4. Frequency shift of the fabricated SAW device with  of (a) 320 nm and (b) 160 nm with a mass 

loading of 0.0966 gmm-2 on IDTs. (c) Frequency responses of the SH and Rayleigh modes for the  from 

320 to 160 nm with a mass loading of 0.0966 gmm-2 on IDTs. (d) Resonant frequency shift of a device 

with  of 160 nm vs. the temperature for the SH and Mode 11. 

 

TABLE 1. Comparisons of mass sensitivity for SAW and QCM devices 

Reference Year Sensor Working frequency(GHz) Mass sensitivity 

[31] 2010 SAW  0.978 8.23 MHz×mm2/μg 

[32] 2016 SAW  0.385 155.8 KHz/μg 

[33] 2017 SAW  0.122 9 KHz/μg 

[34] 2017 QCM 0.01 1573 Hz/μg 

[35] 2018 QCM 0.01 7940 Hz/μg 

[36] 2020 QCM 0.01 1346 Hz/μg 

This work 2021 SAW sensor 44.2 
33151.915 MHz×mm2/μg 

(2.6×106GHz/μg) 



4. Conclusion 

In this paper, we proposed a hybrid strategy to integrate extreme nano-manufacturing 

process with a heterostructure (slow-on-fast) design of LiNbO3/SiO2/SiC to increase the 

frequency of the SAW device. We demonstrated that SAW devices with frequencies of 544 

GHz were obtained with large electromechanical coupling coefficients. The proposed 

LiNbO3/SiO2/SiC heterostructures in this study present multiple modes, and we have 

performed theoretical analysis and identified these higher-order guided wave modes. 

Furthermore, we have systematically investigated the mass sensitivity characteristics of these 

modes, and found that the SH mode has the best SAW resonance characteristics and is very 

sensitive to the mass-loading, indicating that it has great potentials for the high frequency 

sensing application. The Mode 11 possesses a much higher sensitivity value compared with 

those of the other modes and shows a relatively low TCF value. An ultrahigh mass sensitivity 

of ~33151.9 MHzmm2/μg was achieved using this mode. This value is ~1011 times and 4000 

times higher than a conventional QCM device, and a standard SAW device with a frequency 

of 978 MHz, respectively.  
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