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ABSTRACT

Shear horizontal surface acoustic wave resonators (SH-SAWRSs) based on lithium niobate
thin films on insulator (LNOI) platforms exhibit high electromechanical coupling and hold
significant potential for applications in devices operating at frequencies exceeding gigahertz
(GHz). This work presents the SH-SAWR with a resonance frequency of 2 GHz and high
effective electromechanical coupling coefficient (k:,, ) of up to 42%. Finite element analysis

(FEA) and theoretical studies were combined to optimize the structural parameters of the device

for higher kf/f and larger quality (Q) factor, with the measured results effectively validating the

proposed designs. Compared to devices without grating reflectors (GRs), the O factor can be
increased by over twofold with floating GRs and by threefold with grounded GRs. Our results
show the outstanding performance of SAW resonators based on LNOI, promising for
ultrawideband wireless communications.

I. INTRODUCTION

The development of radio frequency (RF) filters'> has been a pivotal driver of
advancements in wireless communication technology while microelectromechanical systems
(MEMS) technology*® is widely adopted, particularly in mobile terminals like smartphones,
due to advantages in miniaturization and power consumption.

As core components in the RF filters, acoustic resonators play key roles in determining
the operating frequency and bandwidth. Among different kinds of resonators, surface acoustic

7-10

wave resonators (SAWR)7!* and film bulk acoustic wave resonators (FBAR)'""'? have been the

dominant technologies in the industry over the past three decades. SAWR exhibits notable
advantages, including a relatively simple fabrication process, technological maturity, and low

t9,l3

cost™"’. However, traditional SAWR devices are limited by their low resonance frequency (f:)

and small effective electromechanical coupling coefficient (k:/, ). Consequently, SAWRSs excel

in low-to-mid-frequency applications but show weak competitiveness in high-frequency
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applications'*!5,

Smart-cut technology'®!” has expanded the application of lithium niobate (LN) and lithium
tantalate (LT) from bulk materials to thin films, revolutionizing LN and LT-based optical and
acoustic devices. This progress has facilitated innovations like laterally excited bulk acoustic
wave resonator (XBAR)'®2 and thin-film SAWR. Compared to conventional SAWR based on
bulk materials, thin-film SAWR can achieve higher quality (Q) factors and larger
electromechanical coupling coefficients?!. Additionally, the bonding SiO» layer used in the
transfer process helps improve the frequency-temperature stability of these devices?>?. It is
worth noting that among various LN and LT thin films, the fundamental horizontal shear (SHo)
mode SAWR based on X-cut LN exhibits significant performance advantages. By optimizing
the electrode material and structural parameters, the device can be tailored to meet different
application requirements. For example, SH-SAWRs with Au electrodes can not only achieve

high O values above 1 GHz but can also attain an &, exceeding 40% through structural

optimization***. Additionally, SH-SAWRs with lower-density Al electrodes can achieve f;
exceeding 10 GHz*.
In this work, we present a SHo mode SAWR with a 1.97 GHz resonance frequency (f-) and

42% effective electromechanical coupling coefficient ( &

-+ ) based on the X-cut lithium niobate

on insulator (LNOI) platform. Pt is employed here to provide another approach to achieve high
kf/f above GHz. Besides, grating reflectors (GRs) are optimized to improve device Q factors

to more than three times. The finite element analysis (FEA)*"*

is used to optimize the device
design. The device fabrications were performed by E-beam lithography (EBL), E-beam
evaporator, and lift-off processes 2!, The devices were measured by a customized RF probe

station and a vector network analyzer (Rohde & Schwarz).

II. DESIGN AND MODELING
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Figure 1. (a) Schematic of IDT rotation in YZ plane. (b) SHo mode shape and vibration
displacement. (c) Simulated &, based on X-cut LN/SiO,/Si substrate with different in-plane
orientations.

To explore the maximum potential of the SHo-SAWR, this work systematically
investigated the effect of the interdigital transducer (IDT) rotation angle in the YZ plane on the



intrinsic electromechanical coupling ( k., ) of SHo mode which is calculated by

eigenfrequencies of the model*?**. As shown in Figure 1, various wavelengths (1) are also
studied and the thickness of the LN and SiO; layer is set to 0.7 and 2 um, respectively, due to
the wafer availability. Besides, the simulation step is set to 2 degrees to find the orientation with
the largest electromechanical coupling. Benefitted from the strong in-plane anisotropy of X-cut

LN, the k., can be tuned from 0 to 20% by altering in-plane orientation while the maximum

corresponds to 8°-rotation.
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Figure 2. Effects of IDT material and A on (a) £ and (b) sz of SHp mode. (c) Influence of

metallization ratio on f; and kj/f when IDT material and A are set to Pt and 1.6pum,

respectively. (d) Variation of k. with IDT thickness.

eff

In addition to the IDT rotation, there are still many device design variables that will affect
the device SHo mode electromechanical coupling, which are detailedly analyzed in Figure 2.

Here, simulation in the frequency domain is employed and kfﬂ. is calculated to obtain a more

direct estimation of the device electromechanical coupling capability. Figures 2(a) and 2(b)

show the effects of IDT material and A on f, and k:/f . According to the results, these six metals

investigated can be clearly categorized into three groups. The first group includes Pt and Au,
both of which enable higher kj/f . Notably, the maximum kf/, is obtained when Pt is adopted

and the A is set to 1.6 pum. However, for applications with stringent impedance requirements,
Au offers a promising alternative due to its superior electrical conductivity. The second group
consists of Cu and Mo. Compared to Pt and Au, SAWRs using Cu and Mo exhibit higher f,,

though typically at the cost of reduced k;, across most A settings. While the k., of Cu is

slightly lower than that of Mo, Cu’s significantly higher conductivity makes it a favorable



. . . .. 2
choice for applications requiring moderate f, and &k, .

The third group includes Al and Cr.
Among all materials, Al exhibits the highest /. but the lowest k., , whereas Cr provides the

second highest f and the second lowest k_, across most A settings. Considering both f; and

conductivity, Al emerges as the more suitable option in this group. In this work, the design goal
is to maximize k, . Therefore, Pt electrode with a 1.6 pm wavelength is adopted.
Furthermore, Figure 2(c) shows the effect of metallization ratio when the optimized IDT
material and A are adopted. SAWRs with metallization ratio between 37.5% and 62.5% shows
a large kjff . Taking fabrication deviation into account, we set the metallization rate at the center

of the design window, which is 50%. The final optimization is the IDT thickness. As shown in
Figure 2(d), the maximum &, occurs when the electrode thickness is 70 nm, which applies

across different IDT widths (w,).
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Figure 3. The FEA simulation of the resonance displacement and energy limitation of three
different GR configurations: without GR (open), floating GR, and grounded GR.

Floating GRs are widely used in SAWRs to improve the Q factor!*2*>%*¢, The grounded GR
structure is adopted here and they show a better improvement in Q factor. Figure 3 shows the
simulated results of different GR configurations. As demonstrated in the red dotted line frame
in the figure, different GR configurations will lead to different vibration modes in the
corresponding areas in the course of SAWR resonance. The color of the model in the figure
represents the magnitude of the displacement at resonance. The dark red color, which represents
the maximum displacement, basically only occurs in the SAWR active area, while the
displacement in the GR area is blue, which means that the acoustic wave is attenuated after
propagating to this area. When comparing the model without GR to the one with floating GR,
focusing solely on the displacement in the GR region, the former appears predominantly light
blue, while the latter is mostly dark blue. The comparison indicates that the floating GR can
effectively confine vibration within the device's active area, minimizing energy leakage into the
GR region. This is the key mechanism of improvement of the QO factor of SAWR from the
design of GR structure. Similarly, when comparing the models of floating GR and grounded
GR, the displacement in the GR region is obviously smaller in the latter. This result suggests
that the grounded GR confines energy within the active area with higher efficiency, leading to
a greater improvement in the Q factor of the SAWR.



II1. MEASUREMENT AND ANALYSIS
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Figure 4. (a) Microscope images of fabricated three kinds of SAWRs: without GR, floating
GR and grounded GR. All devices have 50 pairs of IDTs and 0 or 20 pairs of reflectors on
each side. (b) Measured frequency responses of these three kinds of SAWRs.

The optimized SAWRs were fabricated using EBL for devices patterning, followed by
electrode deposition by E-beam evaporation and standard lift-off processes. The IDTs material
and structural parameters were designed based on the optimization discussed in Part II.
Additionally, a 5 nm Ti layer was used as an adhesion layer and an 80 nm Au layer was
deposited to thicken the probing pads and connection areas. Figures 4(a) and 4(b) show optical
microscope images and measured frequency-impedance curves of fabricated SAWRs with three
different GR configurations. The f: of the device is 1.97 GHz while anti-resonance frequency
(fo) is 2.28 GHz. The result suggests that the fabricated SAWR exhibits an ultra-high k;, of

42%, where it is extracted by the equation 7°(f’ — f°)/(8f?) 2. The quality factor at the

resonance frequency (Q,) remains relatively low due to the limited conductivity of Pt, which
could be further improved by increasing the Au thickness, widening the connections, and
applying Au to the busbars. Nevertheless, the trade-off between achieving a higher coupling
coefficient and the resulting increase in device resistance must be carefully considered,
depending on the specific application. To further illustrate the impact of different GR
configurations on improving the Q factor of the SAWR, the quality factor at the anti-resonance
frequency (Q.) are also presented in Figure 4(b), where the Q can be calculated by the equation
oo !N, - The Q. of the SAWR without GR is only 141, while that with the floating GR

structure reaches 406, more than twice the former. And the grounded GR design further
improves this value to 474, more than three times that of the structure without GR.

Figure 5 presents the frequency distribution and impedance ratio comparison of the main
mode and several dominant spurious modes (SMs) within the range of 0.5 to 3.5 GHz. For the
SHy mode, the grounded GR configuration exhibits the highest impedance ratio, followed by
the floating GR, while the GR-free structure shows the lowest. This trend aligns with the
variation in Q values discussed earlier. The impedance ratios of SHo mode for all three GR
configurations exceed 40 dB, whereas most of the SMs remain below 15 dB. Furthermore, the
intensity of the SMs, is also influenced by the GR configuration and is notably enhanced by the



presence of GRs in the longitudinal array. Among these, the SM at 2.9 GHz is the most
significantly amplified, suggesting a higher proportion of longitudinal components in this mode.
In contrast, the SM at 3.1 GHz shows minimal enhancement, indicating a smaller longitudinal
component contribution.
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Figure 5. Summary of the frequencies and impedance ratios of the main modes in the range of
0.5 to 3.5 GHz.

To further comprehensively evaluate the effect of the GR structure on the Q factor, the O
values of multiple groups of devices were statistically compared. Figure 6(a) shows the design
of dummy IDTs while its width is wp and the gap between the dummy and real IDTs is wg.
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Figure 6. (a) Structural parameters of the width wp of dummy IDTs and the gap wg between

the dummy and real IDTs. (b) SEM images of fabricated six kinds of SAWRs with different

wp and we. (c) Measured Q factors of these six kinds of SAWRs in cases of no GR, floating
GR and grounded GR.

Figure 6(b) shows the SEM images of fabricated six kinds of SAWRs with different wp
and wg while Figure 6(c) shows their O factors. From the comparison, the effect of the GR
structure on the improvement of the Q factor of SAWR can be observed easily, and the grounded
GR has a better effect than the floating GR. This result is consistent with results from previous



simulations and theoretical analyses. Q values from 18 devices are included in this analysis, 17
of which are consistent with our conclusions. The outlier—device D5 with grounded GR—is
attributed to a fabrication defect, as detailed in the supplementary materials. This data point
does not reflect the typical behavior of the grounded GR configuration, and its exclusion does
not impact the validity of our conclusions.

As mentioned in the introduction part, high-performance SAWRs and FBARs have always
been the common goal of academia and industry. Figure 7 summarizes published SAWRs and
FBARSs where all devices listed here exhibit £, exceeding 1 GHz. SAWRs and FBARs based on
AIN/ScAIN and LN/LT material platforms have excellent performance as mainstream in this
field. Therefore, most of the references in Figure 6 are from these two material platforms.
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Figure 7. The survey of &, from published SAWRs and FBARs while all /; are above 1

GHZ7,12,21,26,37—51

It can be clearly seen that the SAWRSs with high &, are all fabricated based on LN/LT

eff
films while the highest one can reach 38%. Since the shear piezoelectric coefficients are small,

all k;f of AIN/ScAIN-SAWRs are very small. However, thanks to the huge improvement of
coupling coefficient ¢33 in AIN film due to the high-concentration Sc doping, the k://. of FBARs
can exceed 15%. Due to intrinsic material properties of LN/LT, the maximum kfﬂ of FBAR

based on LN/LT is about 30% at most. In this work, the SH-SAWR with 2 GHz f; and k’, of

eff
up to 42% is achieved through reasonable and systematic design optimization. To the best of

our knowledge, this is the first time that £, above 1 GHz and kzﬁ larger than 40% have been

achieved simultaneously among various SAWRs and FBARs.

V. CONCLUSION

This work proposes a high-performance SHyo mode SAWR based on the X-cut LNOI
platform. FEA simulation and theoretical analysis are systematically investigated for electrode
material selection and structural parameters optimization. The results show that Pt electrode



and a wavelength of 1.6 um are the optimal conditions in achieving the maximum kzﬁ . Besides,
the metallization ratio and electrode thickness are also optimized to obtain the largest sz/ . The

fabricated SAWR exhibits 2 GHz f. and a 42% ultra-high coupling coefficient is achieved. In

addition to optimizing kj//. , this work also studied the effect of floating and grounded GRs on

the O factor of the device through the combination of simulation and experiment. The
experimental results show that the floating GR can increase the Q factor by more than twice,
while the grounded GR can increase it by more than three times, which shows good consistency
with the simulation and theoretical analyses.
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