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Abstract— This work presents a low temperature coef-
ficient of frequency (TCF) and high-performance S4 mode
acoustic resonator based on 128◦Y LiNbO3/SiO2/a-Si/Si
(trap-rich layer assisted LiNbO3-on-insulator, TR-LNOI) sub-
strate. The electromechanical coupling, quality factor, and
TCF are optimized for S4 mode by adjusting the thickness
ratio of stack layers and the geometry design of the inter-
digital transducer. The optimized resonators exhibit a TCF
of resonant frequency as low as 0.24 ppm/K, an electro-
mechanicalcoupling (k2) of 14.8%, a maximum quality factor
(Qmax) of 1406 at 7.43 GHz, resulting a k2 · Qmax of 208. This
work greatly extends the limit of fs ·k2 ·Qmax for suspended
thin-film resonators to 7.43 × 208 = 1545 with a near-zero
TCF of resonant frequency.

Index Terms— Near-zero TCF, high FoM, high perfor-
mance, lithium niobate, TR-LNOI, S4 mode, acoustic
resonator.

I. INTRODUCTION

THE increasing demand for faster data transmission and
processing, mainly for 5G mobile systems, requires fil-

ters with high frequencies and large bandwidths. Piezoelec-
tric micro-electro-mechanical system (MEMS) acoustic filters
have been extensively used for radio frequency (RF) wireless
systems, due to their advantages of low insertion loss, high
rejection, and small footprint. 5G new radio (NR) proposed in
C-band (4-8 GHz) has fractional bandwidths (FBWs) as high
as 13% [1]. Without lumped element based bandwidth widen-
ing techniques [2], the FBW of filters based on resonators are
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Fig. 1. (a) Mock-up view and (b) Cross-sectional view of the proposed
resonator, and geometry dimensions are labeled in detail. (c) Displace-
ment distribution of S4 mode.

fundamentally constrained by the electromechanical coupling
(k2) of the resonators. Such a high frequency and large
FBW requirements challenge the existing surface acoustic
wave (SAW) (typically f < 3.5 GHz) resonators, aluminum
nitride (AlN) thin film bulk acoustic resonators (FBAR) (k2 ∼
7%), and the scandium-doped aluminum nitride (AlScN) res-
onators that struggle in the tradeoff between k2 and quality
factor (Q) [3].

The first-order asymmetric lamb wave (A1 mode) excited by
the inter-digital transducer (IDT) based on Z- and 128◦Y-cut
LiNbO3 demonstrated a k2 as large as 30-46% is a promis-
ing solution [4], [5], [6] to meet the FBW requirement
of 5G NR. However, the worse temperature coefficients
of frequency (TCF) of the uncompensated A1 [7], FBAR
[8], [9] of LiNbO3 resonators are typically in the range
of -70∼-100 ppm/K, which is far from the requirement of
transitions gaps [10] in an 85◦C temperature range. Further
more, when the frequency reaches 5 GHz, the thickness of
LiNbO3 is approximately around 300 nm [9], [11], leading
to a fragile suspended structure, challenges of spurious mode
suppression [12] and strong TCF contribution from electrodes
[8], [9]. The attempts so far to improve the TCF may bring
spurious mode as well as degradation of Q in both A3 mode
[7] and S4 mode [13] resonators.

In this work, we designed and fabricated a C-band
low TCF LiNbO3 S4 mode resonators based on 128◦Y
LiNbO3/SiO2/amorphous-Si (a-Si) layers. Thanks to the opti-
mization of design and the low RF-loss of trap-rich layer
assisted LiNbO3-on-insulator (TR-LNOI) substrate, the fab-
ricated resonators achieve a Qmax of 1406, k2 of 14.8% at
7.43 GHz, and a near-zero TCF of resonant frequency with a
nearly spurious-free response.

II. DESIGN AND FABRICATION

Fig. 1 includes the mock-up view, cross-sectional schematic
as well as the mode shape of the S4 mode resonator.
128◦YX-cut is selected to effectively excite the thickness-
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Fig. 2. (a) Simulated dispersion curve for a bi-layer of LiNbO3 on
top of 685 nm SiO2. The solid/dashed lines represent the frequencies
under electrically open/short boundaries. (b) Electromechanical coupling
versus thickness ratio TLN/Ttot. Simulated admittance under different
(c) duty factor and (d) electrode thickness, when TLN/Ttot is 1/4 and
λ=10 µm. The solid/dashed lines represent mechanical free/damping
boundaries. The curves are shifted to clearly show the difference.

shear (TS) lamb waves (A1, S2, A3…), which is close to
120◦YX-cut that has maximum k2

15 [14]. The SiO2 layer serves
as a supporting layer as well as the temperature compensation
layer for tuning TCF. The a-Si layer serves as the trap-rich
layer avoiding parasitic surface conductive effect [15] between
the SiO2 layer and the semiconductor support substrate, which
helps to improve the RF-loss and Q of resonators. The
weighted electrode design is adopted for higher Q inspired
by [16] and [17].

To maximize the k2 of the resonator, Berlincourt’s formula
[18] is used to estimate the k2.

k2 ≈ 8

π2 k2
s sn (1)

where k2
s is the static coupling coefficient; sn is a scaling factor

defined as the k2 ratio of nth order TS mode to 1st mode. The
electric field and stress distribution in [18] are adopted in the
estimation. In a single piezoelectric plate, sn = 1/n2 (when n
is odd). Instead, in the stack layers include a piezoelectric plate
and a non-piezoelectric plate with similar material properties,
when the thickness of LiNbO3 layer (TL N ) is 1/n of the total
thickness (Ttot), a maximum value of sn can be obtained:

sn,max ≈ 1/n (2)

The characteristics of TS mode and admittance curves are
captured by COMSOL� Multiphysics. Fig. 2 (a) shows the
dispersion curve for TS mode dependence of the thickness
ratio of TL N /Ttot , while wavelength λ = 10 µm. The k2 is
calculated by [6]:

k2 = π2

8

f 2
open − f 2

short

f 2
short

(3)

where fshort and fopen are frequencies under electrically short
and open boundaries, respectively. As shown in Fig. 2 (b), the
maximum k2 is inversely proportional to n, at TL N /Ttot ≈
1/n. S4 mode demonstrates high frequency (∼7.5 GHz) and
moderate k2 (∼17%).

Fig. 3. (a) SEM photo of the cross-section of the start wafer. (b) Optical
image for a fabricated resonator. (c) Fabrication process: 1. Thinned the
start wafer with the Ar+ ion beam; 2. A hard mask (SiO2) is deposited,
and release holes are etched by inductively coupled plasma-enhanced
reactive ion etching (ICP-RIE); 3. Remove the hard mask and lift off
100 nm Al; 4. Vapor XeF2 release.

To suppress the spurious modes, the duty factor (DF)
and electrode thickness (TAl ) should be carefully selected.
Figs. 2 (c)-(d) show the simulated admittance response with
different DF, TAl and mechanical boundaries. Most spurious
modes in the propagation direction can be eliminated by
applying the damping boundaries but lead to a lower Q.
DF = 0.3 is selected for consideration of fabrication limit, and
TAl = 0.01λ (100 nm) is selected for spurious suppression.

The scanning electron microscopy (SEM) photo for the
cross-section of the start wafer is shown in Fig. 3 (a), including
685 nm LiNbO3/685 nm SiO2/300 nm a-Si layers. The optical
image in Fig. 3 (b) shows the electrode weighted design is
well implemented. Resonators with a small anchor beam width
Wb and a beam length Lb of ∼ λ tend to possess higher Q [19],
thus Wb and Lb are designed to 3 and 10 µm, respectively.
Fig. 3 (c) shows the fabrication steps. By ion beam milling,
TL N is thinned to 270 nm, leading the thickness ratio TL N /Ttot
approximately to 0.28.

III. RESULT AND DISCUSSION

The measurements were performed by using a Keysight�
vector network analyzer (PNA-L-N5234B) equipped with
200 µm ground-signal-ground probes. Modified Butterworth-
Van Dyke (mBVD) equivalent circuit was used for fitting,
while the k2, Bode-Q, and FoM = k2 × Qmax were calculated
as in previous works [20], where Qmax is the maximum
value of Bode-Q. The admittance of devices was extracted
by de-embedding the open structure on the same chip [21].

Fig. 4 (a) shows the dependence of simulated and measured
resonant frequency fs of S4 mode resonators on λ. fs only
change 1.3%, even though λ varies from 6 to 16 µm, which
indicates that the resonant frequency of S4 mode is nearly
exclusively determined by the thickness and weakly correlated
with λ. Noticeably, the TCFs for fs of an S4 mode resonator
can be tuned by λ like the SAW devices [22], which is
verified by the simulation and measurement data shown in
Fig. 4 (b). Temperature coefficients and material properties for
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Fig. 4. The dependency of simulated and measured (a) resonant
frequency (fs) and (b) TCFs for fs on wavelength λ. (c) Qmax varies with
aperture L. (d) Admittance and frequency shift of (e) fs and (f) fp under
different temperatures of a resonator with λ of 14 µm and L of 150 µm.
Measured and mBVD fitted (g) admittance, phase, and (h) Bode-Q of a
resonator with optimized structure.

different materials used in the simulation can be found in [23].
A near-zero TCFs can be obtained when λ is about 14 µm.
The balance between anchor loss and electrode loss can be
achieved by adjusting the aperture [24], Fig. 4 (c) shows that
a maximum Qmax is obtained at L = 150 µm. With the above
optimization, a resonator with high Q value and low TCF can
be realized simultaneously. The admittance of an optimized
S4 mode resonator under different temperatures shown in
Fig. 4 (d) demonstrates almost temperature-independent per-
formance without any degradation.

Figs. 4 (e)–(f) shows the frequency shifts of resonant fre-
quency fs and anti-resonant frequency f p that vary with
temperatures in different modes and the quadratic fits used to
calculate TCFs. The TCFs are labeled on the corresponding
curves. There are significant differences in TCFs between
different modes, which is also reported by [7], but the related
mechanism still needs to be further studied. For the S4 mode,
the TCF of fs (TCFs) is 0.24 ppm/K, while the TCF of f p
(TCFp) is 16.04 ppm/K. Figs. 4 (g)-(h) show the measured
and mBVD fitted admittance, phase and Bode-Q curves. It is
gratifying that a compensated S4 mode resonator demonstrates
an admittance ratio (AR) of 62 dB, k2 of 14.8%, Qmax of
1406, resulting in an FoM of 208.

Fig. 5. A comparison of the reported resonator with prior reported
resonators in terms of FoM and fs. Note that the highest quality factor
is adopted for this comparison, in which Qmax [20], [29], [30], [31], [32];
Qs [6], [7], [11]; Qp [33]; Qm [25], [26], [27], [28].

Fig. 5 illustrates a plot of FoM as a function of fs , which
evaluates the performance of the reported resonators and
compare with state-of-arts [6], [7], [11], [20], [25], [26], [27],
[28], [29], [30], [31], [32], [33]. Note that the reported highest
quality factor among Qmax , Qs , Q p and Qm is adopted
for this comparison, where Qs , Q p and Qm represent the
quality factor of fs , f p and the motion branch in mBVD
model, respectively. Considering high FoM tends to possess
low insertion loss, while fs and Qmax are mutually compro-
mised, fs×FoM is selected as the comprehensive performance
metric. Except for the recently developed SAW devices on
heterogeneous substrates [30], [31], other resonators fall in
the region with fs×FoM≤800.

This work demonstrates the highest fs×FoM so far and
shows a significant breakthrough among the resonator with
suspended structure (including TS mode resonator and FBAR),
which greatly pushes the fs×FoM limit from 800 to 1545
(7.43 GHz×208) as well as a near-zero TCFs. The reasons
for high comprehensive performance and low TCF are: (a) The
choice of suitable LN cut and optimal thickness ratio to excite
the S4 mode with high k2, (b) The suitable design of anchor
and IDT aperture to achieve a balance between electric loss
and anchor loss, (c) The introduction of an a-Si layer to reduce
the RF-loss from the substrate, (d) The utilization of the tuning
effect of wavelength (λ) to TCF.

IV. CONCLUSION

In this work, we successfully demonstrated a 7.5 GHz and
high-performance S4 mode resonator on 128◦Y-cut TR-LNOI
substrate with near-zero TCF of resonant frequency. With
optimization of geometry dimensions, a fabricated resonator
achieved a Qmax of 1406, k2 of 14.8% at 7.43 GHz and a
TCFs of 0.24 ppm/K with a nearly spurious-free response.
This work paves the way for preeminent filtering in commu-
nications above 6 GHz and opens up more possibilities for
resonators with high comprehensive performance co-existing
with low TCF.
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