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Abstract— In this work, we present a new paradigm for
enabling gigahertz higher-order Lamb wave acoustic devices
using complementarily oriented piezoelectric (COP) thin films.
Acoustic characteristics are first theoretically explored with COP
lithium niobate (LiNbO3) thin films, showing their excellent
frequency scalability, low loss, and high electromechanical cou-

pling (k2). Acoustic resonators and delay lines are then designed
and implemented, targeting efficient excitation of higher-order
Lamb waves with record-breaking low loss. The fabricated res-

onator shows a 2nd-order symmetric (S2) resonance at 3.05 GHz

with a high quality factor ( Q) of 657, and a large k2 of 21.5% and

a 6th-order symmetric (S6) resonance at 9.05 GHz with a high Q

of 636 and a k2 of 3.71%, both among the highest demonstrated
for higher-order Lamb wave devices. The delay lines show an
average insertion loss (IL) of 7.5 dB and the lowest reported
propagation loss of 0.014 dB/µm at 4.4 GHz for S2. Notable
acoustic passbands up to 15.1 GHz are identified. Upon further
optimizations, the proposed COP platform can lead to gigahertz
low-loss wideband acoustic components. [2020-0127]

Index Terms— 5G new radio, acoustic resonators, acoustic
delay lines, lamb wave, lithium niobate, piezoelectric devices,
RF microsystems, thin-film devices.

I. INTRODUCTION

T
HE emerging fifth-generation (5G) New Radio (NR) has

sparked the recent development of various radio fre-

quency (RF) signal processing functions [1]. More specifically,

enhanced mobile broadband (eMBB), as one critical 5G appli-

cation, aims to communicate at higher center frequencies with

broader bandwidth than the current fourth-generation (4G)

wireless communication [2]. With the Third Generation Part-

nership Project (3GPP) releasing the first group of frequency

band specifications for 5G NR [3], the RF spectrum between

3 and 6 GHz is believed to be the primary venue for the

initial 5G eMBB deployment. This frequency range provides

a well-balanced availability of large bandwidths and low free

path loss, and it is considered compatible with the current RF
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front-end architecture [3]. Therefore, the key to implementing

the envisioned 5G NR at sub-6 GHz lies in the development of

the essential RF signal processing components, e.g., acoustic

filters, to accommodate the requirements of 5G NR [4], [5].

One proposed path for 5G RF acoustic devices is to scale

down the critical dimensions directly (e.g., film thickness

and electrode feature size) of the conventional RF acoustic

platforms, such as surface acoustic wave (SAW) [6]–[8], and

film bulk acoustic resonators (FBAR) [9]–[11], to operate at

the sub-6 GHz bands. However, three significant challenges

prohibit such an approach to meet the 5G NR requirements.

First, the incumbent piezoelectric platforms cannot provide

adequate fractional bandwidth (FBW) due to the limited

effective electromechanical coupling (k2) [12]. Second, merely

reducing the dimensions of conventional acoustic devices

inevitably results in increased insertion loss (IL) at higher

frequencies [13], [14], due to the exacerbated material damp-

ing, electrical loading, and the more pronounced surface

losses [15]–[17]. Third, scaling down devices (e.g., film thick-

ness, electrode width) for attaining a higher center frequency

and matching the system impedance might lead to wors-

ened power handling and increased nonlinearity because more

acoustic energy is concentrated in a smaller volume [18]–[20].

To address the challenges, novel acoustic platforms have

been investigated in the past few years, including transferred

thin films on costly substrates [21]–[25], new materials and

acoustic modes with larger piezoelectric coefficients [26]–[33],

and incorporated additional lumped electromagnetic (EM)

elements [34]–[37].

Among various emerging acoustic solutions, first-order

antisymmetric (A1) Lamb wave devices in single-crystal

Z-cut lithium niobate (LiNbO3) thin films have been demon-

strated with low loss, wide bandwidth, and large feature

sizes. The promising performance arises from the simultane-

ously achieved k2 as high as 30%, low damping, and fast

phase velocity across the sub-6 GHz NR bands [38]–[41].

Fundamentally, the large piezoelectric coefficient d15 [42], low

acoustic loss, and EM loss tangent [15], [43] are the reasons

for these advances. Leveraging the A1 mode in LiNbO3, both

the resonant – e.g., resonators and filters [44]–[46] – and

the non-resonant – e.g., acoustic delay lines (ADLs) [47] –

have been reported with record-breaking IL and FBW.

However, several bottlenecks emerge for further improving

A1 prototypes as the film thickness reduces to less than 600 nm
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LiNbO3 for operation beyond 3 GHz. The thinner film leads to

more severe surface losses [16], thus limiting the quality factor

(Q) of the demonstrated A1 resonators (below 400 [38]–[40]),

and the propagation loss (PL) of A1 ADLs (above

0.02 dB/µm [47]). Moreover, lateral field excited A1 devices

with spurious mode suppression have a small capacitance

per unit area [48]. Consequently, it results in a relatively

large footprint [44]–[46]. Third, the suspended thin-film bears

severe thermally induced nonlinearity because of the limited

thermal conductance to surroundings [18], [19]. To address

these issues, one alternative for operating at 5G NR bands with

a thicker LiNbO3 thin film is to excite the higher-order Lamb

waves [49]–[51]. Unfortunately, k2 of Lamb modes diminish at

a higher mode order when excited with the top-electrode-only

topology due to the partial cancellation of the generated charge

in the thickness direction [50]. Therefore, advancing thin-film

LiNbO3 based acoustic devices calls for a new paradigm for

enabling gigahertz higher-order Lamb modes.

This work presents complementarily oriented piezoelectric

(COP) thin films as the platform for higher-order Lamb

wave devices, showing excellent frequency scalability, low

loss, and high k2. The new COP platforms, a step for-

ward from the previous partial domain inversion piezoelectric

platforms [52]–[57], are available thanks to the advance in

thin-film bonding technologies. First, the theory for efficient

excitation of higher-order Lamb modes in COP platforms

is investigated, followed by the design and implementation

of both acoustic resonators and ADLs. The resonator shows

a 2nd-order symmetric (S2) resonance at 3.05 GHz with a

high Q of 657, and a large k2 of 21.5% and a 6th-order sym-

metric (S6) resonance at 9.05 GHz with a high Q of 636 and

a k2 of 3.71%, both among the highest demonstrated for

gigahertz higher-order Lamb wave LiNbO3 devices. The ADLs

show an average IL of 7.5 dB and the lowest reported PL

of 0.014 dB/µm at 4.4 GHz for S2. Notable acoustic passbands

up to 15.1 GHz are identified. Moreover, the COP platform

is readily extendable to other piezoelectric materials. Upon

further optimizations, the proposed COP platform can lead to

low-loss wideband acoustic components for 5G NR.

The paper is organized as follows. Section II first intro-

duces the theory of higher-order Lamb waves in COP Z-cut

LiNbO3. Section III discusses the application of COP thin

films, using both the resonators and ADLs. Section IV presents

the implemented device. Section V shows the measured results

and discussions. Finally, the conclusion is stated in Section VI.

II. HIGHER-ORDER LAMB WAVES IN COMPLEMENTARILY

ORIENTED PIEZOELECTRIC PLATFORM

A. Higher-Order Lamb Modes in Piezoelectric Material

Lamb waves are a group of elastic waves in which particles

move in the plane defined by the wave vector and the plate

normal [58]. Lamb wave solutions can be assorted into two

types, namely the symmetrical and antisymmetric modes,

based on the symmetry of the motion about the central plane.

Within each category, different modes can be further named

according to the number of the nodal planes (XY planes with

X-axis along the lateral direction) in the thickness (Z-axis)

Fig. 1. Vibrational mode shape of higher-order Lamb waves in LiNbO3 thin
films, showing (a) displacement, and (b) thickness-shear stress (Txz ).

direction [58]. For instance, the displacement of the 1st-order

antisymmetric (A1) mode is antisymmetric about the central

plane, and one nodal plane can be identified [Fig. 1 (a)].

Similarly, higher-order Lamb modes are named.

More specifically, in RF thin-film piezoelectric devices

where the thickness over lateral wavelength ratio (h/λ) is

small, Lamb waves can be further classified by the dominant

stress component. The thickness-shear (Txz) component is

dominant in odd-order antisymmetric modes (e.g., A1) and

even-order symmetric modes (e.g., S2). In contrast, the thick-

ness normal stress (Tz) component is dominant in even-order

antisymmetric modes (e.g., A2) and odd-order symmetric

modes (e.g., S1). The thickness-shear type of Lamb modes

excited by top interdigitated electrodes (IDTs) is studied in this

work because of the large e15 in Z-cut LiNbO3 [42]. Neverthe-

less, the discussion in Section II can be readily applied to other

orientations [59], other piezoelectric materials [33], [60], [61],

or devices excited by the thickness electrical fields [27], [62].

The modes of interest (e.g., A1, S2, and A3) are presented

in Fig. 1, showing the displacement and Txz within a period.

As stated earlier, the number of displacement nodes and stress

anti-nodes is the same as the mode order. For plates with small

h/λ and electrically short boundary conditions, the resonant

frequency of the Nth-order Lamb wave can be approximated

by [47]:

fN ≈ N/2h ·

√

1/(ρ · sE
55) (1)

where ρ is the material density, and s55
E is the thickness-shear

compliance constant. One can observe that the center fre-

quency is inversely proportional to the film thickness h and

proportional to the mode order N .

To further investigate whether these modes can be excited

by lateral electrical fields, the electromechanical coupling (K 2)

is calculated using the Berlincourt equation [10], [63] under

the quasi-static approximation [58]:

K 2 = U2
m/(Ue · Ud) (2)

Um = ((Ti dni En + Endni Ti )/4)d S (3)

Ue = (Ti s
E
i j T j/2)d S (4)

Ud = (EmǫT
mn En/2)d S (5)

where Um , Ue, and Ud are the mutual, elastic, and electric

energy, respectively. m, n are 1 to 3, while i , j are 1 to 6.
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Fig. 2. De-coupled model for calculating K 2 of higher-order Lamb waves
excited by lateral electrical fields. (a) Approximated stress and (b) electrical
field after separation of variables in the X and Z directions.

Ti , and Em are the stress and electrical field elements. d , sE ,

and εT are the piezoelectric, elastic, and dielectric constants

under the strain-charge form. For thickness-shear Lamb modes

excited with lateral electrical fields, the corresponding para-

meters are d15, s55
E , and ε11

T . For plates with small h/λ,

the stress fields can be further simplified as [50]:

Txz (x, z) = Txz0·T xz_x(x) · Txz_z(z) (6)

Txz_x (x) = H(x − λ/2) (7)

Txz_z (z) = sin(Nπ/h · z) (8)

where Txz_x and Txz_z are the decoupled stress fields through

the separation of variables in the X and Z directions

[Fig. 2 (a)], with the origin defined at the lower-left corner.

Txz0 is the field amplitude. H() is the Heaviside function.

Similarly, the electrical field excited by the top IDTs can be

simplified as [50]:

Exz (x, z) = Exz0 · E xz_x (x) · Exz_z(z) (9)

Exz_x (x) = H(x − λ/2) (10)

Exz_z(z) = 1 (11)

where Exz_x and Exz_z are the decoupled electrical fields

[Fig. 2 (b)]. Exz0 is the amplitude. Using Eqs. 2-11, one

can obtain K 2 of the Nth-order Lamb wave (with dominant

thickness-shear stress element) excited with IDTs as [10]:

K 2 = (8/π2) · d2
15/(s

E
55 · ǫT

11) · 1/N2 if N = 1(mod 2)

= 0 if N �= 1(mod 2) (12)

where mod() is the modulus function. In Eq. 12, the first

term is K 2 for A1, of which the value is determined by the

material properties [47]. K 2 of the Nth-order mode decays

with N2, and only the odd-order antisymmetric modes can

be excited. Such a conclusion can be explained by visually

examing the periodicity and polarity of stress fields along the

thickness direction for even and odd-order modes in Fig. 1(b).

Assuming a simplified constant E across the thickness of the

film, the mutual energy term calculated with Eq. 3 would

partially cancel out for the odd-order modes but cancel out

for the even-order modes.

In particular, we study the case of 600 nm Z-cut LiNbO3

as an example. The 600 nm thickness is selected for high

operation frequencies beyond 3 GHz while maintaining a high

yield for the bonding process. Using Eqs. 1 and 12, A1 is at

2.98 GHz with a K 2 of 30.3%, S2 is at 5.96 GHz with a K 2

of 0, and A3 is at 8.93 GHz with a K 2 of 3.4% (dashed red

line in Fig. 3). Therefore, 5G NR bands above 3 GHz require

Fig. 3. Calculated and simulated center frequency and K 2 of higher-order
Lamb modes in different film stacks.

thin LiNbO3 films less than 600 nm, which leads to higher

damping, larger footprint, and worse linearity as introduced in

Section I. However, a thicker film (e.g., 1.2 µm Z-cut LiNbO3,

dashed black line in Fig. 3) inevitably leads to diminished K 2

for modes above 3 GHz. Therefore, a new platform with better

frequency scalability while maintaining wide bandwidth is of

great value.

B. Complementarily Oriented Piezoelectric Platform

To address the challenge, one solution is to tackle the mutual

energy cancellation of higher-order Lamb modes through

changing the integrated value in Eq. 4. In other words, if the

sign of d15 is locally flipped in LiNbO3 while the other

parameters (e.g., s55
E , and ε11

T ) remain the same, it is

feasible to operate at higher-order modes. In the process,

one can achieve better frequency scalability while maintaining

high K 2. In the implementation, such a platform can be

achieved by integrating single-crystal piezoelectric thin films

with complementary orientations, which is henceforth referred

to as a complementarily oriented piezoelectric (COP) platform

in this work.

To quantitatively illustrate the approach, a bi-layer piezo-

electric thin film is presented in Fig. 2. Different from the

original analysis in Section II-A, we assume the upper and

lower half of the thin film have different parameters (d15, s55
E ,

and ε11
T for the upper half, d15

′, s55
E ′

, and ε11
T ′

for the lower

half). Following the definition of COP, we have d15 = −d15
′,

s55
E = s55

E ′
, and ε11

T = ε11
T ′

. K 2 can be calculated through

Eqs. 2 – 11, with the only difference in Eq. 3, where the mutual

energy Um across the upper and lower sections is integrated

separately. K 2 can then be expressed as:

K 2 = (8/π2) · d2
15/(s

E
55 · ǫT

11) · 4/N2 if N = 2(mod 4)

= 0 if N �= 2(mod 4) (13)

Only a subset of Lamb modes (e.g., S2, S6, S10) can be

excited. The conclusion is again visually apparent from the

periodicity and polarity of stress fields shown in Fig. 1 (b).

Different from the previous case, the mutual energy of the

odd-order modes (e.g., A1, A3) across the upper and lower

sections entirely cancel out each other. Moreover, the mutual

energy in the modes like S4 is internally neutralized in each

section. Using Eq. 13, K 2 of a 1.2 µm Z-cut COP LiNbO3

is plotted as the dashed blue line in Fig. 3, which overlaps

with the calculated K 2 of a 0.6 µm Z-cut LiNbO3 but with
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different mode orders. Therefore, it validates that the COP

platform has better frequency scalability while maintaining

high electromechanical coupling.

Next, we will discuss the feasibility of COP platforms using

bonded single-crystal thin films. Different from the conven-

tional approach of sputtering multi-layer tilted c-axis thin

films, where the constants are partially modified [64]–[66],

bonded piezoelectric thin films [67] enable the implementation

of the COP platform through the integration of thin films

with different orientations. For Z-cut LiNbO3, which can

be notated as a Euler angle of (0◦, 0◦, 0◦) in the Z-X-Z

format [68], an additional layer with a Euler angle of (180◦,

180◦, 0◦) satisfies the COP requirements for material constants

via matrix rotation [68]. The rotated axis is plotted with dashed

lines in Fig. 2, which will be the platform studied in this work.

Note that the rotation is not unique. Other rotations, e.g., (0◦,

180◦, 0◦), also satisfy the requirements. (180◦, 180◦, 0◦) is

selected because of the current thin-film bonding capabilities.

Moreover, the COP platform may also be applied to film

stacks with M layers of piezoelectric films, as long as the

alternating layers follow the requirement of COP (same elastic

and dielectric constants but different piezoelectric constants).

Following the same procedure, one can prove that K 2 of the

Nth-order Lamb mode in a stack of M-layer COP structure is:

K 2 =
2

π2
·

d2
15

sE
55 · ǫT

11

·

(

M
∑

m=1

∫ mπ
M

(m−1)π
M

sin (Nθ + mπ) dθ

)2

(14)

It can be proven that the Mth-order mode in an M-layer COP

has the same K 2 as that of the first-order Lamb mode in

a single layer platform. This leads to even better frequency

scalability, although at the cost of introducing additional

spurious modes from the residual mutual energy of the lower

and higher-order modes that do not entirely cancel out as in

the bi-layer COP case.

It is also remarkable that a similar COP approach can

be easily extended to other piezoelectric acoustic platforms

other than LiNbO3, such as single-crystal lithium tanta-

late [59]–[61], and doped aluminum nitride [31].

C. Bi-Layer COP Z-Cut Lithium Niobate Thin Film

The analysis in Sections II-A and II-B assumes an ideal

quasi-static case where h/λ is near zero, and the electrical

and acoustic fields are decoupled [58]. To more accurately

study the dispersion relations in LiNbO3, finite element analy-

sis (FEA) in COMSOL is used. The two-dimensional (2D)

eigenmode FEA is set up following the steps in [47], [69]

for bi-layer 1.2 µm COP Z-cut LiNbO3. Periodic boundary

conditions in both the electrical and mechanical domains

are applied to the YZ plane. The top and bottom surfaces

(XY planes) are set as mechanically free. The electrically

open and short boundary conditions are used, respectively.

The simulations are performed on the three platforms, namely,

0.6 µm Z-cut LiNbO3, 1.2 µm Z-cut LiNbO3 and 1.2 µm COP

Z-cut LiNbO3.

First, the case of a small wavenumber (β = 0.05 µm−1)

is studied and compared to the calculations in Section II-B.

The frequencies of Lamb modes of different mode orders are

plotted against K 2 in Fig. 3, which is calculated as [70]:

K 2 = ( f 2
f ree − f 2

met )/ f 2
met (15)

where f f ree and fmet are the frequencies of the electrically

open and short cases, and f f ree will be discussed in later

discussions. In 0.6 µm Z-cut LiNbO3, A1 is calculated at

2.98 GHz with a K 2 of 41.9%, S2 is at 5.95 GHz with a K 2

of 0, and A3 is calculated at 8.96 GHz with a K 2 of 5.18%

(red squares in Fig. 3). For 1.2 µm Z-cut LiNbO3, f f ree is

halved, but K 2 remains the same (black triangles in Fig. 3). For

1.2 µm COP Z-cut LiNbO3, A1 is calculated at 1.49 GHz with

a K 2 of 0, S2 is calculated at 3.05 GHz with a K 2 of 0, and

A3 is calculated at 4.47 GHz with a K 2 of 0. The results agree

with the calculated values, with the slight discrepancies likely

due to the introduced assumptions. Such a result validates the

effectiveness of the COP designs.

Next, the dispersions of higher-order Lamb waves are

studied for actual implementations of both resonant and

non-resonant acoustic devices in COP platforms. The frequen-

cies of higher-order Lamb waves with different β (between

0.05 µm−1 and 4 µm−1) for 1.2 µm COP Z-cut LiNbO3

under the electrically short condition are shown in Fig. 4 (a).

Cut-off frequencies ( fc) are observed for these modes [47],

and the frequencies increase with larger β. In comparison,

the dispersion of 0.6 µm Z-cut LiNbO3 under the same

conditions are plotted with dashed lines in Fig. 4 (a). The Nth-

order curve overlaps with the 2Nth-order dispersion curves in

COP LiNbO3 well, with the slight difference caused by the

different h/λ in the two cases.

Another critical parameter is K 2 of the higher-order Lamb

waves at different β, determining the transduction efficiency

with various transducer designs. The results calculated using

Eq. 15 is plotted in Fig. 4 (b). High K 2 over 35% can be

observed for S2 waves with a long λ (or with operation

frequencies close to fc). K 2 declines for A1 waves at a higher

frequency (or with a larger h/λ). Similarly, S6 mode follows

the same trend, but with a smaller K 2. Another observation

is that with a larger β beyond 1.2 µm−1, higher-order Lamb

waves other than S2 and S6 can be efficiently excited, showing

K 2 over 1%, because the electrical field cannot penetrate

the entire thickness due to a larger h/λ, causing insufficient

cancellation of the mutual energy (Eq. 3).

Finally, the phase velocity (v p) and the group velocity (vg)

are obtained by [58]:

v p = 2π f/β (16)

vg = 2π · ∂ f/∂β (17)

The obtained values are plotted in Fig. 4 (c) and (d) for

the electrically short case. Higher-order Lamb waves feature

high v p (above 10 km/s), and low vg (below 5 km/s)

simultaneously, which can be leveraged to build high-

frequency devices with large feature sizes, while allowing

long group delay with a compact structure [47]. These

characteristics promise COP LiNbO3 as a suitable acoustic

platform for 5G NR applications.

In Section II, the fundamentals of higher-order Lamb waves

in COP acoustic platforms have been discussed. Bi-layer COP
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Fig. 4. FEA simulated characteristics of higher-order Lamb waves with
different wavenumber in an 1.2 µm thick COP Z-cut LiNbO3 thin film.
(a) Frequency with electrically short boundary conditions, (b) K 2. (c) v p ,
and (d) vg with electrically short boundary conditions.

Z-cut LiNbO3 has been validated for efficient piezoelectric

transduction for 5G NR above 3 GHz, showing large K 2 and

v p simultaneously. Based on such a platform, both resonant

and non-resonant devices will be designed in Section III to

showcase the design flexibility of COP platforms as a universal

solution for high-frequency acoustics.

III. DESIGN OF HIGHER-ORDER LAMB WAVE DEVICES

A. Complementarily Oriented Bi-Layer Acoustic Resonator

The mockup view of a typical complementarily oriented

bi-layer acoustic resonator (COBAR) is shown in Fig. 5 with

the key parameters explained in Table I. The resonator is

composed of 300 nm thick aluminum (Al) interdigitated

electrodes (IDTs) on the top of a suspended 1.2 µm COP Z-cut

LiNbO3 thin film. The orientations of the upper and lower

layers are labeled in the front view, following the definition

in Section II-C (Fig. 2). The LiNbO3 thickness is selected for

setting the resonance above 3 GHz for 5G NR bands [44],

Fig. 5. Mockup of a COBAR in a suspended COP Z-cut LiNbO3 thin film.
(a) Top view. (b) Front view.

TABLE I

DESIGN PARAMETERS OF COBAR

and the Al thickness is selected for reducing the electrical

loading [17], [47]. The cell length (
) is set as 50 µm for

higher coupling (Fig. 4). The electrode width (Le) is 2.5 µm

for a small ratio of Le/
 to mitigate spurious modes [48].

Additional piezoelectric slabs with a width of 
/2 are placed

on the sides for keeping the periodicity. The bus lines are

placed outside the resonant body for reducing the feedthrough

capacitance.

2D frequency-domain FEA is used to validate the expected

higher-order Lamb modes with significant k2 at higher fre-

quencies. An airbox is included surrounding the resonator to

include the effects of the capacitive feedthrough between the

IDTs in air, which will reduce the available k2 of the COBAR.

Mechanical Q is set as 500 based on previous experimental

results in similar film stacks [44]. The wideband admittance

response between 0 and 24 GHz is presented in both amplitude

[Fig. 6 (a)] and phase [Fig. 6 (b)]. As derived in Section II-B

(Eq. 13) and simulated in Section II-C (Fig. 3), only a

subsection of the higher-order Lamb modes (e.g., S2, S6,

S10) are excited. The vibrational mode shape of S2 is shown

in Fig. 6 (c) in both displacement and stress Txz (scaled in

Z-direction), showing the alternating stress distribution in both

X and Z-directions. The zoomed-in admittance response is

shown in Fig. 7 (a) – (f) for S2, S6, and S10. The perceived

k2 of each mode is calculated as [70]:

k2
perceived = π2/8 · [( f p/ fs)

2 − 1] (18)

where fs and f p are the resonance and anti-resonance defined

as the frequency point with the minimum and maximum
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Fig. 6. FEA simulated results of the COBAR. Simulated wideband admit-
tance response in (a) amplitude and (b) phase. (c) Simulated displacement
and stress mode shape at the S2 resonance.

Fig. 7. Zoomed-in simulation and multi-resonance MBVD fitted admittance
response in amplitude and phase of (a) (b) S2, (c) (d) S6, and (e) (f) S10.

impedance. S2 has a perceived k2 of 41.8% at 3.006 GHz.

On the other hand, S6 and S10 have perceived k2 of 4.97%

and 1.95% at 9.024 GHz and 15.27 GHz, respectively. The

obtained fs and perceived k2 agree with those extracted from

eigenmode FEA in Section II-C (Fig. 4), with the slight reduc-

tion caused by the capacitive coupling between IDTs. More

specifically, out of the total static capacitance (C0) of 32.9 fF,

6.8 fF is introduced by the capacitance in air, which can be

mitigated using devices with a slightly smaller 
. One issue

of the current prototype is the in-band spurious modes. They

originate from higher-order overtones of fundamental modes

Fig. 8. Multi-resonance MBVD model for extracting key parameters.

TABLE II

EXTRACTED KEY PARAMETERS FROM COBAR SIMULATION

(A0, S0), higher-order overtones of S2, and mode conversion

at the edge reflectors. The spurious mode suppression will

be an essential topic in future works on optimizing COP

platforms.

To accurately extract the key parameters of each mode, a

multi-branch MBVD model has been used (Fig. 8), which

has been shown critical for devices with large k2 [71].

Each motional branch represents one acoustic mode, and the

motional elements are defined as [71]:

Rmi = π2/8 · 1/(ωsiC0k2
i Qi ) (19)

Lmi = π2/8 · 1/(ω2
siC0k2

i ) (20)

Cmi = 8/π2 · C0k2
i (21)

where Rmi , Lmi , and Cmi are the motional resistance, induc-

tance, and capacitance, ωsi is the angular resonant frequency,

ki
2 is the effective electromechanical coupling coefficient, and

Qi is the quality factor for the branch with an index of i .

A series inductance Ls is included for modeling the IDT

inductance in the measurement [50]. Following the recursive

procedure in [71], the key parameters are extracted, listed

in Table II, and also plotted in Fig. 7. k2 of S2 is 19.6%

(mode 1 in Table II), because of the adjacent high k2 S2 over-

tones and undertones (modes 2-10 in Table II). These modes
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Fig. 9. Mockup of a COB-ADL in a suspended COP Z-cut LiNbO3 thin
film. (a) Top view. (b) Front view.

TABLE III

DESIGN PARAMETERS OF COB-ADLS

exist because of the thick Al in this work [48], which aims

to lower the electrical loading for exposing Q of the COP

platform. k2 of S6 is 4.75% (mode 11 in Table II), and k2 of

S10 is 1.89% (Mode 13 in Table II), both showing a clean

spectrum and high k2.

To conclude, COBAR has been designed in this subsection,

further validating the advantages of large k2 and the excel-

lent frequency scalability of COP LiNbO3 platforms. Q of

COBARs will be experimentally studied in Section V-A.

B. Complementarily Oriented Bi-Layer Acoustic Delay Lines

The mockup view of a typical complementarily oriented

bi-layer acoustic delay line (COB-ADL) is shown

in Fig. 9 with the key parameters explained in Table III.

The COB-ADL is composed of 50 nm thick Al IDTs on the

top of a suspended 1.2 µm COP Z-cut LiNbO3 thin film.

The orientations of the upper and lower layers are labeled

in the front view, following the definition in Section II-C

(Fig. 2). A pair of bi-directional transducers are placed on

the two longitudinal ends of the ADL with a gap length of

Lg (between 0.02 mm and 1.28 mm), including 4 cells of

IDTs. A cell length 
 of 2.4 µm is selected to avoid the

cut-off phenomenon [47], while efficiently exciting various

higher-order Lamb modes (Fig. 4). Considering both the

wave diffraction and the electrical loading [47], the aperture

width (Wa) is set to 50 µm. In operation, EM signals

sent in Port 1are converted into acoustic waves through

piezoelectricity, propagating to Port 2 before being converted

back to the EM domain.

Fig. 10. (a) Simulated vibrational mode shapes in the S2 passband. Simulated
wideband IL and RL of the COB-ADL under (b) 50 �, and (c) conjugately
matched to the S2 band conditions.

To validate the COB-ADL design, 2D frequency-domain

FEA is set up following the reported procedure in [47].

As shown in Fig. 10 (a), a pair of transducers are included

in the simulation, with the perfectly matched layers (PMLs)

placed on the longitudinal ends to suppress the reflections.

The structure is assumed lossless because the loss in the new

COP LiNbO3 is unknown. The simulated vibrational mode

shapes [Fig. 10 (a)] within the S2 passbands confirm that

acoustic waves are efficiently excited and propagate outside

of the transducers.

The wideband IL and return loss (RL) are plotted in

Fig. 10 (b) with both ports terminated with 50 �. Note that

a feedthrough capacitance of 1 fF is included between ports,

according to the measured results in prior ADL implemen-

tations [47]. The passbands of different higher-order Lamb

modes are labeled. Pronounced passbands between S2 and S10

can be observed between 4.55 GHz and 16.5 GHz, except A3,

whose K 2 diminishes as predicted by Fig. 4. An IL of 17.5 dB

and a 3-dB FBW of 6.16% are obtained for S2 at 4.55 GHz.

An IL of 14.5 dB and a 3-dB FBW of 1.42% are obtained

for S4 at 6.46 GHz. The key parameters for other bands are

listed in Table IV. The higher frequency bands (above A3) are

previously unattainable because they suffer from significant

mode cut-off in the conventional Z-cut LiNbO3 [51], and

enabled by the COP platform. Another observation is that the

higher-order modes have less 3-dB FBW, which is caused by

lower K 2 of those modes [72].

For the lossless simulation, the IL includes a 6-dB

bi-directional loss [72], [73], and the additional loss caused

by the port impedance mismatch. To verify, the performance

is conjugately matched to 218+j300 � based on the S2 band,

using Keysight Advanced Design System (ADS) [Fig. 10 (c)].

Interestingly, the adjacent bands (S4, A5, and S6) are also
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TABLE IV

EXTRACTED KEY PARAMETERS FROM COB-ADL SIMULATION

matched. This is because the lower K 2 of higher-order modes

(Fig. 4) are compensated by a higher operating frequency ( fc),

which leads to similar radiation conductance at different

bands [74]. For future works, 50 � ADLs can be designed by

sizing the transducers and including series inductors. Note that

more pronounced ripples can be observed under the conjugate

matched case, caused by a reduced IL for the triple transit

echo (TTE) from the bi-directional transducers [72]. The

ripples will be less severe for actual implementation because

of the existence of the acoustic propagation loss (PL). To mit-

igate the effects of the multi-reflections for benchmarking the

COB-ADL performance, the average IL and 3-dB FBW are

obtained from the smoothed transmission (400-point-window

from measured data). An average IL of 5.6 dB and a 3-dB

FBW of 9.31% are obtained for S2 at 4.55 GHz. An average

IL of 7.6 dB and a 3-dB FBW of 4.36% are obtained for S4 at

6.46 GHz. The values are close to the predicted 6 dB, with

a slight difference due to the in-band ripples. The parameters

for other bands are listed in Table IV.

Next, COB-ADLs with different Lg are simulated for

extracting the major propagation parameters (e.g., vg and PL)

of the higher-order Lamb waves. COB-ADLs with Lg of 20,

40, and 80 µm are simulated. IL, RL, and group delay are

plotted in Fig. 11 with both ports terminated with 50 �. The

passbands for Lamb waves of different orders are highlighted.

Comparing the performance between devices with differ-

ent Lg , three major differences can be found. First, devices

with different Lg show the same IL, because the acoustic

waveguide is assumed lossless. However, the difference in

IL in the actual implementation can be used to extract PL.

Second, the frequency spacing between the in-band ripples of

the shorter devices is larger because of a longer resonant cavity

between the transducers for triple transit interference [69].

Third, longer devices show longer group delays, and the

difference can be used to extract vg . vg of S2 and S4 are

extracted through linear regression and plotted in Fig. 12,

showing vg around 3.5 km/s for S2 at 4.55 GHz, and vg around

1.8 km/s for S4 at 6.40 GHz. The results agree well with

that directly obtained from eigenmode FEA (Section II-C).

Fig. 11. Simulated (a) IL, (b) RL, and (c) group delay of COB-ADLs with
different Lg of 20, 40, and 80 µm, but the same transducer design (Table III).

Fig. 12. Extracted group velocity in comparison with that directly obtained
from the eigenmode simulations for (a) S2, and (b) S4.

Note that the low coupling resonances between the transducers

in the lossless simulation generate severe ripples, but their

effects will be mitigated in the actual measurement with PL.

To sum up, in Section III, both the resonant devices

(COBARs) and non-resonant devices (COB-ADLs) have been

designed in the proposed bi-layer COP Z-cut LiNbO3. The

simulated results confirm the feasibility of implementing

high-performance higher-order Lamb wave devices in such a

platform. The implementation of the showcased testbeds will

be presented in Section IV.

IV. HIGHER-ORDER LAMB WAVE DEVICE

IMPLEMENTATION

The devices were implemented following the fabrication

process reported in [48]. The 1.2 µm bi-layer COP Z-cut

LiNbO3 thin film on a 4-inch silicon (Si) wafer is provided

by NGK Insulators, Ltd. The process starts with defining

the release windows via inductively coupled plasma reactive-

ion etching (ICP-RIE). Al electrodes are then deposited with

evaporation and lift off. As the last step, the structures are

released with xenon difluoride (XeF2).
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Fig. 13. (a) Zoomed-out and (b) zoomed-in optical images of the fabricated
COBAR. (c) SEM image of the cross-section of the COP LiNbO3. The
dimensions are listed in Table I.

Fig. 14. Zoomed-out optical images of the fabricated COB-ADL with Lg

of (a) 20 µm, (b) 40 µm, (c) 160 µm, (d) 1280 µm. (e) Zoomed-in optical
image of the bi-directional transducer. The dimensions are listed in Table III.

The zoomed-out and zoomed-in optical images of the

fabricated COBAR are shown in Fig. 13 (a) (b) with the

dimensions listed in Table I. The device shows well defined

IDTs and release windows. Another device with the exact

design but without the resonant body is implemented for

obtaining the capacitive feedthrough from the probing pads.

The optical images of the build COB-ADLs are presented in

Fig. 14 (a) – (e), with the dimensions listed in Table III.

The cross-section of the COP Z-cut LiNbO3 on Si wafer

is shown in Fig. 13 (c), with a top layer of 640 nm and a

bottom layer of 570 nm. The stripes in the cross-section are

Fig. 15. Measured wideband admittance responses in (a) amplitude and
(b) phase for both the resonator and its response excluding the feedthrough
from the probing pads.

caused by the wafer cleaving. The slight deviation from the

designed thickness will affect the performance of the higher-

order modes, which will be presented in Section V.

V. MEASUREMENT AND DISCUSSION

A. Complementarily Oriented Bi-Layer Acoustic Resonator

The fabricated COBAR was measured with an Agilent

N5230A network analyzer at the −10 dBm power level in

the air. The wideband admittance response between 0 and

24 GHz is presented in both amplitude [Fig. 15 (a)] and phase

[Fig. 15 (b)]. The effects of the probing pads are removed

through subtracting the measured feedthrough. As simulated

in Section II-A (Fig. 6), a subsection of the higher-order Lamb

modes (e.g., S2, S6, and S10) are effectively excited. However,

different from the simulation (Fig. 6), other higher-order

modes are also excited, especially at higher frequencies. It is

caused by the slight difference in the thickness of the two

layers in COP Z-cut LiNbO3 [Fig. 13 (c)], which leads to

insufficient cancellation of the mutual energy of these modes

(Section II-B). Such non-ideality limits the ultimate operation

frequency below 20 GHz, and can be further improved through

film trimming [75]. Nevertheless, the examined modes (S2, S6,

and S10) show much larger k2 than Lamb modes with other

mode orders.

The zoomed-in admittance is shown in Fig. 16 for S2, S6,

and S10, respectively. The multi-resonance model [71] (Fig. 8)

is plotted in Fig. 16 with dashed lines and its key parameters

are also listed in Table V. The S2 resonance at 3.049 GHz

shows a perceived k2 of 32.9% (Eq. 4) and a 3-dB Q of 1219

[Fig. 16 (a) (b)]. The extracted k2 is 22.8%, and the extracted

Q is 657. The results agree well with the simulated values

(Fig. 7). Similarly, the degradation from the perceived k2 is

due to the existence of the in-band spurious modes (Modes 2-

9 in Table V). Compared to prior A1 mode resonators in

conventional Z-cut LiNbO3 above 3 GHz [38]–[40], the

S2 mode resonator in the COP platform shows an improved

Q (above 600) with a similar k2 (above 20%). The S6

resonance at 9.045 GHz shows a perceived k2 of 3.80% and

a 3-dB Q of 660 [Fig. 16 (c) (d)]. The extracted k2 is 3.71%,
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Fig. 16. Zoomed-in measurement and multi-resonance MBVD fitted
admittance response in amplitude and phase of (a) (b) S2, (c) (d) S6, and
(e) (f) S10.

Fig. 17. Extracted Q and fs of higher-order Lamb modes in the COBAR.

and the extracted Q is 636 (Mode 13 in Table V). The

S10 resonance at 15.05 GHz shows a perceived k2 of 1.51%

and a 3-dB Q of 399 [Fig. 16 (c) (d)]. The extracted k2 is

1.26%, and the extracted Q is 445 (Mode 16 in Table V). The

obtained Q above 600 at 9 GHz and Q above 400 at 15 GHz

are also higher than the reported results in the conventional

LiNbO3 thin films [38]–[40]. Therefore, the results validate

our earlier assumption that the thicker film of COP platforms

not only have better frequency scalability but also feature

lower loss, likely due to reduced surface losses because of a

reduced surface-area-to-volume ratio [15], [16].

Finally, to further analyze the damping of higher-order

Lamb modes in the COP platform, the extracted Q and fs

of higher-order Lamb modes (Modes 1, 10 – 21 in Table V)

with different mode orders are shown in Fig. 17. The resonant

frequency is linearly proportional to the mode order, with

a frequency spacing of 1.503 GHz for the adjacent modes.

The higher-order modes, within the same resonant body,

present a declining Q at higher frequencies, from around

600 below 10 GHz (A1 to S6) to about 200 above 20 GHz

TABLE V

EXTRACTED KEY PARAMETERS FROM COBAR MEASUREMENTS

(A13 to S16). The result that the higher-order Lamb waves

show higher damping might be caused by a combination of

more significant electrical [43] and mechanical [15] damping

at higher frequencies.

The obtained performance is compared to the previ-

ously reported acoustic resonators operating above 3 GHz

(Table IV), including SAW [25], IHP SAW [25], longitu-

dinal leaky SAW (LLSAW) [24], [25], FBAR [29], and

higher-order Lamb wave devices in conventional single-layer

structures [25], [40], [44], [50]. fs , k2, and Q are listed, along

with the piezoelectric film thickness and feature sizes. The

perceived k2 of different reports are calculated using Eq. 18 for

a fair comparison (consistent with Eq. 21). Note that the max-

imum Bode Q is reported by a few references [24], [25], [29],

which is generally much larger than Q extracted from the reso-

nance [76]. Compared to other technologies, the COP LiNbO3

platform has the advantages of the thin-film Lamb wave

devices, achieving high k2 and high fs with a large feature

size. Moreover, compared to other thin-film devices, the COP

platform features higher Q and better frequency scalability.

Therefore, we have validated the predicted advantages of

excellent frequency scalability, low loss, and high coupling in

the COP LiNbO3 platform. Note that, although demonstrating

a record-high Q for thin-film Lamb wave resonators above
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TABLE VI

REPORTED ACOUSTIC RESONATORS ABOVE 3 GHZ

Fig. 18. Measured wideband IL and RL of the COB-ADL under (a) 50 �,
and (b) conjugately matched to the S2 band conditions.

3 GHz, the performance of the prototype COBAR is far from

the full potential of the platform. Upon design optimizations,

COBARs with k2 above 30%, Q above 600 for S2, and

mitigated spurious modes can be expected.

B. Complementarily Oriented Bi-Layer Acoustic Delay Lines

The fabricated COB-ADLs were measured with an

Agilent N5230A network analyzer at the −10 dBm power

level in the air. The wideband IL and return loss (RL)

are plotted in Fig. 18 (a) with both ports terminated with

50 �. As simulated in Fig. 10 (a), the passbands of

different higher-order Lamb modes are obtained from S2 to

TABLE VII

EXTRACTED PARAMETERS FROM COB-ADL MEASUREMENTS

S10 between 4.46 GHz and 15.1 GHz. An IL of 19.7 dB

and a 3-dB FBW of 5.08% are obtained for S2 at 4.41 GHz.

An IL of 15.7 dB and a 3-dB FBW of 1.28% are obtained

for S4 at 6.32 GHz. The key parameters for other bands are

listed in Table VII. Compared to the simulation in Fig. 10 (a),

three major differences can be found. First, an increase in

IL, especially for the higher frequency bands, is observed,

because of the existence of the PL. It also implies that

the PL is higher for higher-order modes, agreeing with the

observation of COBAR in Section V-A. Second, larger RL is

seen at a higher frequency caused by the electrical loading of

IDTs [47]. Third, fc of the higher-order Lamb waves are lower

in the measurement because the actual film stack [Fig. 13 (c)]

is slightly thicker than the designed 1.2 µm, which shifts the

dispersion of Lamb waves to lower frequencies. Nevertheless,

the COP Z-cut LiNbO3 enables the efficient transduction

of higher-order Lamb waves. More importantly, pronounced

ADL passband at 15.1 GHz is electrically measured for the

first time, showing the potentials of the COP Z-cut LiNbO3

platform as a great high-frequency micro-acoustic testbed.

Next, the measured performance is conjugately matched

to 296+j412 � based on the S2 band, using Keysight ADS

[Fig. 18 (b)]. The average IL and 3-dB FBW are obtained from

the smoothed transmission (400-point-window from measured

data). An average IL of 7.5 dB and a 3-dB FBW of 7.55% are

obtained for S2 at 4.46 GHz. An average IL of 10.3 dB and a

3-dB FBW of 2.03% are obtained for S4 at 6.36 GHz. These

values show that the port impedance mismatch is the main

source of IL, and COB-ADLs for larger Wa can be designed

if a 50 � device is desired. The parameters for other modes

are shown in Table VII.

COB-ADLs with different Lg (between 20 µm and

1280 µm) are measured for exploring the major propagation

parameters (vg and PL) of the higher-order Lamb waves. IL,

RL, and group delay are plotted in Fig. 19 with both ports

terminated with 50 �. The passbands for Lamb waves of

different orders are highlighted. Compared to the simulated

results (Fig. 11), the first difference is that devices with

different Lg show different IL due to the PL. Second,
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Fig. 19. Measured (a) IL, (b) RL, and (c) group delay of COB-ADLs
with different Lg of 20, 40, 80, 160, 320, 640, and 1280 µm, but the same
transducer design (Table III).

Fig. 20. (a) Group delay and (b) IL of S2 from COB-ADLs with different
Lg . vg , PL, and TL are extracted.

the in-band ripples in IL and group delay are mitigated,

because the weak resonances between the transducers are

significantly damped. The dispersion of different modes is

clearly shown in the group delay measurement.

Based on the COB-ADL platform, the vg and PL of

different modes can be extracted. We first study the group

delay [Fig. 20 (a)] and IL [Fig. 20 (b)] of S2 at the center

frequency (4.4 GHz) for both the matched and 50 � cases.

The extracted vg of S2 is 3.46 km/s, agreeing with the

eigenmode FEA obtained value of 3.50 km/s. The extracted PL

is 0.0143 dB/µm, which is less than the previously reported

PL of A1 ADLs in the conventional Z-cut LiNbO3 (above

0.02 dB/µm [47]). Such significantly reduced PL further

validates the advantage of low loss in the COP platform.

The transducer loss (TL) is also obtained, showing a TL

of 7.5 dB for the matched case, and a TL of 19.0 dB for

the 50 � case, with the difference caused by the impedance

Fig. 21. Extracted vg and PL of (a) (b) S2 and (c) (d) S4 within the passband.
vg from the eigenmode simulation is also plotted.

TABLE VIII

REPORTED GHZ ADL PERFORMANCE WITH SUB-20 DB IL

mismatch. Following the same procedure for extracting the

propagation parameters at the center frequency, the vg and PL

within the S2 and S4 passbands are extracted (Fig. 21). vg

around 3.5 km/s for S2 and 1.8 km/s for S4 is obtained. The

results agree well with that directly obtained from eigenmode

FEA (Section II-C, plotted in Fig. 21), showing a lower vg at

the lower frequencies within each band. The S2 band has a PL

around 0.015 dB/µm, while the S4 has a PL approximately

0.020 dB/µm in the passband. The higher PL of Lamb

waves with a larger mode order agrees with that obtained

in the COBAR case (Fig. 18). The loss mechanisms in COP

platforms will be studied in future works. A rigorous extraction

requires a set of controlled groups to identify different damp-

ing sources, such as loss from the surface, the bonding layer,

and the intrinsic acoustic attenuation in LiNbO3. Another

interesting aspect of studying is the temperature coefficient

of frequency for the COP platform, which will be performed

in future works with better-designed test structures [55].

The achieved performance is compared to the prior publica-

tions on GHz ADLs with sub-20 dB IL (Table VIII), including

SAW ADLs [77], [78], thin-film fundamental plate mode

(fundamental symmetric and fundamental shear horizontal)
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ADLs [69], [79], [80], and also higher-order Lamb wave ADLs

in single-layer structures [47], [51]. The feature sizes and

the film thickness are also listed. COB-ADLs maintain the

merits of ADLs using higher-order Lamb waves, achieving

high fc with large feature sizes. More importantly, com-

pared to the conventional single-layer higher-order Lamb wave

devices, IL and PL of the COP platform have been remarkably

reduced, because of the thicker film stack. Note that the

IL of the COB-ADLs can be substantially reduced using

the unidirectional transducer designs [72]. Upon optimization,

S2 COB-ADLs with 3 dB IL at 4.5 GHz can be expected.

To conclude, high-performance COBARs and COB-ADLs

have been experimentally measured based on the proposed

COP Z-cut LiNbO3 platform. Their demonstrated high k2,

low attenuation, and high operation frequencies show the great

potentials of the platform as a key enabler for 5G NR acoustic

solutions.

VI. CONCLUSION

In this work, the COP Z-cut LiNbO3 has been demonstrated

as a promising platform for higher-order Lamb wave devices

with simultaneously low-loss, large k2, and, most importantly,

great frequency scalability. The theoretical framework for

COP platforms is derived, showing good agreement with the

measurement and can be readily extended to other piezo-

electric platforms. Both the resonant devices (COBARs) and

non-resonant testbeds (COB-ADLs) have been designed and

implemented based on the COP Z-cut LiNbO3 platform. The

fabricated resonator shows an S2 resonance at 3.05 GHz with a

high Q of 657, and a large k2 of 21.5% and an S6 resonance at

9.05 GHz with a high Q of 636 and a k2 of 3.71%, both among

the highest demonstrated for gigahertz higher-order Lamb

wave LiNbO3 devices. The fabricated ADLs show an average

IL of 7.5 dB and the lowest reported PL of 0.014 dB/µm at

4.4 GHz for S2. Notable acoustic passbands up to 15.1 GHz

are identified. Upon further optimizations, the proposed COP

platform can lead to low-loss wideband acoustic components

for 5G NR.
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