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Design and Analysis of Lithium–Niobate-Based

High Electromechanical Coupling RF-MEMS

Resonators for Wideband Filtering
Songbin Gong, Associate Member, IEEE, and Gianluca Piazza, Member, IEEE

Abstract—This paper reports on a new type of microresonators

enabled by micromachining of ion sliced -cut LiNbO thin

films. In operation, the device is excited into lateral vibrations,

thus allowing the center frequency to be determined by the litho-

graphically defined dimensions of the excitation electrodes. The

demonstrated device has a high electromechanical coupling

of 11.5%—the highest attained for laterally vibrating microelec-

tromechanical systems resonators. Device orientation was also

varied to investigate its impact on and experimental data have

shown good agreement with theoretical predictions. Several key

performance parameters, including the quality factor , the

static capacitance, , the temperature coefficient of frequency

(TCF), and the power handling, are also characterized and the

related experimental data are presented. The devices demon-

strate ’s up to 1800. The measured TCFs range from 55 to

69 ppm/K and can be considered sufficiently low for wideband

RF filtering. The high electromechanical coupling and the high

of this new class of devices show promise for the implementation

of multifrequency wideband multiplexers and filter banks for

reconfigurable RF front-ends.

Index Terms—High electromechanical coupling, lamb wave,

lithium–niobate (LN), piezoelectric resonators, wideband filters.

I. INTRODUCTION

I N RESPONSE to customers’ increasing need for more

types of services in handheld mobile units, modern wireless

systems have evolved toward high integration of components

with multiple functionalities. To maintain a small form factor

while accommodating more functionalities, single-chip and

high-performance multiplexers are required for selecting be-

tween various operational bands. All existing duplexers resort

to acoustic resonators for their implementation. To attain high

performance and wide bandwidth, high electromechanical cou-

pling, and quality factor, , are simultaneously needed for the

resonators that are used in such duplexers. As seen in Fig. 1, the

electromechanical coupling coefficient is directly related
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Fig. 1. Relationship between electromechanical coupling and filter FBW for
three types of filter configurations.

to the fractional bandwidth (FBW) of the filters for different

topologies, and along with the quality factor determines the

insertion loss.

In the last decade, piezoelectric thin film resonators, such

as thin film bulk acoustic-wave resonators (FBARs) [1], [2]

and solid mounted resonators (SMRs) [3], have successfully

demonstrated the capability of forming duplexers, owning to

the high and high of the AlN films. However,

it is challenging to implement monolithic multiband solutions

with such devices since their center frequencies are set by the

film thickness. Width-extensional mode resonators, which have

lithographically defined resonances and can cover multiple fre-

quencies on the same wafer, have also been demonstrated using

AlN thin films [4]. These device are limited to narrowband or

oscillator applications due to the moderate of

AlN. Other materials, including lead zirconate titanate (PZT),

quartz and barium strontium titanate (BST), and device actu-

ation (Si electrostatic) have also been explored for laterally

vibrating (width extensional) resonators (Table I). Nonetheless,

none of them can simultaneously meet the high and high

requirements for next-generation reconfigurable and mul-

tifrequency wideband filtering. Lithium–niobate (LN)-based

microresonators are considered to be a promising solution for

wideband and high operation due to the high and very

low phonon–phonon dissipation intrinsic to LN. In particular,

its high enables it to implement tuning functionalities not

presently possible even with AlN FBARs [5]. Moreover, the re-

cently demonstrated LN high-overtone bulk acoustic resonators

0018-9480/$31.00 © 2012 IEEE
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TABLE I
AND PERFORMANCE OF THE STATE-OF-THE-ART

(HBARs) with a product of 5 10 have experimentally

verified low intrinsic acoustic loss of the LN material [6].

Surface acoustic wave (SAW) devices using LN are already

the industry standard for RF filters below 2 GHz. Nevertheless,

the low phase velocity (3500 m/s) and lack of defined acoustic

boundaries in SAW configurations limit the scaling of these

devices, their , and their extension to multiband operations at

higher frequencies ( 2 GHz).

This work focuses on the development of a new class of

devices using ion sliced LN thin films. The device introduced

herein is similar to the AlN-based contour mode resonators

previously demonstrated for narrowband applications [7].

In operation, the device is excited into lateral vibrations. The

center frequency is determined by the lateral dimensions (pitch)

of the metal electrodes used for exciting the resonator into mo-

tion. This configuration enables the lithographical definition

of multiple frequencies on a single chip. In addition, the full

suspension of the resonant structure efficiently traps energy

and enhances . More importantly, the high phase velocity

(7000 m/s) of the selected lamb wave mode makes possible

envisioning higher frequencies of operation (3–5 GHz) using

the same lithography resolution of SAW devices. The fabricated

prototype devices, with a center frequency of 530 MHz, have

demonstrated a of 11.5%, the highest among any laterally

vibrating microelectromechanical systems (MEMS) resonators

to date. This type of device is considered to be an excellent fit

for a broad range of applications including wideband multi-

plexers and reconfigurable RF-frond ends.

This paper is organized as follows. In Section II, theoretical

calculations of electromechanical coupling are carried out for

the mode acoustic wave in LN thin film to identify -cut as

the optimum LN for wideband operations. Detailed design and

modeling techniques for this type of resonators are presented in

Section III. The challenges of micromachining LN are discussed

and the adopted fabrication process is presented in Section IV.

In Section V, the performance of these devices are experimen-

tally investigated and compared to the theoretical analysis. Sev-

eral key performance parameters, including , , , temper-

ature coefficient of frequency (TCF), and power handling are

reported and discussed. Section VI concludes this paper by sum-

marizing the contributions of this paper and setting some direc-

tions for future work.

II. -MODE LAMBWAVE IN LN THIN FILM

LN has been used for SAW devices in the past to build wide-

band filters. Despite the low cost and simplicity of SAW de-

vice designs, limitations exist due to the nature of SAW modes.

Due to the recent advancement of thin film transfer technology,

a number of materials now can be obtained in thin film form

with crystal quality close to the bulk counterparts on either Si or

the same material substrates [14]–[16]. This opens up the possi-

bility of building -mode bulk acoustic wave devices that have

been demonstrated with AlN [4], ZnO [17], and PZT [18], but

yet unexplored with materials such as LN. The high piezoelec-

tric coefficients and anisotropy of LN material have attracted

considerable attention from RF and MEMS communities. The

piezoelectric coefficient is directly related to the electromechan-

ical coupling by

(1)

where the indices and refer to the direction along which the

electric field is applied and the corresponding direction of mo-

tion, respectively; is the corresponding piezoelectric coeffi-

cient; is the corresponding compliance value; and is the

relative permittivity associated with the particular mode of vi-

bration. The of LN devices vibrating in the mode can be

readily estimated by comparing the phase velocities of the same

acoustic mode in a thin LN plate with and without perfect met-

allized boundary condition on the top surface. This technique is

described in more details in [19]. Finite-element method (FEM)

analysis was used to model the dependence of on the in-plane

orientation for each unrotated crystal cut. The , which di-

rectly related to , can be calculated as

(2)

where is the phase velocity for the mode with a metal-

lized surface and is the phase velocity for the -mode lamb

wave with free boundary conditions. The simulation (Fig. 2) has

shown that the and phase velocity changes as the orientation

varies from 0 to 180 within each cut planes. The -cut LN

with a 30 orientation has the highest (35%) among all cuts

and orientations. The phase velocity of -mode lamb waves

is between 6400–7200 m/s, with -cut having the highest av-

erage phase velocity. This analysis indicates that the -cut is

the optimum cut LN for enabling high electromechanical cou-

pling microresonators.

III. DEVICE DESIGN AND MODELING

As shown in Fig. 3(a), the device consists of metal inter-dig-

ital fingers on top of a mechanically suspended LN thin film.

The electric field induced by the inter-digitated transducers

(IDTs) that are alternatively connected to ground and signal

[see Fig. 3(b)] excites lateral expansion and compression in

adjacent fingers (mode known as lamb wave). The mechan-

ical resonance of such operation is a function of the lateral

dimension of the excitation electrode and can be formulated as

(3)

where is the acoustic phase velocity and is the electrode

pitch. Similarly to other acoustic resonators, it can be readily

modeled using the modified Butterworth–Van Dyke (MBVD)

model shown in Fig. 3(c), in which (motional capacitance),
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Fig. 2. Simulated and phase velocity for various cut of LN. is the thickness of LN thin film, and is the acoustic wavelength. (a) of mode for
-cut. (b) of mode for -cut. (c) of mode for -cut. (d) Phase velocity of mode for -cut. (e) Phase velocity of mode for -cut. (f) Phase

velocity of mode for -cut.

Fig. 3. (a) 3-D mocked up view of a corner anchored LN microresonator.
(b) Displacement mode shape and electric field contour obtained from
COMSOL FEM analysis. (c) MBVD model for the resonator.

(motional inductance), and (motional resistance) are

used to represent the components induced by the mechanical

motion of the device. is inversely related to and

the static capacitance in between the IDT, . These equivalent

parameters can be expressed as [4]

(4)

(5)

(6)

is a function of finger pitch , length , and spacing

. can be derived with well-known techniques for IDT

capacitors and the FEM method [20]. The detailed analysis

of and its impact on device performance are presented in

Section V-B. is the parasitic feed-through capacitance whose

origin will be discussed in Section V-B as well. Naturally, a

high , the figure of merit (FOM) for piezoelectric mi-

croresonators, is desired to enable low loss and low impedance

for interfacing with RF electronics. The ultimate of the

device is determined collectively by the piezoelectric material

and the electrode configuration.

Although the simulation results shown in Fig. 2(a) give in-

sights on the dependence of the electromechanical coupling on

orientations and cuts, they only present theoretical limits and do

not predict the actual electromechanical coupling achievable by

a particular resonator geometry. 2-D COMSOL simulations are

thus carried out to fully investigate the for various electrode

configurations. The simulation is done by first acquiring the ro-

tated stiffness and piezoelectric coupling matrix for each cut and

orientation. The rotated stiffness, coupling and permittivity ma-

trices for any orientations and cuts can be readily found using

the transformation matrix and bond matrix [21]

(7)

(8)

(9)
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TABLE II
MATERIAL CONSTANTS USED IN THE SIMULATIONS

where is the transformation matrix defined in terms of the

Euler angles and is the bond matrix. The material constants

referred to a -cut oriented LN film are listed in Table II.

The obtained matrices are then input into the device model

to calculate the resulting electromechanical coupling for

-mode lamb wave. The specific simulation results are shown

in Section V and directly compared to the relevant experimental

data.

IV. DEVICE FABRICATION

Although LN material has drawn considerable attention in

making electro-optical devices and RF microelectromechanical

systems (RF-MEMS) resonators, it still remains a great chal-

lenge to attain a suspended LN thin film of bulk quality. This

challenge is twofold for it encompasses first the integration of

LN thin film on micromachinable substrates, and secondly the

suspension of the thin film leveraging a number of microma-

chining techniques.

Several techniques from various research groups have been

under development to enable a range of device based on LN

material. Intuitively, it is desirable to integrate LN thin film on

Si for the integration with semiconductor electronics. However,

the lattice constant and coefficient of temperature expansion

(CTE) mismatch between these two materials makes bonding

extremely difficult. Several thin film deposition methods, in-

cluding sputtering [25], [26], chemical vapor deposition (CVD)

[27], and epitaxial growth [28], [29], have been attempted on

various substrates. The film quality, as characterized by X-ray

diffraction (XRD) rocking curve measurements, is still far from

approaching bulk quality. Moreover, techniques of this nature

are inherently limited to growing axis ( -cut) film. -cut LN

is proven to have great optical properties [30], and preferred

for electro-optical waveguide devices. However, RF-MEMS

devices pursuing high electromechanical coupling are better

served with - or -cut LN thin film. Recently, more groups

[16], [31] have successfully demonstrated transfer of thin film

LN on either Si [32], [33] or LN [16] substrates using the

crystal ion slicing technique. This technique uses two wafers, a

donor wafer of LN, and a carrier wafer of LN or Si. The donor

TABLE III
CHLORINE-BASED RIE RECIPE FOR LN MATERIAL

wafer is first implanted with high energy He or H ion beam,

which is used to introduce micro cracks in the donor wafer. The

implanted ion density and distribution inside the thin film is a

function of the dose and energy of the implantation ions. The

donor wafer is then bonded to the carrier wafer using either di-

rect [16], [34] or adhesive bonding techniques [31]. The bonded

wafers then go through heat treatment to make the preformed

micro cracks expand and induce splitting [16]. This results in a

thin transfer layer of donor material on a carrier substrate. An

additional step of chemical mechanical polishing (CMP) may

be carried out to fully remove the ion damaged portion of the

transfer layer and subsequently obtain surface roughness less

than 5-nm root mean square (rms). There are several challenges

associated with this technique. First, the implantation energy

and dose have to be properly chosen to facilitate the splitting

in the subsequent fabrication step. The optimum energy and

dose can be identified by a so-called blistering test. This test

was previously used in Smart-Cut technology to identify the

proper energy and dose for transferring bulk quality Si on oxide

coated Si substrate. Additionally, the definition of the resonator

boundaries requires anisotropic etch of the LN material. In the

past, fluorine-based reactive ion etch (RIE) recipes have been

developed for various cuts of LN with moderate etch rates [35].

These etch processes are highly physical and result in heavy

re-deposition. The post etch surface is very rough and sidewalls

are generally covered by LiF byproducts. Moreover, the etch

rate is low, ranging from 4 to 20 nm/min for various cuts of

LN. The low etch rate, along with the re-deposition, makes it

impractical to build high performance acoustic resonators with

such recipe. In this work, a -based RIE recipe is developed

for the first time to etch different cuts of LN, and its parameters

are listed in Table III. A Trion1 etch system is used. The etch

rates for various cuts are also listed in Table III, and resulting

sidewall profiles are shown in Fig. 4. The etch rate varies

for each cut and -cut is proven to be the most difficult to

form smooth etched surface due to heavy re-deposition of the

etch byproducts. The resulting sidewalls for - and -cut are

generally free of re-deposition and have sloped profiles. As

it will be further discussed, the sidewall profiles can have an

impact on the device and .

In this work, the fabrication process (Fig. 5) of LN microres-

onators starts with the ion implantation of the LN donor wafer.

A proper dose is chosen to enable high yield splitting at low

temperature 350 C . After the implantation, the donor LN

1Trion is a registered trademark of Trion Technology Inc., Clearwater, FL.



GONG AND PIAZZA: DESIGN AND ANALYSIS OF LN-BASED HIGH ELECTROMECHANICAL COUPLING RF-MEMS RESONATORS 407

Fig. 4. SEM images of RIE etched sidewall profile for various cuts.

Fig. 5. Flowchart for the LN MEMS resonator fabrication process.

wafer is adhesively bonded to a LN carrier wafer with a thin

layer of spin-on benzocyclobutene (BCB). This BCB layer

serves as a sacrificial layer for releasing the micromechanical

resonator. The sample then goes through heat treatments to

carry out splitting. The ion slicing technique allows a thin

film of bulk quality to be transferred on a carrier substrate for

micromachining. The film transfer in this work is done by an

external vendor, Srico Inc.2 Inter-digital fingers (5-nm Ti/60 nm

Al) are deposited on the LN thin film, followed by a Cl -based

RIE step described before to define the boundaries for the

resonant structure. Lastly, wet etch is used to remove the BCB

layer under the resonant structure. Critical point drying (CPD)

is performed to enable full suspension post BCB removal.

V. EXPERIMENTAL RESULTS AND DISCUSSION

A. Device Admittance Response

Two groups of devices with orientations from 0 to 160

to the axis in the -cut plane were fabricated on the

same sample to verify the optimal orientation for high electro-

mechanical coupling. The dimensions of the devices are listed

in Table IV.

Two fabricated devices are shown in Fig. 6(a) and (b). These

devices are measured at room temperature and in ambient

2Srico is registered trademark of Srico Inc., Columbus, OH.

TABLE IV
LN RESONATOR DESIGN PARAMETERS

Fig. 6. (a) and (b) SEM images of fabricated resonators (design 1 and 2) with
the dimensions listed in Table IV. (c) Zoomed-in view of the suspended LN thin
film and its sidewall. (d) Isotropic etch of BCB for device release. (a) Design 1.
(b) Design 2. (c) Suspended LN thin film edge. (d) Optical image of a released
device (design 1).

air with a vector network analyzer and probe station. A short

load open through (SLOT) calibration was performed to shift

the measurement reference planes to the probe tips. As seen

in Fig. 7, the finite-element analysis (FEA) performed with

COMSOL exhibits excellent agreement with the measured

results. The devices demonstrate a motional resistance as low

as 120 . Multiple resonances are excited and identified. For
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Fig. 7. Measured and simulated admittance response of fabricated LFE LN resonators with various orientations. (a) 30 . (b) 50 . (c) 60 . (d) 70 . (e) 120 .
(f) 160 .

example (Fig. 8), the device with an orientation of 40 to

axis shows two pronounced -mode resonances centered at

410 MHz [see Fig. 8(b)] and 520 MHz [see Fig. 8(c)]. The dis-

placement mode shapes confirm that the vibrations are indeed

mode. The spacing of the mode overtone resonances is

set by the overall width of the resonator, similarly to

previously demonstrated LOBAR devices [36]. The excitation

of multiple overtones is expected with devices using high

piezoelectric coupling materials such as LN. However, it is

not desired because it can subdue the energy coupling into

the intended fundamental mode, and therefore reduce the

achievable . Several techniques are currently under develop-

ment to predominantly excite only one of the overtones at the

desired center frequency. Several unwanted spurious modes are

also observed in the spectral vicinity of the mode overtones.

This is also commonly noted for lamb wave device. These

modes are identified as asymmetric modes (A0 like), as shown

in Fig. 8. Such asymmetric modes can be suppressed with op-

timized electrode patterns [37] and will be further investigated

for LN resonator as well. The device has also shown subdued

HBAR-type vibrations excited at the probe pads location. The

5-MHz spacing between adjacent resonances correspond to the

500- m LN substrate.

The experimental results are also summarized in Table V for

both designs covering all orientation. The fabrication yield re-

mains modest due to built-in stress gradient in the LN thin film.

Some of the released devices failed post release due to stress

induced cracking at the anchors.

B. Electromechanical Coupling and

The measured , as shown in Fig. 9, displays a lower value

than the simulated results. This is because the feed-through ca-

pacitance is not considered in the FEM model. To exper-

imentally characterize the feed through capacitance induced by

the probe pads, dummy structures shown in Fig. 10(a) were also

fabricated on the same die with different orientations. The feed

through testing structures have the same dimensions as the res-

onator devices, except that the IDTs are removed. The static ca-

pacitance and feed-through capacitance are both extracted from

the admittancemeasurements and plotted in Fig. 10(b) with sim-

ulated values also displayed. The difference between the

measured static capacitance and simulated can



GONG AND PIAZZA: DESIGN AND ANALYSIS OF LN-BASED HIGH ELECTROMECHANICAL COUPLING RF-MEMS RESONATORS 409

Fig. 8. (a) Measured and simulated admittance response of the LN resonator with an orientation of 40 to axis, with displacement mode shapes for each
resonance (b)–(d) highlighted. The zoomed-in view of the HBAR response excited by GSG probe pads is shown in (e), and the optical microscope image of the
measured device is shown in (f).

be readily accounted for given the measured . The high

value (around 60 fF) is due to the high dielectric constants of LN

(see Table II), and can be used to explain the mismatch between

the measured and simulated . Since is determined by the

testing layout, ground–signal–ground (GSG) probe pads with

larger separation can be used to minimize the feed-through ca-

pacitance. Larger resonators with a higher are also expected

to exhibit a lower impact of on .

C. Quality Factor

Theoretically, the is influenced by a number of damping

mechanisms [38] and its enhancement remains an active re-

search topic in the acoustic resonator community. The loss

mechanisms for MEMS resonators and their impact on device

performance are still under investigation [39]–[41]. Although

it is hard to pinpoint the sources of loss in the thin film LN

devices of this work, it is believed that the currently demon-

strated quality factors are far from the ultimate limit set by

the phonon–phonon dissipation in the piezoelectric material.

LN material is theoretically predicted [38] and experimentally

verified to have very low intrinsic acoustic loss [6]. The

limit for LN is as high as 5 10 , far exceeding other piezo-

electric materials (AlN, ZnO, and PZT) and silicon. However,

this figure is for bulk LN and the transferred thin film LN

has never been extracted and reported. Researchers have

investigated the distribution of implantation induced defects in

thin film LN along with methods of defect mitigation [42]. The

distribution of defects is critical to achieve high operation

since it can scatter the acoustic wave and degrade the material

. It has been shown that with post-implantation low temper-

ature annealing 350 C and polishing, the damage and

defects can be either mitigated or removed, restoring the orig-

inal high quality of the bulk material. Further investigations on

the impact of annealing on the device need to be performed

in order to understand the impact of this loss mechanism on the

thin film LN resonators of this work. Other loss mechanisms are

related to the metallization layer, especially intrinsic material

and interface losses. The devices demonstrated in this work use

aluminum as the electrode material due to its low acoustic and

interface losses [43] and high conductivity. The devices shown

in this work have a 300% enhancement in compared to

previous work from the same authors with Au electrodes [13].

The quality factors of these devices have also shown a depen-

dence on the device orientation. This is likely caused by the ori-

entation dependent sidewall definition (Fig. 11) in the developed

RIE recipe (Table III). The SEM images of the acoustic bound-

aries defined by RIE are shown in Figs. 4(a) and 6(c). It is clear

that a higher sloped sidewall is present at angles for which low

’s are also observed. The sloped sidewall is known to have a

detrimental effect on laterally vibrating resonator since the side-

wall serves as the acoustic wave reflector and nonstraight profile

can induce unwanted acoustic wave scattering. The slope can

also introduce unintended flexural modes and degrade the of

the desired mode [4]. The orientation-dependent sidewall defi-

nition in RIE is most likely due to the anisotropy of the LNmate-

rial. The quality factor of the devices with high electromechan-

ical coupling orientations are expected to improve significantly

once the RIE is further optimized to yield a straight sidewall pro-

file. The fabricated freestanding thin films also display warping
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TABLE V
EXPERIMENTAL RESULTS SUMMARY FOR THE FABRICATED RESONATORS ON THE SAME SAMPLE IN TERMS OF RESONANT
FREQUENCY , ELECTROMECHANICAL COUPLING , QUALITY FACTOR , AND MOTIONAL RESISTANCE

Fig. 9. Comparison between measured and simulated for LN resonators
with various orientations.

and bowing. Acoustic energy could leak into the carrier sub-

strate, and subsequently reduce if any contact between the

released thin film and carrier substrate is present. In order to

prevent the post-release thin film from contacting the carrier, the

anchoring mechanisms of these demonstrated devices (shown in

Fig. 6) are either based on fully tethered (design 1) or four corner

suspension (design 2) type of configurations. Nevertheless, the

released devices still exhibit an upward curvature due to stress

gradient built up in the fabrication process. It is believed that

this can have a number of effects on the device performance,

such as shifting the phase velocity by stress induced stiffening

and degradation of due to curvature induced acoustic wave

scattering. The large size anchors that were used could also be

introducing additional energy loss to the device surroundings. It

is believed that the device is still far from the ultimate value

possible with LN thin films and it is currently limited by the

fabrication process. The film stress gradient is currently being

experimentally studied, and better understanding and control of

the stress is expected to improve the device yield and enhance

the simultaneously.

Fig. 10. (a) Optical image of feed-though testing structure and (b) measured
static capacitance, simulated values and feed-through of the resonator
versus orientations.

D. Temperature Stability

The TCF for LN resonators with various orientations was also

measured. The measurements were performed with a TTP-6
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Fig. 11. Dependence of sidewall RIE definition on device orientation.

Lakeshore3 probe station and network analyzer. The devices

were cycled multiple times between 300–400 K with a step of

10 K, and admittance measurements were taken 5 min after the

target temperature was reached. Devices with orientations of 0 ,

30 , 50 , 70 , and 90 to axis were tested. The measured

TCFs are shown in Fig. 12. The device with a 30 orientation

shows the highest TCF of 67.8 ppm/K, while the device with

70 orientation shows the lowest TCF of 55.4 ppm/K.

The TCF of Lamb wave resonators can be analyzed with the

following simplified equation [4]:

(10)

where and are the linear coefficient of thermal expansion

in the plane and out-of-plane directions, respectively. Hence,

for -cut, is in the direction of the axis and is aligned

with the propagation direction of the acoustic wave. Thus, in the

case of -cut, the TCF can be approximately formulated as

(11)

where and are the coefficient of thermal expansion along

the orientation of the device within the – plane and axis,

respectively. can be calculated using tensor rotation [see (7)]

and the values used are listed in Table II. is the TCF

for the stiffness constant along the direction of acoustic-wave

propagation, which can be extracted by tensor rotation and pre-

viously reported TCF values for the stiffness matrix (Table II).

The calculated TCF versus device orientation is illustrated in

Fig. 13 with the measured values. The measurements exhibit

a good agreement with the theoretical predictions. The slight

mismatch between measured and calculated TCF for the device

oriented 70 to axis is most likely caused by the observed

high tensile stress in this orientation. It has been shown that ten-

sile stress can decrease the TCFs for double-clamped microme-

chanical resonators [44]. The TCF of laterally vibrating MEMS

3Lakeshore is registered trademark of Lake Shore Cryotronics Inc., Wester-
ville, OH.

Fig. 12. Measured TCF of LN resonators with various orientations. (a) TCF
measurement for the device oriented 30 to axis. (b) TCF measurement
for the device oriented 50 to axis. (c) TCF measurement for the device
oriented 70 to axis. (d) TCF measurement for the device oriented 90 to

axis.

resonators is lower than temperature uncompensated LN SAW

devices (85–110 ppm/K) [45]. Such TCF translates to a 0.65%

shift for a temperature range of 100 K. This is tolerable for wide-

band filtering, as most standards (GSM, CDMA, and ISM) have

a 3% or lager gap between transmitting and receiving bands.
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Fig. 13. Comparison between the measured and calculated TCF [see (11)]
versus device orientation.

TABLE VI
MEASURED BIFURCATION POINTS FOR LN MEMS RESONATORS

Fig. 14. Example power-handling measurements on LN resonator with an ori-
entation of 50 to axis. The output power of the network analyzer is listed
in the legend at various levels.

E. Power Handling and Nonlinearity

The nonlinear behavior and power-handling capability of the

LN microresonators were experimentally investigated by mea-

suring the admittance response at various power input levels to

identify the device bifurcation point. For MEMS resonators, the

bifurcation is defined as the input power at which magnitude or

phase shows a vertical slope in an amplitude-frequency sweep

and displays the verge of instability. This corresponding level

of input power can be considered as the highest level of power

that the device can handle before large nonlinearity is recorded.

The input power was swept from 10 to 10 dBm for devices

oriented at 0 , 30 , 50 , 70 , and 90 to axis. Their cor-

responding bifurcation power levels are listed in Table VI. The

power listed has been adjusted to take account the reflections

caused by the non-50- impedance of each resonator. An ex-

ample power sweep measurement is shown in Fig. 14 for the

device oriented at 50 to axis. The resonance peak bends

as the input power increases. At 6 dBm, the response exhibits

the verge of instability. The tested LN resonators display similar

nonlinearity and power handling capabilities as AlN -mode

resonators [46].

VI. CONCLUSION

The first laterally vibrating microresonators using ion sliced

-cut LN thin film were designed and fabricated. This new

type of devices is enabled by a novel fabrication process in-

volving ion slicing, adhesive bonding, and selective etching and

releasing. The design of such devices, including its orientation

within the -cut LN plane and electrode configuration were an-

alyzed with the FEM using COMSOL. The results indicate that

the is a function of the device orientation andmaximumwhen

the device is positioned between 30 –40 to axis. Multiple

prototype devices MHz , with an orientation span-

ning from 0 to 160 to axis, were fabricated and tested. The

device oriented 30 to has a of 11.5%, the highest among

any demonstrated laterally vibrating MEMS resonators to date.

This first prototype holds strong potential for enabling a new

wide bandwidth and reconfigurable RF filtering platform. De-

tailed characterization on device , static capacitance , TCF,

and power handling is also presented and analyzed. Future work

will focus on enhancing the resonator by optimizing the fab-

rication process, controlling the residual stress, redefining the

structural suspensions, and optimizing electrode design to sup-

press unwanted modes of vibration.
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