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Abstract— High overtone Bulk Acoustic Resonators (HBAR)
have been realized using the Smart Cut™ technology to transfer
a thin X-cut LiNbQj; layer onto an X-cut LiNbQOj; substrate.
When the bonding of the two wafers is performed, an additional
rotation along the normal axis is set to generate mode
conversion between the two acoustic shear waves
electromechanically coupled in X-cut LiNbO;. This enables
excitation of only one of the two acoustic shear waves.

I.  INTRODUCTION

As the demand for frequency sources or filters for
embedded communication systems is still increasing, High
Overtone Bulk Acoustic Resonators (HBAR) are considered
as solutions for applications requiring very high quality factors
- tens of thousands - at GigaHertz frequencies. Among Very
Large Scale Integration devices, rare are those able to face
such specifications. The state of the art of Quality factor
versus frequency is still hold by Lakin et al. [1] with a
maximum of 1.1.10" obtained with a thin Aluminum Nitride
film on top of a 650 microns thick sapphire substrate. More
recently, Lithium Niobate (LiNbOs) has been investigated as
single crystal layers on t01p of several substrates. Gachon et al.
[2] have obtained 8.1.10" with grinded Y+36 Lithium Niobate
films down to 30 microns bonded via a thin gold layer on a
Lithium niobate wafer and 5.2.10" with the same process but
on a sapphire substrate. On a similar structure we present in
this paper - with a different purpose - we obtained 7.9.10" on
HBAR realized thanks to the Smart Cut™ technology applied
to piezoelectric layers. 3 inches sub-micron thick X-cut
lithium niobate layers were successfully transferred onto
lithium niobate wafers [3,4].

Thin piezoelectric layers are easily obtainable from
standard microelectronic deposition techniques. However, for
Bulk Acoustic Wave resonators for example, sputtered AIN
layers are widely known to be non single crystal. Layer

transfer techniques such as grinding polishing or Smart Cut™
technology preserve the integrity of the single crystal
materials [5,6,7]. As those layers are both used as transducers
and propagating medium, the quality of the thin film has a
major impact on performances. One illustration is a band pass
filter where a higher quality factor will lead to steeper skirts
and thus to easier specifications matching.

Furthermore, the possibility of choosing crystalline
orientations of the thin layer is a tremendous advantage
compared to deposition techniques. Although AIN grows
easily along the c-axis, extreme difficulty appears when one
wants growth along a more interesting orientation [8,9]. This
extra degree of freedom allows temperature compensated
orientations, improved electromechanical coupling factor or
the choice for shear or longitudinal waves propagating in the
device.

In this paper, we describe a method to convert the two
shear waves piezoelectrically coupled in X-cut lithium niobate
into a single one. The way is an additional rotation performed
when the two wafers are bonded together. The resulting device
presents a misalignment between the in-plane axis of the
piezoelectric thin layer and of the substrate and hence a mode
conversion between the two shear waves occurs. A single
wave propagating into the substrate might be obtained while
choosing the proper angle.

As a beginning, X-cut Lithium Niobate HBAR devices
will be introduced, followed by the experimental process
focusing on the Smart Cut™ approach and the additional
rotation set for the mode conversion. Finally RF
characterizations as well as simulations will be presented to
demonstrate the conversion of the shear waves in this device.
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II. HIGH OVERTONE BULK ACOUSTIC RESONATORS

A. HBAR devices

For filtering applications, Surface Acoustic Wave
resonators (SAW), Film Bulk Acoustic Resonators (FBAR)
and Solidly Mounted Resonators (SMR) are the three main
kinds of acoustic based devices. SAW resonators are opposed
to FBAR and SMR as the acoustic wave generated by an
InterDigitated Transducer (IDT) is propagating along the
surface of the piezoelectric layer. For FBAR and SMR, a
“sandwich” of metal — piezoelectric layer — metal is generating
the acoustic waves propagating in the bulk of the piezoelectric
layer. For FBAR and SMR, when considering only the
piezoelectric layer, mechanical resonances exist when half a
wavelength of the acoustic wave is an odd multiple of the
piezoelectric thickness.

How works a High overtone Bulk Acoustic Resonators
(HBAR) is slightly more difficult to understand as it includes,
beyond the traditional “sandwich” metal / piezoelectric /
metal, a substrate with a much larger thickness (fig.1). An
HBAR device is hence divided into two different parts:

e The metal-piezoelectric layer-metal stack is the
transducer and converts the electrical signal into a
mechanical acoustic wave.

e The substrate is the main acoustic wave propagation
medium and mechanical resonances are observed
when the substrate thickness is a multiple of half a

wavelength.
Electrodes LiNbO, Thin film
; LiNbO, Substrate
Propagating
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Figure 1. High Overtone Bulk Acoustic Wave Resonator (HBAR) principal

with LiNbOj; thin film and substrate.

As the first harmonic of an HBAR approaches tens of
MegaHertz, RF characterizations at gigahertz range give an
outlook of higher order overtones of the first resonance.
Furthermore, these high order overtones are modulated by the
response of the thin piezoelectric layer. Indeed such a
modulation is corresponding to the behavior that the thin
piezoelectric layer would have if the effect of the substrate
were decoupled. From the corresponding envelop one can
extract an approached value of the electromechanical coupling
factor of that layer.

B. X-cut LiNbO;

Bulk lithium niobate has been largely investigated for
SAW devices. A large number of 3 inches and now 4 inches
single crystal wafers are produced for the filters or resonators
industry. Its large electromechanical coupling factors
contributed to its success. For BAW purposes, X-cut lithium
niobate is still really interesting to study owing to its two
electromechanically largely coupled acoustic shear waves.

Although the fastest one (4000 m.s™) is already largely
coupled (kt? = 20%) compared to traditional AIN (ktZ2 = 7%),
the slowest one (3600 m.s'l) reaches a theoretical maximum
value of kt? = 45%. For a resonant frequency above the
GigaHertz, thickness of X-cut lithium niobate has to be below
1 micron.

III. EXPERIMENTAL PROCESS

A.  Smart Cut™ process applied to piezoelectric media

Obtaining thin layers of single crystal piezoelectric
materials is a real challenge. Previous work shows examples
of LiNbO; reported via Smart Cut™ technology [10].
However, such work was focused on Surface Acoustic Wave
devices. For BAW resonators, a similar technique can be
employed comprising an extra metallic layer which will be
used as the bottom electrode (fig.2). Although it was only on a
lem? sample, efficiency of such technique has already been
proved with a thin LiNbOj; layer/Ag layer/Si wafer by Diest et
al.[11].

In our paper, a full 3” transfer has been obtained using
Smart Cut™ technology, including an embedded metallic
electrode. The process flow used for the fabrication of our
devices is as follows:

e A stack comprising metallic electrode and silicon
dioxide is deposited on donor wafer ‘D’

e Helium ions are implanted on the donor wafer ‘D’
thus creating an implanted zone at a defined depth.

e Molecular bonding is achieved between the donor
wafer and a handle wafer with a silicon dioxide layer.
The bonding is followed by the splitting occurring at
the implanted depth.

e Chemical Mechanical Polishing may then be used in
order to remove the damaged top LiNbO; layer,
recover a roughness comparable to starting material
and adjust the thickness of transferred layer.

e Finally, platinum is deposited by evaporation and
etched with an Argon-assisted Ionic Beam milling
Etching (IBE) technique to pattern the top electrode.
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Figure 2. Smart Cut™ process applied to piezoelectric material.
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Successful transfer of 3 inches single crystal X-cut LiNbO;
layer of 800 nm thick was achieved (fig. 3.a). High Resolution
TEM (fig. 3.b) images as well as XRD measurements were
proofs to demonstrate the single crystal quality of the
transferred layer [4].

Figure 3. (a) Full 3 inches LiNbO3 800nm layer transfer. (b) HRTEM of

LiNbO; transferred layer, no extended defects is seen.

B. Additional rotation for mode conversion

This step occurs during the molecular bonding which is
performed with a handling wafer with X direction upwards
and a donor wafer with X direction downwards. Then the
alignment of the in plane axis of the two wafers is realized.
Usually, effort is made to align the in plane axis of the donor
wafer with the corresponding one of the handling substrate. A
rotation along the normal axis (X axis for the X-cut) when the
bonding is achieved will have consequences on the device and
how acoustic waves propagate. In this paper we intentionally
exploit this misalignment in order to convert acoustic waves

(fig. 4).
Donor Handling wafer
wafer Wafer
bondm
Additional
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Figure 4. Additional rotation along the normal axis of wafers during the
molecular bonding.

C. RF measurements

Samples were characterized using a two port electrode
design via a Vector Network Analyzer HP 8§753ES and SOLT
calibration. Room temperature characterizations were
performed between 1942 MHz and 1958 MHz to focus only
on four resonances of the HBAR.

IV. MODE CONVERSION

The aim is to exploit the two shear waves and to
demonstrate the possibility of mode conversion.

A. Principal

When the RF voltage is applied, the metal / piezo / metal
stack is transducing the electrical signal into mechanical
deformations.

e  First, the acoustic waves created in the X-cut LiNbO;
are two shear waves as explained previously. Analogy
with electromagnetic waves has been demonstrated in
previous work [12,13] and those two shear waves can
be compared to a polarized EM wave.

e Below the thin LiNbO; piezoelectric layer, the
amorphous materials have no influence on the
polarization.

e Finally, the acoustic wave reaches the LiNbO; wafer
which is an anisotropic media. Mode conversion
between the two shear waves occurs because of the
rotation between the axis of the thin layer and the axis
of the substrate. Such a conversion is analogous to a
polarizer mechanism for electromagnetic waves:
polarization changes from elliptical (the two shear
waves are excited with different amplitudes) to
circular (the two shear waves are excited with the
same amplitude) or linear (only one shear wave is
excited).

Due to the large thickness ratio between the substrate and
the thin lithium niobate layer, the measured impedance,
focused on overtones of the HBAR, reveals mainly the
behavior of acoustic waves propagating into the substrate.
Thus from the elliptical polarization of two shear waves it is
possible for HBAR to obtain a single shear wave i.e. a linear
polarization.

B. Simulations approach

The concept of mode conversion is validated with acoustic
simulations based on the scattering matrix method [14]. From
material constants [15], crystalline orientations and
thicknesses of the constitutive layers of the HBAR, mode
conversion can be demonstrated. Fig.5 shows the real part of
admittance of the HBAR for several angles of the additional
rotation:

e (° rotation is the standard where two shear waves
propagate along the X axis in X-cut LiNbO; , causing
an elliptical polarization.

e -20° rotation exhibits the total conversion of the two
shear waves into a single one: the fast shear wave,
which corresponds to a linear polarization.

e +22° rotation is the angle enabling a circular
polarization: the two shear waves have similar
amplitudes.

e  +70° enables mode conversion of the two shear waves
into the slow shear wave.
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Figure 5. Evolution of the behavior of the two shear waves with the angle

of rotation.

Simulations were also performed to fit RF measurements
exposed in the next part. Real parts (fig.6 and fig.7) exhibit
perfect matching between measured and simulated data.

C. Characterization

Fig.6 and fig.7 show both experimental data and
simulations of the real part of impedance versus frequency.
HBAR with no additional rotation is shown on fig.6 and
exhibits the two shear waves piezoelectrically coupled in X-
cut lithium niobate. The polarizing effect of the additional
rotation is then experimentally demonstrated on fig.7 where

the slow shear wave is the last one propagating into the
substrate.
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Figure 6. Both shear waves are propagating without the additional rotation.
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Figure 7. Mode conversion of the two shear waves into a single one when
the additional rotation is set.

V. CONCLUSION

Mode conversion in High overtone Bulk Acoustic Wave
Resonators has been demonstrated by simulations and proven
by RF measurements. Layer transfer appears to be a real
advantage as single crystal is employed and the orientations
can be chosen. Nature of the acoustic waves, temperature
compensated cuts, coupling factors and here mode conversion

are extra possibilities which are not accessible to deposited
layers.
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