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Abstract

Microfabrication procedure of piezoelectric micro electro-mechanical systems based on 5 um
thick LiNbOs films on SiO/Si substrate at wafer scale including deep dry etching of thick
LiNbOs films by implementing pulsed mode of Ar/SFs gas was developed. In particular, two
(YXIt)/128°/90°LiNbOs3-Si cantilevers with tip mass were fabricated and characterized in terms
of resonance frequency (511 Hz and 817 Hz), actuation and acceleration sensing capabilities.
The quality factor of 89.5 and the electromechanical coupling of 4.8 % were estimated from
measured frequency dependency of electrical impedance, fitted by using BVD model. The
fabricated piezoelectric MEMS have demonstrated highly linear displacement with good
sensitivity (5.2840.02 um/V) as a function of applied voltage and high sensitivity to vibrations
of 667 mV/g indicating a suitability of the structure for actuation purposes and for acceleration

or frequency sensing with high precision, respectively.
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1. Introduction

Piezoelectric  micro-electro-mechanical ~ systems
(piezo-MEMS) are of special interest for a wvariety of
applications ranging from biological microdevices, printer
heads, integrated microphones, microactuators, acoustic
filters, sensors, energy harvesters, etc. 1. Furthermore, the
continuously increasing use of electronic devices requires
urgently to find environment-friendly sensors and transducers.
In the state-of-the-art of the piezo-MEMS, most of the
attention has been devoted to piezoelectric thin films of lead-
based materials such as PbZr1xTixOs (PZT) 2 or lead-free
piezoelectrics (KNbO3, BaTiOs, AIN, AlixScxN, ZnO, etc.)
3, deposited by physical or chemical deposition methods.
Lead based materials are known for their good piezoelectric

properties, PZT is one of most used material, it has a high
electromechanical transduction efficiency. It can be found at
industrial scale as ceramics or thin films, deposited mainly by
sputtering and sol-gel methods. However, Pb-based materials
represent an environmental issue and do not respect REACH
and RoHS regulations in EU. The fabrication maturity of ZnO
and AIN films and its compatibility with the conventional
integrated circuit technology makes these materials an
interesting alternative to Pb-based materials for piezo-MEMS
applications. AIN thin films are used for the fabrication of
bulk acoustic wave (BAW) filters and AlixScxN films,
offering higher electromechanical coupling than AIN, are
considered for the next-generation filters. However, AIN and
ZnO present relatively low electromechanical coupling in
comparison to that of the Pb-based materials. (K,Na)NbOs
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(KNN) thin films are considered as one of the most promising
materials for the replacement of PZT in piezo-MEMS [4[]
Recently, high-quality KNN thin films with piezoelectric
properties comparable to those of PZT at wafer scale were
reported (5[] LiNbOs3 single crystals is a well-known material
for photonic and micro-acoustic applications in
telecommunication industry. LiNbOs thin films were not
considered for the industrial applications in the fields of
acoustics and photonics due to difficulties to obtain grown
films with acceptable physical properties [60] until the
development of ion-slicing [7(] and bonding-polishing
methods of these films [8-10[] These technologies allow to
access single-crystalline-quality LiNbO; films  with
thicknesses in the range of 300-900 nm and above 1 pm,
respectively. LiNbOs wafer bonding and lapping/polishing
allows to access not only thick LiNbOs films in the range of
few microns to full wafer thickness but also a moderate price
for fabrication of custom heterostructures. It was
demonstrated that (YXIt)/128°/90° LiNbO; orientation
presents an electromechanical coupling as good as PZT in
bending mode and possibility to harvest vibrational energy at
low frequencies and meso-scale with the same high-efficiency
as that of PZT-based harvesters [8,110] Moreover, the high
Curie temperature of about 1170°C makes LiNbOs; of
particular interest for the actuators, sensors, harvesters
operating in harsh environment. Further developments of
electro-active devices based on LiNbOs such as actuators,
sensors or harvesters at MEMS scale need to be explored.

However, LiNbOs is highly chemically inert material at
ambient conditions, and this makes wet and dry etching of
LiNbO; difficult [12,13[] Hui and al. fabricated ridge
waveguides by combining chemical and physical etching. A
mixture of HF, HNOs and ethanol was used to etch 7.7 pm
depth, and to fabricate the interdigital lamellas with 2.6 pm
width and 2.8 um separation. To improve the anisotropy, they
used fluorine plasma etching in continuous-wave (CW) facing
the redeposition of LiF, which causes lowering the etching rate
and necessity to repeat cleaning and etching processes several
times [14[] The wet etching of LiNbO3, based on HF solutions,
is highly anisotropic [15[) very slow process, difficult to
control and to make selective with respect to other stack
materials. Therefore, mainly dry etching techniques and in
particular physical etching are considered for the fabrication
of optical micro-guides with etching rate of 30 nm/min [16]
Moreover, the dry etching remains limited to the sub-micron
depths. Consequently, the fabrication of MEMS based on
thick lithium niobate films and SiO2/Si substrate is still
challenging and requires development of specific deep dry
etching methods. For instance, Aryal et al. used proton
exchanged LiNbO; to prevent LiF formation and its
redeposition [17[]

In this paper, we report a microfabrication of piezo-MEMS
based on 5 um thick LiNbOs3 films on SiO/Si substrate. A
pulsed dry etching technique using Ar/SFes gas was developed
for this purpose. The fabricated LiNbO3-Si cantilevers with tip

mass were characterized in terms of resonance frequency,
actuation and acceleration sensing capabilities. The
experimental results were supported by finite element
simulation.

2. Microfabrication process

In this work, two clamped cantilevers (A/B) with the width of
0.6 mm / Imm and the length of 6.7 mm / 7 mm, based on
piezoelectric (YXIt)/128°/90° (hereafter 128°Y-Z’) LiNbOs
single crystalline film with thickness of 5 um, 37 pm Si and
the tip mass of 2 mm / 1.9 mm, was considered (the A
cantilever is illustrated in Figure 1). The parallel plate system
Au electrode system was implemented.

Wire bonding

Figure 1. Schematical representation of the geometrical dimensions
(in mm) of the A cantilever with tip mass, based on LiNbO3 (5um)
and Si.

A flowchart of the fabrication process of LiNbO; based
MEMS is presented in Figure 2. The first step was the Au-Au
thermocompression bonding of a 350 um thick 128°Y-Z’
LiNbOs wafer on a 536 um thick Si wafer with 1.2 um thick
SiO2 by using wafer bonder EVG501 (Figure 2 a). For this
purpose, 150 nm Au layer with 25 nm Cr adhesion layer were
sputtered on both substrates, then a uniaxial pressure was
applied to bring together the gold films to atomic distance. The
bonding process was done at room temperature to avoid
thermal stresses and pyroelectric charges which could damage
LiNbOs crystal. After bonding step, the LiNbOs is thinned
down to thickness of 5 um by means of mechanical lapping
and polishing processes (Figure 2 b). Then, a 5.6 um thick Ni
hard mask, deposited by electroplating on a sputtered (15
nm)Ti/(150 nm)Cu layers, was patterned on the LiNbOs
surface (Figure 2 c). The reactive ion etching was done by
using Corial RIE-CCP. Different etching parameters were
used for the Cu, Ti and LiNbO; layers. The Cu layer was
etched by using an Ar* plasma at room temperature (20 °C).
The RF power was 200 W, the chamber pressure - 10 mTorr,
and Ar flow - 100 sccm. A fluorinated chemistry was used to
etch Ti layer by using C2F¢/O2/Ar (50/20/2 sccm) gas and the
RF power of 150 W (Figure 2 d).

After etching the Ti/Cu layers, LiNbOs etching was done
by using the RF power of 200 W, the chamber pressure of 15
mTorr, the temperature of 20°C, and the SF¢/Ar gas ratio of
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50/50 scem (Figure 2 e). For shallow etching (etching depth <
1 um), the continuous mode can be used and allows attain
acceptable etching rate and roughness of etched surfaces. For
the deep etching, a strong roughness of etched walls was
observed (Figure 3). This roughness can be attributed to the
re-deposition of the used metal hard mask but also to the non-
volatile reaction products. This limits the etching depth by
means of continuous SF¢/Ar etching.
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Figure 2. Flow chart of the fabrication process of LiNbO3-Si based
MEMS: gold bonding of LiNbO; and Si wafers (a), LINbO; lapping
and polishing (b), sputtering of Ti/Cu and structuring of Ni hard
mask, grown by electroplating (c), Ti/Cu plasma etching (d),
LiNbOs plasma etching (e), Cr/Au/Cr plasma etching (f), hard mask
stripping using chemical etching (g), top electrode deposition on
LiNbOs (h), SiO; etching by HF solution (i), photolithography and
I* plasma etching of Si (j), photolithography and 2" plasma
etching of Si (k), final cantilever structure based on LiNbO3on Si

(0.

To overcome these issues, a new process with pulsed gas
flow as a function of time was developed. Meanwhile, pulsed
mode of RF power input offers promising way to expand the
range of operating conditions [18,191for MEMS and MOS
technologies. Usually, two main parameters characterize the
RF pulse: pulse duty cycle and pulse frequency. The latter is
defined as the ratio between the pulse ON time and the total
pulse sequence time. By varying the pulse frequency and the
duty cycle, pulsed plasmas provide additional “control knobs”
in which primary plasma properties, such as electron

temperature, ion/neutral flux ratio, ion/electron densities, and
plasma potential, can be controlled [20,21[] Pulsed ICP
reactors contributes to minimize plasma induced damage. It
was reported that reduced damage is due to charging effects
[22-24[) reduced surface damage [25,26[, reduced ion
energies [27-29) reduced UV damage [30,31[] increased
plasma uniformity [32,33[7and an increased selectivity [19,
34[] In the case of LiNbQO3, the first sequence of the etching is
based on an etching with SFe/Ar gas like in the continuous
mode. In the second sequence, the SFs flow is disabled and
only the Ar" etching is used (Figure 4), which helps to remove
the re-deposited hard metal mask and non-volatile by-products
in the bottom of the trenches. The etched depth is no longer
limited by the redeposited matter, and it only depends on the
thickness of the hard mask used.

Figure 3. SEM image of the etched sidewall in LINbO3 by using
continuous SF6 /Ar* etching.

The Cr/Au layers, used for bonding process, are used as a
detection layer for the end of LiNbOs etching by means of
optical emission spectroscopy. After verifying the complete
etching of LiNbOs over the entire wafer surface, another
etching process was done to etch the Cr/Au layers by using
Ar" plasma (RF power of 200 W, the chamber pressure of 10
mTorr, the temperature of 20 °C, and the Ar flow of 100
sccm), which allows to remove the two layers by a physical
sputtering effect (Figure 2 f). The etching rate of Ni mask was
3 nm/min and that of LiNbO; — 28 nm/min, resulting in
selectivity of 9. The remaining Ni/Cu/Ti hard mask was
removed using wet etching process and the wafer was cleaned
using RCA bath (H20, H202, NH4OH) in order to remove all
the defects, present on the walls and the bottom trenches
(Figure 2 g). A lift-off process was then used to structure the
top Cr/Au electrode, deposited by sputtering (Figure 2 h).
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Figure 4. Continuous Ar and sequenced SFs gas flows during
pulsed reactive ion etching of LiNbO:3.

Afterwards, the wafer was structured on the silicon side.
First, the 1.2 um SiO2 was removed from the Si surface using
HF solution (Figure 2 i) and AZ40XT resist with thickness of
6 pm was patterned on the Si surface by means of UV
lithography. For the silicon etching, pulsed mode was used,
and the process parameter concerned by the pulsing was the
RF power. In order to achieve deep silicon/SOI wafers the
Bosch process [35,36(lis the most used in the MEMS/MOEMS
and piezo-MEMS technologies. This process consists of the
cyclic isotropic etching and fluorocarbon-based protection
film deposition by gas switching. The SF¢ plasma cycle etches
silicon, and the CsFs plasma cycle creates a protection layer.
Therefore, The Bosch process using deep reactive ion etching
(DRIE, SPTS), based on the repetition of 3 steps (CaFs
deposition, etching of polymer by SFs, and isotropic etching
by using SFs) was implemented for Si etching in this work, as
well [37[] Optical emission spectroscopy (OES), based on the
light emitted from the plasma during etching processes, was
used to detect by-products. When the etching is completed, the
plasma chemistry changes, and detection of this difference
indicates the end-point. First, the depth of 100 um in the Si
wafer was etched (Figure 2 j) and then the second photoresist
mask was patterned, and the same etching process was
repeated to release completely the structures (Figure 2 k).
Figure 5 shows the final edge of LiNbOs single crystalline film
on silicon after complete Si etching. The verticality of the
LiNbO; walls was of 69.5°. Finally, the wafer was cut into
separate devices by using femtosecond laser, which were wire
bonded to a gold printed circuit board (Figure 5).
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Figure 5. SEM image of LiNbO3-Si based MEMS after the Bosch
process (left) and photo of LiNbO3-Si MEMS cantilevers wire
bonded on printed circuit board (right).

3. Electro-mechanical characterization

The electrical impedance of fabricated LiNbOs-Si
transducer (A cantilever, its geometrical parameters are
defined in Figure 1) was characterised using a network
analyser, Bodel100 (Omicron Lab, Austria) with a resistive
bridge calibrated at 1 kQ. The data was acquired from 450 Hz
to 600 Hz at room temperature and interpolated using a
Butterworth Van-Dyke (BVD) equivalent circuit (Figure 6).
The electrical parameters of the electrical circuit were
extracted: the inductance, L, of 11.188 kH, the capacitance, C,
of 8.71 pF, the resistance, R, of 405 kQ, and the parallel plate
capacitor, Co, 170.93 pF. The series and parallel resonant
frequencies, f; and f;, respectively, mechanical quality factor,
Q, and electromechanical coupling factor, K% of the
transducer were calculated using these equations:

1 1

fs =5 e (1
hh=f JlT— , o)
Q=12 G)
K3y =22k @

The f; of 509.8 Hz, f,, of 535.8 Hz, Q factor of 89.5, and
the electromechanical coupling, Kezf £, 0f 4.8 % were estimated
from BVD equivalent circuit fitting data.
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Figure 6. Experimentally measured impedance of fabricated
LiNbO:;s-Si transducer (A cantilever) as a function of frequency, and
its fitting by using BVD model.

The mechanical displacement under electrical excitation at
resonance frequency was measured by using MSA-100-3D
Micro System Analyzer (Polytec GmbH, Germany). An
amplitude of 22 pm was measured at 4 Vrwms (root mean
square) in resonance mode at 511 Hz as shown in Figure 7.
The resonance frequency and the maximum displacement,
measured experimentally, are in a good agreement with the
simulations done by COMSOL Multiphysics (USA) using the
geometrical parameters of the cantilever (Figure 1) and the
elastic properties of silicon and LiNbOs. At resonance
frequency, the displacement amplitude of about 30 pm was
simulated for the excitation voltage of 4 V (Figure 7).

Figure 8 shows the mechanical displacement and quality
factor of the first cantilever (Figure 1) measured at resonance
frequency (511 Hz) as a function of excitation voltage. One
can note the high linearity of displacement with efficiency of
5.2840.02 pm/V for the actuation voltage range 0 - 5 V. The
studied cantilever broke at Vrms > 5 V indicating the limit of
the elastic regime. Meantime, the quality factor reduced from
507 at voltage of 0 V to 474 at 5 V. The non-linearity of the
quality factor indicates probably a higher order viscous term
that can probably be due to air friction.
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Figure 7. Frequency dependence of mechanical displacement of

fabricated LiNbO3-Si cantilever (4) under excitation voltage, Vs,

of 4 V. Simulated deflection of the cantilever with the equivalent
geometrical parameters (as defined in Figure 1) and under the
same excitation voltage is given in the inset.
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Figure 8. Displacement amplitude and quality factor of LINbO3-Si
cantilever with tip mass (A cantilever with geometrical parameters
given in Figure 1) as a function of actuation voltage at resonance

frequency of 511 Hz.

A new beam with tip mass with width of 1 mm, length of 7
mm and tip mass of 1.9 mm, consisting of 5 um thick LiNbOs3
on 37 um thick Si wafer (B cantilever), was used for the
accelerometric sensor calibration. The characterisation setup
was composed of the beam clamped on a shaker, an
accelerometer, a function generator with power amplifier and
an oscilloscope with 10 MQ (x10) impedance. The output
voltage was measured at different acceleration values from
0.15 g to 0.6 g, as shown in Figure 9. The resonance
frequency, estimated from maximum voltage response, was
818 Hz and 820 Hz at acceleration of 0.15 g and 0.6 g,
respectively. The frequency dependence of generated voltage
was asymmetric with respect to the resonance frequency and
these nonlinearities were dependent on the acceleration
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amplitude. Moreover, the hysteresis during frequency
sweeping up (from low to high frequency) and sweeping down
(from high to low frequency) was observed (Figure 10). Such
nonlinearities are commonly observed in piezoelectric
responses [38[] The nonlinearity and hysteresis can be
attributed to friction, but also to damping [38[Jand to higher
harmonic mode coupling [400] The LiNbOs3-Si transducer
could be considered as a sensor of low accelerations up to 0.58
g with the linear relationship between the generated voltage
and the acceleration of 667.1 + 7.9 mV/g (Figure 11).

400
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Figure 9. Generated voltage by LiNbOs-Si cantilever (B) as a
function of mechanical excitation frequency at various acceleration
amplitudes (frequency sweep up).

400
—=—06g

350 4 —eo—Down 0.6 g

\Y
w
<}
1S3

1

Voltagerms (mV)
- N N

()] o (o))

o o o

1 1 1

100 4

810 820 830
Frequency (Hz)

800 840

Figure 10. Voltage response of the LiNbO3-Si cantilever (B) with tip
mass as a function of frequency sweeping up and down at
acceleration of 0.6 g.
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Figure 11. Voltage response of the LiNbO3-Si cantilever (B
cantilever) with tip mass as a_function of acceleration at resonance
frequency of 817 Hz.

3 Discussion and concluding remarks

Wafer scale microfabrication of lead-free piezoelectric
MEMS transducers, based on thick LiNbOs films, has been
demonstrated. The main challenge of deep etching of thick
LiNDbO; films was overcome by developing the pulsed Ar/SFs
etching, which enabled to etch LiNbOs thickness of 5 pm in
one step with etching rate of 28 nm/min, which is similar to
the rate attained by physical etching, used for sub-micron
LiNbOs structures [16L]

The resonance frequency of LiNbO3-Si cantilever with the
total area of 4.02 mm? (dimensions of 6.7 x 0.6 x 0.042 mm?)
was 511 Hz, which is in the range of low frequencies attained
for the piezoelectric MEMS scale (devices with surface area
<10 mm?). For example, for the resonance frequency of PZT-
Si and AIN-Si cantilevers with tip mass and the area of 0.32
mm?/2.5 mm? and 2.25 mm? were 870 Hz/2300Hz [41,42(]
and 1041 Hz [43[] respectively. In the MEMs scale
piezoelectric transducers, one of the lowest resonance
frequency of 20-30 Hz was attained by using the cantilevers
based on thin-film silicon and parylene substrates [44[but
with very big tip mass.

The electromechanical coupling of 5%, measured for the
LiNbOs-Si cantilevers, presents an improvement with respect
to  previously reported value of 0.7%  for
(YXIt)/163°/90°LiNbO3-Si cantilever (450 The
electromechanical coupling of 14.8 % was reported for the
transducer based on 20pm thick PZT [2[) The comparison of
geometrical parameters of these devices and their resonant
frequencies in line with electromechanical coupling is given
in Table 1. Considering that (Y XIt)/128°/90°LiNbOs and PZT
present similar material coupling for actuation and mechanical
energy harvesting [8[) further optimization of geometrical
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parameters is needed to further maximise the performance of
the electro-active MEMS based on LiNbOs.

Table 1 Comparison of dimensions (length x width x thickness in
mmy), resonance frequency, f,, and K> for cantilevers based on
piezoelectric films.

Material stack Dimensions Mass tip fr, K2,
Hz %
(YXIt)/163°/90° | 6.5x0.8x0.12 No 4096 | 0.7
LiNbOs-Si (450
(YXIt)/128°/90° | 6.7x0.6x0.041 (2x0.6x0.5) 511 4.8
LiNbO;-Si
Ni/PZT-Si (2] 5.75x10.8x0.05 Si 91 14.8
5.75x10.8x0.5
Ni
5.75x10.8x0.17

The capacitance of the studied LiNbOs3-Si MEMS
transducer was 0.25 nF while the capacitance in the range of
1 nF is required for the energy harvesting applications. In the
case of vibrational energy harvesting applications, further
optimization of geometrical parameters is needed to bring the
resonance frequency below the 100 Hz and to increase the
impedance of the transducer in order to attain impedance
matching with the harvesting circuit and to increase the
harvested power level. However, the main application fields
of electro-active MEMS are actuators and sensors. The
fabricated MEMS, based on LiNbOs thick layers, have
demonstrated highly linear displacement with good sensitivity
(5.284£0.02 um/V) as a function of applied voltage indicating
a suitability of the structure for actuation purposes. Moreover,
the voltage response of 667 mV/g might be considered for
acceleration or frequency sensing with high precision.
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