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Abstract: The micro-electro-mechanical systems (MEMS) resonant scanners are in great demand
for numerous light scanning applications. Recently, the development of LiDAR in micro-robotics
and mobile devices has led to the requirement of ultra-small systems with low driving voltage, low
power, compact size and high performance. We have first proposed the dual-axis MEMS scanner
using the lithium niobate (LN) thin-film platform, which is expected to fulfill the requirement. This
paper describes the actuation principle and scanner structure, meanwhile develops the analytical
model for the scanner. The analytical model is later validated by the finite element analysis. The
performance of the proposed scanner is improved with the optimization of the orientation of LN and
layer thickness. The proposed scanner achieves the Oopt - D - f up to 937.8° - mm - kHz in simulation.
The simulated optical angle in the x-axis and y-axis are 50° and 42° at 1 V, corresponding to resonant
frequencies of 79.9 kHz and 558.2 kHz, respectively. With the superior performance of large deflection,
high scanning frequency, high figure of merit and low voltage, the proposed MEMS scanner is a
promising candidate for fast scanner applications (e.g., wavelength-selective switches and submicron
biomedical system), especially the application of LIDAR in mobile devices or micro-robotics.

Keywords: dual axis; MEMS resonant scanner; resonant actuator; micro scanner; piezoelectric;
lithium niobate

1. Introduction

Micro-electro-mechanical systems (MEMS) scanners have been widely adopted in
light scanning applications, such as wavelength-selective switches (WSS) [1], projection
displays [2], light detection and ranging systems (LiDAR) [3,4] and submicron biomedical
systems [5]. The MEMS resonant scanners provide better performance for these applications
in terms of compact size, high scanning speed, low power consumption, ease in micro-
fabrication and integration compatibility [5,6]. The two-dimensional (2D) MEMS scanner
significantly reduces the scale and complexity of the optical systems, meanwhile greatly
reduces the size and weight of LIDAR scanners [7]. Recently, the development of LiDAR
in micro-robotics [8] and mobile devices [9,10] has led to the requirement of ultra-small
LiDAR scanners with low driving voltage, low power, compact size and high performance.

The performance of the 2D scanner is indicated by the pixel scanning rate which is
determined by Oopt - D - f product [6,11], where Oqpt is four times the mechanical deflection
angle 0;,0ch [12], D is the scanning optical aperture (mirror size in the scanning direction)
and f is the fast-axis scanning frequency. These three metrics are always pursued by
various applications since the horizontal pixel count is determined by qpt - D product,
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and the vertical pixel count is determined by the scanning frequency f. To facilitate easy
comparison of MEMS scanner operating at a different frequency, the figure of merit (FoM)
is defined as Oopt - D - f in this work.

There are mainly four categories of the actuation mechanism for MEMS scanner,
including electrostatic (ES), electromagnetic (EM), electrothermal (ET) and piezoelectric
(PE). The ES actuation scheme [13-16] is the most mature scanning method, comprises
the vast majority of the publication and achieves great success in the commercial market
because of fabrication compatibility with Si-based MEMS devices and ease of integration
into the entire system. It offers a fast scanning speed of up to tens of kilohertz (kHz) and low
power consumption. However, the cost of ES actuation devices is relatively high because
of complex multilayer MEMS process and high driving voltage which is typically more
than 50 V. Due to the pull-in phenomenon, ES actuation devices are sensitive to inexactness
in micro-fabrication and prone to fail over large travel ranges [17]. The EM actuation
scheme [18-21] utilizes the Lorentz force generated by the coil. It offers high linearity, low
voltage and large displacement, but the high conducting current inside the coil consumes
power of tens to a hundred milliwatt, and the strong magnets take up significant space. The
EM actuation scheme also requires magnetic shielding, which make it difficult to shrink the
total package size. The ET actuation scheme [22-24] generates the motion by the thermal
expansion difference of two materials. ET actuation provides low driving voltage and a
relatively simple fabrication process that only involves common thin-film materials, but it
has difficulty in achieving a high scanning frequency of 1 kHz due to ET devices’ inherently
long response time.

The PE actuation scheme has natural advantages compared with other methods for
applications with low driving voltage, low power and compact size. First, the driving
voltage of PE actuation drops by at least an order of magnitude compared with ES actuation
when achieving a given displacement in structures of the same stiffness, because the PE
actuation has the highest energy density and efficiency among the four methods [25-27].
Second, PE actuation has a low power consumption similar to ES actuation thanks to the
voltage-driven scheme, while more than 95% of input energy in current-driven schemes
(EM and ET actuation) is turned into heat [25,26]. Third, contrary to the EM actuation,
the PE scheme has a small package size and provides better integration capability, since
bulky magnets or any hard-to-integrate magnetic materials are not required. Moreover,
the closed-loop control of PE actuators can easily be implemented without any additional
process or material by measuring the deflection from the piezoelectric voltage of the
separated electrode or the piezoelectric charge [6].

The existing PE-actuated MEMS scanners need to compromise between performance
and compatibility of complementary metal-oxide-semiconductor (CMOS) process . Cur-
rently, the mature piezoelectric thin films for MEMS scanners mainly include PZT [11],
ZnO [28], AIN [29], and ScAIN [30]. PZT contains a toxic Pb element, which is unsuitable
for biomedical applications and is considered a contamination element in the CMOS pro-
cess. Besides, the quality of PZT sputter film is much lower than bulk material [27,31]. ZnO-
and AlN-based scanners are CMOS compatible, but they suffer from low deflection per
voltage due to the limited piezoelectric coefficient of e3;.

The emerging LN thin-film might be a promising platform for MEMS resonant scan-
ners. The LN thin-film is widely used in optical [32-34] and acoustic [35,36] research
and is commercially available. Compared with PZT, the transferred single-crystal LN
film provides comparable piezoelectric coefficients, high quality factors, smooth surface
and ultimate high strength. More importantly, the LN thin-film on the insulator can be
fabricated by CMOS-compatible processes [37]. Recently, a MEMS scanner using 36°Y-cut
LN thin-film [38] was firstly demonstrated, with an optical angle of 46.4° at 1.27 MHz with a
measured FoM of 2363° - mm - kHz in vacuum and 1582° - mm - kHz in air. The demonstra-
tion shown the great potential of LN thin-film for MEMS scanner applications. However,
the demonstrated scanner can only perform 1D scanning, since 36°Y-cut LN only has a
maximum ej¢ at one specific in-plane angle.
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In this work, we have proposed a LN thin-film based 2D MEMS scanner. The chapters
are organized as follows. Section 2 describes the principle of e;4 torsional actuators, the op-
timal orientation of LN thin-film, structure and mode shapes of the proposed scanner. We
utilize the unique property of LN in certain orientations with two e;4 maximum values in
the plane. Section 3 develops the mathematical analytical model for the proposed scanner,
which helps to estimate the performance roughly and gives an intuitive insight into the
relationship between f, 8, FOM and geometric parameters. Section 4 shows the simulation
results in the finite element analysis (FEA) software COMSOL Multiphysics. The results
of the FEA and analytical model are in agreement, which validates the availability of the
analytical model. In analysis, the designed MEMS resonant scanner exhibits high FoM, low
driven voltage and high driving efficiency (deflection per volt).

2. Principle and Structure
2.1. Principle of ey Torsional Actuator

The e driven principle is rarely mentioned, possibly due to the lack of strong ej4
piezoelectric thin-film. The commonly used piezoelectric thin-film, such as PZT, AIN,
ZnO and AIScN, ey is zero, while LN has a strong e14 up to —4.5 C/m?. On the contrary,
the driven principle of e3; actuators have been well studied. In order to facilitate under-
standing and comparison of the difference between two driven methods, the e3; driven
principle is briefly introduced first.

The section view of e3; torsional actuator is shown in Figure 1a, which consists of two
cantilevers and a torsion bar. Two cantilevers are fixed at one end, and the torsion bar is
perpendicularly connected to the middle. Via the piezoelectric coefficient e3; translates
the E-field in z direction to the strain/stress in x direction, the voltage in opposite polarity
generate opposite stress. Due to the difference in stress between the piezo and elastic layers,
the cantilevers are bent up or down [39]. The bending motion of two cantilevers twist
the middle point and then rotates the torsion bar, which is shown in Figure 1b. The e3;
actuators drive the torsion bar indirectly, and the stress/strain of them can only act on the
root of the torsion bar.

@) Piezo layer Electrode (b)
/
Disp.
Elastic layer Torsion bar i (M2
(Min)

(© (d)

Piezo layer  Electrode

© ®

Elastic layer

Rotation

Figure 1. (a) Section view of the e3; torsional actuator; (b) 3D deformation of the e3; torsional
actuator; (c) Section view of the e14 torsional actuator; (d) 3D deformation of the e14 torsional actuator.
The white arrows, orange arrows and black dashed arrows in this figure represent the stress, electric
field and rotation direction, respectively.

Contrary to the e3; torsional actuators, the e actuators generate stress over the entire
torsion bar and convert the voltage into the driven force directly, consequently achieving
high deflection. The section view of the ej4 torsional actuator is shown in Figure 1c.
There are two electrodes covered on the torsion bar. When the voltage is applied to
each pair of electrodes, the E-field generates in x direction. With the e;4 piezoelectric
transduction, a pair of opposing stresses are generated in the xy plane along the electrodes.
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One electrode produces tensile stress and deflects downwards, and the other electrode
generates compressive stress and deflects upward. So, the torsion bar rotates around the
y-axis, which is shown in Figure 1d.

With eq4 actuation principle, the 2D scanners can be easily implemented by driving two
orthogonal ej¢-actuated torsional bars within the xy plane, which require large e;4 on two
orthogonal propagation angles. Due to the strong anisotropy of the LN crystal to effectively
drive the dual-axis scanner, the orientation of LN needs to be carefully considered.

2.2. Euler Angle for LN

The e of LN crystal varies enormously with different Euler angles, while the out-
put efficiency of the bending actuator is proportional to the material electro-mechanical
coupling factor (K?) that is positively related to the piezoelectric constant [40]. The K?
measures the conversion efficiency between electrical and mechanical energy of a material
and is defined as [41]: ,

K2 =

el cE

-y
where i is the electrical field direction (1 for x and 3 for z) and j is the stress direction; e;; is
the piezoelectric stress constant in the direction of the electric field and mechanical stress,
el is permittivity in the direction of the electric field at zero stress and c]Ej is elastic stiffness
at zero electric field.

The variation of K2, with Euler angle is explored to find the optimal orientation for
dual-axis scanner. The material properties (piezoelectric constant, dielectric permittivity
and elastic stiffness) of LN with different orientations are calculated based on the Euler
angle transformation, which follows the order of Z-X-Z [42]. The Euler angle is expressed
by («,  and ), where « is the propagation angle which determines the placement direction
of electrodes on the cut plane.

High K%, on two orthogonal in-plane directions is required to drive the dual-axis
scanner. The K2, contour plot of LN with Euler angle of (, 8,0°) is shown in Figure 2a.
The cut plane has the Euler angle of («,,0°) and is named as rotated Y-cut [43]. The
orientations with v # 0° except X cut are not referred to in this paper because they are
seldom used, and do not have bimodal properties such as rotated Y cut. There are two
maximum values of Kj4 at the cut plane with § = 150°, which is Y120°-cut. However,
Y120°-cut LN is rarely mentioned and has never been demonstrated in devices.

Among the commonly used orientations, Y128° cut is closest to Y120° cut and has
K3, of 22% at both & = 45° and 135°. The K3 of commonly used orientations is shown in
Figure 2b. There is one maximum of K%, up to 92% at Y36° cut, thus it has demonstrated
a high driven efficient in 1D MEMS scanners [38]. However, its K3, at the orthogonal
direction of the maximum value (¢« = 90°) is 0, which makes Y36° cut unappropriated
for the K%6—actuated dual-axis scanner. Thus, the Y128°-cut LN thin-film is chosen for the
following analysis.
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Figure 2. (a) The contour plot of K%é with Euler angle of (a, 8,0°); (b) The K%6 of commonly used
orientations for LN under different propagation angle «.

2.3. Structure

The proposed dual-axis MEMS scanner can perform 2D scanning with a single volt-
age port, which simplifies the connection with control circuits. The schematic view and
electrode configuration of the proposed scanner structure are shown in Figure 3a. The pro-
posed MEMS scanner is comprised of a reflective micro-mirror, a frame and two pairs
of torsional bars with driving electrodes on top. The torsional bars are divided into fast
and slow torsional bars according to the frequency of the correspondence scanning mode.
The fast torsion bars rotate along the y-axis, while slow torsion bars rotate along the x-axis.
The reflective mirror is connected to the frame with a pair of fast torsion bars, while the
frame is connected to the substrate with a pair of slow torsion bars. The actuation principle
of torsion bars has been elaborated in Section 2. A pair of voltage with opposite polarity
are applied to two ends of the torsion bars, as illustrated in Figure 3a, in which electrodes
in blue/red are connected to ground/positive, respectively. After the ground/positive
voltages are, respectively, connected in external routing, the proposed scanner can perform
2D scanning with single port rather than multiple port connections in some e3;-actuated
schemes [44—-46], reducing the complexity of the control circuits.

(@ (b)
. . W, —T$
Reflective mirror 4ot torsion bar av| W, I,
Iy
Ix Irl
I w i,
e S
NN \
_,-“ ' v —_——
= & ty § mm Wi,
. SiO
Slow torsion bar tox ! AL

er

Figure 3. (a) Schematic view and electrode configuration; (b) Top view of the proposed 2D MEMS
resonant scanner with the main geometry dimensions and the cross-section of the torsion bar.

The top view of the proposed 2D MEMS resonant scanner labeled with the main
geometry dimensions is shown in Figure 3b, and the inset shows the cross-section of the
torsion bar. The resonant scanner consists of LN, SiO, and Al layers. The SiO, layer serves
as the elastic layer, while Al layer serves as the driving electrodes and reflective layer. The
torsion bars are placed along in-plane angle « of 45° and 135° to align with two maximum
K3, in the Y128° cut.
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The critical geometry dimensions and corresponding descriptions are listed in Table 1
and set as default value, including the width/length of torsion bars, mirror size, thickness
of LN/SiO; /Al layers and the size of the frame. The thickness of the LN thin film through
the transfer technique is mainly in the range of 0.2-1 um [32-36]. Considering the trade-off
between mechanical strength (dynamic deformation [12]) and resonant frequency, 0.55 pm-
thick LN film is selected for the following analysis.

Table 1. The Key Geometry Dimensions of the Proposed MEMS scanner.

Parameter Description Default Value
Wi Width of reflective mirror 40 um
L Length of reflective mirror 40 um
wy Width of fast torsion bar 8 um
L Length of fast torsion bar 30 um
Wy Width of slow torsion bar 8 um
Iy Length of slow torsion bar 30 um
Wy Width of frame 10 um
S Space between mirror and frame 10 pm
N Thickness of LN thin film 0.55 um
tox Thickness of SiO; layer 0.7 pm
tal Thickness of Al electrode 0.2 um
t tiN + tox 1.2 um
W W +2S + w, 80 um
I Wy + 21, +w, 120 pm

2.4. Frequency Response and Mode Shapes

The simulated peak-to-peak (p-p) displacement frequency response of point A on the
proposed scanner with 1V driving voltage is shown in Figure 4a. The location of point A is
shown in Figure 4b. Figure 4a is obtained by the frequency domain analysis of COMSOL,
while the mode shapes in Figure 4c—e are obtained by the eigenfrequency analysis. Large
displacement within the spectrum exists in three modes, which are labeled as Mode 1-3,
and corresponding mode shapes are shown in Figure 4c—e. Modes 1-3 represent the torsion
modes of the outer frame, the rocking mode of the outer frame in-phase with mirror and
the rocking mode of the outer frame out-phase with mirror. Mode 1 is selected as the slow
scanning mode, in which the reflective mirror and the frame rotate as a whole body around
the x-axis at 109 kHz. Mode 3 is selected as the fast scanning mode, which exhibits higher
frequency and deflection than Mode 2. In Mode 3, the mirror rotates around the y-axis at
629 kHz, and the outer frame performs a rocking motion out of phase with the mirror.

() (b) ()

Model

Mode 1

Mode 3

Mode 2

Displacement p-p (um)
N

0.1 0.2 0.3 0.4 0.5 0.6 0.7
Frequency (MHz)

Figure 4. (a) Displacement of point A on the designed resonant scanner with driving voltage of 1
V; (b) Location of point A on the resonant scanner; (c) Mode 1: torsion mode of outer frame (slow
scanning mode); (d) Mode 2: rocking mode of the outer frame in-phase with mirror. (e) Mode 3:
rocking mode of the outer frame out-of-phase with mirror (fast scanning mode). The color indicates
the displacement magnitude of mode shapes and warm colors indicate larger displacement.
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3. Analytical Modeling

In order to obtain a physical insight into how geometric parameters affect scanner
performance, an analytical model is developed. This model is inspired by [12,47]. The
physical behavior of the MEMS scanner can be predicted with a set of second-order differ-
ential equations of motion which are obtained in terms of angular deflection and moment
of inertia, damping coefficient and effective spring constant as parameters. By solving
the equations in the frequency domain, the most concerning performance, including the
resonant frequencies, maximum angular deflection and FoM can be roughly estimated.

3.1. Resonant Frequency

The schematic diagram and the lumped-parameter model for the rotation spring-
mass-damping system of fast and slow scanning modes for the proposed scanner are
shown in Figure 5. Figure 5a,c show the schematic diagram of fast and slow scanning
modes and labels with the physical quantities associated with the structure. The rotation
spring-mass-damping model for fast and slow scanning modes are shown in Figure 5b,d,
respectively.

(@ Single inertia (b)
Rotational axis (mirror, frame, J
(x-axis rotation) and torsion bar, J,) X

Torsion beam (K,)
(©) Mirror (J,) Frame (J,) (d)

\

Rocking beam (K,)

Torsion beam (K,)

Rotational axis
(y-axis rotation)

—p

Figure 5. Mechanical model of MEMS scanner for fast and slow scanning modes: (a) Schematic
diagram of the scanner for slow scanning mode, (b) rotation spring-mass-damping model for slow
scanning mode, (c) schematic diagram of the scanner for fast scanning mode, (d) rotation spring-
mass-damping model for fast scanning mode.

For slow scanning mode, the moment of inertia of the mirror, frame and fast torsion
bars are combined as a single body (Jx) and rotate along the x-axis by torsion beam with
torsional stiffness K. Therefore, the slow scanning mode can be expressed by a single
equation of motion.

]xéx + cxOx + Kby = Ty

where 6, is the mechanical rotation angle of the slow scanning mode, J is the effective
moment of inertia of the total resonate body, K is the torsional stiffness of the slow torsion
beam, cy is the mechanical damping of the slow scanning mode and Ty is the torque
generated by electrodes placed along the x-axis.

For fast scanning mode, the mirror is located at the end of the system and is connected
to the frame with fast torsion beams, while the frame is connected to the supporting
substrate with rocking beams. The moment of inertia of the mirror and frame along the
y-axis are expressed by ], and J;, which are series-connected by spring elements (K; and
K1). The torque is generated on fast torsion beams then acts on the mirror. Assume that the
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structure components except the torsion and rocking beams are rigid bodies, the equations
of motion for slow and fast scanning can be expressed by:

]yéy + Cy(gy - 91) + Ky(()y —61) = Ty
J161 + (c1 + cy)b1 — cyby + (K1 + Ky)b1 — Kby = 0

where 6y, 6 are the mechanical rotation angles of mirror and frame in fast scanning,
respectively; ]y, J1 are the effective moment of inertia of the mirror and frame, respectively;
Ky, Ky are the torsional stiffness of the fast torsion bar and spring constant of the slow
torsion bar in rocking mode, respectively; ¢, and c; are the effective damping of mirror and
frame, respectively; Ty is the torque generated by the electrode placed along the y-axis.

Given the torsional stiffness and effective moment of inertia, the resonant frequency
can be obtained. Ignoring the damping of the mechanical system, with angular momentum
balance (Ty = 0 or T, = 0), the resonant frequency of slow/fast scanning mode is

fx =V Kx/]x/(zrf) (1a)
fy =/ Ky/Jy/ (27) (1b)

The torsional stiffness (Ky, Ky) and spring constant (Ky) are

Ky = 2Gy I /1, (2a)
Ky =2Gy1L,/1, (2b)
Ky = Ewet3(2+ 6(1 4 w0y /11)?) / (121 (20)

where Gy, Gy and E are the effective stiffness of cy, cs5 and c1; weighted by material
thickness percentage, respectively; Iy and I, are the polar moment of inertia for the slow
and fast torsion bars expressed by [12]

#

Ly = wyt3(16/3 = 3364~ (1 — 11))

_ 3 _ b
Iy = wyt (16/3 3.36wy(1 12w§))

The effective moment of inertia of the same object may have different calculated
expressions. [y includes the contributions of the resonant body and torsional beam in
slow scanning. ], includes the contributions of the mirror and torsional beam in fast
scanning. J; includes the contributions of the frame and rocking beam in fast scanning.
Thus, the effective moments of inertia are expressed by [47]

Jx = Jmxx + ]fr,xx + ]ft,xx + (1/3)]St,xx
]y = ]m,yy + (2/3)]ft,yy
h= ]fr,yy + 2]st,yy

where [ xx, | s L Jstx 18 the moment of inertia of the mirror, fast torsion bar, frame
and slow torsion bar when they rotate around the x-axis in slow scanning; Jy,yy, | Fyyr J fryy
and Jst,yy are the moments of inertia of the mirror, frame, fast torsion bar and slow torsion
bar when they rotate around the y-axis in fast scanning;

Jmxx = Petwmly, /12

]ft,xx = Petwy(lfz - l%)/lz
Jfrax = pet(wnl} —wpll) /12
]st,xx = Petlxw?(/lz
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]m,yy = Petlmw?n/lz

]ft,yy = pgtlyw;/12

Tiryy = pet(lnwyy — hawy,) /12

Jstyy =~ Petlywyt(0.0112 + 0.05L,w,1 + O.lw%l)

where p. is the effective density of stack layers.

3.2. Angular Deflection

Given the geometric parameters and torque, deflection can be obtained. The angular
deflection of the mirror can be obtained by Laplace transform, with a static solution of the
momentum balance; the mechanical deflections are expressed by

0xr = Tr /Ky (3a)
9y = Ty(l/Kl + I/Ky) (3b)

By analogy to the torque of e3; actuator [48], the piezoelectric torque of e;4 actuator
can be estimated by:

- - .
Tie = 5 Extidre kEi [22t; = 24Ty tj + 1] @

where the subscript k can be replaced by x and y to represent x or y direction; subscript i
represents the i layer, i = 1,2 and SiO, /LN, respectively; wy, is the width of torsion bar; dy¢
is piezoelectric stress constant; E; is the electric field component (Ex = V /pi, where py is
the pitch of two electrodes, which is wy /2 in this work); Ej is the elastic modulus of the
i layer in k direction and t; is the thickness of the i layer. The position of neutral axis z is
given by:

YN Egt? —2Y N Exty i1t

F=—
2y N Eqt;

Equation (4) shows that the torque is determined by layer thickness and material
constant (elastic modulus and piezoelectric constant), when the applied voltage V is
given. The high piezoelectricity results in high driving torque/force, thus achieving high
deflection as presented in [40]. Additionally, the high electro-mechanical coupling K? helps
high driven efficiency. The Y128°-cut LN offers a piezoelectric constant d1¢ of 45 pC/N,
which is comparable with the d3; of PZT (~100 pC/N [31,49]) and is about 20 times AIN
(2 pC/N [50]). A rough calculation shows that the order of the torque is 1077 N-m at 1 V in
Y128°-cut LN.

3.3. Figure of Merit

The pixel scanning rate of the 2D scanner is determined by the Oopt - D - f product
of the fast mode [6,11], thus it is employed as the figure of merit (FoM) in this work.
With Oopt = 0y, D = wy, f= fy and previous derivation of frequency and deflection,

the FoM are
FoM = Oopt - D - f

= 4T, (1/Ky +1/Ky) - wm - \/Ky/ ]/ (270)
= 4T, (1+ Ky /Ky) - wp/ (271, /Ky Jy)

Kj is typically higher than K;, and 6, is dominated by Ky. Assuming K; > K,
given the material properties and voltage, a relationship depending only on the geometric
parameter can be obtained:

I
F v
oM A | oy L Wi G ®)
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where GK = (5.33 — 3.36t/wy) (1 — t*/ (12w3)[12]. Equation (5) shows the correlation
between FoM and geometric parameters, the FoM of the scanner is positively correlated
with [, and negatively correlated with w,, Ly, Wy, and t. It is worth mentioning that the
purpose of Equation (5) is only to give a physical intuition, it is established when K; > Ky,
otherwise the actual FoM is still affected by Kj.

4. Simulation Results
4.1. Simulation Setup

To better understand the dynamic characteristics of the proposed device and validate
the analytical model, 3D FEM analysis and optimization have been performed using COM-
SOL software. The 3D schematic view of the FEM model is shown in Figure 3a with default
geometry parameters listed in Table 1. Unless specified, only one parameter is changed in
each parameter sweep, and the other parameters in the list remain default values.

The specific settings of the simulation are as follows. The piezoelectric device module
is adopted in simulation. The Euler angle of LN is set to (45°, —38°,0°) and aligns with the
x-axis torsion bars to utilize the unique bimodal characteristic. In solid mechanics module,
the fixed boundaries are applied to two ends of the slow torsion bar, and the damping of
materials are all set to 1/1000. In static electricity module, the electrodes in red and blue
are connected to the terminal of 1 V and ground, respectively. The simulation with these
settings shows the behavior of device with material loss in vacuum (without air damping).
The default parameters in COMSOL are used in the simulation.

As with the simulation, the calculation of the analytical model uses default parameters
in COMSOL. The density, elastic modulus and shear modulus of SiO, are 2200 kg/m?,
70 GPa, and 29.9 GPa, respectively. The densities, c11, ca4 and cs5 of 128°Y-cut LN with Euler
angle of (45°, —38°,0°) are 4700 kg / m3, 213.5 GPa, 66.1 GPa and 66.1 GPa, respectively.

4.2. Layer Thickness

The torsional stiffness K, moment of inertia | and the piezoelectric torque T are
significantly affected by total thickness, thus affecting the frequency and angular deflection
of the MEMS scanner. Intuitively, the smaller ¢ leads to smaller torsional stiffness, which
leads to larger deflection angle and lower frequency, especially higher FoM (Equation (5)).
However, the reduction in mechanical strength results in larger dynamic deformation [12].
Considering the compromise with dynamic deformation and FoM, t1 is set to 0.55 pm,
since the 128°Y-cut LN thin film in such thickness is available and has been applied in the
resonators [51].

There is an optimal fpy for maximum deflection at given f1 n. Figure 6a,b show that
the mechanical deflection and frequency of both fast and slow sacnning modes vary with
different thicknesses of SiO;. According to Equation (1), the frequencies of both modes
should increase linearly with toy, since total thickness increases. Interestingly, when the oy
is 0.7 um, which is about 1.25 times of 1\, the mechanical deflection of both modes reach the
maximum value simultaneously. Thus, toy is set to 0.7 um by default. The optimal ratio of
tox /tr N can not be predicted by the exiting model in this work. However, the research of the
torque produced by the e;4 actuation is still blank, an analytical model of e;¢ piezoelectric
actuation may require further study.
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4.3. Geometry Parameters

According to Equation (1), given the thicknesses of layers and material properties,
there are four geometry parameters (ly, wy, ly and wy) that determine the stiffness of corre-
sponding modes. I, and w, determine the torsional stiffness of the slow scanning mode,
while [, and w, determine the torsional stiffness of the fast scanning mode. Figure 7a-d
show the effect on the resonant frequency of variations with I, wy, I, and w,, while
Figure 7e-h show the effect on the mechanical deflection angle of variations with I, wy, I,
and w,, respectively.

As an example, the impact of I, and w, on slow scanning mode is elaborated here,
while the effect of I, and wy on fast scanning mode is similar to it and is briefly described
later. In slow scanning mode, most of the mass is concentrated in the mirror and frame, as a
rough calculation, the total moment of inertia is assumed to be constant. As Equations (1a),
(2a) and (3a) describe, the torsional stiffness Ky is inversely proportional to Iy, thus the
resonant frequency of slow scanning mode (fy) is inversely proportional to the square
root of I, while mechanical angular deflection in slow scanning mode (6y) is proportional
to Iy. The calculation and simulation curves of fy and 6, varying with I, are shown in
Figure 7a,e, respectively. The simulated result of f; coincides with the calculated result
with a maximum error of 13%. The error comes from neglecting the moment of inertia of
the Al electrodes. As in Equation (4), when t and V are given, T is a constant independent
of I, and set to 1.003 x 10~7 N-m, thus 6, L. This inference is completely consistent with
Figure 7e.

Similarly, the effect of w, to fx and 6y can be disclosed by combining with Equations (1a),
(2a) and (3a). With constant T and ]y, f is positively correlated with w,, while 8y is negatively
correlated with wy. The curves of f, and 6, varying with w, are shown in Figure 7bf.
The calculated result of 6, is consistent with the simulated curve, which indicates that the
torsional stiffness calculation is quite accurate, while f is affected by the inaccurate ], which
neglects the moment of inertia of the Al electrodes.

The effect of I, and wy, to fast scanning mode is similar with [ and wy to slow scanning
mode. It is worth mentioning that there is a significant deviation in Figure 7h between
the simulated and calculated curve due to the inaccurate rocking stiffness Kj, since the
frame is not a perfectly rigid body. Moreover, to enlarge 6,, the angular resonant frequency
of the frame should be matched to the mirror plate. i.e., K;/J; should be matched to
Ky /]y, otherwise the mirror plate would be out of sync with the frame and cause resonance
to disappear.
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After optimization, /; and w, are set to 35 um and 12 um respectively, while other
parameters are kept in default. Figure 8 shows the frequency response of the mechanical
deflection angle for the fast and slow scanning modes, respectively. The mechanical
deflection 6 and 6, reach 12.5° and 10.5°, corresponding to the optical deflection angle
of 50° and 42°, at 79.9 kHz and 558.2 kHz, respectively. Table 2 lists the MEMS scanner
performance of this work and the state of arts of the 2D MEMS scanner, which shows that
this work has advantages in driving voltage, deflection, frequency and FoM and great
advantages in deflection per volt. The FoM of fast scanning mode in this work reaches
938° - mm - kHz.
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Table 2. Comparison between this work and state of arts.
Driving FoM Mirror Deflection
Material Voltage Oopt,x (°) f» (kHz) Bopt,y (°) fy (kHz) (°-mm - Size ©IV) Ref.
V) kHz) (mm)
PZT 2 40° 0.95 42° 1.46 122.6 2 20°\21° [52]
PZT 5 15.5° 0.49 5.9° 25.1 147.9 1 3.1°\1.18° [53]
pPZT 20 31.3° 1.5 21.4° 29.9 639.9 1 1.56°\1.495° [54]
AIN 20 6.8° 183.1 11.6° 360.2 835.7 0.2 0.34°\0.58° [44]
LN 1 50.0° 79.87 42.0° 558.2 937.8 0.04 50.0°\42.0° This work

5. Conclusions

We have proposed a 128°Y-cut LN thin-film-based dual-axis torsional MEMS resonant
scanner for the first time and provided an analytical model. The calculation results are
in good agreement with the FEA simulations, confirming the validity of the analytical
model. After optimization, the proposed resonant scanner achieves an Oopt - D - f up to
937.8 ° - mm - kHz in FEA simulation, which is superior to most e3; piezoelectric-actuated
2D MEMS scanner. The simulated optical deflection angle in the x-axis and y-axis are 50°
and 42° at 1V, corresponding to frequencies of 79.9 kHz and 558.2 kHz, respectively.

The main finding are as follows:

®  The Lithium niobate on insulation (LNOI) can be a novel and promising platform to
design MEMS scanner/actuator. The transferred LN crystal provides high piezoelec-
tricity that is much higher than AIN, with ZnO comparable to PZT, and a high quality
factor, smooth surface and high strength.

*  Anovel principle of the torsional actuator, the electric field is directly applied to the
torsion bar. With e transduction, the torsion bar is driven directly, resulting in high
deflection.

*  The unique bimodal of e14 of Y128°-cut LN can be utilized in the 2D scanner. The pro-
posed scanner performs 2D scanning with a single port reducing the complexity of
the control circuit.

With the superior performance of high frequency, high deflection per volt and high
figure of merit (Oopt - D - f) in low driving voltage, the proposed MEMS scanner is a
promising candidate for fast scanner applications (e.g., wavelength-selective switches and
submicron biomedical systems), especially the application of LIDAR in mobile devices or
micro-robotics. We hope that more efficient actuators utilizing the ej¢-actuated principle on
the LNOI platform will be developed. The following work includes the fabrication and
experimental measurement of the proposed resonant scanner, and the refinement of the e;4
piezoelectric actuation analytical model.
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