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Abstract

This paper presents a compact and high-performance piezoelectric micro-electro-mechanical system (MEMS) fast
steering mirror (FSM) designed for use in laser inter-satellite links (ISLs). The FSM features a large optical aperture of
10mm and is batch fabricated using an 8-inch wafer-level eutectic bonding process, packaged into a volume of
26 x 22 x 3 mm?>. Notably, the piezoresistive (PZR) sensor is integrated on the spring of the FSM to facilitate precise
beam control. Furthermore, an intermediate directional defect structure is novelly designed to create a Stress
Concentration Region (SCR), effectively improving PZR sensitivity from 3.3 mV/(V:mrad) to 5.4 mV/(V-mrad). In this
article, various performance metrics of the FSM are tested, including the mechanical characteristics, PZR sensor
properties, and mirror optical quality, which all meet the requirements for laser ISLs. Results indicate that the FSM
achieves a high resonant frequency (>1kHz) and a low nonlinearity of 0.05%@ + 2.1 mrad. A remarkable minimum
angular resolution of 0.3 yrad and a repeated positioning accuracy of 1.11 yrad ensure exceptional pointing precision.
The open-loop control is driven by the double-step algorithm, resulting in a step response time of 041 ms and
achieving a control bandwidth over 2 kHz. Additionally, the integrated angular sensor demonstrates a nonlinearity of
0.09%@ + 1.05 mrad, a sensitivity of 5.1 mV/(V-mrad), and a minimum angular resolution of 0.3 prad. Under quasi-static
driven conditions (500 Hz @ + 2 mrad), the maximum dynamic deformation of the mirror surface is merely 2 nm.

Introduction enhanced resilience to interference compared with radio

In recent years, the development of inter-satellite links
(ISLs) has attracted significant attention due to the
increasing demand for space communication. ISLs enable
high-speed data transfer between satellites, greatly
enhancing the overall performance and flexibility of
satellite networks'. Laser communication technology is
recognized as a key enabler for efficient ISLs, offering
advantages such as higher communication capacity, wider
spectrum bandwidth, lower power consumption, and
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frequency (RF) communication®. Currently, satellite con-
stellations such as Starlink, SLILEX, LCTSX, G60, and
China SatNet have already adopted laser ISLs as one of
their core transmission methodologies. Laser commu-
nication terminals are anticipated to become standard
communication equipment in future spacecraft payloads.

However, achieving extremely precise beam pointing
poses a significant challenge in the implementation of
ISLs. The pointing, acquisition, and tracking (PAT) sys-
tem is a core module for optical communications between
satellites and between satellite and Earth®*, A fast steering
mirror (FSM) with high precision and optical quality is
essential to the PAT system, functioning as the core
device for achieving accurate beam steering in current
state-of-the-art solutions’.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International License, which permits any non-commercial
use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the

Creative Commons licence, and indicate if you modified the licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it.
The images or other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http//creativecommons.org/licenses/by-nc-nd/4.0/.


www.nature.com/micronano
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:lhwang@mail.sim.ac.cn
mailto:zhenyu.wu@mail.sim.ac.cn

Xue et al. Microsystems & Nanoengineering (2025)11:75

Traditional FSMs are typically actuated using voice coil
motors or piezoelectric ceramics. Voice coil motor-based
FSMs generate driving force using magnetic fields, pro-
viding significant stroke lengths, low driving voltages, and
high load capacities that enhance reliability. However,
these systems need improved magnetic shielding and have
limited operational frequencies, which may affect their
robustness®. Piezoelectric ceramic FSMs leverage the
inverse piezoelectric effect of bulk piezoelectric materials,
such as PZT, to generate a driving force. While they offer
strong driving force and quick response time, PZT faces
challenges with impact resistance and reliability. Addi-
tionally, PZT’s hysteresis requires complex driving cir-
cuits and compensation algorithms. The larger size and
weight of traditional FSMs render them unsuitable for
compact satellite platforms, complicating miniaturization
efforts and increasing launch costs, thereby limiting mass
production potential in commercial applications’.
Recently, an increasing number of research institutions
have begun utilizing commercial off-the-shelf (COTS)
MEMS ESMs to construct their systems. Due to their low
cost, small size, light weight, and low power consumption,
the MEMS FSMs hold significant application potential in
laser ISLs. For example, many institutions use an elec-
trostatic comb-drive MEMS FSM from Mirrorcle Tech-
nologies. The CubeSat laser infrared crosslink (CLICK)
mission is a technology demonstration for CubeSat opti-
cal communication terminals, focusing on downlinks and
crosslinks®”. The CLICK-A 12U downlink terminal
employs a 5 mm MEMS FSM. The results showed that the
MEMS FSM was able to correct an average blind space-
craft pointing of 8.494 mrad and maintain an average
RMS pointing error of 0.175mrad after initial blind
pointing error correction. Another CubeSat laser down-
link demonstration mission, developed at the MIT Space
Telecommunications, Astronomy, and Radiation Labora-
tory'®, used a 3.6 mm MEMS FSM. Experimental results
showed that beacon tracking errors of only 16 prad RMS
are feasible for both axes. The satellite team of the Stan-
ford Student Space Initiative (SSI) designed and built the
Polar-Orbiting Infrared Tracking Receiver (POINTR), a
1U CubeSat payload aimed to demonstrate optical-
communications technology. A 4.2mm gold-plated
MEMS FSM was used on their 1U terminal and
received a 0.5° tracking FOV'". The Aerospace Corpora-
tion (El Segundo, USA) let their design fit within 1U with
a 64mm diameter MEMS FSM, which enables mini-
mization of SWaP in the laser communication terminal,
which is crucial in CubeSat laser communications. The
prototype was designed such that it has an acquisition
FOV of 2° and tracking FOV of 0.5°, with an acquisition
time measured at less than 60 s and a success probability
exceeding 99%°. These four institutions mentioned
above all used COTS MEMS FSMs from Mirrorcle
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Technologies. Besides these, an electromagnetically dri-
ven 3 mm Hamamatsu S1227-03P MEMS FSM was used
by the Laboratory of Lean Satellite Enterprises and In-
Orbit Experiments (LaSEINE) in Japan to stabilize a laser
communication link on an optical bench in the laboratory.
In the closed-loop mode, they used a photodiode array
PDA sensor to receive stabilization for over 20 s despite
the induced fluctuations by the vibration machine'?,
Furthermore, closed-loop control can provide more stable
and precise beam control, thereby improving system
tracking accuracy. However, existing COTS MEMS FSMs
generally lack integrated sensors, and some research
institutions rely on external sensors, such as the beacon
detector'’, consisting of a focal plane array (FPA) and a
focusing lens assembly (LA), and the PDA sensor'?, to
construct closed-loop control systems. These approaches
not only increase the overall size of the system but also
lead to higher costs. Consequently, current COTS MEMS
FSMs are not designed for the specific requirements of
laser ISLs, exhibiting several shortcomings such as small
mirror sizes, low frequency, and the lack of integrated
Sensors.

To meet the requirements of laser ISLs, the key criteria
of an FSM include'®: (1) size, weight, and power (SWaP):
SWaP is the critical constraint for compact satellite
platforms. The mass of FSMs typically ranges from a few
grams to several kilograms, depending on the technology
used and the dimensions of the mirror. Minimizing
component size contributes to a more compact laser
terminal, facilitating miniaturization and reducing satel-
lite launch costs; (2) optical/mechanical steering angles:
the mechanical steering angle of the mirror refers to its
angular deviation from a reference position. A larger
steering angle provides significant advantages for both the
transmitter and receiver by expanding the field of view
(FOV) necessary for effective tracking. The mechanical
angle requirements for FSM in laser ISLs need to achieve
at least +1.5 mrad; (3) operational bandwidth: the opera-
tional bandwidth of the FSM indicates its responsiveness
to control signals and its capacity for rapid positional
adjustments. For instance, the bandwidth criteria for FSM
are closely linked to satellite oscillations'®. Typically, the
required bandwidths for an FSM range from several
hundred Hz to over 1 kHz; (4) pointing accuracy: pointing
accuracy is an important measure that depends on the
resolution and repeatability of an FSM, which is vital for
long-distance laser ISLs. Additionally, an angle sensor can
provide real-time monitoring of mirror deflection angles,
enabling more precise beam control through closed-loop
systems. The current state-of-the-art fine beam pointing
systems have pointing accuracies ranging from +48 prad
to +0.48 prad'>'® (5) mirror surface quality: the quality
of the mirror surface, characterized by measures
such as root mean square (RMS) and peak-to-valley (PV)
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displacements, must be minimized to ensure optimal
performance. For laser ISLs, the requirement is RMS <A/
20 at A = 1550 nm.

This study focuses on the development of a high-per-
formance, compact MEMS FSM with a diameter of
10 mm, specifically designed for laser ISLs. It integrates
an on-chip, high-sensitivity piezoresistive (PZR) sensor
element to achieve more precise beam control. The
structure of this paper is as follows: section “Design
concept” provides the design and simulation results of
the mechanical structure. It also discusses the design
principles of the PZR structure and optimization strate-
gies for sensitivity. Section “Fabrication” details the fab-
rication process for the MEMS FSM. Section “Results and
discussion” presents the characterization results of the
MEMS FESM, including mechanical performance,
repeatability accuracy, control bandwidth, piezoresistive
performance, and the dynamic deformation of the mirror
surface. Additionally, at the end of this section, we per-
form a comparative analysis between various FSMs and
the device presented in this study. Ultimately, in the
section “Conclusion”, the research findings are sum-
marized, and potential directions for future optimization
are suggested.

Design concept

This study aims to develop a high-performance MEMS
FSM specifically designed for laser ISLs. By optimizing the
mechanical structure, this design achieves a high resonant
frequency, meeting the requirement for laser ISLs above
1kHz. In addition, while maintaining a mirror plate of
10 mm, the chip size has been significantly reduced'’,
increasing the fill factor. This makes the device particu-
larly well-suited for compact satellite platforms and leads
to a reduction in launch costs, making it an economically
viable option for space applications. In addition, an
innovative stress concentration structure is designed to
improve the sensitivity of the integrated PZR sensors,
enabling more precise beam control.

Design of the device structure

To achieve a higher fill factor and resonant frequency,
this design uses a double-layered stacked structure similar
to that described in our previous work'”'®, The MEMS
FSM consists of two parts: the actuator and the mirror.
The actuator layer consists of a frame, cantilevers, springs,
and a support pillar. Two pairs of cantilevers are con-
nected to the support pillar via springs. Additionally, the
support pillar is joined to the center of the 10 mm mirror
plate through a wafer-level bonding process, which facil-
itates precise alignment and enhances structural relia-
bility. Notably, this structure magnifies the deflecting
angle of the mirror by the leverage principle.
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Piezoelectric thin films are compatible with semi-
conductor processes, and we choose Sc-doped AIN
(AIScN) film as the driving material. Although PZT has a
higher piezoelectric coefficient, its hysteresis property
brings a nonlinearity problem, and prolonged exposure to
an electric field can lead to fatigue, adversely affecting the
long-term stability of devices. The AIN film has high
linearity and high reliability, but the piezoelectric coeffi-
cient is too low to satisfy the requirement of large
deformation under the quasi-static operation of FSM.
Therefore, in this work, AlScN film is used as the driving
material, which has a higher piezoelectric coefficient along
with the advantages of AIN. The AIScN film we use is
doped with 20% of Sc element'®.

The optimization of the spring structure, in conjunction
with finite element analysis (FEA) simulations, has led to
an increased resonant frequency and a significant reduc-
tion in chip size, which meets the requirement for the
laser ISLs. Figure la shows the simulation structure of the
MEMS ESM with a 10 mm circular optical aperture. The
fixed support point is the anchor point of the cantilever
beam that connects to the frame. Figure 1b—d show the
FEA simulation results for the first three vibrational
modes. The first mode is the tip/tilt mode of two axes
with a frequency of 1253 Hz. The third mode of the
MEMS ESM is the piston mode at 2827 Hz, which is
increased to higher than 2 kHz. This enhancement effec-
tively minimizes the susceptibility to critical resonant
frequencies in the ambient random vibrations ranging
from 20 Hz to 2000 Hz, thereby improving the device’s
reliability under such conditions®. Furthermore, simula-
tions of the tilting angle indicate that the maximum tilting
angle of the mirror reaches 2 mrad at an applied voltage of
V.

Design of the piezoresistive sensor

As shown in Fig. le, the PZR sensor is a Wheatstone
bridge consisting of four piezoresistive bars, which are
strategically positioned on the spring of the FSM. When
the FSM tilts, the spring connecting the cantilever beam
and the pillar experiences considerable normal stress.
This stress induces deformation within the piezoresistive
elements, leading to a change in their resistivity, which
subsequently alters the output voltage of the bridge cir-
cuit. The normal stress at the piezoresistive position is
directly proportional to the FSM’s tilting angle. Conse-
quently, this relationship allows for real-time monitoring
of the FSM’s position through variations in the output
voltage of the Wheatstone bridge.

The FSM employs P-type PZRs, and the maximum
output voltage of the PZRs can be achieved when both the
cantilever beam and PZRs are oriented along the <110>
crystal direction. The formula for calculating the bridge
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Fig. 1 Design of the MEMS FSM. a Simulation structure; b tip mode of x-axis; c tilt mode of y-axis; d piston mode; e the working principle of PZR
sensor and silicon crystal coordination; f picture of SCR under microscope; and g comparison of normal stress at the PZR position under the driving
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output voltage is provided in the following expression:

R3 R4
Voutput = <R2 T R3 - Rl + R4') Vinput
AR AR <1)
_< 1+%  L+%¢ >V,Wt
- AR2 AR3 AR AR L
2+ % 2+ %t

Vinpur is the supply voltage, % is the change in resis-
tance of the PZRs at each position, expressed as:

AR

R = 001 + 711100t (2)

a0 and 7110 are the longitudinal and transverse
piezoresistive coefficients of the PZRs oriented along the
<110> crystal direction. o; and o, are the longitudinal and
transverse stresses acting on the PZR position. For P-type
PZRs with a doping concentration of 1el9 cm 3, M0 =
43x 107"Pa~! and 77; 130 = —40x 1071 Pa~1?!, Specifically,
at a doping concentration of 1el9 cm 2, the piezoresistive

coefficient declines to 60% of its standard value®'. The
temperature coefficient of resistance (TCR) attains a rela-
tively low value®.

High-sensitivity piezoresistive sensors can yield greater
voltage output under the same micro-mirror rotation
angle, enhancing the angular resolution of the PZRs and
enabling more precise beam control. The expression for
PZR sensor sensitivity is given as:
Voutput

S = (3)

Vinput * gmech

Oumecr is the mechanical steering angle of the FSM. To
enhance the sensitivity of the PZRs while maintaining the
same supply voltage and doping concentration, it is
essential to increase the stress experienced at the PZR
position when the FSM tilts. In this study, a novel inter-
mediate directional defect structure is designed at the
front end of the cantilever beam. Figure 1f depicts a
micrograph of the PZR position. Four long and narrow
slots are etched to create a stress concentration region
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(SCR). Here, we give three different structures at the PZR
position. Figure 1g presents the stress simulation results
at the PZR position under a tilting angle of the FSM at 2
mrad. Design 1 represents the baseline structure without
SCR, with only relatively high stress appearing at the
narrow spring position of R3. Design 2 has two etched
slots, concentrating stress at the position of R2 in addition
to the position of R3. As shown in the figure, the stress
distribution at the position of R2 appears smaller in the
middle and larger on the sides. Following further opti-
mization, Design 3 introduces four slots, whose orienta-
tions are pointed to the middle, concentrating stress
entirely at the position of the central PZR (R2), max-
imizing the PZR sensitivity. Additionally, maximizing the
longitudinal length of the slots and minimizing the gap
width between the four slots results in the maximum
stress. Considering the precision of the fabrication pro-
cess, the arrangement of PZRs, and the design of electrical
connections, the present Design 3 is optimal for achieving
enhanced sensitivity. Table 1 provides the transverse and
longitudinal stress magnitudes at the PZR position for the
three designs, along with the calculated PZR sensitivity,
showing a 63% improvement for Design 3 compared to
the initial design. Theoretically, the piezoresistive sensi-
tivity of Design 3 is 5.4 mV/(V-mrad).

Fabrication

The PZR-integrated MEMS FSM utilizes an SSD (SOI-
based Single piezoelectric layer Double release)-FSM
process consisting of two layers: an AIScN actuator wafer
and a mirror plate wafer. The AlIScN actuator wafer starts
with an SOI wafer with a 500 um handle layer, a 1 pm
buried oxide layer, and a 100 um device layer. The choice
of a 100 pum top silicon thickness is based on the maturity
of current manufacturing processes for SOI wafers with
this specification. Additionally, given the large dimensions
of our mirrors and the design requirement to exceed
1kHz, we did not choose thinner top silicon layers to
ensure structural performance. The mirror plate wafer
needs an SOI wafer with a 450 um handle layer, a 1 pum
buried oxide layer, and a 50 um device layer. This
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configuration is chosen to balance both the mirror surface
profile and mass, ensuring that the surface quality meets
the requirement while minimizing its weight, which is
crucial for achieving higher resonant frequencies. The
process used for its fabrication, which is suitable for
8-inch mass production, is depicted in Fig. 2a. The fab-
rication process of the actuator layer is divided into five
main steps: (1) firstly, a 50 nm thick silicon oxide layer is
thermally oxygenated on the surface. Then, the p-type
piezoresistive sensors are formed by boron ion injection
and thermally annealed, and the doping concentration of
the piezoresistive sensors is 1x 10'° /cm3. However, due
to the relatively low doping concentration of boron ions,
further boron ion implantation is required for better
subsequent ohmic contacts. (2) The upper electrode Mo
(200 nm), the piezoelectric layer AlScN (1.5 pm), and the
lower electrode Mo (200 nm) were deposited on top of the
oxide layer by magnetron sputtering and patterned. (3)
On the top Mo layer, 500 nm silicon oxide is deposited by
the PECVD (plasma enhanced chemical vapor deposition)
process as a passivation layer and then dry-etched by RIE
(Reactive Ion Etching) to form the electrical contact via.
After that, a 1 um Al layer is deposited by magnetron
sputtering on the wafer and patterned to form electrical
connections. Since the pads are patterned simultaneously
during this step, maximizing the thickness of the Al layer
is essential. Furthermore, we select Al due to its cost-
effectiveness compared to gold, making it a practical
choice for our device. (4) The 100 um device layer is
patterned by DRIE (Deep Reactive Ion Etching) to form
the actuators and springs. Then, a 500 nm Al layer is
deposited by magnetron sputtering on the backside of the
handle layer as a bonding metal. For the bonding metal,
Al-Ge provides a robust mechanical connection between
wafers. The bond strength is critical for ensuring relia-
bility under dynamic forces and vibrations experienced by
the FSM. (5) The bonding metal and the handle layer are
patterned and etched by DRIE from the back side to
release all the movable parts of the device. The fabrication
process of the mirror layer is divided into three main
steps: (6) a 500 nm Ge layer is sputtered on the bottom

Table 1 Piezoresistive sensitivity comparison of three designs

Design 1 Design 2 Design 3

oy (Mpa) o; (Mpa) o, (Mpa) o (Mpa) o, (Mpa) o (Mpa)
R1 8 —6 27 3 49 —4
R2 -5 3 -5 6 —6 3
R3 29 —4 28 5 26 —6
R4 -5 3 -5 6 —6 3
Sensitivity (mV/(V-mrad)) 33 36 54
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Fig. 2 Fabrication process of the MEMS FSM. a Fabrication process flow of MEMS FSM; b photograph of the packaged MEMS FSM; and ¢ design

silicon as the bonding layer. (7) The Ge layer is patterned
for next eutectic bonding. (8) A honeycomb-shaped
reinforcement structure was patterned and etched into
the bottom silicon by DRIE to reduce the mass and
strengthen the stiffness of the mirror plate. (9) Bond the
mirror plate wafer to the actuator wafer and release the
mirror. Notably, the dual-face alignment during the
bonding process presents a significant challenge. During
the manual alignment process, a microscope is employed
to verify alignment accuracy. Finally, Au is magnetron
sputtered as the mirror reflective layer. Figure 2b gives the
photograph of the packaged MEMS FSM, and Fig. 2c
summarizes the final parameters of the MEMS FSM.

Results and discussion

After completing the fabrication of the device, we
characterize the basic mechanical properties (including
resonance frequency, mechanical tilting angle, non-
linearity, and angular resolution), pointing accuracy,
open-loop control performance (including step response,
operational bandwidth, and stability), PZR performance
(including sensitivity, nonlinearity, stability, and angular
resolution) and the dynamic deformation of the mirror.

Performance test platform

Figure 3a, b gives the position sensitive detectors
(PSD) test schematic and the built test platform. The
laser emitted by the laser source is reflected by the
mirror plate and received by the PSD, which records the
position of the laser spot. When the driving signal

generated by the computer acts on the MEMS FSM
through the data acquisition card, the mirror will tilt,
resulting in a change in the position of the laser spot.
This positional change is then calculated to determine
the tilting angle of the MEMS FSM and recorded by the
computer. The PSD exhibits a rapid response speed and
enhanced temporal resolution, resulting in superior
performance in tests that require quick and sensitive
dynamic responses.

However, PSD is sensitive to variations in ambient
light and temperature, resulting in high levels of noise
(>10 urad). To achieve a more accurate characterization
of the angular resolution of the FSM and pointing
accuracy, a collimator test system shown in Fig. 3c, d is
constructed. The background noise of the system is only
0.2 urad. The collimator directs a collimated beam of
light towards the mirror. As the mirror is actuated and
deflecting, it alters the direction of the reflected beam. A
detection system analyzes the deviation of the reflected
beam. By calculating the change in beam position rela-
tive to the initial alignment, the tilting angle of the FSM
can be accurately determined and recorded by the
computer.

The basic mechanical performance

Initially, we characterize the basic mechanical perfor-
mance of the FSM. As shown in Fig. 4a, the frequency
response is assessed using laser Doppler velocimetry
(LDV), revealing resonant frequencies of 1231.2 Hz for
the x-axis and 1228.1Hz for the y-axis, which are
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Fig. 3 The test schematic and the built test platform. a Schematic diagram of the PSD test platform; b the built PSD test platform; ¢ schematic
diagram of the collimator test platform; and d the built collimator test platform
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consistent with the simulation results. To evaluate the
mechanical tilting angle and nonlinearity of the FSM, a
sequence of direct current (DC) voltages ranging from
—110V to +110V, with an increment of 11 V each step, is
applied. Figure 4b shows that the nonlinearities of the x-
axis and y-axis measure 0.04%@ * 2.16 mrad and 0.05%
@ +2.18 mrad, which is the full-scale, the maximum
driving voltage that our piezoelectric film can withstand,
of the device. The nonlinearity of both axes is smaller than
0.1%, ensuring the pointing accuracy for the FSM. Addi-
tionally, the angular resolution of the FSM is tested,
which is also a critical parameter for pointing accuracy.
Figure 4c, d shows the angular resolution results obtained
using the collimator testing system. A step wave is used
for driving, wherein each voltage was held for 0.5 s while
recording data at a rate of 100 points per second. It can be
observed that the minimum angular resolution of the
FSM, which can be tested under the current test platform,
is 0.3 urad @ 16.5 mV. However, at a lower driving voltage
of 13.75 mV, likely due to either the noise inherent in the
testing system or limitations associated with the device
itself, a smaller angular resolution could not be obtained.
Such high precision is critical for maintaining accurate
pointing and tracking capabilities, which ensure effective
communication in dynamic environments.

Pointing accuracy
In addition to nonlinearity and angular resolution, the
repeatability of the FSM is another critical metric for

assessing its pointing accuracy. In Fig. 4e, a voltage of
+55V, 4275V, 0V, —27.5V, and —55V is applied to
both axes, randomly sampling positions in a 5x 5 grid and
repeating this process 32 times. By zooming in on one
point, it can be observed that: thirty-two points are ran-
domly distributed over a small range, 1.5 prad in the x
direction and 2 prad in the y direction. This distribution
encompasses fluctuations attributed to the system error of
0.2 prad. To further quantify the repeatability of the FSM,
the voltage is cycled from 0V to =55V, —44V, ..., 55V
back and forth 32 times for each target voltage. Whenever
returning to 0V, we record the tilting angle and the triple
standard deviation (30) of the 32 measurements is cal-
culated as shown in Fig. 4f. The maximum value of 3¢ at
different voltages is defined as the zero-point repeat-
ability, yielding values of 1.11 prad for the x-axis and
1.05 prad for the y-axis. Similarly, in Fig. 4g, the voltage is
cycled from OV to —55V, —44'V, ..., 55V back and forth
32 times for each target voltage. Whenever reaching the
target voltage, we record the tilting angle, and the 30 of 32
measurements is calculated. The maximum value of the
30 at different voltages is defined as repeatable positioning
accuracy, resulting in values of 1.09 prad for the x-axis
and 1.04 prad for the y-axis. This analysis underscores the
FSM’s capability to achieve precise angular positioning.

Open-loop control performance
To measure the open-loop step response of the MEMS
FSM, a step voltage is applied to drive the mirror. As
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depicted in Fig. 4h, the maximum overshoots for both
axes exceed 100%, and the settling time of the step
response is long under open-loop control. Therefore, a
double-step feedforward control algorithm is applied to
the device and the step response performance of the
device. The overshoot is sharply decreased, and the set-
tling time is only 0.41 ms. Thus, an open-loop operational
bandwidth of more than 2000 Hz can be obtained through
the feedforward control algorithm®. In Fig. 4i the x-axis is
actuated using the feedforward control algorithm. The red
line in the figure represents the driving voltage, which is a
step voltage that changes upon the mirror reaching the
desired angle. Throughout the experiment, nine distinct
target voltages were utilized: 55V, $41.25V, 275V,
+13.75V, and 0V, with a control cycle of 0.48 ms. A
control bandwidth of 2083 Hz is achieved. The high-
frequency response of FSMs allows for real-time com-
pensation of the oscillations experienced by satellites,

ensuring that the laser beam remains accurately directed
at the target. Figure 4j characterizes the stability of the
device by independently driving each axis through
a sequence of voltages: —27.5V, —55 V, =275V, 0V,
27.5V, and 55V, maintaining each voltage for 1 h. Under
a driving voltage of 55V, the maximum fluctuation
observed within this hour was 2.8 urad for the x-axis and
3.1 prad for the y-axis. The high stability is critical for
ensuring the accuracy of the overall system performance.

PZR sensor performance

The integrated PZR sensors have the potential to
enhance the mirror’s performance in laser ISLs by pro-
viding more precise beam control, real-time feedback, and
the ability to compensate for external disturbances, ulti-
mately leading to more reliable and efficient communica-
tion systems. Noise is a critical parameter influencing the
performance of the PZR sensor, particularly in the
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characterization of angular resolution. Our testing system
has an inherent noise level of approximately 1.25 mV. If the
PZR output signal is not amplified, this system noise cor-
responds to an angle of 104 prad. In the case of small-angle
operational states, the PZR signal is significantly obscured
by the noise. To achieve a smaller angular resolution, the
supply voltage and amplification factor are adjusted to
minimize noise in the output signal. The PZR supply vol-
tage is set to 1.2V, and the PZR output voltage is amplified
by a factor of 200. Consequently, the noise of the sensor
output voltage is about 2.2 mV, which is equal to 1.8 prad.
Figure 5 presents the performance of the PZR sensors of
the MEMS FSM. The PZR output signal is collected by a
data acquisition card and recorded by the computer. In
Fig. 5a, we obtain the relationship between the output
voltage of the PZR sensor and the deflection angle. A
sequence of DC voltages ranging from —55V to +55V,
with increments of 11V, is applied to the FSM. The non-
linearity observed between the sensor signal and the
deflection angles for the x-axis and y-axis is measured at
0.08% and 0.09%, respectively, based on the half-scale range
of 55V for the device. The sensitivity is calculated to be
5.036 mV/(V-mrad) for the x-axis and 5.024 mV/(V-mrad)

for the y-axis, which shows favorable agreement with the
simulation result and proves that the SCR can effectively
improve the sensitivity. Figure 5b characterizes the syn-
chronism between the sensor output and the deflecting
angle of the FSM. A stepped waveform voltage of 550 mV
each step is given to actuate the mirror, while the deflec-
tion angle and the corresponding output signal from the
PZR sensor are simultaneously recorded. The result shows
a good synchronism between the voltage output of the
sensor and the angle. Figure 5c depicts the stability test of
the PZR sensor, where both axes are individually driven
through the following sequence of voltages: —27.5V, —55
V, =275V, 0V, 275V, 55V, 275V, and 0V, with each
voltage maintained for 1h. The recorded PZR output
signals reveal that, after amplifying the resistive signal
under a 55V drive, the maximum fluctuations observed
within this hour were 1.24 prad for the x-axis and 1 prad
for the y-axis. Figure 5d, e shows the results of the angular
resolution test of the PZR sensor. As shown in Fig. 5d, the
minimum angular resolution of the resistive sensor is
0.3 prad@16.5 mV. Figure 5e demonstrates that at a lower
driving voltage of 11 mV, the resistive sensor fails to
respond adequately to every step change.
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Dynamic deformation of the mirror plate

The rapid motion of the MEMS FSM results in dynamic
deformation of the mirror surface, as shown in Fig. 6a.
This dynamic deformation, defined as the deviation from
linearity, can be predicted using Brosens’s formula below,
which uses the unevenly distributed forces due to accel-
eration across the mirror surface®*.

Pf 2D > emech

Smax = 0.217
* Et2,

(4)

where p is the material density, E is the modulus of
elasticity, f is the scanner frequency, D is the mirror
aperture, 6,,..;, the mechanical tilting angle, and ¢,, is the
mirror thickness. To keep the spot diffraction limited, the
maximum mechanical mirror deformation (J,,.) should
not exceed \/10 of the shortest system wavelength®.

To enhance resistance to static deformation, we opti-
mized the rib shapes and sizes while maintaining the same
mirror mass, and ultimately, we selected a honeycomb-
shaped reinforcement structure for the mirror'®, Figure 6d
shows the static deformation of our mirror measured by a
Fizeau interferometer (Zygo Verifire interferometer,
America). The average PV value and RMS value of the
surface figure of the devices are 87 nm and 12 nm. It is
worth noting that the RMS value is merely A/120

(A = 1550 nm). In addition, the reinforcement structure of
the mirror also contributes to reducing dynamic defor-
mation. Figure 6b, ¢ shows the dynamic deformation
simulation results for the dynamic deformation of the
mirror subjected to a tilting angle of 2 mrad at a frequency
of 500 Hz. The reinforced mirror exhibits a maximum
dynamic deformation of 2.15 nm, whereas the equivalent
mass pure mirror model demonstrates a significantly
higher maximum dynamic deformation of 9.55 nm. Here,
the dynamic deformation of the equivalent mass pure
mirror model can be calculated using Eq. (4), where
Omecn =2 mrad, f=500Hz, t,=121pm, E=170x
10° Pa, p=2329kg/m’, and D =10 mm. The calculated
dynamic deformation §may is 10.15 nm, which aligns clo-
sely with the simulation result of 9.55 nm, thereby vali-
dating the accuracy of the simulation model. The
simulation and theoretical calculation results indicate that
the reinforced structure effectively reduces dynamic
deformation by a factor of four compared to the unrein-
forced model.

Currently, there is a limited amount of experimental
research on dynamic deformation. Earlier studies mea-
sured dynamic deformation using LDV>®, phase shifting
interferometry”’, and Shack—Hartmann wavefront sensor
(SHWS)?®. These approaches rely on manual point mea-
surements or offer poor lateral resolution, and they are
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primarily designed for dynamic deformation measurement
of small mirrors (less than 2 mm in size). Recently, Silicon
Austria Labs GmbH presented an approach using digital
holographic microscopy (DHM)®’, which has high nano-
metric vertical resolution and, compared to SHWS, much
higher lateral resolution, to measure the dynamic deforma-
tion of a 2 mm resonating piezoelectric MEMS mirror. In
this paper, we also use the DHM R2100 from Lyncée Te, to
measure the dynamic deformation of the MEMS FSM. The
measurements are performed using an objective with a
magnification of 2.5x, an NA of 0.07, and a field of view of
2.64 mm. As our 10 mm mirror plate is far beyond the field
of view, a stitching mode is needed to measure such a big
mirror. Figure 6f is the topography of the mirror stitched by
DHM at a static state. The surface topography of the FSM is
basically the same as that measured by the Fizeau inter-
ferometer. According to the simulation result, under a quasi-
static state (2 mrad@500 Hz), the dynamic deformation is
only 2.15nm, and the surface topography of the mirror
remains largely consistent with its static state. The dynamic
deformation will be submerged in its own static deformation
and system test noise. Therefore, we choose to measure the
frequency near the resonance region while the mirror tilts at
larger angles, where the mirror produces a more pro-
nounced dynamic deformation.

According to the simulation result, the maximum
dynamic deformation of the mirror of 35mrad (2°)
@1108 Hz is 181 nm. This value exceeds that of the static
deformation and the system noise and can be measured by
DHM. However, the vertical height of the mirror is higher
than 300 um, which is larger than the maximum measurable
vertical height attainable by DHM. Therefore, a goniometer
is needed, as shown in Fig. 6e, to manually adjust the angle
of the micromirror so that the FSM is exactly perpendicular
to the objective lens at 2° so that the vertical height differ-
ence across the mirror is within holographically measurable
limits. Figure 6g shows the deformation map of the mirror at
1108 Hz. The mirror has a slight angle (4 mrad) relative to
the objective plane. As shown in Fig. 6h, a plane is fitted to
the deformation map, and this residual tilt angle is added to
the set angle of the goniometer to obtain a final tilt angle of
31 mrad. Figure 6i gives the maximum dynamic deformation
of the mirror of 31 mrad at 1108 Hz is 130 nm, which is
basically consistent with the simulation value of 161 nm. We
can infer that the dynamic deformation of our MEMS FSM
is less than 2 nm in the quasi-static state by characterizing
the dynamic deformation under a large angle around the
resonant frequency. The low dynamic deformation effec-
tively minimizes signal loss due to beam deviations, thereby
improving communication reliability.

Reliability
Evaluating long-term stability is crucial for the FSM due
to its intended application in space environments. Based
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on accelerated lifetime testing and environmental simu-
lations, several experiments have been conducted to
evaluate the long-term stability of the MEMS FSM under
conditions relevant to space applications. Firstly, to eval-
uate mechanical fatigue resistance, the FSM has been
operated continuously for 30 billion cycles within a full
range of +2 mrad at a frequency of 600 Hz under normal
temperature and pressure conditions. Remarkably, no
changes were observed in the resonant frequency or tilt-
ing angle throughout this testing period. As single-crystal
silicon (Si) is a brittle material, its fracture behavior is
closely associated with its fracture strength. Within the
permissible stress limits, Si-based MEMS devices exhibit
excellent fatigue resistance characteristics. Additionally,
considering the long-term exposure to space conditions
such as radiation and temperature variations. The devices
underwent temperature cycling between —40°C and
100°C at a rate of 1°C/min for 23.5 cycles. Due to the
high-temperature resistance characteristics of Si and
AlIScN®°, the results demonstrated that both the resonant
frequency and tilting angle changed less than 1%. Fur-
thermore, to assess resilience to gamma radiation expo-
sure, the devices were subjected to a total dose of 150 krad
(Si) at a dose rate of 15rad (Si)/s. Due to the radiation
stability of Si and AlScN, the resonant frequency and
tilting angle exhibited changes of less than 0.1%, and the
actuator capacitance showed similar stability with less
than 0.1% variation.

Discussion

Upon completion of the aforementioned tests, we can
assert that all parameters of our FSM are consistent with
the stringent requirements necessary for laser ISLs. Here,
we conducted a comparative analysis of the key para-
meters of various FSMs as shown in Table 2. The selected
parameters are specifically relevant to the applications in
laser ISLs as mentioned in the introduction. This com-
parison includes typical traditional FSMs (piezoelectric
ceramic FSM S-331.2>! from PI and voice coil motor FSM
from TNO??), as well as MEMS FSMs that have already
been employed in laser ISLs (Mirrorcle Technologies
A5L2.2%% and Hamamatsu $1227-03P**). Our FSM exhi-
bits reduced dimensions that align more effectively with
the SWaP principles compared to traditional FSMs. In
contrast to other MEMS FSMs, our mirror features a
larger mirror size and a higher resonant frequency. The
increased mirror size enhances the optical throughput in
ISLs. Also, the higher resonant frequency minimizes
latency during rapid beam realignment. In addition, our
FSM stands out for its lowest nonlinearity and step
response time. Therefore, complex compensation algo-
rithms are not required due to the high linearity,
decreasing computational overhead. The low step
response time of 0.8 ms ensures precise tracking of
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Table 2 Comparison of FSMs by key criteria
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Research institution

Ref. 31

Ref. 32

Ref. 33

Ref. 3%

This work

Type Piezoelectric ceramic Voice coil motor Electrostatic Electromagnetic Piezoelectric
FSM FSM MEMS FSM MEMS FSM MEMS FSM
Size (mm?) 14726 13253 484 540 1716
Mirror size (mm) 12.7 20 7.5 26 10
Maximum mechanical angle (mrad) +2.1 +174 +21 +130 +2.1
Resonant frequency (Hz) 9000 3600 559 530 1230
Nonlinearity 0.3% No data >1% 1.3% 0.05%
Angular resolution (urad) 0.05 50 No data No data 03
Repeated accuracy (urad) 3 1 No data No data 1.11
Step response (ms) 4 1 4 2 041
Integrated angle sensor Assembled Assembled No No Integrated

satellite platform jitter. Also, we have a quite high level of
angular resolution and repeatability accuracy, ensuring
precise beam direction.

Additionally, the COTS FSMs discussed here require
separate feedback modules, complicating system archi-
tecture and increasing power consumption. In contrast,
our FSM integrated with PZR sensors adopts an SOI
fabrication process that is compatible with CMOS tech-
nology. This approach reduces both system complexity
and overall footprint, making it more suitable for compact
optical systems. Furthermore, the integration of PZR
sensors minimizes the need for additional external sensor
components, potentially lowering overall system costs.

Conclusion

This paper introduces a compact, high-performance
piezoelectric MEMS FSM integrated with PZR sensors
tailored for laser ISLs. The mirror features a substantial
optical aperture of 10 mm and a packaged volume of
26 x 22 x 3mm®. A novel intermediate directional defect
structure is implemented to create an SCR, resulting in a
63% increase in the piezoresistive sensitivity from 3.3 mV/
(V-mrad) to 5.4 mV/(V-mrad). The performance evaluation
of the FSM encompasses various metrics, including
mechanical properties, the PZR sensor characteristics, and
mirror optical quality—all of which align with laser ISLs
requirements. Results reveal that the FSM achieves a
resonant frequency exceeding 1kHz and exhibits low
nonlinearity at 0.05% within a range of *2.1 mrad.
Remarkably, it provides a minimum angular resolution of
0.3 prad and repeatable positioning accuracy of 1.11 prad,
ensuring superior pointing precision. A control bandwidth
of 2038 Hz is achieved through a double-step algorithm.
Furthermore, the integrated angular sensor displays a
nonlinearity of 0.09% at *1.08 mrad, a sensitivity of

5.1 mV/(V-mrad), and maintains a minimum angular
resolution of 0.3 prad. Under quasi-static driving condi-
tions (500 Hz at +2 mrad), the maximum dynamic defor-
mation of the mirror surface is limited to just 2 nm. The
future work will focus on the development of the MEMS
FSM with a larger mirror plate to provide a broader cap-
turing field of view for laser ISLs. Further, the closed-loop
control will be employed to achieve higher accuracy.
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