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Abstract

Piezoelectric microelectromechanical systems (MEMS) mirrors enable precise and rapid beam steering with low power
consumption, making them essential components in light detection and ranging (LIDAR) and advanced optical
imaging systems. Lead zirconate titanate (PZT) offers a high piezoelectric coefficient suitable for such applications.
However, its elevated processing temperatures (typically 500 °C-700°C), lead content that raises contamination
concerns during complementary metal-oxide-semiconductor (CMOS) integration, and hysteresis-induced nonlinearity
limit its broader integration into MEMS mirrors. In contrast, aluminum nitride (AIN), with low deposition temperatures
(below 400°C) and contamination-free composition, offers CMOS compatibility, environmental stability, and low
hysteresis, making it a promising lead-free alternative. However, its intrinsically low piezoelectric coefficient limits
actuation efficiency for large scan angles. To overcome this limitation, scandium (Sc) doping has emerged as an
effective strategy to enhance the piezoelectric response of AIN. Sc-doped AIN (AIScN) enables relatively large scan
angles in MEMS mirror applications due to its significantly enhanced piezoelectric coefficients and reduced
mechanical stiffness, while retaining essential advantages, such as CMOS compatibility and environmental robustness.
This review comprehensively examines the recent progress in AIN and AIScN for MEMS mirror applications. We focus
on its impact on piezoelectric properties, fabrication techniques, and mirror performance. Furthermore, we provide a
comparative assessment of AIN- and AIScN-based MEMS mirrors, highlighting their respective advantages, limitations,
and application potentials. Finally, this review summarizes recent developments and research trends, providing
insights into their performance benefits and directions for future research.

Introduction

Microelectromechanical systems (MEMS) mirrors are
widely utilized in advanced optical systems and imaging
applications, including display  projectors™*  optical
switches®®, optical coherence tomography>®, head-up dis-
plays”®, and smart headlights’. In light detection and ranging
(LiDAR) systems'®"!, MEMS mirrors enable high-speed
beam steering, which is essential for achieving high-
resolution 3D mapping and real-time environmental per-
ception in autonomous vehicles and advanced driver-
assistance systems'”. Among various actuation mechanisms
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explored for MEMS mirrors, including electrostatic, electro-
magnetic, and electrothermal approaches'>'*, piezoelectric
actuation has emerged as particularly advantageous due to its
balance of precision, speed, and energy efficiency'>*°. Elec-
trostatic actuators enable high-speed operation with low
power consumption but suffer from inherently limited
deflection angles and require high driving voltages, compli-
cating driver electronics and increasing system complexity.
Electromagnetic actuators achieve larger scan angles but
necessitate bulky magnetic components, limiting miniatur-
ization and increasing power demands. Electrothermal
actuators offer large displacements but exhibit slow response
times and excessive power consumption, making them
unsuitable for high-speed scanning applications. In contrast,
piezoelectric actuation delivers precise angular control, fast
response times, and low steady-state power consumption at
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moderate driving voltages, addressing the key challenges in
compact, energy-efficient MEMS mirror design'”.

The most commonly used piezoelectric materials in
MEMS devices are lead zirconate titanate (PZT). PZT, with
its high piezoelectric coefficient (ds; =200-600 pC/N),
enables large displacement generation, making it widely
used in resonators and MEMS mirrors'®~**. However,
despite its excellent piezoelectric characteristics, PZT pre-
sents significant fabrication and operational challenges that
limit its practical use in MEMS applications. One major
limitation of PZT is its high-temperature processing
requirements. Deposition typically necessitates sol-gel
crystallization at 500°C-700°C or sputtering deposition
followed by annealing at 600 °C-700°C to form the per-
ovskite crystal structure. These processing temperatures are
often incompatible with complementary metal-oxide-
semiconductor (CMOS) processes, particularly in back-
end-of-line integration, here thermal budgets are tightly
constrained**, In alternative workflows, where MEMS
fabrication is performed prior to CMOS processing, high-
temperature treatment can be accommodated®®. However,
the integration of Pb-containing PZT into standard CMOS
workflows raises contamination risks***’. Pb can diffuse
into gate dielectrics, contaminate cleanroom tools, and
degrade the electrical reliability of surrounding devices.
Consequently, its use typically necessitates dedicated tool-
sets, sealed deposition chambers, or full process isolation
from logic wafers. Moreover, PZT’s ferroelectric nature
introduces residual polarization and nonlinear hysteresis,
which can lead to signal distortion and reduced angular
precision in repetitive beam steering operations®®, As a
result, while PZT-based MEMS mirrors have been exten-
sively demonstrated, they inherently suffer from hysteresis-
induced nonlinearity, long-term stability concerns, and
integration difficulties with standard CMOS processes,
necessitating alternative piezoelectric materials for MEMS
mirror applications.

In contrast, aluminum nitride (AIN) has a lower pie-
zoelectric coefficient than PZT, limiting its actuation
efficiency. However, AIN offers several advantages that
make it an attractive material for MEMS mirrors®. Its
low-temperature deposition (<400 °C) enables integration
with CMOS processes without degrading metal inter-
connects or semiconductor layers®’. Unlike PZT, AIN
naturally forms a wurtzite crystal structure during sput-
tering, exhibiting intrinsic piezoelectric properties with-
out the need for additional polarization treatments®"%,
Furthermore, AIN is non-ferroelectric, avoiding
hysteresis-related instability in repetitive actuation®, and
its Pb-free composition ensures compliance with envir-
onmental regulations. Despite these benefits, AIN’s
intrinsically low piezoelectric response continues to limit
its performance in MEMS mirror applications that require
large scan angles. To address this, researchers have
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investigated metal ion doping strategies to enhance AIN’s
piezoelectric properties. Among various dopants—such as
chromium®®, yttrium®>%¢, tantalum®’, and magnesium®*—
scandium (Sc)***° has demonstrated the most significant
improvements. Sc doping induces lattice distortion and
increases ionicity in the AIN crystal lattice, resulting in
enhanced spontaneous polarization and a stronger inter-
nal electric field. These effects collectively lead to a sub-
stantial increase in the piezoelectric coefficient. For
example, doping AIN with 40% Sc has been shown to
increase its piezoelectric coefficient by approximately
500%°°. Sc-doped AIN (AIScN) builds upon the key
advantages of AlN—including CMOS compatibility,
thermal stability, and low-temperature processability—
while significantly enhancing piezoelectric perfor-
mance*"*?, This makes AIScN particularly attractive for
MEMS mirror applications requiring higher actuation
efficiency, precise beam steering, and long-term opera-
tional stability.

Given these advantages, this review systematically
examines recent advances in AIN- and AlScN-based
MEMS micromirrors, focusing on piezoelectric proper-
ties, fabrication methods, and device performance.
Figure 1 provides a structural classification of repre-
sentative MEMS mirror designs based on the two mate-
rials, categorized by degrees of freedom in AIN-based
devices and by fabrication architecture in AlScN-based
ones. To enable direct comparisons, we also outline key
performance metrics, such as scanning mode, resonant
frequency, optical scan angle, and mirror plate size, which
are used consistently throughout the review. This review
compares the structural and performance characteristics
of these two material systems, highlighting their respec-
tive strengths, trade-offs, and future development
potential.

Properties of AIScN thin films and their impact on
MEMS micromirror performance

Enhancing the piezoelectric response of AIN has been a
key strategy for improving actuation efficiency in MEMS
mirrors, particularly for achieving large scan angles.
Traditional approaches, such as optimizing the c-axis
orientation through the use of seed layers (e.g., plati-
num®, molybdenum®***, titanium®*~*’) and adjusting
sputtering conditions®*~>?, have improved film texture
and structural integrity. However, these methods offer
limited enhancement to the intrinsic piezoelectric coeffi-
cient of AIN, which constrains their effectiveness in
MEMS mirror applications requiring higher torque gen-
eration or larger angular displacements.

In contrast, substitutional doping of AIN with Sc pro-
vides a more direct and effective means of enhancing
piezoelectric performance. Among various metal dopants,
Sc demonstrates the most significant improvement due to
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Fig. 1 Representative classifications of MEMS micromirrors based on piezoelectric AIN and AIScN thin films. The upper section categorizes
devices according to structural configuration: AIN-based mirrors are grouped by degrees of freedom (1-DOF'% and 2-DOF'®), while AlScN-based
designs are classified by fabrication architecture (three-level®® and single-layer constructions'?"). The lower section outlines key performance metrics,

this review

such as scanning mode, resonant frequency, optical scan angle, and mirror plate size, which serve as comparative benchmarks throughout

its ability to induce lattice distortion and increase ioni-
city®>*. Sc exhibits the lowest formation energy (0.3 eV)
among various metal dopants when substituting for alu-
minum, enabling stable doping at high concentrations
without causing significant lattice instability®>>*, Akiyama
et al.>>* first reported a substantial enhancement of the
piezoelectric coefficient (dss) in AIScN thin films,
achieving values of 27.6 pC/N at 43% Sc concentration
under CMOS-compatible deposition conditions (400 °C).
Subsequent work by Olaf Zywitzki et al.”> systematically
characterized AlScN films across Sc concentrations from
0 to 57%. As shown in Fig. 2a, the piezoelectric coefficient
(d33) increases from 8.4 pC/N for undoped AIN to
23.6 pC/N at 33.2% Sc concentration, with a saturation
observed between 35 and 43%. This enhancement directly
translates to improved actuation efficiency in MEMS
mirrors, enabling larger angular deflections. However, the
benefits of Sc doping come with trade-offs. As illustrated
in Fig. 2b, ¢, increasing Sc content reduces the mechanical
robustness of AIScN films. Hardness declines from 23 to
13.5 GPa, and Young’s modulus decreases from 338 to
193 GPa as Sc concentration rises to approximately 43%.
This softening effect, driven by the longer and more ionic
Sc-N bonds compared to Al-N bonds, facilitates greater
strain but may compromise mechanical stability in MEMS
mirrors, particularly in high-frequency resonant or long-
term quasi-static applications where fatigue could be a
concern. At Sc concentrations above 51%, a sharp decline
in piezoelectric response occurs, attributed to a phase
transition from the wurtzite to the rock-salt structure®.
As shown in Fig. 2d, this transition eliminates the non-
centrosymmetric crystal structure essential for piezo-
electricity, thereby capping the effective doping range for

high-performance AIScN thin films used in MEMS
mirrors.

Additionally, Fig. 2e presents the polarization hysteresis
loops that reveal distinct ferroelectric switching behavior
in AlScN for Sc concentrations between 27 and 43%, with
decreasing remnant polarization (P,) and loop area as the
Sc concentration increases. This behavior was demon-
strated by Fichtner et al.*”, who fabricated polycrystalline
AlScN films (thickness: 400, 600, 1000 nm) via reactive
sputtering on Si substrates covered with an AIN/Pt bot-
tom electrode at 400 °C. Notably, as shown in Fig. 2f, the
coercive field (E,) remains high across this composition
range—exceeding 1.5 MV/cm®”*®—indicating that polar-
ization reversal in AlScN requires a significantly stronger
electric field than in PZT (0.03-0.12 MV/cm)™. Conse-
quently, under typical low-voltage driving conditions (e.g.,
+200 V) considering thin film thickness, AlScN actuators
exhibit hysteresis-free mechanical behavior, which
makes AIScN particularly suitable for MEMS mirror
applications®®

While increasing the Sc concentration up to the
wurtzite-to-rock-salt transition point enhances the pie-
zoelectric response by introducing greater lattice distor-
tion and ionicity, it also tends to reduce the breakdown
field due to increased defect density and structural
instability. Tsai et al.®® reported a breakdown field of
6.5 MV/cm with a standard deviation of 1.0 MV/cm for a
50 nm-thick Alg-8Sco2oN film deposited at room tem-
perature. The film also exhibited a remnant polarization
of 70 uC/cm? and a coercive field of 5.8 MV/cm. Similarly,
Zheng et al.%* investigated the breakdown behavior of
45 nm-thick AlScN films and reported that single-layer
Aly75Sc2sN and Aly g4Scy 36N exhibited breakdown fields



Jung et al. Microsystems & Nanoengineering (2025)11:179 Page 4 of 26
'd \
a b c
30 - 30 - 400 ;
*4 Lt B 124
25 o < 25 &
> o & s 1 = 300
g 20 =20 & % 250 o
3 3
£ 18 g 15 KL g 20 S od
«©
< 10% © 10 £ 50
© = 100
5 T 5 =
N 3 50
0 44 0 >
0 1 20 30 40 50 60 0 10 20 30 40 50 60 0 10 20 30 40 50 60
Scandium concentration in % Scandium concentration in % Scandium concentration in %
e 200 ———————— f 200
. I Present data
150 — x=036 — x=0.40 H < 150
| —x=043 —pzT52i8 || §
- —- T 100
‘L E 100 (4 &
Q - rr’- ] Q" 59 Fichtner et al.
=
= 50 -
g 1 1 Tl
B2 | o S 10 Ema
A [
wned | RRET| £ gl 1 .-
phases G I i © 6 c
-100 —J J— - g a4 '\_\\
I [ S N N R B ]
b|4'0 : ‘56 N ) ) > 2 u;‘j 2+ Fichtner et al.
; - 2 Electric field [MV/cm] 0 10 20 30 40 50
X xin (Al_Sc,)N (%)
Fig. 2 Effect of Sc concentration on mechanical, structural and ferroelectric properties of AIScN. Effect of Sc concentration on a the
piezoelectric coefficient (ds;), b hardness, and ¢ Young's modulus of AIScN \ayers554 d For Sc concentrations above x =040, Al _,Sc,N exhibits a
coexistence of wurtzite (AIN) and rock-salt (ScN) phases. As the Sc content increases beyond x = 0.56, the material undergoes a structural transition,
favoring the rock-salt phase as the dominant crystalline structure®®. e Polarization—electric field loops for Al; _,Sc,N (x=0.27-043) and PZT 52/48,
showing composition-dependent ferroelectricity®”. f Polarization, coercive field, and maximum applicable electric field as functions of Sc
concentration®”®

of 599 and 5.86 MV/cm, with breakdown-to-coercive
field ratios of 1.37 and 1.26, respectively. While the
reduction in dielectric strength with increasing Sc con-
centration can limit the applicable voltage in quasi-static
MEMS actuators, moderate Sc levels (e.g., 22—-28%) have
been shown to achieve an optimal trade-off between
enhanced piezoelectric response and electrical reliability.

To mitigate the reduction in breakdown field associated
with increasing Sc concentration, multilayer structuring
of AIScN has emerged as a promising strategy. Zheng
et al.°” systematically investigated the effects of multilayer
structuring on electrical breakdown by fabricating multi-
layer stacks composed of alternating Alg72Sco2sN and
Alp64Sco 36N layers, while keeping the total thickness and
volume constant. As shown in Fig. 3a, cross-sectional
transmission electron microscopy (TEM) imaging con-
firmed well-defined internal interfaces, further char-
acterized by energy-dispersive X-ray spectroscopy (EDS)
mapping and line scan (Fig. 3b). Schematic layouts of the
three-, five-, and seven-layer configurations are shown in
Fig. 3c. As depicted in Fig. 3d, the breakdown field

increases from approximately 5.9 MV/cm in single-layer
films to 7.2 MV/cm in the seven-layer structure, while
maintaining stable remnant polarization. This improve-
ment is attributed to dielectric strengthening induced by
internal interfaces, which disrupts the vertical propaga-
tion of electrical trees. Such enhancements enable wider
voltage operating windows and improved reliability,
which are key requirements for MEMS actuators that
demand both high breakdown tolerance and strong pie-
zoelectric response.

In the context of MEMS actuators requiring large
displacements or high output forces, such multilayer
AlScN architectures offer key advantages: extended
operational voltage windows, enhanced breakdown
reliability, and preservation of high piezoelectric
response. Fichtner et al.°®> proposed a double-layer fer-
roelectric Aly;Sco 3N actuator structure, demonstrating
enhanced strain output while preserving linear and
bipolar actuation characteristics, as shown in Fig. 3e.
This architecture leverages the constructive contribu-
tion of strains from both layers, each with opposite
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polarization after switching. Expanding on this concept,
Kreutzer et al.®* introduced a double-layer Aly ¢5Sco 35N
actuator with an inverted polarization in one layer. As
shown in Fig. 3f, this configuration exhibits a higher
effective longitudinal piezoelectric coefficient compared
to single-layer counterparts. Notably, the resulting
strain—electric field response, shown in Fig. 3g,
demonstrates performance on par with PZT actuators,
while requiring only about half the electric field to
achieve comparable displacement. These results high-
light the promise of double-layer AlScN structures in
enabling energy-efficient, high-performance MEMS
actuation through internal strain enhancement
mechanisms and ferroelectric tuning.

While this review primarily focuses on PZT, AIN, and
AlIScN, Table 1 expands the comparison to include
additional piezoelectric materials—such as potassium

sodium niobate (KNN), lithium niobate (LiNbOs), and
niobium-doped PZT (PNZT)—to enable a more com-
prehensive assessment of AlScN’s suitability for MEMS
mirror applications. The comparison highlights four key
design considerations for MEMS mirrors, such as piezo-
electric coefficient, hysteresis behavior, CMOS compat-
ibility, and Pb content.

PZT and PNZT offer the high piezoelectric coefficients
(#12.2-153C/m?)®, but their low coercive fields
(<0.12MV/cm) make them prone to domain switching
even under typical MEMS driving conditions, leading to
hysteresis®®. In addition, their high processing tempera-
tures (500°C-700°C) and Pb content pose significant
challenges for CMOS co-integration and raise environ-
mental concerns. KNN eliminates the toxicity associated
with Pb but still requires crystallization at =600 °C57:68,
and its mobile K*/Na* ions pose a contamination risk in
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Comparison between KNN, LiNbOs, PZT, PNZT, AIN, and AIScN piezoelectric materials

Performance KNN LiNbO; PZT

PNZT AIN “AIScN

Material category Ferroelectric

Ferroelectric  Ferroelectric

Ferroelectric ~ Non-ferroelectric Non-ferroelectric / Ferroelectric

Mechanical behavior Hysteresis Linear Hysteresis Hysteresis Linear Linear
CMOS compatibility No No No No Yes Yes
Directionality Unidirectional = Bidirectional Unidirectional Unidirectional Bidirectional Bidirectional
Lead content No No Yes Yes No No
Piezoelectric coefficient, |es; | [C/m3 11-13 =68 122 153 =1.1 =3.16

“Al1ScyN exhibits a clear composition dependence: films with Sc content < 0.25 act as non-ferroelectric, linear piezoelectrics that allow bidirectional actuation. For
x = 0.27 the films are switchable ferroelectrics, yet their coercive field is well above the electric fields normally applied in MEMS mirrors, so they still operate linearly
and bidirectionally with negligible hysteresis. The piezoelectric coefficient quoted in the table was measured for a film with x=0.41 and therefore represents the

ferroelectric state

CMOS cleanroom environments. Furthermore, due to its
ferroelectric nature and coercive fields, KNN exhibits
mechanical hysteresis in its electromechanical response®.
LiNbO;j offers various piezoelectric coefficients depending
on the crystal cut angle and enables large optical deflec-
tion angles in MEMS mirrors, as demonstrated by 3D
FEM simulations using COMSOL’®. Despite its non-
hysteretic piezoelectric behavior and Pb-free composi-
tion”", the fabrication of LiNbO; thin films typically
requires complex processes, such as ion slicing’”. Con-
sequently, MEMS mirrors based on LiNbOj thin films
have rarely been reported”.

In contrast, AIN is a non-ferroelectric material that is
fully CMOS-compatible and highly reliable; however, its
low piezoelectric coefficient (=1.1 C/m?) limits its effec-
tiveness in MEMS mirrors requiring large optical angles®.
AlScN bridges this performance gap. Scandium alloying
significantly enhances the piezoelectric response (up to =
3.2C/m®* at x~0.41) while maintaining a low-tempera-
ture, CMOS-friendly sputtering process (<400 °C). Cru-
cially, ~Al;,Sc,N  exhibits composition-dependent
electromechanical behavior: films with x<0.25 remain
non-ferroelectric and exhibit linear, bidirectional actua-
tion; above x = 0.27, the films become switchable ferro-
electrics, yet their coercive fields remain well above the
electric fields typically applied in MEMS mirrors. As a
result, even ferroelectric AIScN films operate in the sub-
coercive regime, enabling linear and hysteresis-free
actuation in practical use.

From a MEMS mirror design perspective, AIScN
enables either lower actuation voltages or larger optical
scan angles, depending on the specific design priorities
and performance requirements of LiDAR and high-
resolution optical systems. Nevertheless, optimizing Sc
concentration is essential to balance piezoelectric gains
with mechanical reliability. Excessive doping, while
increasing the piezoelectric coefficient, may lead to
structural vulnerabilities.

Fabrication of AIScN for MEMS mirrors

Achieving highly c-axis-oriented AlScN thin films is
critical to maximizing the actuation efficiency and sta-
bility of piezoelectric MEMS mirrors. Poor crystalline
alignment, particularly the formation of abnormally
oriented grains (AOGs), degrades piezoelectric perfor-
mance and compromises device reliability. Stephan
Barth et al.”* emphasized that AOGs disrupt the uni-
formity of the wurtzite structure, reducing piezoelectric
response and increasing defect density in MEMS devi-
ces. Recent studies on AIScN film deposition have been
directed toward improving film texture, including
efforts to enhance c-axis alignment and minimize
AOGs. In parallel, various anisotropic dry etching
techniques—such as inductively coupled plasma (ICP),
ion beam etching (IBE), and reactive ion beam etching
(RIBE)—have been explored for the precise patterning
and reliable release of AlScN-based MEMS mirror
structures.

Deposition of AIScN

AlScN films offer significant advantages in piezoelectric
applications due to their enhanced piezoelectric coeffi-
cients. However, compared to pure AIN, their deposition
demands more stringent process control, as several cri-
tical issues frequently arise during film growth”®. First,
oxygen ingress into the sputtering chamber, often caused
by residual outgassing, can result in the formation of
scandium oxide (Sc,O3) impurities, as scandium has a
lower oxide formation enthalpy (—1908.8 kJ/mol) than
aluminum (—1675.7 kJ/mol). These oxides disrupt film
stoichiometry, induce lattice distortion, and promote
nitrogen and metal vacancies, ultimately degrading pie-
zoelectric performance’®””. In addition, AOGs are
increasingly formed with higher Sc concentrations. AOGs
nucleate at Sc-enriched grain boundaries and lead to
surface roughening and degraded c-axis texture, thereby
compromising film texture’®. Furthermore, residual stress
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accumulated during deposition not only influences the
actuation behavior of frequency-driven MEMS mirrors
but also degrades the intrinsic piezoelectric properties of
AIScN”. It alters physical characteristics, such as
mechanical stability and may cause microcracks or dela-
mination in severe cases. The stress becomes more pro-
nounced at higher Sc concentrations, where increased
Sc—N bond lengths and reduced bond angles lead to
tetrahedral distortion and atomic disorder. Growth on
lattice-mismatched substrates further exacerbates stress
through defect accumulation””. These interrelated chal-
lenges, including oxygen-induced impurities, abnormal
grain growth, and residual stress, underscore the impor-
tance of optimizing deposition conditions to achieve high
crystal quality and stable device performance. We next
review key deposition strategies that have been developed
to enhance c-axis orientation in AlScN films.

Among deposition methods for AlIScN—metal-organic
chemical vapor deposition (MOCVD), molecular beam
epitaxy (MBE), and reactive magnetron sputtering—
reactive sputtering has emerged as the most practical for
MEMS mirrors due to its scalability, cost-effectiveness,
and ability to control thin-film stress’>*°. AIScN thin
films can be deposited using a single sputtering target
composed of an AlSc alloy with a fixed Al-to-Sc compo-
sition®". Alternatively, dual-target co-sputtering can be
employed, where separate Al and Sc targets are installed
in two sputtering guns and the Sc concentration is con-
trolled by adjusting process parameters, such as the
sputtering power’>, Another approach involves the use of
a double-ring target, in which the outer ring consists of Al
and the inner ring of Sc, enabling composition tuning
within a single sputtering gun®’. Crystalline quality is
commonly evaluated by the full width at half maximum
(FWHM) of X-ray rocking curves. Optimized sputtering
processes have achieved FWHM values below 2° for
AlScN films with Sc concentrations between 6 and 30%,
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indicating excellent c-axis orientation suitable for MEMS
mirror applications, as summarized in Table 2.

Valeriy Felmetsger et al.®' demonstrated that an AC-
powered dual-cathode S-gun sputtering system, combined
with optimized nitrogen (N,) flow rates, significantly
improved c-axis alignment in thick AIScN films (1-2 pm).
Their two-step process—initial high N, flow for better
orientation, followed by reduced flow for surface
smoothness—produced films with both low roughness
and high crystalline quality. Similarly, Yuan Lu et al.*’
reported that increasing N, concentration in pulsed DC
magnetron co-sputtering reduced misoriented grains and
improved the piezoelectric coefficient. However, they
noted that increased target-to-substrate distance degra-
ded film quality, underscoring the need for precise control
of deposition parameters. In summary, nitrogen flow rate,
plasma conditions, and substrate positioning are impor-
tant factors that influence the quality of AlScN thin films.
Optimizing these and other deposition parameters con-
tributes to achieving stable actuation, large angular dis-
placements, and long-term reliability in MEMS mirrors.

Etching of AIScN thin films

Compared to pure AIN, the etching behavior of AIScN
thin films is strongly influenced by the concentration of Sc
incorporation. While AIN exhibits a relatively fast etch rate
(=13 nm/s with ICP®, 7 nm/s with ICP®® ), increasing the Sc
concentration in AlScN films generally leads to reduced
etch rates (~ 1.3 nm/s with ICP®) and makes it more dif-
ficult to achieve vertical sidewalls in both dry and wet
etching processes. Hardy et al.** examined Cl,-based ICP
etching of AIN, AlygScooN, and Algg4Sco 16N, observing a
clear trend of decreasing etch rate with higher Sc content,
as shown in Fig. 4a. This behavior is attributed to the
increasing fraction of strong Sc—N bonds (bond dissociation
energy ~ 13.35eV), which lowers the overall chemical
reactivity in plasma, and the formation of low-volatility

Table 2 Characteristics of AIScN films depending on deposition methods

Deposition method Sc-concentration [%]

Piezoelectric coefficient

FWHM Thickness of AISCN Substrate Ref.

(ds3)

DC reactive magnetron sputtering 27 891 pm/V <2° 500 nm AIN/PYTI 136
DC reactive magnetron sputtering 6 - 031° 758 nm Si 137
AC-powered dual- cathode S-gun magnetron 30 - 1.58° 1000 nm Mo/Si 81

sputtering

Pulse DC reactive magnetron sputtering 13 —123 pC/N <2° 900-1200 nm Si 8

Pulse DC reactive magnetron sputtering 2 —128 pC/N 195°  500nm Si s

Unipolar-bipolar hybrid pulse mode reactive 295 1-12 pm/NV 2.2° 2500 nm PU/Ti/SI 7

magnetron sputtering
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byproducts, such as ScCl;, which accumulate on the surface
and hinder anisotropic etching®**.

Wet etching using potassium hydroxide (KOH) and
tetramethylammonium hydroxide (TMAH) exhibits a
similar trend. Tang et al.*” reported that the vertical etch
rate steadily declined with increasing Sc content up to
42% in KOH solution, as shown in Fig. 4b. In addition, the
sidewall angle decreased from 56.7° at 12.5% Sc to 43.0° at
42% Sc (Fig. 4c), indicating a loss of anisotropy. Shifat
et al.®® further confirmed that TMAH etching exhibited
slower rates and slight degradation in sidewall angle,
decreasing from 88.2° at 20% Sc to 87.3° at 40%, as shown
in Fig. 4d. Moreover, etch residues and surface roughness
were observed at higher Sc concentrations, attributed to
the formation of poorly soluble Sc—O or Sc—OH com-
pounds under alkaline conditions, as shown in Fig. 4e. In

addition, significant undercutting was evident following
the wet etching process, as shown in Fig. 4f. Although Sc
incorporation enhances piezoelectric performance, these
findings indicate a clear trade-off in etch performance and
process compatibility. Careful consideration of Sc content
is therefore essential in process design, particularly for
applications requiring high aspect ratio patterning or
vertical sidewalls.

Precise patterning of AIScN thin films is vital for
defining MEMS mirror structures, such as torsional
beams and gimbals. Wet etching methods—using
KOH®*®,  TMAH®**°, and hot phosphoric acid
(HsPO,)**—are limited by their isotropic nature and poor
scalability for high-precision MEMS fabrication”. As a
result, dry etching techniques have become the standard
for AISCN MEMS fabrication, offering superior anisotropy



Jung et al. Microsystems & Nanoengineering (2025)11:179

and better profile control. ICP etching®*>**% and

RIBE® are particularly effective. RIBE has demonstrated
excellent results in both etch rate and sidewall profile. R.
James et al.”* explored both IBE and RIBE techniques for
AlScN films. While IBE showed limited etch rates
(17 nm/min), RIBE demonstrated improved performance,
achieving an etch rate of approximately 36 nm/min. The
RIBE process also resulted in profile angles ranging from
60° to 80°, with low surface roughness of less than 5 nm.
ICP etching, commonly employing Cl,/BCl;/N, or
BCls/Ar gas chemistries®®®?, achieves high etch rates
(230 nm/min with Cl,/BCl3/N,, 79 nm/min with BCl;/Ar)
and steep sidewalls (84° with Cl,/BCls/N,). However,
careful optimization of process parameters—such as ICP
power, RF bias, and chamber pressure—is required to
balance etch rate, sidewall verticality, and surface qual-
ity”*??. In summary, advanced dry etching techniques are
critical for fabricating high-performance AIScN MEMS
mirrors, enabling precise beam steering with high relia-
bility and scalability.

AIN and AIScN-based MEMS micromirrors

Section 4 provides an overview of piezoelectric MEMS
micromirrors based on AIN and AlScN thin films by intro-
ducing key studies that highlight their structural and per-
formance features. We begin by describing the two main
actuation modes, resonant and quasi-static operation, and
discuss their impact on device behavior. AIN-based micro-
mirrors are classified according to their degrees of freedom
(DOF), including one and two-DOF designs. AlScN-based
devices are organized by structural configuration, specifically
three-level and single-layer architectures. To clarify the
practical advantages of AlScN over AIN, we also summarize
major experimental and simulation results that directly
compare their performance. Lastly, we review demonstrated
application domains and explore future opportunities
enabled by the distinct properties of each material system.

MEMS micromirrors are evaluated based on key per-
formance metrics, including optical scan angle and
operating voltage. The mechanical tilting angle of piezo-
electric MEMS micromirrors, which is translated into the
optical scan angle, is generated by piezoelectric film
actuation. This tilting behavior is fundamentally governed
by the effective transverse piezoelectric coefficient ez,
which integrates both the electrical and mechanical
characteristics of the material. As described by Ouyang
et al.”?, this coefficient is defined as Eq. (1).

esny = ds;
31, = F &
sty + st

(1)
where d3; is the in-plane piezoelectric constant, and s%,,
s, are the in-plane elastic compliances under a constant
electric field. Given that elastic compliance is the inverse
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of Young’s modulus, this equation clearly shows that the
electromechanical force generated by the actuator, as
represented by es;; increases with a higher d3; and a
lower Young’s modulus.

This relationship becomes especially relevant when
considering the angle—voltage behavior in piezoelectric
micromirrors’®. As shown in the angle—voltage relation-
ship in Eq. (2), the mirror tilting angle is proportional to
the actuation force generated by the film, which in turn
scales with ez; s This actuation is further modulated by a
structural factor, I', which accounts for the geometry and
mechanical coupling between the actuator and the mirror.

0:e317f-F~V (2)

Thus, materials with enhanced es;r enable greater
mechanical response at a given drive voltage, V. In this
context, AlScN exhibits both a significant increase in d3;
and a reduction in elastic modulus compared to pure
AIN®®, resulting in a markedly higher es; ,f97. As Boni
et al.”® emphasized, this effective coefficient is the critical
factor that determines the force transmitted from the
piezoelectric film to the MEMS structure, and therefore
directly influences the tilting angle. As a result, the
improved performance of AlScN-based MEMS mirrors,
especially the greater optical scan angle, can be attributed
to the simultaneous enhancement in piezoelectric
response and reduction in material stiffness. These
enhancements are quantitatively captured in the defini-
tion and functional role of e3; 5 making it the key material
parameter for optimizing angular displacement in piezo-
electric MEMS mirrors.

Piezoelectric MEMS micromirrors generally operate in
either resonant or quasi-static mode. In resonant mode,
actuation near the device’s resonant frequency enables
efficient energy accumulation, resulting in large scanning
angles even at relatively low driving voltages. This beha-
vior is intrinsically associated with a high quality-factor
(Q-factor), reflecting low energy dissipation and sustained
oscillation. To maintain oscillation efficiency and prevent
performance degradation over time, materials used in
resonant-mode devices must exhibit low mechanical loss
and high elastic stability. The resonant frequency of a
micromirror is a critical design parameter, determined by
the moment of inertia of the mirror plate and the stiffness
of the suspension springs. Devices with lower resonant
frequencies (<5 kHz) typically incorporate larger reflective
areas and softer springs, resulting in lower Q-factors
(<200) but offering a broader operational bandwidth—
ideal for applications requiring wide-frequency response.
Conversely, high-frequency designs (>20 kHz) use smaller
mirrors and stiffer suspensions to achieve higher
Q-factors (>800), albeit with a narrower bandwidth. This
inherent trade-off between Q-factor and bandwidth is a
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central consideration in the design of resonant micro-
mirrors for specific performance requirements””.

In contrast, quasi-static operation offers direct control
over angular position through linear voltage-displacement
relationships. This mode is better suited for applications
requiring high linearity, responsiveness to arbitrary
waveforms, and closed-loop control. However, achieving
large deflection angles often demands higher actuation
voltages, making materials with strong dielectric strength
particularly advantageous. In this quasi-static mode, the
dielectric breakdown field and long-term reliability of the
piezoelectric material under DC bias become critical
design considerations. Additionally, low leakage current
and stable permittivity are important to ensure accurate
control and minimize power loss.

AIN-based MEMS micromirrors

AIN has emerged as a promising piezoelectric material
for MEMS micromirrors. The first AIN-based MEMS
micromirror was fabricated by Shao et al.'® in 2018.
Their device featured 1-DOF motion with both piston and
tilting capabilities and was evaluated under both resonant
and quasi-static actuation modes. AIN offers a compelling
balance of properties, including a high breakdown field,
chemical stability, ease of deposition, and compatibility
with standard MEMS and IC fabrication processes. These
characteristics have encouraged the use of AIN in
micromirror designs where structural enhancements,
such as leverage-based amplifiers or serpentine beams, are
combined with mode-specific actuation strategies.

Although AIN’s high breakdown voltage makes it well
suited for quasi-static actuation—allowing stable opera-
tion under high driving voltages—many reported designs
favor the resonant mode. This preference stems from
AlN’s relatively low piezoelectric coefficient (d3;), which
limits static displacement and makes it challenging to
achieve large scan angles through direct actuation alone.
By operating near the structure’s mechanical resonance,
the resonant mode enables effective displacement ampli-
fication while maintaining a low driving voltage. Many
AIN-based micromirror designs, therefore, incorporate
mechanical resonance and structural leverage mechan-
isms to enhance optical scan performance. The following
section introduces representative AIN-based MEMS
micromirrors, classified into 1-DOF and 2-DOF config-
urations, and compared in terms of scanning mode,
optical scan angle, and operating voltage.

1-DOF AIN-based MEMS micromirrors

AlN-based 1-DOF MEMS micromirrors are primarily
designed to achieve motion along a single axis, typically
for tilting or piston displacement'!. Depending on the
actuation scheme and mechanical layout, these devices
can operate in quasi-static or resonant modes, with
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motion achieved through various structural strategies,
such as folded springs, L-shaped cantilevers, or serpentine
beams. For example, in 2018, Shao et al.”® introduced a
compact micromirror using two diagonally arranged
L-shaped cantilevers (Fig. 5a), which enabled both piston
and tilt modes depending on voltage polarity. The device
exhibited linear response in both actuation regimes,
achieving +200 nm piston displacement and +0.15° tilt
quasi-statically (+60 Vpc and +30 Vpc), and reaching a 4°
mirror angle (5 Vpeas 22.13kHz) or 1000 nm displace-
ment (5 Vpeas, 63.25 kHz) under resonant actuation.

Similarly, Meinel et al.'®® optimized the mechanical
geometry by adjusting spring width and lever arm length
through FEM analysis to enhance multi-mode resonant
behavior, as illustrated in Fig. 5b. With 3 pm-wide springs,
the device achieved a 104.9° scan angle at 20 Vc. How-
ever, this performance was accompanied by a lower
resonant frequency (1.9kHz) and a reduced Q-factor
compared to designs with wider springs, clearly illustrat-
ing the trade-off between large scan angle and dynamic
performance. A lower Q-factor increases susceptibility to
external disturbances, such as temperature drifts and
mechanical vibrations, which can compromise angular
stability and precision. To mitigate this issue, Meinel
et al.'® from the same research group introduced a
follow-up design in 2021, incorporating piezoelectric
sensors at the actuator edges, as shown in Fig. 5c. These
integrated sensors enabled closed-loop feedback control
by providing real-time monitoring of the mirror position,
allowing active correction in response to disturbances. As
a result, the device achieved a resonant scan angle of
137.9° at 20 Vac and 3385 Hz, while also supporting
quasi-static actuation for applications requiring fine
control.

In MEMS micromirrors, a large mirror plate area is
often essential for applications requiring high optical
throughput or wide beam coverage, such as laser scanning
and projection systems. However, increasing the mirror
size typically lowers the Q-factor due to greater mass and
reduced stiffness, which increases energy dissipation and
makes the system more vulnerable to mechanical damp-
ing”>'**, To overcome this trade-off, Lei et al.'*
demonstrated a 1-DOF piezoelectric micromirror with a
large mirror plate of 6 x4 mm? while achieving a high
Q-factor of 1851. This was accomplished through the use
of serpentine torsion beams and mechanical amplification
strategies that reduced effective stiffness and enhanced
resonant performance, as shown in Fig. 5d. The device
achieved an optical scan angle of 8.2° at 10 V¢, actuation
and 902 Hz resonance.

While most 1-DOF micromirrors are limited to single-
axis motion, some designs enable effective 2D coverage
through alternative actuation strategies. Pensala et al.'*®
introduced a 1-DOF micromirror operating in a
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wobbling mode, using a tripod of three actuators spaced
120° apart, as shown in Fig. 5e. This configuration
generated effective 2D angular coverage via in-phase
and phase-shifted driving, producing a circular scan
pattern. The 4 mm diameter mirror achieved a 30°
optical scan at just ~1 Ve and 1.6 kHz, with a high
Q-factor of =~4000, offering low-voltage, wide-angle
scanning in a resonant operating.

2-DOF AIN-based MEMS micromirrors

2-DOF AIN-based MEMS micromirrors enable bidir-
ectional angular motion critical for applications, such as
LiDAR and laser beam steering. These devices are com-
monly categorized into gimbaled and gimbal-less designs.
Gimbaled architectures utilize two rotational frames
arranged orthogonally, typically with the outer frame
responsible for one axis and the inner mirror responsible
for the other. This arrangement allows for decoupled and
independently controlled motion, effectively suppressing
cross-axis coupling. Gimbal-less configurations, on the

other hand, achieve dual-axis actuation within a mono-
lithic structure by using compliant elements, such as
serpentine or cross-spring flexures while maintaining
mechanical simplicity.

In 2022, Ruotsalainen et al.'”” developed a gimbaled
2-DOF AlN-based micromirror with concentric differ-
ential actuators aligned along orthogonal axes, as shown
in Fig. 6a. Strain-relief serpentine springs were added
between the actuator and mirror plate to minimize
mechanical stress and cross-axis coupling. Driven at
slightly offset resonant frequencies of 915 Hz and 860 Hz
under a 3.3V, input, the device achieved Lissajous
scanning with optical scan angles of 51.2° and 50.8° along
the x- and y-axes, respectively, and maintained stable
operation with a Q-factor near 18000.

Unlike gimbaled designs with nested frames, gimbal-less
2-DOF MEMS micromirrors achieve bidirectional scan-
ning within a monolithic structure by using compliant
flexures, such as serpentine or cross-spring beams. Based
on this principle, several representative gimbal-less 2-
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DOF micromirror designs have been developed'*®''",

Among AlN-based gimbal-less micromirrors, the design
by Meinel et al.'®® stands out for achieving exceptionally
large scan angles. As shown in Fig. 6b, their 0.7 mm dia-
meter circular mirror was suspended by orthogonal pairs
of torsion beams, enabling wide bidirectional rotation.
The best-performing configuration achieved 92.4° at
12.1 kHz (x-axis) and 123.9°at 13.1 kHz (y-axis) under 50
Vac excitation. The high optical scan range came at the
cost of mirror plate area, which was kept small to main-
tain stiffness and resonance. This design also integrated
AIN-based angle sensors that provided real-time
feedback.

In contrast, Senger et al. conducted two studies targeting
applications that require large mirror plate areas, such as
smart headlights'*” and laser material processing''’. Among
these, their 2021 work specifically focused on upscaling the
mirror plate area while retaining resonant operation'’, As
illustrated in Fig. 6c, they developed a series of micromirrors
for laser material processing with mirror diameters of 7 and

10 mm. Despite the increased mass, the devices successfully
preserved orthogonal torsional modes and achieved optical
scan angles of 5° at 1288 Hz and 3° at 564 Hz, respectively,
under +40 V¢ actuation.

Senger et al."® also demonstrated a gimbal-less design
for smart headlight systems. Their device integrated a
5.5 mm circular mirror actuated by concentric AIN thin-
film actuator rings, as shown in Fig. 6d. The outer and
inner rings independently controlled x- and y-axis
motion through differential driving. Resonant opera-
tion at 2.26 and 2.30 kHz yielded optical scan angles of
55° and 30°, respectively, under +40 Vac. Another
notable contribution by Ruotsalainen et al.''' intro-
duced a rotationally symmetric micromirror design with
discrete AIN layers for actuation and sensing, illustrated
in Fig. 6e. Operated under vacuum, the device exhibited
resonant frequencies of 1332 and 1297 Hz for the x- and
y-axes, respectively. Under 5 V¢ single-axis driving, it
achieved 21.2° scan angle, and in dual-axis mode,
reached 42.4° and 32.4°.
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AIScN-based MEMS micromirrors

The first AlScN-based MEMS micromirror was pre-
sented by Gu-Stoppel et al.''* at a conference in 2019, and
was later detailed in a journal publication in 2020°. Since
then, AlScN has emerged as a promising alternative to
AIN for enhancing micromirror actuation performance,
offering a significantly higher piezoelectric coefficient that
enables larger tilt angles at lower actuation voltages. Even
with these enhancements, the fabrication process of
AlScN thin films remains largely compatible with estab-
lished AIN processes, requiring only modifications in
sputtering targets and etch rate management'', Based on
these advantages, AIScN-based MEMS micromirrors have
evolved into two primary structural configurations: three-
level and single-layer constructions. Each configuration
offers different advantages depending on the target
application.

Figure 7 compares representative MEMS mirror struc-
tures based on three-level and single-layer constructions,
illustrating their overall layouts and key functional com-
ponents. As shown in Fig. 7a, the three-level construction
incorporates a separately fabricated mirror plate, actuator,
and supporting pillar®>''*>'**~12% This stacked structure
provides enhanced mechanical leverage, allowing for lar-
ger mirror size, larger tilt angles, and improved multi-axis
movement. Additionally, by minimizing non-reflective
regions, this design maximizes the fill factor, improving
optical efficiency for applications, such as LiDAR and
advanced projection systems. In contrast, as shown in

Fig. 7b, the single-layer construction integrates both the
mirror plate and the actuator onto the same
wafer''>21122 This approach simplifies fabrication and
enhances mechanical robustness. Its compact design
supports high-speed operation and facilitates monolithic
integration with existing MEMS platforms, making it
suitable for applications requiring fast response times and
minimal assembly complexity. Both configurations have
been actively investigated, with their selection typically
depending on specific application requirements, such as
scan angle, resonant frequency, or fill factor. The fol-
lowing sections review key developments in each design,
highlighting their performance achievements and poten-
tial for MEMS mirror applications.

Three-level constructed MEMS micromirrors

A representative class of AIScN-based MEMS mirrors is
the three-level constructed architecture, which enables
integration of large-aperture mirrors with concealed
actuators in compact form factors. In 2020, Gu-Stoppel
et al.%® introduced a 3 x 3 quasi-static mirror array based
on Aly76Scy.24N thin films, where a four-hidden-actuator
configuration enabled precise 2D beam steering with high
linearity and long-term mechanical stability. The system
achieved a mechanical tilt of +14° at 150 V¢, confirming
the potential of AIScN for large-angle quasi-static appli-
cations, as shown in Fig. 8a.

Building on this, Gu-Stoppel et al.''* in 2021 proposed a
unified fabrication platform utilizing glass frit bonding for
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wafer-level 3D assembly, which supported mirrors with
up to 10 mm aperture without requiring vacuum sealing
(Fig. 8b). Finite element simulations performed in this
study provided key insight into the mechanical constraints
of scaling: mirrors with larger mass and area, while
desirable for optical throughput, were more susceptible to
shock due to lower resonant frequencies. The simulated
mechanical tilt of 5.2° at 150 Vpc for the 10 mm AIScN
mirror highlights its viability for robust quasi-static
operation at scale.

Further advancing this architecture, Hwang et al.'*® in
2023 demonstrated a fully 3D-integrated AlScN MEMS
mirror supporting both quasi-static and resonant actua-
tion, as shown in Fig. 8c. The device experimentally
achieved multiple scanning modes—including raster,
spiral, and Lissajous patterns—at remarkably low driving
voltages. Specifically, it exhibited a TOSA of 10.4° at
#20 Vpc in quasi-static mode and 16° at 0.25 Ve in
resonant scanning, underscoring the electromechanical
efficiency and versatility of AIScN-based actuation for
multifunctional beam steering.

Recognizing the trade-offs inherent in structural design,
Hwang et al.''® subsequently investigated how para-
meters, such as mirror diameter, polysilicon thickness,

and spring stiffness influence performance across both
actuation regimes (Fig. 8d). Their comparative study
revealed that resonant frequency is primarily governed by
mirror mass and structural stiffness, favoring smaller
mirrors with thicker support layers, whereas quasi-static
deflection benefits from compliant suspensions and
thinner layers. Critically, AIScN showed clear advantages
over AIN in actuation efficiency, achieving a 20° TOSA at
170 Vpc, while comparable AIN-based designs required
substantially higher voltages. These findings emphasize
the importance of material selection not only in enhan-
cing performance but also in reducing power budgets for
large-angle MEMS mirrors. A detailed comparison
between AIN and AlIScN is provided in Section 4.3,
Comparative Analysis and Discussion on AIN- and AIScN-
based MEMS Micromirrors.

In 2024, Yang et al.''” developed a two-axis AlScN-
based MEMS micromirror optimized for water-
immersible operation, as shown in Fig. 9a. Fabricated
using an 8 inch standard MEMS process, the device fea-
tures a 10 mm circular mirror plate suspended by four
piezoelectric actuators via flexible cantilever springs. The
mirror demonstrated bidirectional quasi-static tilt with
excellent linearity (99.3%) and achieved resonant scan
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angles of +5° in air and +2° in water at 90 V. This study
demonstrates how AlScN’s high dielectric strength and
mechanical robustness enable stable operation in fluidic
environments. Furthermore, its compatibility with large-
diameter substrates and batch MEMS processes facilitates
scalable integration, offering a pathway to overcome fab-
rication and packaging challenges commonly encountered
in immersion-capable MEMS mirrors.

In the same vyear, Zhang et al''® reported an
Alp 904Sco.096N-based quasi-static MEMS micromirror sup-
porting multi-DOF actuation, as shown in Fig. 9b. The
actuator employed a three-stage cantilever array with an
S-shaped layout fully concealed beneath a 5 x 5 mm? mirror
plate, resulting in a near-100% fill factor and high optical
throughput. The device delivered a tilt range of +2.2° and a
piston displacement of +54.9 pm under +50 Vpc, while
maintaining excellent linearity and bidirectional symmetry.
This design highlights the ability of AIScN actuators to
support compact and multi-axis configurations.

These developments further underscore the structural
versatility of AIScN, enabling both large quasi-static
deflections and efficient low-voltage resonant operation
within compact beam steering platforms. Such design
flexibility supports a range of applications requiring trade-
offs among performance, stability, and integration.

In 2024, Yang et al.''® developed a high-speed MEMS
fast steering mirror (FSM) on an 8-inch AlScN platform
for free-space optical communication, as shown in Fig. 9c.
The device features a 10 mm high-reflectivity mirror plate
supported by four AlScN-actuated cantilever beams and
was packaged using wafer-level eutectic bonding. To
enhance dynamic performance, a double-step drive
method was applied, reducing the step response time
from 400 ms (open-loop) to 0.5ms (closed-loop). The
mirror achieved a tilt angle of 1.38 mrad at 68 Vp,
illustrating the potential of AlScN for compact and
responsive beam steering applications.

In 2025, Xue et al.'* reported a compact AlScN-based
MEMS ESM tailored for laser inter-satellite link systems,
as shown in Fig. 9d. The device incorporated a 10 mm
optical mirror and was housed in a 26 x 22 x 3 mm?
package. It achieved resonant frequencies above 1kHz
and a minimum angular resolution of 0.3 urad. A TOSA
of 8.4 mrad was obtained under +110 Vpc. Despite its
compact footprint, the device maintained low surface
deformation (<2 nm) and a fast step response (0.41 ms),
making it suitable for spaceborne optical communication
platforms requiring precise and stable operation.

Together, these FSM-oriented studies demonstrate that
AlScN-based actuators fulfill key requirements, such as
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kilohertz-range resonance, sub-milliradian angular preci-
sion, and minimal surface deformation. Unlike large-angle
scanning MEMS mirrors, FSMs prioritize fine angular
control, rapid response, and tight integration. The adop-
tion of AIScN in these systems has enabled high-speed
and compact optical modules, expanding its role beyond
quasi-static applications to dynamic beam steering in
highly constrained environments.

Single-layer constructed MEMS micromirrors

In 2022, Stoeckel et al.'™ investigated the static high-
voltage actuation of piezoelectric MEMS scanning mirrors
using AIN and AlScN thin films. As shown in Fig. 10a, two
mirror designs (2 x 3 mm?® and 4 x 6 mm?) were fabricated,
incorporating 600 nm AIN and 2000 nm AlgsSco 3N as
the piezoelectric transducer materials. The study directly
compared the mirror performance under identical struc-
tural designs but with different piezoelectric materials. The
quantitative analysis is provided in Section 4.3, Compara-
tive Analysis and Discussion on AIN- and AIScN-based
MEMS Micromirrors. The AlScN-based mirror demon-
strated a significantly enhanced static scan angle, reaching
55.6° at 220 Vpc, in contrast to the lower angular deflection
observed in the AIN-based counterpart.

In 2022, Liu et al.'** explored AlScN-based MEMS
mirrors with large field-of-view scanning capabilities for
LiDAR systems. Two designs were evaluated: a gimbal-
less mirror (D=5mm) and gimbaled mirrors
(D=1.5mm and 3 mm). Figure 10b, c present the MEMS
mirrors with gimbal-less and gimbaled structures,
respectively. Gimbal-less mirrors offer a high fill factor
but often experience mechanical coupling between fast
and slow axes. In contrast, gimbaled mirrors use a dedi-
cated frame to physically decouple the two axes, allowing
independent control but reducing the fill factor due to
added structural layers. Experimentally, the 5.0 mm
gimbal-less mirror (fill factor: 19.6%) achieved optical tilt
angles of 11.4° (x-axis) and 8.6° (y-axis) at 30 V¢, with
resonant frequencies of 1272 and 1325 Hz. The 1.5 mm
gimbaled mirror (fill factor: 7.6%) achieved 22.6° (x-axis)
and 4.1° (y-axis) at the same voltage, with resonant fre-
quencies of 3187 and 8187 Hz.

In 2024, Huang et al.'"*' developed a biaxial Lissajous
scanning piezoelectric MEMS micromirror with a 5 mm
diameter mirror plate for LIDAR applications, as shown in
Fig. 10d. To support large-angle scanning, the design
incorporated a stress-dispersion structure to prevent
silicon fracture, vacuum packaging to reduce air damping,
and a frequency-sweep driving method for accurate
identification of nonlinear resonances. With a 45 Vi
input in air, the device achieved TOSAs of 21.0° (x-axis,
816 Hz) and 24.4° (y-axis, 928 Hz). In vacuum, these
values increased dramatically to 102.8° and 104.8° at
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slightly lower frequencies (810 and 891 Hz), underscoring
the significant impact of air damping control.

Comparative analysis and discussion on AIN- and AIScN-
based MEMS micromirrors

To highlight the practical advantages of AIScN over
AIN, this section summarizes key experimental and
simulation studies that have quantitatively compared their
performance in MEMS micromirror applications. The
analysis focuses on normalized metrics, such as tilt angle
per electric field and scan range under identical structural
conditions.

Gu-Stoppel et al.”” performed FEM simulations using
AIN material parameters from the simulation software’s
material library. To approximate the behavior of AlScN,
the piezoelectric coefficients were adapted by applying an
amplification factors of 1.5 and 2.5, based on experi-
mentally measured differences between AIN and AlScN.
The simulation results showed that, for the same device
design, the mechanical tilting angle increased from 7° to
11° when the higher piezoelectric response was applied.
Subsequently, Gu-Stoppel et al."'* reported that, based on
FEM simulations calibrated with piezoelectric coefficients,
the achievable tilt angle of AIN-based MEMS mirrors was
estimated to be approximately 50% of that of their AIScN-
based counterparts.

Stoeckel et al.''® reached a similar conclusion: sub-
stituting AIN with AlggsSco3N increased the static
deflection per unit electric field by a factor of 3.5. To ensure
a fair comparison, their analysis was normalized by electric
field rather than drive voltage, as both devices shared the
same geometry but differed in piezoelectric film thickness
(600 nm for AIN and 2 pm for Al ¢gSco 32), as illustrated in
Fig. 11a. For instance, at an electric field of 100 MV/m, the
tilt angles were 1.2° for AIN and 4.3° for AIScN (Fig. 11b).
Resonant behavior further reinforces this advantage:
despite a reduced resonance frequency due to lower
structural stiffness (3.44kHz for AIN and 1.82kHz for
AlyegScos2), the AIScN mirror achieved a resonant tilt
angle of 11.9° at 1 MV/m, compared to only 2.8° for AIN
(Fig. 1lc), representing a four-fold improvement that
underscores the superior actuation efficiency of AIScN.

Hwang et al.''® reported a comparison of the quasi-
static performance of AIN-based and AlScN-based mir-
rors fabricated using the same spring structure design, as
shown in Fig. 11d. Figure 11e shows that achieving the
same TOSA of 20° required a significantly higher drive
voltage for the AIN-based device (240 V,;,) than for the
AlScN-based counterpart (140 Vy,;,). Figure 11f presents
direct laser-spot images on a polar target, confirming a
TOSA of 20°: the top row (P;, red frame) shows the AIScN
mirror reaching +10° at 140 V,,,, whereas the bottom row
(Py) shows the AIN mirror achieving the same +10°
deflection only at 240 V...

1‘60
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Zhang et al.''® further demonstrated that, under iden-
tical device structures, replacing AIN with AIScN
improved both tilt and piston-mode actuation perfor-
mance. Specifically, tilt sensitivities reached up to 0.0436°/
V, and piston displacement increased to 54.9 pum at 50V,
reflecting a 16.6% enhancement compared to the AIN-
based design. Collectively, these experimental and simu-
lation results underscore the significant advantages of
AlScN-based transducer materials in enhancing the per-
formance of piezoelectric MEMS mirrors.

Reported MEMS micromirrors utilizing piezoelectric
AIN and AIScN are summarized in Table 3 and Table 4,
respectively. The comparison includes piezoelectric
material, mirror area, chip size, DOF, scanning mode,

resonant frequency, figure of merit (FoM), drive voltage,
and optical scan angle, providing a comprehensive
assessment of their characteristics and performance. To
provide a fair and mode-specific performance indicator,
FoM is defined differently depending on the scanning
mode. For resonant-mode devices, FOM = mirror area
(mm?) x optical scan angle (°) x resonant frequency (kHz),
capturing the benefit of dynamic amplification. For quasi-
static devices, FOM = mirror area (mm2) x optical scan
angle (°), which reflects performance under static or low-
frequency operation. This separation enables objective
cross-comparison while accounting for fundamental dif-
ferences in actuation behavior. In Table 3, the devices are
grouped by DOF (1-DOF and 2-DOF), which reflects the
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mirror’s scanning capability, and listed in chronological
order within each category to aid comparative analysis. In
Table 4, AlScN-based micromirrors are further classified
into three-level and single-layer constructions, as these
structural distinctions influence fill factor, fabrication

complexity, and mechanical behavior. This classification
scheme ensures consistency and highlights the evolution
of MEMS miirror architectures over time.

Figure 12 compares the performance distribution of
MEMS micromirrors based on piezoelectric AIN and
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AlScN in terms of mirror area, optical scan angle, and
resonant frequency. In the resonant scanning mode
(Fig. 12a), most AIN-based devices exhibit relatively
high FoM values. This is primarily due to their higher
resonant frequencies, despite having smaller scan angles
and moderate mirror areas. Meinel et al.'0>!0%108
reported optical scan angles exceeding 100° using AIN-
based actuators with relatively small mirror plates.
Building on their AIN-based design, they proposed that
adopting AlIScN could further enhance actuation cap-
ability by leveraging its higher piezoelectric response. In
the quasi-static mode (Fig. 12b), a clear trend is
observed in which recent studies employing AIScN

materials have achieved significantly larger optical scan
angles across a wide range of mirror sizes. This reflects
AlScN’s advantage in enabling both large-aperture
actuation and wide-angle scanning, supported by its
enhanced piezoelectric properties. Among the quasi-
static AlScN-based micromirrors, those with mirror
diameters greater than 10 mm have been implemented
using three-level constructions' 1#117119120 i which
large-aperture mirror plates fabricated on separate
wafers are bonded to actuator structures via vertical
pillars. In particular, Yang et al.'*” demonstrated quasi-
static and resonant actuation within a single mirror
device. Finally, it is important to note that FoM values
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Table 3 Comparative summary of MEMS micromirrors based on piezoelectric AIN, including 1-DOF and 2-DOF designs

Year Author(s) Piezoelectric Mirror plate  Chip size 'DOF Scanning  Resonant 2FoM 3Drive “Optical
material area (mm?) mode frequency voltage  scan angle
(Hz)
2018 Shaoetal!®. AN 02x02 mm* - TP Quasi-static 63,250 002 #30Vpe 06°
Resonant 10 5 Vpeak 4°
2018 Lei et al.'®. AIN 6x4mm? - T Resonant 902 178 10 Ve 82°
2019 Meinel et al.'%%  AIN 08x08 mm’> 6 TPB Resonant 1900 128 20 Vac 104.9°
2019 Pensala et al.'®. AIN D=4 mm 68x68  Wobbling Resonant 1600 603 1 Vpeak 30°
2021 Meinel et al.'. AN 08x08 mm* 6 TP Resonant 3385 299 20 Vac 1379°
2020 Senger et al.'®.  AIN D=55mm 10x10 TT Resonant (X) 2270 2966 +40 Vac (X)) 55°/ (Y)
(Y) 2244 35° (vacuum)
2020 Meinel et al.'®. AN D=07mm  2x2 TP Quasi-static ~ (X) 12,060 058 100 Vpc (V) 1.5°
Resonant (Y) 13,45 627 50 Vac (X) 92.4° / (Y)
123.9°
2021 Senger et al.”’®.  AIN D=7mm - T Resonant (X) 1256 245 440 Ve  5° (circular
() 1274 scanning)
2022 Ruotsalainen et AIN D=3mm 7x7 T Resonant (X) 915 331 33 Vac (X) 51.2° /. (Y)
al’?”. (Y) 860 50.8°
2022 Ruotsalainen et AIN D=4mm 7X7 T Resonant (X) 1332 710 5 Vac (X) 42.4° / (Y)
al', (Y) 1297 324°

'DOF (degree of freedom): T (1D Tilting), TP (1D Tilting + Piston), TPB (1D Tilting + Piston + Bending), TT (2D Tip-Tilt), TTP (2D Tip-Tilt + Piston)

zFigure of merit (FOM) values are calculated using mode-specific definitions: (1) For resonant-mode devices: FOM = mirror area (mm?) x optical scan angle (°) x
resonant frequency (kHz), (2) For quasi-static devices: FOM = mirror area (mm?) x optical scan angle (°)

3Vac is used for resonant-type devices when the original paper does not specify the driving voltage. (Vpeak: maximum amplitude of the AC waveform)

“For consistent comparison, air environment was used instead of vacuum

can be significantly affected by the operating environ-
ment. Devices tested in vacuum exhibit higher FoM
than those tested in air, due to reduced viscous damping
and the ability to reach larger deflections at
resonance'*”'?!,

Piezoelectric MEMS mirror applications

AlScN-based piezoelectric MEMS mirrors are emerging
as technically viable alternatives to conventional AIN and
PZT-based devices in beam steering applications.
Although their commercial implementation remains
limited, recent progress in thin-film deposition, mechan-
ical design, and integration technologies has significantly
advanced their development toward practical use. Device-
level studies have demonstrated that AISCN MEMS mir-
rors can achieve high resonant frequencies and large
optical scan angles, highlighting their potential for
demanding applications, such as LiDAR. Although full
system-level validation remains limited, these results
establish the feasibility of AlScN-based designs and
motivate further comparative benchmarking against
existing PZT and AIN devices.

Specifically, the material’s high stiffness and breakdown
strength make it ideal for high-frequency resonant

scanning, while its linear piezoelectric response and low
dielectric loss enable stable quasi-static actuation over
large angular ranges. As shown in Fig. 13, this section
reviews five representative application domains in which
AlScN-based MEMS mirrors have demonstrated either
validated performance or strong design potential: laser
projection systems, laser material processing, quantum
optics, LIDAR, and high-speed laser tracking. In each case,
we highlight how the intrinsic properties of AIScN enable
performance improvements or design options not readily
achievable with conventional piezoelectric materials.

High-frequency laser projection systems: smart headlights &
AR glasses

Laser beam scanning (LBS) projection systems, com-
monly implemented in automotive smart headlights and
near-eye AR displays, require MEMS mirrors capable of
high-frequency resonant operation and wide optical scan
angles. These systems typically rely on resonant-mode
operation to achieve the high-speed beam traversal nee-
ded for real-time image rendering. Additionally, dual-axis
actuation is essential for achieving a high spatial fill factor
—defined here as the degree of image area coverage—in
raster or Lissajous scanning patterns. PZT-based MEMS
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mirrors have been used due to their strong actuation
force, but their mechanical reliability and long-term sta-
bility can be limiting'**,

More recently, AIN-based devices have been adopted in
vacuum-packaged, dual-axis resonant configurations to
realize large scan angles with high Q-factors. As shown in
Fig. 13a, AIN MEMS mirrors have demonstrated Lissajous
scanning in smart headlight applications'®”. In AR
smartglasses'**, similar resonant dual-axis mirrors project
images directly onto the retina via diffractive waveguides,
eliminating the need for bulky beam expansion optics
(Fig. 13b). The combination of compact form factor, low
power consumption, and wide field-of-view makes these
systems well-suited for wearable displays. Given its
enhanced piezoelectric response and ability to sustain
high Q-factor operation, AIScN is well positioned to
surpass both PZT and AIN in resonant-mode LBS mod-
ules for automotive and wearable applications requiring
wide-angle and high-frequency scanning.

Laser material processing with high-power resonant scanning

Laser-based micromachining and precision material
processing require MEMS mirrors capable of delivering
high-speed, repeatable scan patterns with large optical
apertures and minimal thermal drift. Resonant-mode
operation is particularly advantageous in this context due
to its energy efficiency and trajectory stability. As shown
in Fig. 13c, recent implementations have demonstrated
large-aperture (D =7-10 mm) AIN-based MEMS mirrors
optimized for circular scanning of high-power lasers at
515 and 1050nm''’. These devices employ vacuum-
packaged gimbal-less architectures to achieve high-
amplitude torsional motion, while integrated piezo-
electric sensors enable closed-loop control for precise
beam positioning. Building on this design approach,
AlScN’s enhanced piezoelectric response and electro-
mechanical coupling make it well suited for high-
frequency operation.

Cold-atom control and quantum optics with MEMS scanning
mirrors

AIN MEMS mirrors have recently been adopted in
quantum optics and cold-atom systems, where laser
beams must be precisely directed to control the behavior
of trapped atoms cooled to near absolute zero. These
systems use laser steering to locally excite or probe atomic
clouds, enabling applications, such as region-selective
measurement, optical trapping, or shaping of quantum
potentials. As shown in Fig. 13d, dual-axis MEMS mirrors
have been used to scan resonant beams through ultracold
atom ensembles to create programmable illumination
patterns'*®, Such applications require stable angular dis-
placement and low power consumption. These cold-atom
experiments typically employ quasi-static scanning modes
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to achieve stable and precise beam placement, rather than
resonant driving, which could introduce undesirable
vibrations. Like AIN, AIScN supports monolithic inte-
gration and low dielectric loss. Additionally, its enhanced
piezoelectric response offers potential advantages for
precise, energy-efficient beam steering in cold-atom
experiments.

Wide-angle MEMS beam steering for LiDAR systems

Beam-steering LiDAR systems demand MEMS mirrors
with large optical scan angles, high resonant frequencies,
and strong mechanical resilience, especially for applica-
tions in autonomous vehicles, drones, and mobile robot-
ics. According to typical design baselines’’, LiDAR
mirrors must achieve field-of-view angles over 25°, dia-
meters of at least 2 mm, and resonance frequencies above
0.8kHz to ensure reliable 3D sensing and vibration
immunity. As shown in Fig. 13e, a coaxial LiDAR archi-
tecture requires the mirror to dynamically steer both the
emitted and received beams to enable 3D scene recon-
struction via time-of-flight measurements'?®,

Recent AlScN-based MEMS mirrors have demonstrated
performance metrics that align well with these require-
ments. For instance, gimbal-less resonant designs with
5mm apertures achieved dual-axis optical scan angles
exceeding 100° by incorporating vacuum packaging and
mechanical stress-dispersion structures'?!. Separately,
gimbaled AIScN mirrors with 1.5 mm and 3 mm apertures
showed more than a tenfold increase in the optical field of
view under 4 Pa vacuum conditions'*>. In addition to
wide-angle operation, these mirrors exhibit excellent
mechanical durability. The AIScN MEMS mirror suc-
cessfully withstood 900 g shock and 20 g vibration tests,
verifying its robustness for automotive-grade LiDAR
modules'*'. These results highlight the suitability of
AlScN-based MEMS mirrors for next-generation LiIDAR
systems, where high-speed, large-angle, and vibration-
resilient performance is essential.

High-speed laser tracking with MEMS mirrors

Laser tracking systems require rapid angular actuation,
real-time feedback, and compact integration to support
applications, such as optical communication, UAV gui-
dance, and autonomous object tracking. Traditional
mechanical systems often fall short due to slow response,
susceptibility to ambient light interference, and large form
factors. In contrast, AISCN MEMS mirrors offer fast
response, robustness under varying illumination, and
miniaturized designs. As shown in Fig. 13f, recent
implementations have achieved tracking speeds up to
3.77m/s at a 5m distance and demonstrated stable
operation over 110 m, even under dynamic conditions,
such as UAV motion'””. These results were enabled
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through co-optimization of MEMS mirror design, control
algorithms, and optical filtering.

Notably, the working principle of laser tracking systems
often requires quasi-static actuation rather than resonant
operation. Operating in resonance may lead to
uncontrollable vibrations and degraded tracking stability.
AlScN-based MEMS mirrors are particularly advanta-
geous in this context due to their ability to maintain stable
quasi-static actuation over wide angular ranges, supported
by their strong piezoelectric response and high break-
down field. These features make AISCN MEMS mirrors
promising candidates for advanced laser tracking systems
that require both precise angular control and stable per-
formance across varying tracking scenarios.

Conclusion

AIN has been widely adopted in MEMS micromirrors due
to its stable mechanical properties, environmental robust-
ness, and compatibility with standard CMOS processes.
However, its intrinsically low piezoelectric response limits
the achievable optical scan angles, which can constrain
design flexibility in applications requiring wide angular
motion. To overcome this limitation, AIScN has emerged as
a promising alternative. By incorporating scandium into the
AIN lattice—typically at concentrations between 20 and
43%—the piezoelectric response is significantly enhanced.
This enhancement enables AlScN-based micromirrors to
achieve larger mechanical tilt angles and, consequently,
wider optical scan angles than their AIN counterparts.
Rather than entirely replacing AIN, AIScN serves as a
functional enhancement, offering higher piezoelectric
coefficients in applications that demand larger actuation
amplitudes or lower operating voltages.

However, increasing the Sc content introduces several
design trade-offs. Higher concentrations of Sc reduce the
Young’s modulus and hardness of the material, potentially
compromising the mechanical stability of micromirror
structures, particularly in designs involving large mirrors
or long torsional beams. Furthermore, excessive Sc dop-
ing beyond ~50% can trigger a phase transition from the
piezoelectric wurtzite phase to a non-piezoelectric rock-
salt structure, severely degrading functional performance.
In summary, AIScN significantly broadens the design
space for MEMS micromirrors by enabling improved
actuation efficiency and larger scan angles. Nevertheless,
to fully exploit these advantages, careful optimization of
Sc concentration and structural geometry is essential to
ensure long-term reliability and performance stability.

While this review has primarily focused on micromirror
designs, the broader potential of Sc-doped AIN extends
across a wide spectrum of MEMS applications. Its
enhanced piezoelectric and ferroelectric properties have
facilitated significant advances in RF filters for 5G/6 G

systems'*®, MEMS speakers'**'?°, energy harvesters'>’,
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high-temperature non-volatile memory'**>, Lamb wave
resonators'>®, surface acoustic wave resonators'**, and
integrated sensors designed for harsh environments'®,
Moderate Sc concentrations (x ~0.27-0.30) are increas-
ingly favored in industrial settings, offering a practical
trade-off between performance enhancement and struc-
tural stability*'. These developments position AIScN not
only as an upgrade to AIN in select applications, but also
as a versatile platform for multifunctional and highly
integrated MEMS technologies.

At the same time, AIN continues to offer unique advan-
tages in specific application domains. Its excellent chemical
stability, high thermal conductivity, and compatibility with
back-end CMOS processes make it particularly well suited
for sensors, energy harvesters, and high-frequency acoustic
devices where environmental resilience and long-term relia-
bility are critical®®. Consequently, material selection between
AIN and AIScN should be guided by the specific perfor-
mance requirements of the target application, carefully bal-
ancing piezoelectric response, mechanical integrity, and
process integration. Rather than offering a one-size-fits-all
solution, AIN and AlScN each fulfill distinct roles and should
be strategically selected based on specific actuation needs,
reliability constraints, and integration requirements in
MEMS device development.
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