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Abstract. This work presents the results obtained with potassium sodium niobate (KNN) biaxial non-resonant
microelectromechanical systems (MEMS) mirrors manufactured on a 200 mm silicon substrate. These MEMS
mirrors feature various reflector dimensions for the squared shape, ranging from 0.5 x 0.5 to 2 x 2mm?, and
incorporate sputtered potassium sodium niobate ((Kg 35Nag ¢5)NbO3) thin-film piezo-motors from Sumitomo
Chemical, with thicknesses varying from 0.5 to 1.5 um. A comparison of the mirror’s performance and static
deformation as a function of KNN thickness will be presented and discussed. The results obtained with these non-
resonant mirrors, all fabricated using a collective 200 mm silicon manufacturing process, exhibit the following:
(a) an arm deformation of 50 to 80 um corresponding to an estimated tensile residual stress of approximately
120 MPa in the KNN layer, (b) the same level of performance for the 0.5 um thick lead zirconate titanate (PZT)
and KNN at 10V, and (c) an optical angle up to 8.5° at 40 V for the 2 x 2 mm? mirror design with 1.5 um thick
KNN. These results indicate that the MEMS mirrors fabricated with the KNN lead-free piezoelectric material
offer state-of-the-art performances and open potential applications in a wide range of fields from light detection
and ranging (lidar) systems to biomedical applications, thanks to the full biocompatibility of the KNN material.

1 Introduction

Microelectromechanical systems (MEMS) mirrors are
widely used in a variety of applications due to their compact
size, affordability, and minimal power consumption com-
pared to traditional mechanical scanning systems (Holm-
strom et al., 2014). These applications include projection dis-
play systems for augmented reality (AR) and virtual reality
(VR) smart glasses (Urey et al., 2013), biological imaging
(Liu et al., 2014), and light detection and ranging (lidar) sys-
tems (Wang et al., 2020) (among others). Piezoelectric actu-
ation is emerging as a promising choice, offering significant
advantages such as high force, low voltage requirements,
high-frequency capability, and fast response times. For such
applications, lead zirconate titanate (PZT) has been recog-
nized as the leading piezoelectric material, distinguished by
its competitive electromechanical coupling and high piezo-
electric coefficient (Tsaur et al., 2002).

In the field of long-range lidar applications, we have pre-
viously developed 2D MEMS mirrors incorporating PZT
piezoelectric actuators on 200 mm silicon wafers, taking ad-
vantage of VLSI (very-large-scale integration) technology
(Mollard et al., 2023). This method enables a collective
and monolithic approach, thereby reducing costs. We car-
ried out tests on different mirror diameters, including re-
flector diameters of 0.5 x 0.5, 1 x 1, and 2 x 2 mm?, corre-
sponding to footprints of 2.5 x 2.5, 4 x 4, and 8 x 8 mm?,
respectively. These biaxial mirrors are designed for non-
resonant operation and feature a symmetrical configuration
with four suspended actuators. However, the environmental
impact of the lead present in the PZT is raising serious con-
cerns, both for the environment and for human health (Panda,
2009). Consequently, legislation has been enacted in numer-
ous countries to prohibit the use of lead with some tem-
porary exceptions (Tsinaraki et al., 2020). To replace PZT
actuators, various families of lead-free piezoelectric mate-
rials are being developed (Aspe et al., 2018; Barbatoa et
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al., 2021; Gu-Stoppel et al., 2020). Among these, potassium
sodium niobate (KNN) emerges as particularly promising
due to its elevated Curie temperature and high piezoelec-
tric coefficient. Moreover, KNN materials exhibit excellent
biocompatibility with cells, showcasing significant potential
for biomedical applications (Gaukas et al., 2020). We have
previously demonstrated the first KNN biaxial non-resonant
MEMS mirrors (Kuentz et al., 2024), manufactured on a
200 mm silicon substrate, integrating a 1 um sputtered potas-
sium sodium niobate ((Kg35Nage5)NbO3) thin film from
Sumitomo Chemical. The KNN film and electrodes exhibit
good performances with high piezoelectric coefficient and
permittivity, whereas optical angles of up to 6.3° at 200 Hz
frequency for the 2 x 2mm? mirrors have been obtained.
These results are the state of the art compared to the results
previously obtained.

In this paper, we present the performance obtained using
different thicknesses for the KNN motor, namely 0.5, 1, and
1.5 pm, all deposited by Sumitomo Chemical (Shibata et al.,
2022). These mirrors are fabricated on a 200 mm silicon sub-
strate. Firstly, we examine the mirror deformation and de-
duce an approximate value of the internal stress of KNN.
Secondly, we present a comparison of mirror performance
between KNN and PZT at a thickness of 0.5 um, followed
by a performance comparison of mirrors using KNN motors
of 0.5, 1, and 1.5 um. We will also discuss the results and
compare them with analytical models.

2 Results and discussion

The fabrication of the 2D mirror was carried out on a
(100) 200 mm  silicon-on-insulator (SOI) substrate, featur-
ing a 20 um thick silicon layer, a 1 um thick buried oxide
layer, and a 725 pum thick silicon handle wafer. Subsequently,
KNN films with a composition of (Kg35Nag ¢5)NbO3 and
thicknesses of 0.5, 1, and 1.5um were deposited onto
these platinized 200mm SOI wafers via sputtering by
Sumitomo Chemical, following a previously documented
process (Shibata et al., 2022). After the KNN deposi-
tion covered with RuO; /Pt bilayer electrode materials, the
layer stack was arranged from bottom to top as follows:
Si (725 pm)/ SiO2 (1 um)/Si (20 um)/SiO; (500 nm)/ZnO
(25nm)/Pt (200nm)/KNN (0.5, 1, or 1.5pum)/RuO;
(30nm) /Pt (100 nm). The KNN-based wafers were then pro-
cessed in the MEMS clean room at CEA-LETI utilizing a
generic mask set comprising nine lithographic levels. The
technological process is fully described in Kuentz et al.
(2024). Figure 1 illustrates a schematic cross-section view
of the layer stack, while Fig. 2 displays a picture of a full
200 mm wafer and a top view of a 1 pm thick KNN MEMS
mirror at the completion of this process.

Dielectric and piezoelectric characterizations of fully inte-
grated capacitors across entire wafers have been previously
documented (Kuentz et al., 2024) for 1 and 1.9 uym thick

J. Sens. Sens. Syst., 14, 27-35, 2025

Table 1. The KNN MEMS mirror variants described in this work.

Design  Reflector Mirror MEMS
variant size footprint

(mm?) (mm?)
A Au 2x2 ~8x8
B Au 1x1 ~4x4
C Au 05x05 =~25x%x25

KNN, yielding the following performance characteristics.
The 1 pm KNN piezoelectric material demonstrates a high
permittivity (&) of approximately 1200 and an indirect piezo-
electric coefficient (d3;), extracted from cantilever deflection
values, near 130 pm V~!. Three mirror designs were studied
with the main specifications provided in Table 1.

Residual stresses within the multilayer stack could result
in the KNN mirror being not perfectly flat. Knowledge of
the mirror arm deformation appears to be a key parameter
as it defines the initial Z position shift, without polarization,
of the mirror. This point can be key to the alignment of the
laser and the detector at the system level. Furthermore, in
the case of a non-symmetrical mirror, e.g. with different arm
lengths, the deflection may vary, causing an initial tilt of the
mirror. Typically, post-manufacture, either a concave or con-
vex distortion in the mirror and beam is observed. The mir-
ror’s Z deformation was assessed utilizing an Altisurf 520
tool from Altimet (France). Figure 3 provides an overview
of the mirror’s deformation along the Z axis at 30°C and
under atmospheric pressure. No voltage was applied during
the measurement. The analysis includes two design variants,
with KNN thicknesses of 0.5 and 1 um. This Z deflection
reaches a value of 50 um (80.5um) with a KNN thickness of
0.5 um and increases to 80 um (81 ;m) when the KNN thick-
ness is doubled to 1 um.

Figure 4 shows the evolution of the Z deflection of the
mirror arms as a function of KNN thickness. This evolution
is compared with published analytical models of multilayers
(Hsueh, 2002; Defay, 2011), where the radius of curvature
of a multilayer beam can be estimated using the following
formula:

1 "\ OEti (o — ag) AT 0
roos E;tf ’

where «; and «; represent the thermal expansion coefficients
of the film (/) and substrate (s), respectively. £ l/ = % and

E, = (11—5_':90 represent their biaxial elastic moduli, ©%; and ¥
represent the Poisson ratios, and AT is the temperatures dif-
ference between deposition and operation. #; (0.5 um or 1 um)
and 7; (20 um) refer to the thickness of the layer (i) and sub-
strate (), respectively. This equation is a first-order approx-
imation that excludes terms with orders higher than ;. This
omission is consistent with the #; layer thicknesses being at
least 20-fold thinner than the substrate thickness ;. These
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Cross-Section KNN-piezoelectric MEMS mirror

SiO, Back-side etching Mask . 0.5 um SiO,

[l RuO2 (30 nm) / Pt (100 nm) top electrode

Silicon - ZnO (25 nm)/Pt(200 nm) electrode . 0.3 um PECVD SiO,

1 um-thick buried oxide layer

I 1 um thick KNN film

Ti (20nm) / Au (700 nm)

Cross-Section KNN-piezoelectric MEMS mirror

Figure 1. Cross-section of KNN piezoelectric MEMS mirror (note that PECVD represents plasma-enhanced chemical vapor deposition).

+—— MEMS footprint

(®)

Figure 2. The 200 mm silicon wafer of the KNN MEMS mirror (a) and the top view of the MEMS mirror (b).

models also fail to consider any bending moment exerted on
the actuators. However, this assumption does not hold true
in our case, as the cantilevers are connected to the mirror.
Nonetheless, it provides a preliminary estimation of the an-
ticipated deformation.

A direct calculation of the radius of curvature, using
Eq. (1), is not possible, because all the multilayer characteris-
tics (especially E; and ;) are not precisely known. However,
as reported in Shibata et al. (2009), we could use the evolu-
tion of the Z deflection of the KNN actuator, with 0.5 and
1 pm thick KNN, reported in Fig. 4, to estimate the residual
stress of KNN.

Considering that the residual stress for the KNN layer is
the same with the 0.5 and 1 um depositions, we can write

1 _ 1 n 6Ef<NNlKNN(</XK;1N - Ols)AT’ @
7'l ym 70.5um Exitsi

where 7.5 ym and 7 ym are the radii of curvature with 0.5 and
1 um thick KNN, and #gnn is the 0.5 um thick KNN added
between the two multilayers present in Fig. 4.
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Additionally, as reported in Hsueh (2002), the thermal
stress between a film (i) and a substrate (s) is

oi = El(0; — a5)AT. 3)

In a first approach (Defay, 2011), the radius of curvature
(r) of the KNN actuator can be deduced from its maximum
Z deflection (§), knowing the length of the KNN cantilever
(L =3.93m in our case):

L2
= . 4
2Xr “)
And Eq. (2) can be written as follows:
/ .l‘2'
~ St Sl
OKNN = W@l pum — 80.5 um)' )

As mentioned in Dahl-Hansen et al. (2018), assuming £ ;i to
be 236 GPa (with Eg; = 170 GPa and v; = 0.28), we calcu-
late a tensile stress of 123 MPa for the KNN layer. This value
surpasses the 53 MPa reported in Shibata et al. (2022) but re-
mains coherent when considering the approximations made.
Additionally, this tensile value is comparable to those pre-
viously published for the PZT material (Damjanovic, 1998),
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(a)
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Figure 3. Mirror deformation along the Z axis near ambient temperature (30 °C) — design variant A with 0.5 pm (a) and 1 um thick KNN (b);

no driving voltage.

90 |
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Actuator Length (mm)

Figure 4. The Z deflection of the KNN actuator with 0.5 and 1 um
thick KNN — design variant A.

which indicates a deformation of the same order at equiva-
lent thickness. This approximate value of the residual stress
in KNN, obtained from experimental measurements, will en-
able us to simulate and predict the expected deformation of
other MEMS mirrors incorporating KNN. Additional mea-
surements need to be done in future to confirm these results.

Following the study on residual stress, the performances in
terms of 2D scan figures were evaluated on the KNN compo-
nents at 30 °C and under atmospheric pressure. Characteriza-
tions were conducted using a sinusoidal waveform of 200 Hz
for the fast axis and a 4 Hz ramp for the slow axis, with an ex-
perimental set-up previously presented (Mollard et al., 2023).
These frequencies were selected to prevent the excitation of
the rotational mode, ensuring a significant distance from the
previously measured resonance frequency. The 2D scanning
figures are illustrated with 50 points within a 200 Hz period
(f). The horizontal (x) and vertical (y) axes represent the fast
and slow axes, respectively.
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The results for design variants A to C with a 0.5pum
thick KNN are presented in Fig. 5. The maximum voltage
across the KNN is constrained, in a first step, to 10V, with
V = Vpc(=5V)+ Vac(=5V)sin(2z ft) for the fast sinu-
soidal axis. This voltage restriction arises from some capac-
itive breakdown observed in the 0.5 um thick KNN actuator
at higher voltage levels. Investigating the causes and occur-
rences of such breakdown needs to be explored in both in-
tegrated material or mirror design. Notably, no such issues
were encountered with the 1 and 1.5 um thick KNN layers.
The optical angles 6, and 6, for the three mirror designs are
detailed in Table 2, and compared with the corresponding
values obtained under identical conditions using a 0.5 ym
thick PZT layer. The measurements of 6, and 6, are con-
ducted at y =0 and x = 0, respectively, with an uncertainty
of +0.2° attributable to experimental set-up variations.

In Table 2, these results are compared with previously re-
ported data (Wang et al., 2020) using a figure of merit (FoM)
that integrates the key-parameters. The FoM is defined as
FoM = 6. x d. x fe, with 6, (rad) the effective optical scan-
ning angular field of view, d. (mm) the effective dimension
of the mirror and f. (kHz) the effective resonant frequency
of the MEMS mirror. The values computed for the FoM are
presented alongside previous results obtained with 2D non-
resonant scanning MEMS mirrors utilizing various actuation
motors such as electrostatic, electromagnetic, thermal and
piezoelectric. Table 2 and Fig. 6 clearly demonstrate that
the results, obtained for the same mirror design and silicon
thickness, using 0.5 um thick KNN and PZT, exhibit similar
performance levels. Albeit a slight increase in field of view
(FoV) for the PZT (between 10 % to 20 %), the differences
are not substantial. This difference could be attributed to the
indirect piezoelectric coefficient (d31) with a mean value near
130pm V™! for the KNN layer (Kuentz et al., 2024) and
150 pm V~! for the PZT in our case (Mollard et al., 2023). It
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Figure 5. The 2D scanning representation of the 0.5 pm thick KNN MEMS mirror (10 V, 200 Hz fast/horizontal axis, and 4 Hz ramp slow/ver-
tical axis), with (a) design variant A, (b) design variant B, and (c) design variant C.

Table 2. Comparison of 8¢, fe, and figure of merit (FoM), measured in this work for design variants A, B, and C with the 0.5 pm thick KNN

and PZT (voltage of 10 V).
Design Mirror Driving KNN/PZT Scanning  Non-resonant  Non-resonant fe FoM
variant size  voltage thickness freq. (fast)  angle Oy x 0y angle e  (kHz)
(mm?) V) (um) (Hz) ©) )
A 2x2 10 KNNO.5 200 3.1x34 3.2 1.92 0.24
B 1x1 10 KNNO.5 200 1.8 x 1.8 1.8 75 027
C 0.5 x 0.5 10 KNNO.5 200 0.7 x 0.7 0.7 321 0.23
A 2x2 10 PZTO0.5 200 3.7x%x3.2 34 1.92 0.26
B 1x1 10 PZTO0.5 200 2x23 2.1 7.25  0.31
C 0.5x0.5 10 PZTO0.5 200 0.94 x 0.9 0.9 31  0.28
100 5 . < DPZI=0.5 wn @10V movement of the KNN actuators, which are directly related
. “wm el RN KNN=0.5 jm @10V to the effective transverse piezoelectric coefficient e3;, r. The
s L ‘\\ piezoelectric stress (op) can be expressed as op = —e31, f E;
10 4 o < (Dahl-Hansen et al., 2018), where E, is the transverse elec-
oAt Tl T tric field (Vm™!), i.e. the driving voltage (V) divided by
= \‘\\ \‘1\ Y \‘\\ KNN actuator thickness. A performance comparison be-
% 13 T oA : . s tween the different KNN thicknesses has been conducted us-
- a \\‘\A \‘\\ 4 ing identical transverse electric field, E, =200kV cm~! in-
o1 | ] R \\\ side the KNN layer, achieved by adapting the driving volt-
] AN age. The results are presented in Fig. 7 and Table 3 and are
‘\\ 0;;: compared with previously reported results in Fig. 8.
0.01 . FoM=gO5 . As shown, a clear increase in mirror performance is ob-
0.001 0.01 0.1 1 10 served when increasing KNN thickness (and so driving volt-

fe.de (mm.rad)

Figure 6. FoM values previously reported in Wang et al. (2020)
(black triangles) and this work for the 0.5 um thick PZT (red
squares) and as pink diamonds for the 0.5 pm thick KNN.

has to be noticed that higher value of d3; has been reported
for PZT depending on process (Abergel et al., 2012).
However, if we compare these results with previous data,
they do not rank among the best, largely because of the lim-
itations imposed by the driving voltage. To pursue this, ad-
ditional tests have been conducted with higher driving volt-
ages on thicker KNN layers, i.e. 1 and 1.5 um thick. In a
first approach, the deflection of the mirror results from the
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age). No capacitive breakdown is observed when using 1 or
1.5 um thick KNN. Results obtained with 1 and 1.5 um show
state-of-the-art results with an FoM value near 0.8 in the best
case for a limited 30 V driving voltage.

These results have to be compared via existing analytical
models, as presented in Liechti et al. (2024). The simulation
model used to predict the behaviour of biaxial MEMS mir-
rors is based on a lumped element formulation. This model
has been previously used to predict the behaviour of PZT 2D
MEMS mirrors. In the model, the mirror is considered a lon-
gitudinal assembly of three deformable beams, as depicted in
Fig. 9. The length along x is normalized over the total length
Lsuchthat 0 <a < B < 1.

J. Sens. Sens. Syst., 14, 27-35, 2025
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Table 3. Comparison of 6, fe, and FoM, measured in this work for design variants A, B, and C with the 1 um thick KNN (20 V voltage) and

the 1.5 pm thick KNN (30V voltage).

Design Mirror  Driving KNN Scanning  Non-resonant ~ Non-resonant fe FoM
variant size  voltage thickness freq. (fast) angle 6 x 6 angle 6  (kHz)
(mm?) V) (um) (Hz) ® @)

A 2x2 20 1 200 6.7 x6.2 6.4 1.92 048
B 1x1 20 1 200 33x3.8 35 75 052
C 0.5%x0.5 20 1 200 14x14 14 32.1 045
A 2x2 30 1.5 200 7.8x7.0 7.4 1.92 056
B 1x1 30 1.5 200 5x5.7 53 7.5 079
C 0.5%x0.5 30 1.5 200 23x22 2.2 32.1 072
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Figure 7. The 2D scanning representation of the 1.5 um thick KNN MEMS mirror (20 V voltage, 200 Hz fast/horizontal axis, and 4 Hz ramp
slow/vertical axis), with (a) design variant A, (b) design variant B, and (c¢) design variant C.
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Figure 8. FoM values previously reported in Wang et al. (2020)
(black triangles) and this work — pink diamonds for the 0.5 um thick
PZT (10 V voltage), blue diamonds for the 1 pm thick KNN (20 V
voltage), and red diamonds for the 1.5 um thick KNN (30 V volt-

age).

The first beam consists of an assembly of a passive layer,
representing the silicon layer, and an active layer, represent-
ing the piezoelectric layer. An equivalent Young’s modulus
and moment of inertia are calculated to simulate the actuator
beam as a single equivalent beam. The action of the piezo-
electric layer is simulated as a longitudinal force multiplied
by the distance from the middle of the piezoelectric layer to
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z Passive layer of actuator
Piezoelectric layer Hinge Half mirror
| ’ l —_
L2 tm
S A
Ely El, Ely
X

x=0 x=alL x=pL x=1L

Figure 9. Schematic representation of the assembly of beams, rep-
resenting half of one axis of the mirror; adapted from Liechti et
al. (2024).

the neutral line. Effects of other layers, such as the electrodes,
are neglected. The second beam represents the hinge, and
the third beam represents the mirror, whose Young’s mod-
ulus multiplied by the moment of inertia is far larger than
that of the other beams, i.e., EI} < El3 and El; <« ElIz. The
displacements of each section of the beams are then written

32w1
My = —El} —— + &utin, (6)
ax
My = —ER L2 ()
2= 2 axz ’
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Figure 10. Comparison of 6¢ between measured (black square)
and simulated data (lines) for design variants A, B, and C with
E,=200kVcemL.

9%2ws
9x2’

M3 = —EI3 ®)
where M| refers to the piezoelectric layer, M> to the hinge,
and M3 to the half mirror. By imposing no displacement and
no rotation at x = 0 and a free rotation with no displacement
at x = L (the end of the assembly, representing the centre of
the mirror), an explicit expression can be derived for §y, i.e.
the free displacement of the edge of the mirror at x = SL,
and is written as

(g - %) L23auiné (2BEL — 2EL 2
+2EL; 82 + 2ELz08 + ELa(B — 1))

o= 3 2
ELEL; (—a” +2a + B(8 — 2)) —ELEL(B — 1)
+ELELa(a —2)

€))

This displacement is then converted to a rotation angle of the
mirror. More details are available in Liechti et al. (2024).

As shown in Fig. 10, we obtained a good correlation be-
tween the measured and simulated data for design variants A
to C using a similar transverse field of E, =200kVcm™!.
However, we note that the simulation tends to overestimate
performance in the case of design variant A, i.e. for the
larger-diameter mirror.

Additionally, Table 4 and Fig. 11 show the evolution of 9,
(°) for design variant A, i.e. a square mirror of 2 X 2 mm?,
as a function of KNN thickness at supply voltages of 10 and
20V.

Different points can be highlighted. Firstly, experimental
and simulated data clearly show that increasing the KNN
thickness at the same voltage induces a limited decrease in
the optical angle. Secondly, the performances are slightly
lower for the 0.5 um thickness at 10V than predicted by the
simulation. Finally, the performances of the mirrors at 20 V
are overall lower than expected. Doubling the voltage results
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Figure 11. Evolution of 6. with KNN thickness measured and sim-
ulated data at 10 and 20 V — design variant A.

) ‘l
4 ¢ L (TTWR L W WP SN 1A e *s :’};;
< 23 L e &
. ‘g‘&o‘g ’.0‘0 $ z ?f,;::ooq&
3 X% DR (BRI ISP IRE F XS ILE W<
% 2 v 1% %7
2 arsieal RS R RN P N 2 S s 5 0 o I
2 % 383 e lwe, Sl o ' sl O PR S Z SN’
SR K7 s S NN EAMEED
. u"{%“%’o MRS . S 0’:‘:’3’030,'0 i
—~ 1 o d%%eeld o . LI P N e
= P MO SR XU 'UPY BE RN BRI RN A R 442 <
> o[ s% e | < LR W e 0,008 0 0
[I) SRR Cldste e o o L LS 0:”.'.’:%0‘_
2 od 4T - Sy SoP o
e & I S B R A RIA L+
2 a R Rl ISt
- K 3| * & ¢ MK . PR
j P ?0’:0“«"3::::' YRR I :’ ::' ::"’"
I .2 ‘:;‘:".‘0.’0’. '; sle sl '0:2‘2
3 RYSTILES 0 IS X
2 T aisdsedlt s Y 3 s 33 %
= 3§31 i3 d ¥ o * ¢ $%
5 3 S e R e R R
e * *
IR LR R Y
4 2521t 3 L1 8 A o & ?“.{F_\
3 +
5
5 -4 3 -2 -1 0 1 2 3 4 5
OPTICAL ANGLE X (°)

Figure 12. The 2D scanning representation of the 1.5 um thick
KNN MEMS mirror — design variant A (40 V, 200 Hz fast/horizon-
tal axis, and 4 Hz ramp slow/vertical axis).

in a between 60 % to 70 % increase in the 6. angle, not a
doubling, highlighting the limitation of the model. Further
studies are needed to investigate these points.

The last characterization involved increasing the driving
voltage to the maximum one achievable with our experimen-
tal set-up, i.e. 40 V. This test has been done with the 1.5 um
thick KNN and design variant A. The results, presented in
Table 5 and Fig. 12, show that an angle of 8.5° was achieved,
corresponding to a FoM of 0.64. These results represent clear
state-of-the-art performances compared to the best results
previously obtained with a non-resonant biaxial mirror.

3 Conclusion

This work reports on the performance of KNN biaxial non-
resonant MEMS mirrors manufactured on a 200 mm sili-
con substrate. Three KNN thicknesses, ranging from 0.5 to
1.5 um, were studied on the mirror with reflector diameters
ranging from 0.5 x 0.5 to 2 x 2 mm?. Firstly, Z deformation
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Table 4. Comparison of 8e, fe, and FoM, measured in this work for design variant A with 0.5, 1, and 1.5 pm thick KNN at voltages of 10

and 20 V.
Design  Mirror  Driving KNN Scanning  Non-resonant  Non-resonant fe FoM
variant size  voltage thickness freq. (fast) angle 6y x 0y angle 6  (kHz)
(mm?) V) (um) (Hz) ©) ©)
A 2x2 10 0.5 200 3.1x34 3.24 1.92 024
A 2x2 10 1 200 44x34 3.93 1.92  0.29
A 2x2 10 1.5 200 42x%x32 3.73 1.92 028
A 2x2 20 1 200 7.5x%x53 6.36 1.92 047
A 2x2 20 1.5 200 6.6x5.8 6.23 1.92 046
Table 5. 0e, fe, and FoM, measured in this work for design variant A with 1.5 um thick KNN at a voltage of 40 V.
Design  Mirror  Driving KNN Scanning  Non-resonant ~ Non-resonant fe FoM
variant size  voltage thickness freq. (fast) angle 6y x 0y angle 6  (kHz)
(mm?) V) (um) (Hz) ©) ©)
A 2x2 40 1.5 200 8.8x8.1 8.5 1.92  0.64

measurements, performed on MEMS mirrors with 0.5 and
1 um thick KNN motors, enabled the estimation of the resid-
ual stress in the KNN layer to be approximately 120 MPa,
which is consistent with previously published values. Sec-
ondly, a comparison of the performance of the 2 x 2 mm?
mirrors, using the FoM = 6, x d. X f, criteria, was conducted
with both 0.5 pm thick PZT and KNN piezoelectric motors.
It showed that both types of piezoelectric layers achieved
similar performance levels at 10 V. It should be noted that
some capacitive breakdown was observed on the KNN mir-
rors, which was not encountered with the thicker KNN lay-
ers. Further studies on the ageing of the KNN motor should
be conducted and compared with existing research. Thirdly,
a comparison of mirror performance based on the thickness
of the KNN motor was carried out, showing consistent per-
formance levels at identical driving voltages. As predicted
by first-order analytical models, the driving voltage emerged
as the primary factor influencing mirror performance. Ad-
vanced analytical models need to be developed to better fit
the mirror’s behaviour. Finally, the driving voltage was in-
creased to 40V, with the 1.5 um thick KNN, achieving an op-
tical angle of 8.5° and a FoM of 0.64, which is comparable
to results obtained in previously published data. Additional
measurements must be conducted at higher voltages to define
the voltage limit as a function of thickness. This study thus
highlights the development of lead-free KNN mirrors fabri-
cated using 200 mm silicon technology, opening up applica-
tions in fields such as biomedical applications and other areas
where the use of lead-based piezoelectric materials could be
a limitation.
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