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HAVING IMPROVED STRESS RESISTANCE

(57) A microelectromechanical mirror device (20)
has, in a die (1’) of semiconductor material: a fixed struc-
ture (4) defining a cavity (3); a tiltable structure (2) car-
rying a reflecting region (2’), elastically suspended above
the cavity (3) and having a main extension in a horizontal
plane (xy); at least one first pair of driving arms (12a,
12b), carrying respective piezoelectric structures (13)
which can be biased to generate a driving force such as
to cause a rotation of the tiltable structure (2) about a
rotation axis (X) parallel to a first horizontal axis (x) of the

horizontal plane; elastic suspension elements (6a, 6b),
which elastically couple the tiltable structure (2) to the
fixed structure (4) at the rotation axis (X) and are rigid to
movements out of the horizontal plane (xy) and compliant
to torsion about the rotation axis (X). In particular, the
driving arms (12a, 12b) of the first pair are magnetically
coupled to the tiltable structure (2) so as to cause its
rotation about the rotation axis (X) by magnetic interac-
tion, following biasing of the respective piezoelectric
structures (13) .
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Description

[0001] The present solution relates to a microelectro-
mechanical mirror device made with MEMS (Micro-Elec-
tro-Mechanical System) technology with piezoelectric
actuation, having improved stress resistance.
[0002] As it is known, microelectromechanical mirror
devices are used in portable apparatuses such as, for
example, smartphones, tablets, notebooks, PDAs, for
optical applications, in particular for directing with desired
patterns beams of light radiation generated by a light
source (for example, a laser source). Thanks to the small
dimensions, these devices allow to meet stringent re-
quirements as regards occupation of space, in terms of
area and thickness.
[0003] For instance, microelectromechanical mirror
devices are used in optoelectronic apparatuses, such as
miniaturized projectors (the so-called picoprojectors),
which are able to project images at a distance and gen-
erate desired light patterns.
[0004] Microelectromechanical mirror devices gener-
ally include a tiltable structure that carries an appropriate
reflecting (or mirror) surface, supported elastically above
a cavity and obtained starting from a body of semicon-
ductor material so as to be mobile, for example, with a
movement of inclination or rotation out of a corresponding
plane of main extension, for directing incident light beams
in a desired manner.
[0005] Rotation of the mirror device is controlled
through an actuation system that may, for example, be
of an electrostatic, electromagnetic or piezoelectric type.
[0006] Electrostatic actuation systems in general have
the disadvantage of requiring high operating voltages,
whereas electromagnetic actuation systems in general
entail a high power consumption; it has therefore been
proposed to control the movement of the tiltable mirror
structure with piezoelectric actuation.
[0007] Mirror devices with piezoelectric actuation have
the advantage of requiring actuation voltages and power
consumption levels lower than devices with electrostatic
or electromagnetic actuation.
[0008] Figure 1 is a schematic illustration of a microe-
lectromechanical mirror device of a known type, based
on MEMS technology, designated by 1; this device has
in general the structure described in EP 3 666 727 A1
filed in the name of the present Applicant.
[0009] The microelectromechanical mirror device 1 is
formed in a die 1’ of semiconductor material, in particular
silicon, and is provided with a tiltable structure 2, having
a main extension in a horizontal plane xy and arranged
so as to rotate about a rotation axis X, parallel to a first
horizontal axis x of the aforesaid horizontal plane xy.
[0010] The aforesaid rotation axis represents a first
median axis of symmetry for the microelectromechanical
mirror device 1; a second median axis of symmetry Y for
the same microelectromechanical mirror device 1 is par-
allel to a second horizontal axis y, orthogonal to the first
horizontal axis x and defining, with the first horizontal axis

x, the horizontal plane xy.
[0011] The tiltable structure 2 is suspended over a cav-
ity 3, provided in the die 1’ and defines a supporting struc-
ture, which carries on a top surface 2a thereof (opposite
to the cavity 3) a reflecting region 2’, for example, of alu-
minium, or gold, according to whether the projection is
in the visible or in the infrared, so as to define a mirror
structure.
[0012] The tiltable structure 2 is elastically coupled to
a fixed structure 4, defined in the die 1’. In particular, the
fixed structure 4 forms, in the horizontal plane xy, a frame
4’ that delimits and surrounds the aforesaid cavity 3 and
moreover has a first supporting (or anchorage) element
5a and a second supporting (or anchorage) element 5b,
which extend longitudinally along the first median axis of
symmetry X within the cavity 3 starting from the same
frame 4’, on opposite sides of the tiltable structure 2
(along the first horizontal axis x).
[0013] The tiltable structure 2 is supported by the first
and the second supporting elements 5a, 5b, to which it
is elastically coupled by a first elastic suspension element
6a and, respectively, a second elastic suspension ele-
ment 6b, having a high stiffness in regard to movements
out of the horizontal plane xy (along an orthogonal axis
z, transverse to this horizontal plane xy) and compliant
in regard to torsion about the first horizontal axis x. The
first and second elastic suspension elements 6a, 6b ex-
tend as a whole along the first rotation axis X, between
the first and, respectively, the second supporting ele-
ments 5a, 5b and a facing side of the tiltable structure 2,
to which they are coupled at a corresponding central por-
tion. In the embodiment illustrated, the first and the sec-
ond elastic suspension elements 6a, 6b are of a linear
type.
[0014] The first and the second elastic suspension el-
ements 6a, 6b couple the tiltable structure 2 to the fixed
structure 4, enabling rotation thereof about the first rota-
tion axis X and providing a high stiffness in regard to
movements out of the plane, thus guaranteeing a high
ratio between the frequencies of spurious movements
out of the horizontal plane xy and the frequency of rotation
about the first rotation axis.
[0015] The microelectromechanical mirror device 1
further comprises an actuation structure 10, coupled to
the tiltable structure 2 and configured to cause rotation
thereof about the first rotation axis X; the actuation struc-
ture 10 is interposed between the tiltable structure 2 and
the fixed structure 4 and furthermore contributes to sup-
porting the tiltable structure 2 over the cavity 3.
[0016] This actuation structure 10 comprises a first pair
of driving arms formed by a first driving arm 12a and by
a second driving arm 12b, which are arranged on oppo-
site sides of, and symmetrically with respect to, the first
rotation axis X and the first supporting element 5a, and
having a longitudinal extension parallel to the first hori-
zontal axis x and to the aforesaid first supporting element
5a.
[0017] In the embodiment illustrated in Figure 1, the
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driving arms 12a, 12b have a generically trapezoidal (or
"fin") shape, with major side directed parallel to the sec-
ond horizontal axis y integrally coupled to the frame 4’ of
the fixed structure 4 and minor side directed parallel to
the same second horizontal axis y elastically coupled to
the tiltable structure 2. Each driving arm 12a, 12b there-
fore has a respective first end integrally coupled to the
frame 4’ of the fixed structure 4 and a respective second
end mechanically coupled to the tiltable structure 2 by a
respective first elastic driving element 14a and second
elastic driving element 14b.
[0018] Each driving arm 12a, 12b is suspended over
the cavity 3 and carries, at a top surface 12’ thereof (op-
posite to the same cavity 3) a respective piezoelectric
structure 13 (in particular including PZT - lead zirconate
titanate), having, for example, substantially the same ex-
tension in the horizontal plane xy as the driving arm 12a,
12b.
[0019] This piezoelectric structure 13 (in a way not il-
lustrated in detail) is formed by the superposition of a
bottom-electrode region, of an appropriate conductive
material, arranged on the corresponding driving arm 12a,
12b; a region of piezoelectric material (for example, con-
stituted by a thin film of PZT) arranged on the aforesaid
bottom-electrode region; and a top-electrode region ar-
ranged on the region of piezoelectric material.
[0020] The aforesaid first and second elastic driving
elements 14a, 14b have a high stiffness in regard to
movements out of the horizontal plane xy (along the or-
thogonal axis z) and are compliant to torsion (about a
rotation axis parallel to the first horizontal axis x). The
first and the second elastic driving elements 14a, 14b
extend between the first and, respectively, the second
driving arms 12a, 12b and a same facing side of the tilt-
able structure 2.
[0021] The first and the second elastic decoupling el-
ements 14a, 14b are coupled to the tiltable structure 2
at a respective coupling point, which is located in prox-
imity of the first rotation axis X, at a short distance from
the same first rotation axis X.
[0022] The first and the second elastic driving elements
14a, 14b are, in the example, of a folded type, namely,
they are formed by a plurality of arms, having a longitu-
dinal extension parallel to the first horizontal axis x, con-
nected in pairs by connection elements having an exten-
sion parallel to the second horizontal axis y (in a different
embodiment, the elastic decoupling elements 14a, 14b
may alternatively be of a linear type).
[0023] The aforesaid actuation structure 10 further
comprises a second pair of driving arms formed by a third
driving arm 12c and a fourth driving arm 12d, which are
arranged on opposite sides with respect to the first rota-
tion axis X and, this time, to the second supporting ele-
ment 5b and having a longitudinal extension parallel to
the first horizontal axis x and to the aforesaid second
supporting element 5b (it should be noted that the second
pair of driving arms 12c, 12d is therefore arranged in a
way symmetrical to the first pair of driving arms 12a, 12b

with respect to the second median axis of symmetry Y).
[0024] Similarly to what has been discussed for the
first pair of driving arms 12a, 12b, each driving arm 12c,
12d of the second pair carries, at a top surface 12’ thereof,
a respective piezoelectric structure 13 (in particular in-
cluding PZT - lead zirconate titanate) and has a respec-
tive first end integrally coupled to the frame 4’ of the fixed
structure 4 and a respective second end elastically cou-
pled to the tiltable structure 2 by a respective third elastic
driving element 14c and fourth elastic driving element
14d (arranged on opposite sides of the first and the sec-
ond elastic driving elements 14a, 14b with respect to the
second median axis of symmetry Y).
[0025] As illustrated in the aforesaid Figure 1, also the
third and fourth elastic driving elements 14c, 14d are cou-
pled to the tiltable structure 2 at a respective coupling
point, which is located in proximity of the first rotation axis
X; furthermore, also the third and fourth elastic driving
elements 14c, 14d are of a folded type.
[0026] The microelectromechanical mirror device 1
further comprises a plurality of electrical contact pads 18,
carried by the fixed structure 4 at the frame 4’, electrically
connected (in a way not illustrated in detail in the same
Figure 1) to the piezoelectric structures 13 of the driving
arms 12a-12d by electrical connection tracks, to enable
electrical biasing thereof by electrical signals coming
from the outside of the microelectromechanical mirror
device 1 (for example, being provided by a biasing device
of an electronic apparatus in which the microelectrome-
chanical mirror device 1 is integrated).
[0027] During operation of the microelectromechanical
mirror device 1, application of a biasing voltage to the
piezoelectric structure 13 of the first driving arm 12a (hav-
ing a positive value with respect to the biasing of the
piezoelectric structure 13 of the second driving arm 12b,
which may, for example, be connected to a ground ref-
erence potential), causes a rotation of a positive angle
about the first rotation axis X. In a corresponding manner,
application of a biasing voltage to the piezoelectric struc-
ture 13 of the second driving arm 12b (having a positive
value with respect to the biasing of the piezoelectric struc-
ture 13 of the first driving arm 12a), causes a correspond-
ing rotation of a negative angle about the same first ro-
tation axis X.
[0028] It should be noted that the same biasing voltage
may advantageously be applied to the piezoelectric
structures 13 both of the first driving arm 12a and of the
third driving arm 12c, and, similarly, in order to cause the
opposite rotation, to the piezoelectric structures 13 both
of the second driving arm 12b and of the fourth driving
arm 12d so as to contribute in a corresponding manner
to the rotation of the tiltable structure 2 about the first
rotation axis X (as it is clear from the foregoing descrip-
tion).
[0029] The tiltable structure 2 may reach in this way
wide opening angles (for example, comprised between
8° and 12°) in the presence of a low value of the biasing
voltage (for example < 40 V).
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[0030] The elastic driving elements 14a-14d elastically
decouple the displacement by the piezoelectric effect of
the driving arms 12a-12d along the orthogonal axis z from
the consequent rotation of the tiltable structure 2 along
the first rotation axis.
[0031] These elastic driving elements 14a-14d have a
thin and elongated configuration in order to reduce the
torsional stiffness thereof and are subject, in a way that
will be clear, to a mechanical stress that increases as the
opening angles of the tiltable structure 2 increase.
[0032] In this regard, the general demand to reduce
the dimensions of the microelectromechanical mirror de-
vices is known, in order to obtain a greater miniaturization
of the resulting optoelectronic devices.
[0033] In particular, an increase in efficiency of the
aforesaid piezoelectric structures 13, for example using
techniques of multilayer physical vapour deposition
(PVD) of the corresponding piezoelectric materials, may
enable a reduction in the surface occupied by the actu-
ation structure 10 and, consequently, in the area occu-
pied by the die 1’ of the microelectromechanical mirror
device 1.
[0034] For instance, the present Applicant has found
that it is possible to reduce by even 20% the occupation
of area by the aforesaid die 1’, given the same optical
performance.
[0035] The present Applicant has, however, found that
the reduction of the occupation of area and/or the afore-
said increase in efficiency of the piezoelectric structures
13 is in general accompanied by an increase of the me-
chanical stress to which the elastic driving elements 14a-
14b are subjected; for example, this increase may even
reach 20% in the aforesaid example of reduction of the
occupation of area of the die 1’.
[0036] There is therefore the possibility of damage or
failure of the elastic driving elements 14a-14b and in any
case the aforesaid considerations pose constraints on
the sizing of these elastic driving elements 14a-14b and
in general on the reduction of the dimensions of the die
1’ beyond a certain value.
[0037] US 2004/004775 A1 discloses a resonant scan-
ning mirror with inertially coupled activation. A mirror or
reflective surface supported by a first pair of torsional
hinges is driven into resonant oscillations about a first
axis by inertially coupling energy through a first pair of
torsional hinges. A light source reflects a beam of light
from the mirror such that the oscillating mirror produces
a beam sweep across a target area.
[0038] The aim of the present solution is therefore to
provide a microelectromechanical mirror device that will
enable the problems highlighted previously to be over-
come.
[0039] According to the present solution a microelec-
tromechanical mirror device is provided, as defined in
the annexed claims.
[0040] For a better understanding of the present inven-
tion, preferred embodiments thereof are now described,
purely by way of non-limiting example, with reference to

the attached drawings, wherein:

- Figure 1 shows a schematic top view of a microelec-
tromechanical mirror device of a known type;

- Figure 2 is a schematic and simplified top view of a
microelectromechanical mirror device, according to
an embodiment of the present solution;

- Figure 3 is a schematic and simplified cross-section-
al view taken along the line of cross-section III-III of
the microelectromechanical mirror device of Figure
2;

- Figures 4A-4C show in a simplified manner succes-
sive steps of an exemplary manufacturing process
of a magnet arrangement in the microelectrome-
chanical mirror device;

- Figures 5-6 are schematic and simplified top views
of a microelectromechanical mirror device according
to further embodiments of the present solution; and

- Figure 7 is a general block diagram of an optoelec-
tronic apparatus, for example, a picoprojector, using
the microelectromechanical mirror device.

[0041] As will be described in detail hereinafter, an as-
pect of the present solution envisages replacing the elas-
tic mechanical coupling between the actuation structure
and the tiltable structure of the microelectromechanical
mirror device (implemented in the known solutions by the
elastic driving elements 14a-14d, see the aforesaid Fig-
ure 1 and the previous discussion) with a coupling of a
magnetic type.
[0042] The driving force is thus transmitted from the
driving arms of the actuation structure to the tiltable struc-
ture by a magnetic interaction force, without any type of
mechanical coupling, in particular of an elastic type.
[0043] Use of this magnetic coupling thus allows to
avoid the discussed problems of sizing and possible fail-
ure or damage to the elastic driving elements (which, in
this case, are not present in the microelectromechanical
mirror device).
[0044] Figure 2 is a schematic illustration of a microe-
lectromechanical mirror device according to a possible
embodiment of the present solution, designated in gen-
eral by 20.
[0045] This microelectromechanical mirror device 20
has in general a structure and a configuration similar to
the device described with reference to Figure 1 and there-
fore comprises:

the tiltable structure 2, carrying at the top, over the
corresponding top surface 2a, the reflecting region
2’, suspended within the cavity 3 defined by the frame
4’ of the fixed structure 4 and elastically coupled to
the first and the second supporting elements 5a, 5b
of the fixed structure 4 by the first and the second
elastic suspension elements 6a, 6b (which couple
the tiltable structure 2 to the fixed structure 4, ena-
bling rotation thereof about the rotation axis X while
providing a high stiffness in regard to movements
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out of the horizontal plane xy); and
the actuation structure 10, interposed between the
frame 4’ of the fixed structure 4 and the tiltable struc-
ture 2 and configured to drive the same tiltable struc-
ture 2 in the rotation about the rotation axis X.

[0046] Unlike what has been described previously with
reference to the aforesaid Figure 1, the actuation struc-
ture 10 in this case is not mechanically coupled to the
tiltable structure 2 and does not contribute to supporting
the same tiltable structure 2 over the cavity 3.
[0047] The actuation structure 10 comprises also in
this case the first pair of driving arms formed by the first
and the second driving arms 12a, 12b, which are here
suspended in cantilever fashion above the cavity 3, being
integrally coupled to the frame 4’ of the fixed structure 4
at their first end (major side) and having their second end
(minor side) free, mechanically uncoupled from the tilta-
ble structure 2, facing the same tiltable structure 2 at a
certain separation distance (gap).
[0048] Also in this case, the aforesaid first and second
driving arms 12a, 12b carry a respective piezoelectric
structure 13 at the respective top surface 12’ and are
arranged on opposite sides of, and symmetrically with
respect to the first rotation axis X and to the first support-
ing element 5a, having a longitudinal extension parallel
to the first horizontal axis x and to the aforesaid first sup-
porting element 5a.
[0049] The actuation structure 10 further comprises
the second pair of driving arms formed by the third and
fourth driving arms 12c, 12d, which are arranged on op-
posite sides with respect to the first rotation axis X and
with respect to the second supporting element 5b and
having a longitudinal extension parallel to the first hori-
zontal axis x and to the aforesaid second supporting el-
ement 5b (in a way symmetrical to the first pair of driving
arms 12a, 12b with respect to the second median axis
of symmetry Y).
[0050] The driving arms 12c-12d of the second pair are
suspended in cantilever fashion above the cavity 3 and
carry, at the respective top surface 12’, the respective
piezoelectric structure 13.
[0051] According to an aspect of the present solution,
each driving arm 12a-12d is in this case magnetically
coupled to the tiltable structure 2, at the respective sec-
ond end.
[0052] For this purpose, each driving arm 12a-12d car-
ries, underneath a first magnet arrangement 22, at a cor-
responding bottom surface 12" (see also subsequent
Figure 3), opposite to the top surface 12’ carrying the
respective piezoelectric structure 13.
[0053] For instance, the first magnet arrangement 22
may comprise a respective magnet 22’ having a substan-
tially parallelepipedal conformation, integrally coupled to
the respective driving arm 12a-12d and extending verti-
cally starting from the bottom surface 12" towards the
cavity 3.
[0054] Furthermore, the tiltable structure 2 carries a

second magnet arrangement 24 at a bottom surface 2b
(opposite to the top surface 2a carrying the reflecting
surface 2’).
[0055] For instance, also this second magnet arrange-
ment 24 comprises a respective magnet 24’ having a
substantially parallelepipedal conformation, extending
vertically starting from the bottom surface 2b towards the
cavity 3.
[0056] In particular, the first and the second magnet
arrangements 22, 24 are arranged in a position facing
each other in the horizontal plane xy at a certain sepa-
ration distance, thus with a gap in between.
[0057] The value of this gap depends on a compromise
between a minimum value defined by layout constraints
and a maximum value determined on the basis of the
reduction of the magnetic field and of the resulting cou-
pling force; for example, this gap may be comprised be-
tween 50 um and 100 mm, preferably being equal to 50
um.
[0058] Each first and second magnet arrangements
22, 24, facing one another, form in this way a respective
magnetic pair 25, which is thus associated with each driv-
ing arm 12a-12d of the actuation structure 10.
[0059] In particular, each magnetic pair 25 is config-
ured, as a result of an associated magnetic biasing, so
as to set up a magnetic attraction force between the re-
spective first and second magnet arrangements 22, 24
(and thus between the respective driving arm 12a-12d
and the tiltable structure 2) .
[0060] During operation, a vertical displacement
(along the aforesaid orthogonal axis z) of each driving
arm 12a-12d due to electrical biasing of the correspond-
ing piezoelectric structure 13 therefore causes a corre-
sponding vertical displacement of the tiltable structure 2
as a result of the magnetic interaction force exerted by
the respective magnetic pair 25, which transfers the pi-
ezoelectric driving force from the same driving arm 12a-
12d to the tiltable structure 2.
[0061] Simulations made by the present Applicant
have demonstrated the possibility of obtaining, through
this magnetic interaction, forces for driving the tiltable
structure 2 that are altogether comparable with the elastic
forces that can be obtained with traditional solutions (see,
for example Figure 1, with the presence of the elastic
driving elements 14a-14d).
[0062] In greater detail, during operation of the micro-
electromechanical device 20, application of a biasing
voltage to the piezoelectric structure 13 of the first driving
arm 12a (having a positive value with respect to the bi-
asing of the piezoelectric structure 13 of the second driv-
ing arm 12b, which may, for example, be connected to a
ground reference potential) causes a rotation of the tilt-
able structure 2 of a positive angle about the rotation axis
X, thanks to the aforesaid magnetic coupling implement-
ed by the respective magnetic pair 25.
[0063] In a corresponding manner, application of a bi-
asing voltage to the piezoelectric structure 13 of the sec-
ond driving arm 12b (having a positive value with respect
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to the biasing of the piezoelectric structure 13 of the first
driving arm 12a) causes a corresponding rotation of the
biasing structure 2 of a negative angle about the same
rotation axis X.
[0064] The same biasing voltage may advantageously
be applied to the piezoelectric structures 13 both of the
first driving arm 12a and of the third driving arm 12c, and,
similarly, to cause the opposite rotation, to the piezoe-
lectric structures 13 both of the second driving arm 12b
and of the fourth driving arm 12d so as to contribute in a
corresponding manner to rotation of the tiltable structure
2 about the rotation axis X.
[0065] Figure 3 shows a schematic cross-sectional
view of the aforesaid microelectromechanical mirror de-
vice 20.
[0066] In particular, this cross-sectional view (parallel
to the first horizontal axis x) shows that the thickness
(along the orthogonal axis z) of the driving arms 12a-12d
(and, in a way not illustrated, also of the elastic suspen-
sion elements 6a, 6b) corresponds to the thickness of
the tiltable structure 2, for example, being equal to 20
mm, this thickness being referred to hereinafter as first
thickness t1 (the aforesaid elements are basically formed
on the front of the die 1’).
[0067] A reinforcement structure 28 is furthermore
coupled underneath the tiltable structure 2, having the
function of mechanical reinforcement for the tiltable struc-
ture 2 (and furthermore designed to guarantee the
planarity, or flatness, of the same tiltable structure 2 in
the horizontal plane xy, in resting conditions); this rein-
forcement structure 28 has a second thickness t2 along
the orthogonal axis z greater than the first thickness, for
example, being equal to 140 mm; the reinforcement struc-
ture 28 may have, for example, (as shown in Figure 2)
an annular conformation and may be arranged at the
periphery of the tiltable structure 2 (this reinforcement
structure 21 is basically formed on the back of the die 1’).
[0068] The fixed structure 4 of the microelectrome-
chanical device 2 (in particular, the frame 4’) has, along
the orthogonal axis z, a thickness substantially equal to
the sum of the aforesaid first and second thicknesses t1,
t2.
[0069] As shown in the same Figure 3, a base body 29
is coupled underneath the fixed structure 4 and has, un-
derneath the cavity 3 and at the mobile structure 2, a
recess 29’ to enable rotation of the mobile structure 2. In
particular, the frame 4’ is coupled to this supporting body
29 by appropriate regions of bonding material 30.
[0070] The first and the second magnet arrangements
22, 24 are coupled underneath the corresponding driving
arm (shown by way of example in Figure 3 are the first
and the third driving arms 12a, 12c) and, respectively,
underneath the tiltable structure 2, and are thus provided
on the back of the die 1’.
[0071] In the embodiment illustrated in Figure 3, the
aforesaid first and second magnet arrangements 22, 24
each comprise a respective magnet 22’, 24’, having a
third thickness t3 along the orthogonal axis z, comprised

between the first thickness t1 and the second thickness
t2 equal, for example, to 100 um, and is coupled to the
corresponding driving arm 12a, 12c and, respectively, to
the tiltable structure 2 by a connecting portion 34, of sem-
iconductor material.
[0072] This connecting portion 34 is therefore inter-
posed, in the case of the first magnet arrangement 22,
between the bottom surface 12" of the respective driving
arm 12a, 12c and the respective magnet 22’, and, in the
case of the second magnet arrangement 24, between
the bottom surface 2b of the tiltable structure 2 and the
respective magnet 24’.
[0073] Advantageously, the first and the second mag-
net arrangements 22, 24 may be obtained using manu-
facturing techniques compatible with the processes for
manufacturing MEMS structures being used for obtaining
the microelectromechanical mirror device 20 starting
from the die 1’.
[0074] For instance, the first and second magnet ar-
rangements 22, 24 may be made using a technique
based on the agglomeration of powders of magnetic ma-
terial of micrometric sizes, by atomic-layer deposition
(ALD). Materials usable for this purpose may, for exam-
ple, include sintered powders consisting of neodymium,
NdFeB, samarium cobalt, SmCo, or iron, Fe.
[0075] As shown schematically in Figure 4A, this tech-
nique may envisage formation, by machining from the
back of the die 1’ (here shown upside down) of vertical
walls 40 that define between them one or more micro-
cavities 42, in particular at the second ends of the driving
arms 12a-12d and furthermore at the facing portions of
the tiltable structure 2 (here not shown for simplicity of
illustration).
[0076] Next, Figure 4B, these microcavities 42 may be
filled with powder 44 of appropriate magnetic material.
[0077] Then, Figure 4C, this material undergoes an
ALD process for its solidification within the microcavities
42; the solidified material is then subjected to a magnetic
field to cause magnetic polarization thus defining the first
and the second magnet arrangements 22, 24 and the
corresponding magnets 22’, 24’.
[0078] In a way not illustrated, the vertical walls 40 may
be removed so as to leave only the aforesaid first and
second magnet arrangements 22, 24 on the back of the
die 1’.
[0079] Figure 5 shows a possible further embodiment
of the microelectromechanical mirror device 20, which
differs due to the presence of a comb-fingered configu-
ration of the first and the second magnet arrangements
22, 24 associated with each driving arm 12a-12d and
with the tiltable structure 2.
[0080] In particular, in this case, extension elements
50 are coupled to the tiltable structure 2, one for each
driving arm 12a-12d; in a way not illustrated in the afore-
said Figure 5, these extension elements 50 have, for ex-
ample, the aforesaid first thickness t1 along the orthog-
onal axis z.
[0081] Each extension element 50 extends starting

9 10 



EP 4 261 592 A1

7

5

10

15

20

25

30

35

40

45

50

55

from the tiltable structure 2 towards the respective driving
arm 12a-12d, in the example along the first horizontal
axis x, and is configured so as to carry underneath, at a
distal end with respect to the tiltable structure 2, the sec-
ond magnet arrangement 24, here comprising a respec-
tive magnet 24’.
[0082] In the embodiment illustrated in Figure 5, the
aforesaid distal end of the extension element 50 is in-
serted into an opening 52 provided in the second end of
the respective driving arm 12a-12d. The first magnet ar-
rangement 22 comprises in this case a pair of magnets
22’ arranged laterally (along the second horizontal axis
y) with respect to the aforesaid opening 52 and to the
respective magnet 24’ of the second magnet arrange-
ment 24, to obtain a resulting comb-fingered configura-
tion of the same magnets 22’, 24’.
[0083] In a further embodiment, illustrated in Figure 6,
the aforesaid distal end of the extension element 50 has
a finger-like conformation 50’ (in the example, with two
fingers), each of which extends transversally with respect
to the extension element 50 (along the second horizontal
axis y) and carries underneath a respective magnet 24’
of the second magnet arrangement 24. In this case, a
plurality of openings 52 are provided in the second end
of the respective driving arm 12a-12d for housing the
aforesaid fingers 50’ of the extension element 50.
[0084] Similarly, the second end of the respective driv-
ing arm 12a-12d, which here has a main extension along
the second horizontal axis y, has a corresponding finger-
like conformation 56 (in the example, with three fingers),
each carrying underneath a respective magnet 22’ of the
first magnet arrangement 22, to obtain the resulting
comb-fingered configuration of the magnets 22’, 24’.
[0085] The comb-fingered configuration of the first and
second magnet arrangements 22, 24 allows in general
to obtain an increase of the resulting force of magnetic
coupling for driving the tiltable structure 2 of the microe-
lectromechanical mirror device 20, by the actuation struc-
ture 10.
[0086] As illustrated schematically in Figure 7, the mi-
croelectromechanical mirror device 20 may be advanta-
geously used in an optoelectronic device, such as a pi-
coprojector, 60, designed, for example, to be functionally
coupled to a portable electronic apparatus 61 (such as
a smartphone or augmented-reality goggles).
[0087] In detail, the optoelectronic device 60 compris-
es a light source 62, for example of a laser type, designed
to generate a light beam 63; the microelectromechanical
mirror device 20, acting as mirror and designed to receive
the light beam 63 and direct it towards a screen or display
surface 65 (external and set at a distance from the pico-
projector 60); a first driving circuit 66, designed to supply
appropriate control signals to the light source 62 for gen-
eration of the light beam 63, as a function of an image to
be projected; a second driving circuit 68, designed to
supply appropriate control signals to the actuation struc-
ture 10 of the microelectromechanical mirror device 20;
and an interface 69, designed to receive, from a control

unit 70, in this case external, for example, included in the
portable apparatus 61, first control signals Sd1, for con-
trolling the first driving circuit 66, and second control sig-
nals Sd2, for controlling the second driving circuit 68.
[0088] The advantages of the present solution emerge
clearly from the foregoing description.
[0089] In any case, it is highlighted again that the so-
lution described for driving the tiltable structure 2 by mag-
netic coupling enables an increase in the resistance to
stress of the microelectromechanical mirror device 20,
preventing possible failure thereof or damage thereto.
[0090] The actuation structure 10 is in fact mechani-
cally uncoupled from the tiltable structure 2.
[0091] In particular, thanks to the absence of the elastic
coupling elements between the actuation structure 10
and the tiltable structure 2, it is possible to reduce the
size of the die 1’ and/or increase the efficiency of the
piezoelectric structures 13 of the actuation structure 10,
without having to reach a compromise with the resistance
to stress of the elastic coupling elements (here not
present and replaced, in fact, by the magnetic interac-
tion).
[0092] In general, the present solution enables exploi-
tation of the advantages of piezoelectric actuation (name-
ly, the use of lower biasing voltages with a lower energy
consumption to obtain large displacements) and of pie-
zoresistive detection of mirror actuation, at the same time
having improved mechanical and electrical performance
as compared to known solutions.
[0093] Finally, it is clear that modifications and varia-
tions may be made to what has been described and il-
lustrated, without thereby departing from the scope of
the present invention, as defined in the annexed claims.
[0094] For instance, the solution described may be ap-
plied also in the case of a biaxial embodiment of the mi-
croelectromechanical mirror device (in a way similar to
what has been described in detail in the aforesaid Euro-
pean patent application 3 666 727 A1), namely, in the
case where the tiltable structure 2 is able to perform
movements of rotation both about a first rotation axis (co-
inciding with the first rotation axis X parallel to the first
horizontal axis x) and about a second rotation axis (co-
inciding with the second median axis of symmetry Y par-
allel to the second horizontal axis y).
[0095] Furthermore, in general variants may be envis-
aged as regards the shape of the elements constituting
the microelectromechanical mirror device 20, for exam-
ple, different shapes of the tiltable structure 2 (and of the
corresponding reflecting region 2’), or different shapes
and/or arrangements of the driving arms 12a-12d.
[0096] Furthermore, the first and the second elastic
suspension elements 6a, 6b could alternatively be, in-
stead of a linear type, of a folded or bent type.
[0097] In a way not illustrated in detail, the aforesaid
first and second magnet arrangements 22, 24 may further
comprise a plurality of respective magnets 22’, 24’ ar-
ranged in an array or grid, which are jointly intended to
provide magnetic coupling between the respective driv-
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ing arms 12a-12d and the tiltable structure 2.
[0098] Furthermore, in a per se known manner, differ-
ent types of movement for the tiltable structure 2 may be
envisaged, for example, a quasi-static or a resonant
movement.

Claims

1. A microelectromechanical mirror device (20), com-
prising, in a die (1’) of semiconductor material:

a fixed structure (4) defining a cavity (3);
a tiltable structure (2) carrying a reflecting region
(2’), elastically suspended above the cavity (3)
and having a main extension in a horizontal
plane (xy);
at least a first pair of driving arms (12a, 12b),
carrying respective piezoelectric structures
(13), configured to be biased to generate a driv-
ing force such as to cause a rotation of the tiltable
structure (2) about a rotation axis (X) parallel to
a first horizontal axis (x) of said horizontal plane
(xy);
elastic suspension elements (6a, 6b), config-
ured to elastically couple said tiltable structure
(2) to said fixed structure (4) at said rotation axis
(X), being rigid to movements out of the horizon-
tal plane (xy) and compliant to torsion about said
rotation axis (X);
characterized in that the driving arms (12a,
12b) of said first pair are magnetically coupled
to said tiltable structure (2) so as to cause its
rotation about the rotation axis (X) through mag-
netic interaction, following biasing of the respec-
tive piezoelectric structures (13).

2. The device according to claim 1, wherein each of
said driving arms (12a, 12b) is suspended in canti-
lever fashion above said cavity (3) and has a first
end integrally coupled to said fixed structure (4) and
a second end facing at a distance said tiltable struc-
ture (2), being mechanically uncoupled from said tilt-
able structure (2).

3. The device according to claim 2, wherein each of
said driving arms (12a, 12b) carries a respective first
magnet arrangement (22), and wherein a respective
second magnet arrangement (24) for each first mag-
net arrangement (22) is coupled to said tiltable struc-
ture (2); each first magnet arrangement (22) being
magnetically coupled to a respective second magnet
arrangement (24) so as to generate a magnetic in-
teraction force designed to transfer the driving force
generated by the respective driving arm (12a, 12b)
to said tiltable structure (2).

4. The device according to claim 3, wherein said mag-

netic interaction force is a magnetic attraction force.

5. The device according to claim 3 or 4, wherein said
first magnet arrangement (22) comprises at least one
respective magnet (22’), coupled to a bottom surface
(12") of the respective driving arm (12a, 12b), facing
said cavity (3); and said second magnet arrange-
ment (24) comprises at least one respective magnet
(24’), coupled to a respective bottom surface (2b) of
said tiltable structure (2), in a position facing, in the
horizontal plane (xy), said respective magnet (22’)
of said first magnet arrangement (22) .

6. The device according to claim 5, wherein said driving
arms (12a, 12b) carry the respective piezoelectric
structure (13) on a top surface (12’), opposite to said
bottom surface (12") .

7. The device according to claim 3 or 4, wherein said
first and second magnet arrangements (22, 24) have
a comb-fingered configuration.

8. The device according to claim 7, further comprising
extension elements (50) coupled to said tiltable
structure (2), one for each of said driving arms (12a,
12b); each of said extension elements (50) extending
starting from the tiltable structure (2) towards a re-
spective driving arm (12a, 12b) and being configured
to carry underneath, at a distal end with respect to
the tiltable structure (2), a respective magnet (24’)
of the respective second magnet arrangement (24) .

9. The device according to claim 8, wherein said distal
end of the extension element (50) is arranged within
an opening (52) provided in the second end of the
respective driving arm (12a, 12b); wherein said first
magnet arrangement (22) comprises a pair of mag-
nets (22’) arranged laterally with respect to the re-
spective magnet (24’) of the second magnet arrange-
ment (24), to obtain a resulting comb-fingered con-
figuration of said magnets (22’, 24’).

10. The device according to claim 8, wherein said distal
end of the extension element (50) has a finger-like
conformation (50’), each finger of which extends
transversally with respect to the extension element
(50) and carries underneath a respective magnet
(24’) of the second magnet arrangement (24); where-
in the second end of the respective driving arm (12a,
12b) has a corresponding finger-like conformation
(56), each finger of which carries underneath a re-
spective magnet (22’) of the first magnet arrange-
ment (22), to obtain a resulting comb-fingered con-
figuration of said magnets (22’, 24’).

11. The device according to any one of the preceding
claims, wherein said fixed structure (4) forms, in the
horizontal plane (xy), a frame (4’) that delimits and
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surrounds said cavity (3), and has a first and a sec-
ond supporting element (5a, 5b), which extend lon-
gitudinally along said rotation axis (X) within the cav-
ity (3) starting from said frame (4’), on opposite sides
of said tiltable structure (2); wherein said elastic sus-
pension elements (6a, 6b) extend between said tilt-
able structure (2) and a respective one of said first
and second supporting elements (5a, 5b).

12. The device according to any one of the preceding
claims, further comprising a second pair of driving
arms (12c, 12d), coupled to the tiltable structure (2)
and carrying respective piezoelectric structures (13)
configured to be biased to generate a driving force
such as to cause a rotation of the tiltable structure
(2) about said rotation axis (X) ; the driving arms
(12c, 12d) of said second pair being arranged on the
opposite side to the driving arms (12a, 12b) of said
first pair with respect to a second horizontal axis (y)
of said horizontal plane, orthogonal to said first hor-
izontal axis (x).

13. A process for manufacturing a microelectromechan-
ical mirror device (20), comprising forming, in a die
(1’) of semiconductor material:

a fixed structure (4) defining a cavity (3);
a tiltable structure (2) carrying a reflecting region
(2’), elastically suspended above the cavity (3)
and having a main extension in a horizontal
plane (xy);
at least a first pair of driving arms (12a, 12b),
carrying respective piezoelectric structures (13)
configured to be biased to generate a driving
force such as to cause a rotation of the tiltable
structure (2) about a rotation axis (X) parallel to
a first horizontal axis (x) of said horizontal plane
(xy); and
elastic suspension elements (6a, 6b), config-
ured to elastically couple said tiltable structure
(2) to said fixed structure (4) at said rotation axis
(X), being rigid to movements out of the horizon-
tal plane (xy) and compliant to torsion about said
rotation axis (X),
characterized by comprising magnetically cou-
pling said first pair of driving arms (12a, 12b) to
said tiltable structure (2) so as to cause its rota-
tion about the rotation axis (X) by magnetic in-
teraction, following biasing of the respective pi-
ezoelectric structures (13).

14. The process according to claim 13, wherein magnet-
ically coupling comprises forming a respective first
magnet arrangement (22) carried by each driving
arm (12a, 12b) and a respective second magnet ar-
rangement (24) for each first magnet arrangement
(22) carried by said tiltable structure (2); each first
magnet arrangement (22) being magnetically cou-

pled to a respective second magnet arrangement
(24) so as to generate a magnetic interaction force
designed to transfer the driving force generated by
the respective driving arm (12a, 12b) to said tiltable
structure (2).

15. The process according to claim 14, wherein forming
said first and second magnet arrangements (22, 24)
comprises carrying out machining of said die (1’)
from the back of said die (1’).
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