IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS, VOL. 13, NO. 2, MARCH/APRIL 2007 155

Development of Deformable Mirror Composed of
Piezoelectric Thin Films for Adaptive Optics
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Abstract—In this paper, we report a piezoelectric deformable
mirror composed of piezoelectric thin films for low-voltage adap-
tive optics (AO). A 2-pum-thick piezoelectric Pb(Zr,Ti)Os (PZT)
film was deposited on a Pt-coated silicon-on-insulator (SOI) sub-
strate, and a diaphragm structure of 15 mm in diameter was fab-
ricated by etching a Si handle wafer. A 19-element unimorph ac-
tuator array was produced on the PZT films with an Al reflective
layer over the backside of the diaphragm. Measurements of the dis-
placement profile using a laser Doppler vibrometer demonstrated
that a large displacement of approximately 1 um was obtained
by applying a voltage of 10 V, on one actuator. To examine the
application feasibility of the deformable mirror to AO, we repro-
duced low-order Zernike modes by calculating the voltage on each
individual electrode using an influence function matrix. The mea-
surements demonstrated that the deformable mirror could produce
the Zernike modes up to the seventh term. Considering the low-
voltage actuation as well as the capability for miniaturization of the
electrode size, deformable mirrors (DMs) actuated by PZT films
are desirable for low-cost AO.

Index Terms—Adaptive optics (AO), deformable mirror, micro-
electromechanical systems (MEMS), Pb(Zr,Ti)O3 (PZT) thin film.

1. INTRODUCTION

ROWING demands of adaptive optics (AO) for the indus-
G trial and medical applications have propelled the devel-
opment of small-size and low-cost deformable mirrors (DMs).
AO is a significant technique to compensate optical aberration
caused by atmospheric turbulence [1], which has been used in
astronomical research to obtain high-resolution images. The AO
system consists of a wavefront sensor and corrector, which are
connected by a real-time controller. In the AO system, a DM is
commonly used as a wavefront corrector by adjusting the deflec-
tion of the mirror surface to the aberration. Recently, the appli-
cation area of AO has been expanded to industrial and medical
optics, and in particular, in vivo high-resolution human retinal
imaging has attracted attention in AO [2]-[4]. To achieve small
and low-cost DMs, microelectromechanical systems (MEMS)
DMs have successfully been developed and manufactured as
commercial products [5]-[11]. The MEMS DMs are commonly
actuated by an electrostatic force, and the design and fabri-
cation of the microactuator system have already been estab-
lished. However, for practical use, several issues still remain
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unsolved—the large driving voltage of more than 100 V and the
vibration noise of the mirror membrane owing to its very small
thickness. Furthermore, since an electrostatic actuator only gen-
erates an attractive force and its magnitude is not large, there is
a limitation on the control of the mirror deformation.

On the other hand, large-scale DMs are commonly actuated by
bulk piezoelectric actuator arrays, and recently, bimorph DMs
have been developed for low-cost AO systems [11]-[14]. A
piezoelectric actuator can generate a large force, and its re-
sponse is very fast. In addition, concave and convex defor-
mation can be generated by just changing the polarity of the
applied voltage. In order to produce small piezoelectric DMs,
the mirror membrane should be actuated by piezoelectric thin
films because of the microfabrication of the piezoelectric actu-
ators. Recently, the DMs actuated by Pb(Zr,Ti)O3 (PZT) thin
films have been reported [15]. However, these DMs are used
in space telescopes with a large membrane and are not aimed
at the low-cost commercial products. In this study, to realize
small, low-cost DMs, especially for human retinal imaging, we
fabricated simple MEMS DMs actuated by piezoelectric PZT
thin films. The continuous mirror membrane is deformed by
a piezoelectric unimorph microactuator array. To simplify the
microfabrication process, the PZT film is deposited on a silicon
on insulator (SOI) substrate and the mirror surface of the DMs
is prepared on the backside of the diaphragm. To examine the
application feasibility of the DMs to AO, we tried to reproduce
low-order Zernike modes on the mirror surface, and we discuss
actuator performance of the DM for AO.

II. PIEZOELECTRIC MEMS DM DESIGN
A. Structure of Piezoelectric Microactuator

The piezoelectric MEMS DM consists of a continuous mem-
brane mirror on the backside of which piezoelectric PZT films
are deposited. The piezoelectric actuator array consists of a uni-
morph structure of PZT film and an Si device layer. The bottom
electrode is prepared as a common electrode at the interface of
the PZT film and Si, while 19 individual electrodes are arranged
on PZT. The individual electrodes are laid out as segments of
concentric circles. The diameter of the center circle and width
of the second ring electrodes are 2 mm, and the width of the
outer electrode is 3 mm [Fig. 1(a)]. Application of the voltage
along with the film thickness induces a transverse strain, which
is converted into the vertical deflection due to the restriction of
the Si elastic layer. Both concave and convex deformations are
possible by just changing the polarity of the applied voltage.
The electrode pattern corresponded to the Zernike mode and is
of the same design as in bimorph DMs [12], [16]. The plan and
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Fig. 1. Schematic illustration of the piezoelectric MEMS DMs. (a) Plane view

of the piezoelectric actuator array. The segmented ring electrodes are arranged
on the PZT film and the displacement profiles are examined on the actuators
@, @, and Q) as indicated in the figure. The mirror surface is prepared on the
backside of the membrane. (b) Cross-sectional structure of the mirror. Diameter
of the membrane is 15 mm, whereas the active mirror area is 8-mm circular
plane.

cross-sectional structure of the piezoelectric MEMS DM is il-
lustrated in Fig. 1. The thickness of the PZT and Si membrane is
2 and 20 um, respectively. Compared to the conventional elec-
trostatic MEMS DMs, the thickness of the membrane can be
greater because the piezoelectric force is generally larger than
the electrostatic one. Therefore, the membrane of the piezoelec-
tric DM is stable even in the presence of noise and disturbance
from external vibrations. In the piezoelectric DM of this study,
the diameter of the membrane is 15 mm, whereas the active area
for the correction of aberration is 8 mm in diameter.

B. Finite-Element Method (FEM) Simulation

An FEM simulation was carried out using commercial soft-
ware MARC to estimate the displacement profile of the DM.
To simplify the simulation model, we only consider the PZT/Si
bilayer, and neglect the mechanical effects of electrodes and the
buried SiO; layer. For the material properties of the PZT layer,
we use typical bulk values of PZT; Young’s modulus and piezo-
electric coefficient e3; are 70 GPa and —6.5 C/m?, respectively.
For the 20-um-thick Si layer, anisotropic mechanical compli-
ance of the single Si crystal is used [17]. The positions of the
electrode for the calculation and resulting 3-D and 2-D displace-
ment profiles are shown in Fig. 2. The displacement profiles of
the mirror are calculated using a half model of the membrane
under the application of a voltage of 1 V,,, on each actuator.
The simulation demonstrated that the maximum displacement
of each actuator is approximately 0.4 pum. Assuming that the
displacement is proportional to the applied voltage, the maxi-
mum displacement reaches 4 ym when 10 V,,, is applied to one
actuator. This result indicates that the PZT thin-film actuator can
generate large displacements with low operating voltages, be-

(@)

®)

Displacement (um)

R (mm)

Fig.2. Displacement profiles of the actuators for a voltage of 1 V. (a) 3-D disp-
lacement profiles of 15-mm 2 area on the actuators (D, @), and ). (b) 2-D
displacement profiles along the diameter of the membrane. All actuators have a
displacement of approximately 0.4 pm at 1 V.

cause the small thickness of the PZT film increases the internal
electric field. The displacement of the center electrode 1 shows
a symmetrical profile, as shown in Fig. 2. However, for the outer
electrode 3, the displacement profile is asymmetrical, and the
symmetrical position of actuator 3 deflects in the opposite direc-
tion, as shown in Fig. 2. The asymmetrical displacement profile
of the outer electrode is caused by the asymmetrical binding
condition around actuator 3. However, the displacemnet in the
opposite direction in the symmetrical position is so small that
this effect is trivial for the practical control of the deformation
of the mirror.

III. FABRICATION OF PIEZOELECTRIC MEMS DM

Piezoelectric MEMS DMs were fabricated according to the
design of the diaphragm structure, as illustrated in Fig. 1, and
the fabrication process is illustrated in Fig. 3. First, a 2-um-
thick piezoelectric PZT film was deposited on a Pt/Ti-coated
SOI substrate using RF sputtering. In this paper, we use a SOI
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Fabrication process of the piezoelectric MEMS DMs. The PZT film was deposited on a SOI wafer and Al individual electrodes were prepared on

it.Successively, backside of the wafer was etched out into a diaphragm structure. The BOX layer acted as a stopping layer for RIE etching, and finally, Al reflective

layer was deposited over the membrane.

wafer as a substrate for PZT deposition such that a Si membrane
of homogeneous thickness can easily be obtained by just etching
out the Si handle wafer. After the deposition of the PZT films,
individual Al electrodes were deposited by a thermal evaporator
and patterned by the liftoff process. Successively, the diaphragm
structure was prepared by etching the Si handle wafer using SFg
plasma. As a photoresist for Si etching, we used a 30-pum-thick
dry film to maintain the plasma process over a long period. A
dry film is a thick photosensitive film usually used for patterning
of printed circuit boards. First, the dryfilm (DuPont MRC Dry-
film: SA130) was laminated on the backside of the substrate,
and ultraviolet light was directed through the photomask onto
it. After developing in the alkaline developer, the diaphragm
structure was prepared by etching the Si handle wafer using SFg
plasma.

The buried oxide (BOX) layer acts as a stopping layer for
the reactive-ion etching (RIE) using SFg, and the exposed BOX
layer has a very smooth surface, which is used as a mirror
surface after the deposition of the Al film. Photographs of the
DM produced are shown in Fig. 4.

The flatness of the mirror surface was measured with a white
light interferometer (Wyko NT-1100), and the result is shown in
Fig. 5. The measurement revealed that the peak-to-valley height
over the whole membrane is more than 5 pm, whereas that
within the active area is approximately 2 pym. The stress state
of the membrane strongly affects the initial shape as well as
the actuation of the mirror. According to the surface profile of
the mirror, the initial deformation is mainly due to the residual
compressive stresses of the buried SiO5 layer and the individual
Al electrodes, because PZT films on Si have a tensile stress.
We expect that the initial deformation of the mirror could be

Fig. 4. Photographs of obtained DMs. (a) Actuator side. (b) Mirror side.

improved by optimizing the thickness or residual stresses of the
BOX layer and the Al electrodes.

IV. CHARACTERIZATION OF DEFORMATION
A. Actuator Performance

The displacement of the mirror was measured by a laser
Doppler vibrometer (LDV)—not only magnitude of the dis-
placement, but also the direction of the displacement by the
phase output displacement. Before carrying out the measure-
ments, we applied a voltage of —30 V on each electrode as
a poling treatment. The application of —30 V on the 2-pm-
thick PZT films results in a large electric field of —150 kV/cm
that is large enough to align in polar direction since the coer-
cive electric field, where the polarization is reversed, was mea-
sured to be around £ 50 kV/cm for the sputtered PZT films on
Si[18]. In addition, it is reported that the polarization state of the
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Fig. 5. Initial surface profile of the mirror measured with a white light inter-
ferometer. The peak-to-valley roughness of the whole mirror membrane is more
than 5 um due to the residual stresses of the Al individual electrodes.
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Fig. 6. 3-D displacement profiles of the actuators (1), ), and (3), applying
sine wave signals at 300 Hz. The measurements were conducted using an LDV.
The shapes of the displacement profiles are almost similar to those of the FEM
results.

sputtered PZT films is more stable than that of sol-gel-derived
PZT film [19].

We applied a unipolar sine wave signal of 2 V, at 300 Hz
on three individual actuators, and the 3-D displacement pro-
files were observed (Fig. 6). The measurements revealed that
the displacement profiles are almost the same as those for the
FEM simulation. The inner actuators are connected to the outer
electrode pads by the 30-ym-wide Al lines. Since the width of
the extraction lines are much smaller than those of actuators, we
could not find their effects in Fig. 6.

Fig. 7 shows the maximum displacement of three different
actuators as a function of voltage. The displacement increases
with increasing applied voltage, and application of 10 V on one
actuator can generate more than 1-um displacement. However,
this value is smaller, and is about half of the FEM simulation re-
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Fig. 7. Maximum displacement as a function of applied voltage on the actua-
tors 1, 2, and 3. The displacement increases with the voltage, and the application
of 10 V generates more than 1 pm.
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Fig. 8. Displacement hysteresis of the actuator. Triangular signals of 10 or
20 V were applied on the actuator 1. The large hysteresis is induced by 20 V,
whereas the hysteresis can be improved by low application voltage of 10 V.

sults. The smaller displacement is attributed to the increase in the
stiffness of the membrane due to the top and bottom electrodes.
Another possible reason is the smaller piezoelectric properties
of the PZT films compared with those of the bulk materials.
On the other hand, the increasing ratio of the displacement in-
creases with voltage. This phenomenon is related to the domain
motion of the PZT films, which also causes hysteresis of the
displacement.

For the deformation of the mirror, the maximum operating
voltage is limited by the breakdown voltage and the polarization
reversal voltage of the PZT film. The breakdown voltage of the
2-pm-thick PZT films is approximately 100 V, which is the limit
of the voltage along polar direction for convex curvature of the
mirror. On the other hand, the polarization reversal voltage is
around 10 V, which is the maximum voltage of the opposite
direction of the polarization to produce concave deformation of
the mirror.

The hysteresis of the displacement is measured using a fringe
count laser interferometer. We applied unipolar triangular sig-
nals of 10 or 20 V,;, at 1 Hz to electrode 1, and hysteresis curves
of the displacement are plotted, as shown in Fig. 8. When we
apply voltages up to 20 V, large displacement hysteresis occurs.
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Ideal and measured displacement profiles of the Zernike modes of third, fourth, sixth, and seventh term. The axes of ideal profiles are arbitrary. There are

some deviations between ideal and measured profiles, and we have successively reproduce low-order Zernike modes on the piezoelectric MEMS DMs.

Large hysteresis is also reported in the commercial piezoelec-
tric DMs [11], and this phenomenon originates from the domain
rotation of the PZT [18]. On the other hand, for low-voltage op-
eration up to 10 V, the hysteresis is very small and the linear
relationship between voltage and displacement is maintained.
Although the PZT films on SOI substrates have randomly ori-
ented polycrystalline structures, the low-voltage operation of
the DMs can prevent the domain rotation, and an improvement
in the deformation controllability would be expected.

B. Reproduction of Zernike Mode

In order to evaluate the applicability of piezoelectric MEMS
DMs to the AO system, we produced deformation of the mirror
corresponding to Zernike mode. The Zernike polynomials are
commonly used to express the deformation of a circular plane
by a complete set of orthogonal polynomials [9]. If the optical
wavefront is represented by the Zernike polynomials, aberration
can be corrected by producing deformation of the Zernike mode
by the DMs.

The circular mirror surface ®(z, y) can be expressed as

M
O(x,y) =Y ai Zi(x,y) (1)
=1

where M is the total number of Zernike polynomials, and Z; is
the ith Zernike polynomial with a coefficient a;. A set of Zernike
coefficients is expressed by a vector a = [a1,as,...,an]7,
where T means matrix transpose. This means that the vector
a uniquely represents the mirror surface. Also, the surface de-
formation can be controlled by the voltage of the electrodes,
and the relationship between the mirror surface and the voltage

for the individual electrodes is expressed by influence functions

matrix B
a bir  bi2 bin V1
as bar b2 ban V2
a = Bv, . = . . .
ay by1 barz by UN
()

where N is the number of the electrode and vector v represents
the voltage applied to the piezoelectric actuator. The inverse of
the influence functions matrix B is called the control matrix
BT, and the required voltage for the desired surface is obtained
by
v=DB"a. 3)
In this paper, we evaluated Zernike mode from second to
fourth radial order, and thus, we considered the influence func-
tion B of 18 x 19 matrix. Since the numbers M and N are
different, a pseudoinverse matrix is calculated as the control
matrix BT. The influence functions matrix B is derived from
the displacement profiles by applying 10 V to each actuator. We
also tried to reproduce low-order Zernike modes of Zs, Zy, Zg,
and Z; and observed the deformation characteristics with an
LDV. The Zernike modes of 73, Z4, and Z; are known as the
aberrations of astigmatism, defocus, and coma-aberration, re-
spectively. The voltage for each electrode is calculated from
(3), assuming the displacement of the actuator is proportional
to the voltage. In these tests, the applied voltage on each actu-
ator is less than 10 V, and only dynamic displacement profiles
were observed without applying bias voltage for planarization
of the mirror. Fig. 9 shows both the ideal and observed Zernike
modes. Although some deviations still remain between ideal and
observed deformations, we could confirm that the piezoelectric
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MEMS DMs can reproduce low-order Zernike modes by low-
voltage operation. For the practical use of the piezoelectric
MEMS DMs to AO, the initial surface of the mirror should
be flattened by the same procedure of the wavefront correction
as mentioned before. In addition, it is necessary to increase the
number of individual electrodes in order to correct the higher
order aberration. However, this study demonstrated that piezo-
electric MEMS DMs composed of PZT films are very attractive
devices for the low-voltage wavefront generator in AO.

V. CONCLUSION

We have developed piezoelectric MEMS DMs composed of
PZT thin films on SOI substrate for AO, and examined the de-
formation characteristics of the mirror. The continuous mirror
membrane consists of a unimorph actuator array with 19 individ-
ual electrodes corresponding to Zernike modes. FEM simulation
indicates that a large displacement is generated by low-voltage
operation due to the small thickness of the piezoelectric PZT
films. In the fabrication of the DM, a mirror surface can be
easily obtained on the backside of the substrate by the deposi-
tion of an Al reflective layer on an exposed BOX layer, which
acts as a stopping layer for the SFg RIE. The displacement pro-
files of the mirror surface were measured by an LDV and were
similar to the FEM simulation results. However, the maximum
displacements of each actuator are smaller than that of the FEM
results owing to the increase in stiffness due to the electrodes as
well as low-piezoelectric properties of the PZT thin films. The
voltage required for each electrode to generate Zernike modes
were calculated by control matrix BT, which was derived from
the relationship between applied voltage on each actuator and
the displacement profile. The measurement of the displacement
profile revealed that the piezoelectric MEMS DM could produce
low-order Zernike modes using low voltage.
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