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Piezoelectric Unimorph Microactuator Arrays
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Deformable Mirror
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Abstract—Micromachined deformable mirror technology
can boost the imaging performance of an otherwise nonrigid,
lower-quality telescope structure. This paper describes the opti-
mization of lead zirconium titanate (PZT) unimorph membrane
microactuators for deformable mirrors. PZT unimorph actuators
consisting of a variety of electrode designs, silicon-membrane
thickness, and membrane sizes were fabricated and characterized.
A mathematical model was developed to accurately simulate
the membrane microactuator performance and to aid in the
optimization of membrane thicknesses and electrode geometries.
Excellent agreement was obtained between the model and the
experimental results. Using the above approach, we have success-
fully demonstrated a 2.5-mm-diameter PZT unimorph actuator.
A measured deflection of 5 m was obtained for 50 V applied
voltage. Complete deformable mirror structures consisting of
10- m-thick single-crystal silicon mirror membranes mounted
over the aforementioned 4 4 4 PZT unimorph membrane
microactuator arrays were designed, fabricated, assembled, and
optically characterized. The fully assembled deformable mirror
showed an individual pixel stroke of 2.5 m at 50 V actuation
voltage. The deformable mirror has a resonance frequency of
42 kHz and an influence function of approximately 25%. [1480]

Index Terms—Adaptive optics, deformable mirror, PZT actu-
ator, space telescopes, unimorph membrane actuator.

I. INTRODUCTION

THE need for larger aperture telescopes is driving the fu-
ture trend for the development of ultralarge lightweight

telescopes that can be deployed in space. Scaling up conven-
tional, large-area, rigid, primary mirrors for space telescope ap-
plications is not a solution since launch and deployment costs
are prohibitively expensive. Therefore, it is planned to construct
these space-based telescopes from either smaller, mirror seg-
ments or from lightweight, large-area flexible membranes. In
the latter case, the expected large surface errors could be cor-
rected using subsequent active or adaptive wavefront control
[1]. However, even the segmented-mirror approach could poten-
tially entail wavefront errors greater than several wavelengths.
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Thus, there is a great need, in both cases, for efficient wave-
front compensation using an optical quality, large-stroke con-
tinuous-membrane deformable mirror (DM). We propose an ef-
fective solution for this problem via our large-area high actuator
density DM as shown in Fig. 1. We have successfully demon-
strated that DMs with mirror surface quality of 10 nm can
be fabricated using the membrane transfer technique first de-
veloped by our group for this application [2].

Electrostrictive lead magnesium niobate (PMN) actuators
have achieved a surface stability of 0.1 nm and a surface
figure of 20 [2]. Other materials, such as superpiezoelec-
tric (PMN-PT) and lead zirconium titanate (PZT) ceramics,
have also been developed for this application. Some of these
materials have shown good cryogenic properties. However,
although these technologies are in widespread use, they have
only limited actuator stroke (approximately 0.5 m stroke at
1/mm actuator density, for PMN-based mirrors). Among mi-
croelectromechanical systems-based DM concepts proposed in
literature, segmented deformable mirrors have been fabricated
with tip/tilt capability on individual pixels [3], [4]. However,
the primary drawback to these approaches is that space-based
telescopes require continuous surface-figure control in order
to achieve the highest possible imaging sensitivity and avoid
undesirable diffraction effects arising from segmented mirror
edges. Although micromachined continuous-membrane DMs
have been fabricated [5]–[9], [15], such devices are based on
electrostatic actuation, and consequently have limited mirror
stroke m . Currently, the large-aperture technology de-
velopment being pursued under the recent Gossamer program
has yet to demonstrate the potential for diffraction-limited
wavefront quality over large apertures. Therefore, we believe
that our large-actuator-stroke deformable mirror device is
best suited to correct the large wavefront errors associated
with space-based telescope apertures. Our unique approach
of combining unimorph piezoelectric actuator technology
with mirror-quality membrane-transfer technology [2] will
ultimately meet the dual requirements of surface quality ( 20
at m) and large actuator stroke ( m at 4/mm
actuator density or m at 0.1/mm actuator density).

In this paper, we present the results of design, modeling,
fabrication, and characterization for a set of PZT unimorph
membrane actuators with various electrode designs. The work
was conducted with the objective of optimizing the microac-
tuator geometry. We also present the characterization results
for a single-crystal-silicon continuous-membrane DM struc-
ture, incorporating for the first time an optical-quality mirror
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Fig. 1. Large-area continuous-membrane DM concept. The mirror membrane is mounted over an array of piezoelectric unimorph membrane microactuators.
The advantage of the unimorph-membrane approach is that the small strains obtained upon application of modest voltages on the piezoelectric thin film are
converted into relatively large vertical displacements.

membrane mounted over an underlying array of piezoelectric
unimorph actuators.

II. PZT UNIMORPH ACTUATOR-BASED DEFORMABLE

MIRROR CONCEPT

Our deformable mirror concept consists essentially of a con-
tinuous-membrane mirror transferred onto an underlying array
of piezoelectric unimorph membrane-based microactuators.
The primary benefit of the piezoelectric actuation approach
is that it meets the stringent DM requirements for precision
spatial control, thereby justifying the added complexity of
microfabrication. Recent advances in thin-film piezoelectric
material development promise to enhance the performance of
these unimorph microactuators [10]. The unimorph actuation
principle is illustrated in Fig. 2. The details are as follows: an
electric field applied perpendicular to the membrane-mounted
piezoelectric thin film induces a contraction in the lateral
direction, converted by the membrane geometry to a large
out-of-plane deflection. The vertical deflection acts on the
portion mirror membrane mounted over the microactuator.

Compared to the conventional piezoelectric-stack actuators
that are widely employed in commercial DMs, our actuation
mechanism requires far less voltage and power to produce the
same extent of mirror deflection. We have discovered that there
are two major operating regimes for unimorph membrane ac-
tuators depending on the relative PZT film/silicon membrane
thickness ratios. Actuation electrode configurations that have
been tested include: full circle, concentric rings, spirals, and seg-
mented electrodes. For thin silicon membranes (with thickness
less than or equal to the PZT layer thickness), concentric rings
and spiral-electrode designs produced more deflection than full-
circle electrodes, implying that the stress in the electrode film re-
duces the amount of deflection significantly. For actuators with
thick silicon membranes (thickness greater than twice the PZT
film thickness), full-circle electrodes produced more deflection

Fig. 2. Unimorph-membrane actuation principle. Voltage applied between
the top and bottom electrodes sandwiching the membrane-mounted PZT thin
film generates a lateral strain in the PZT film, which is converted to a vertical
deflection through membrane deformation. (a) Schematic diagram showing the
structure of a PZT unimorph-membrane actuator and (b) cross-sectional view
of the PZT unimorph-membrane actuator.

than any of the other electrode geometries. Since actuators with
thick silicon membranes showed more promise for DM appli-
cations because of the higher deflection and ease of handling
during fabrication, we focused our efforts in optimizing the full-
circle electrode geometry for thick silicon membranes.

III. MODELING OF PZT UNIMORPH ACTUATOR

In order to optimize the unimorph actuator structure, a mathe-
matical model based on energy minimization was developed for
simulating the behavior of a circular membrane with full-circle
electrode geometry. This model incorporated several of the find-
ings of Muralt et al. [11]. First, the following set of functions de-
rived from the theory describing elastic behavior of thin plates
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was selected as the test functions describing deflection profile
of membrane:

(1)

in which is the distance from the center of the circle, is the ra-
dius of the membrane, is the radius of circular electrode, and

is the Lagrange multiplier. Six unknown coefficients are si-
multaneously solved by applying the appropriate boundary con-
ditions at , , and for clamped edge at .
We also define the radially dependent deflection force as

for our convenience. The total energy of the
actuator consists of three parts: is the elastic energy of the
diaphragm under deflection, is the potential energy due to
bending moment of piezoelectric film, and is the stretching
energy due to the tensile film stresses. These energy terms are
given by

(2)

where is the flexural rigidity of the circular membrane given
by

(3)

where is the Young’s modulus, is the thickness of the mem-
brane, and is the Poisson’s ratio. The in is the stretching
“spring constant” (force per unit length), given by

(4)

where is the PZT stress generated in lateral direction, is
the thickness of the PZT film, and is the stress in the th film
of thickness . The factor is the ratio of the circumferences of
the actuator electrode and the membrane. The bending moment

is obtained as

(5)

where 2 is the effective distance between the center of the
PZT film and the neutral plane (zero strain plane) of the actuator
membrane. The total energy of the membrane under deflection
is therefore

(6)

Fig. 3. Fabrication sequence for the PZT unimorph actuator. (a) An SOI wafer
was thermally oxidized. (b) Ti 20 nm/Pt 150 nm layers were evaporated on the
front surface of the SOI wafer. (c) Thin (� 2 �m) PZT films were prepared
using a sol-gel deposition process. (d) Cr 20 nm/Pt 20 nm/Au 150 nm layers
were evaporated onto the PZT layer and patterned to form top electrodes and
contact pads. (e) A two-step wet-etching process for PZT thick films was used
to expose the bottom electrode. (f) Backside cavities were formed by DRIE until
the SOI buried oxide was exposed. After the buried oxide was removed in BOE,
further reactive ion etching was performed to thin down the silicon membrane
as needed.

where are integrations in (2) evaluated at . The
energy minimization condition yields

(7)

Hence, the center deflection of the diaphragm is obtained as

(8)

According to this model, maximum deflection occurs at an
intermediate membrane thickness. This thickness depends on
piezoelectric film thickness, piezoelectric stress coefficient

, and residual stresses in the thin films comprising the
membrane. For this calculation we used values of m,

C/m , and film stress parameters independently de-
termined from film stress measurement optical measurements.
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Fig. 4. Photograph of various types of PZT unimorph actuators fabricated
on a single wafer. There are two types of geometries for unimorph-membrane
actuators depending on the PZT film/silicon membrane thickness ratio. For
thin silicon membranes (less than or equal to the PZT-layer thickness),
concentric-rings and spiral-electrode geometries produced more deflection than
full-circle electrodes, implying that the stress in the electrode film reduces the
amount of deflection significantly. For actuators with thick silicon membranes
(greater than twice the PZT thickness), full-circle electrodes produced more
deflection than the other electrode designs. Since actuators with thick Si
membranes showed more promise for DM applications because of the higher
deflection and ease of handling during fabrication, we focused our efforts in
optimizing the full-circle actuator design for thick Si membranes.

IV. FABRICATION OF ACTUATORS AND MIRRORS

A. Piezoelectric Unimorph Actuators

The fabrication sequence for unimorph actuators is schemat-
ically depicted in Fig. 3. A silicon-on-insulator (SOI) wafer
was thermally oxidized [see Fig. 3(a)].
layers were subsequently evaporated on the front surface of the
SOI wafer [see Fig. 3(b)]. Then, thick m PZT films
were prepared using a sol-gel deposition process (the PZT films
were prepared at Pennsylvania State University) [see Fig. 3(c)].

layers were evaporated onto
the PZT layer and patterned to form top electrodes and con-
tact pads [see Fig. 3(d)]. A two-step wet-etching process for
PZT thick films was used to expose the bottom electrode [see
Fig. 3(e)] [11]. For the deep reactive ion etching (DRIE) process,
a dental wax was coated on a dummy wafer at 130 C after pat-
terning the backside of the wafer. The wafer was mounted on the
dummy wafer prior to the DRIE process. Finally backside cav-
ities were formed by DRIE until the buried oxide was exposed
[see Fig. 3(f)]. After the buried oxide was removed in buffered
oxide etchant (BOE), further reactive ion etching was performed
to thin down the silicon membrane as needed. The wax-covered
PZT and metal layers were not exposed to the following etching
process. Four different silicon membrane thicknesses per wafer
were created using the Kapton tape-based masking approach,
which covered some of the wafer areas for selective etching of
the cavities by m, after the major DRIE process was
completed [12]. Fig. 4 contains optical micrographs of various
actuator geometries fabricated on the same wafer.

B. Mirror Membrane and Bonding

DMs consisting of 10- m-thick single-crystal silicon mem-
branes supported by 4 4 actuator arrays were fabricated and

Fig. 5. Fabrication sequence for mirror-membrane wafer and deformable
mirror assembly. (a) The mirror membrane is fabricated from a SOI wafer.
(b) The SOI substrate is etched away completely using DRIE from the backside
in order to define the membrane windows, creating the individual mirror
membranes. (c), (d) Following the deposition and patterning of a Cr/Pt/Au
multilayer stack, a 2-�m-thick indium (In) layer is then deposited by thermal
evaporation, after patterning photoresist to expose Au bonding pads. These
deposited In/Au layers for bonding are subsequently defined using a liftoff
process on both the mirror-membrane and actuator wafers. (e) The two wafers
are aligned and bonded by thermal compression.

assembled. The fabrication sequence of a mirror membrane fab-
ricated from an SOI wafer is illustrated in Fig. 5. The win-
dows for electrode pads were patterned and etched [Fig. 5(a)].
After patterning the backside, the wafer was wax-mounted on
a dummy wafer at 130 C for the DRIE process. The wafer
substrate was etched using DRIE from the backside to define
membrane windows, creating the individual mirror membranes
[Fig. 5(b)]. The buried oxide of the SOI wafer was etched right
after the DRIE process while the wafer was mounted on the
dummy wafer. A Cr/Pt/Au multilayer sandwich was evaporated
and patterned followed by the deposition of a 2- m-thick in-
dium (In) layer on the patterned photoresist exposing the Au
bonding pads. Since In only adheres to the Au layer and not the
thermal oxide, the Au pad “localizes” the In deposit for subse-
quent thermocompression bonding. Also, In oxidizes instantly
when exposed to air and hinders bond formation. As an oxida-
tion preventive measure, a 10-nm-thick Au layer was deposited
in situ, thus “capping” the In surface. A similar metallization
scheme was also used for the actuator wafer [Fig. 5(c) and (d)].
Finally, the two wafers were aligned and bonded by thermal
compression [Fig. 5(e)]. A Karl Suss aligner and thermocom-
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Fig. 6. Assembled DM device with 4� 4 unimorph actuator array. (a) Cross-sectional schematic of the deformable mirror. (b) SEM micrograph of microfabricated
deformable mirrors with 4 � 4 actuator arrays.

pression bonder were used to align and bond the two wafers. The
bonding chamber was evacuated to a pressure of 1 10 torr
prior to the bonding operation. Thermocompression bonding of
the two wafers was conducted using a piston pressure of 100 kPa
applied at 153 C. From PZT actuator membrane and silicon
mirror membrane stiffness calculations, the estimated force ap-
plied to the center of an actuator membrane during bonding is on
the order of a few millinewtons. Fig. 6 contains (a) a cross-sec-
tional schematic diagram of the DM structure and (b) a micro-
graph of DMs and the microfabricated arrays of actuators (the
upper mirror membrane is intentionally removed). SEM micro-
graphs of the fabricated DM structure are shown in Fig. 7.

V. OPTICAL CHARACTERIZATION

A. Actuation of Piezoelectric Unimorph Actuators

A WYKO RST Plus Optical Profiler was used to analyze the
deflections of the actuator membranes. The deflection behavior
of a typical unimorph actuator device is shown in Fig. 8. The
measured surface roughness of our typical PZT film is approx-
imately 10 nm. Fig. 9 contains deflection measurements of a
unimorph actuator as a function of voltage, showing a typical
hysteresis loop for a piezoelectric actuator. In order to maximize
the deflection, unimorph actuators with different silicon mem-
brane thicknesses were characterized. Actuators with different
membrane thicknesses were obtained on the same wafer by se-
lectively etching the silicon membrane to different final thick-
nesses using the Kapton tape-masked backside etching process
described above. The actuation results for the cases of 1) 2.5 mm
and 2) 1.0 mm membrane diameters with 60% electrode cov-
erage and a 2- m-thick PZT film are shown as a function of
the membrane thickness (Fig. 10). The experimental results are
superimposed over their respective predicted deflection curves
from the simulation model. As predicted by our model, the max-
imum deflections were obtained at intermediate silicon-mem-
brane thicknesses of 1) 15 m for the 2.5-mm-diameter and
2) 7 m for the 1.0-mm-diameter actuator. Also, actuators with

Fig. 7. SEM micrographs of the assembled deformable mirror. (a) DM with
mirror membrane partially removed. (b) Cross-sectional view of the DM.

several different top electrode sizes relative to the membrane
diameters were fabricated and tested. It was found that an elec-
trode diameter that is approximately 60% of the membrane di-
ameter produces the most deflection for the case of the 2 m
PZT/15 m silicon membrane combination (Fig. 11). The stroke
of the mirror depends on the thickness of the mirror membrane.
Further optimization must be done by adjusting the thickness
of the mirror, PZT, and actuator membranes. In addition, the
piezoelectric coefficient of the PZT-film can be increased by im-
proving the PZT-film formation process.
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Fig. 8. WYKO Optical profiler image of the PZT unimorph actuator under deflection.

Fig. 9. Deflection (stroke) versus voltage for the actuator with or without an
overlying mirror membrane. A 2.5-mm-diameter actuator had a stroke of �
4 �m at 45 V. The stroke was reduced for a fully assembled deformable mirror
to approximately 2.5 �m at 50 V.

B. Deformation of Mirror Membrane

DMs consisting of 10- m-thick single-crystal silicon mem-
branes supported by 4 4 actuator arrays were characterized
optically. Fig. 12 contains an optically measured surface pro-
file for an as-transferred mirror membrane with an area of 3
6 mm, showing a root-mean-square roughness of about 26 nm.

Fig. 10. Dependence of actuator deflection on the thickness of the silicon
membrane. For 2.5-mm-diameter membranes, the optimized Si/PZT thickness
ratio was approximately six. The data points represent an average of ten separate
measurements on two different pixels within a typical actuator array.

Although the mirror surface was not coated with any materials
in this paper, an optical coating will ultimately be required to
enhance the reflectivity. The surface profiles of the actuated de-
formable mirror using the underlying actuators are shown in
Fig. 13. The print-through can be minimized by using thicker
mirror membrane with a reduced mirror deflection. The print-
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Fig. 11. Dependence of actuator deflection on the electrode diameter
expressed as a fraction of the membrane diameter. The optimum electrode
diameter is approximately 60% of the membrane diameter.

through can also be further reduced, by using silicon posts in-
stead of indium posts. The measured influence function is ap-
proximately 25%. Influence function refers to the interactuator
coupling or cross-talk between adjacent pixels.

The DM has a stroke (deflection) of 2.5 m at an actuation
voltage of 50 V. The stroke of the mirror membrane is approx-
imately 40% less than that for the actuator alone (Fig. 9). The
full scale measurement (up and down) of the mirror and actu-
ator combination was not performed, due to a lack of reference
area on the mirror membrane. Hence, the measurements on
the mirror membrane were made in the “differential mode”
only. For the actuator alone, the measurements were made with
respect to reference electrodes. This stroke reduction can be
adjusted by varying the mechanical compliance (by optimizing
the PZT/actuator membrane/mirror membrane thickness ratio).
The frequency responses for the unimorph actuator, with and
without the mounted mirror membrane, were obtained using
a laser-doppler vibrometer (shown in Fig. 14). The resonance
frequency of a 2.5-mm-diameter 2 m PZT/15 m Si and
60% electrode actuator was measured at 47 kHz, which far
exceeds the bandwidth requirement for most DMs ( 1 kHz).
Deformable mirror bandwidth is important for adaptive optics
applications, where the time scale for aberration fluctuations is
on the order of a few milliseconds. The mirror response should
not contribute to the latency of the control system. Therefore,
mirror shape should be controlled at a speed faster than that of
the changing aberration [13].

VI. DISCUSSIONS

The inherent hysteresis problem for PZT actuators leads to
the problem that deflections obtained at a particular actuation
voltage can vary depending on whether the new actuation
voltage was applied during a ramp up or a ramp down from the
previous state. One approach to mitigate the hysteresis problem
for open-loop control is to choose to stay on the same segment
(either ramp up or ramp down) of the hysteresis loop for all
actuation voltages. This is possible because the bandwidth

of our PZT actuator far exceeds the requirement of the DM
bandwidth ( 1 kHz). For instance, if the maximum voltage
swing for the actuator is from 0 to 50 V and if we choose to be
on the ramp-up segment of the hysteresis loop, then in order to
reduce the actuation voltage from, say, 30 to 20 V, we can first
ramp down the voltage up to 0 V and then ramp back up to 20
V, instead of directly ramping down to 20 V. Since the direct
piezoelectric coefficient is frequency dependent [14], actuating
the membrane too quickly is undesirable.

The strategy of staying on one side of the hysteresis loop does
not completely eliminate hysteresis; it does, however, reduce
it significantly. In general, three schemes are possible to solve
the problem. The first scheme is to always approach a set-point
from the same direction and the same extreme, before tracing
out the whole hysteresis loop every time. This approach does
not require feedback signal and computation, but it must go to
the limit of the actuator range every time a setting is changed.
Therefore, it is not suitable where the wavefront requires contin-
uous adjustments at high rates. The second scheme is to perform
closed-loop control, which requires an independent position ref-
erence, either from a capacitive displacement measurement or
from an optical wavefront sensor. This method is fast and simple
in control but needs independent position measurement for con-
trol. The third scheme is to use open-loop predictive control
based on actuator history. This scheme keeps a material hys-
teresis model in software and updates the “poling” state of the
material, based on the history of actuation. Therefore, no feed-
back signal is needed, enabling a “continuous sensing” mode
(such as atmospheric turbulence compensation). The disadvan-
tage of this approach is that it requires more computation, which
may not be suitable where a large number of actuators are used
at high update rates due to prohibitively long computation times.

VII. CONCLUSIONS

We have described the design, modeling, fabrication, as-
sembly, and testing of large-stroke piezoelectric unimorph
actuators for deformable mirror applications. We have suc-
cessfully demonstrated a proof-of-concept DM composed of
a continuous single-crystal-silicon membrane supported by
piezoelectric unimorph actuator arrays. Piezoelectric unimorph
actuators designed with optimized PZT/Si thicknesses can
produce a stroke as high as 5 m at an actuation voltage as
low as 50 V. DMs consisting of 10- m-thick single-crystal-sil-
icon membranes supported by 4 4 actuator arrays were
fabricated and characterized optically. Improvements in the
fabrication process for better optical-quality mirror membranes
and optimization of the DMs for larger strokes are under way.
Additional optical characterization of the fully assembled
DMs will also be performed. The deformable mirror concept
described in this paper will support the requirements of several
future space missions. The MEMS-based large-stroke actuator
technology described here is a new capability that is expected
to benefit future space missions that require precision miniature
devices in a broad range of operational environments. The de-
velopment path for this novel technology includes verification
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Fig. 12. Initial surface figure of the as-assembled DM with 4� 4 actuators. The surface-figure error (mirror surface height variation) was approximately 26 nm.
The major asperities are caused by the “print-through” from the indium bumps used to bond the mirror membrane to the individual underlying actuators.

Fig. 13. Optically measured deflection profile for the assembled deformable mirror under the actuation of 2.5-mm-diameter actuators. From these profiles, the
influence function (“crosstalk” deflection at pixels adjacent to the actuated pixel) was measured to be approximately 25%.
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Fig. 14. Measured frequency response of the piezoelectric unimorph actuator
with and without a mounted mirror membrane. The frequency responses show
that the fully assembled DM is capable of high bandwidth operation.

of performance on ground-based telescopes, diffraction-limited
imaging systems, and laser-based communications systems.
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