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ABSTRACT 

We have demonstrated a large aperture (50 111111 x 50 mm) 
continuous membrane deformable mirror (DM) with a large- 
stroke piezoelectric unimorph actuator array. The DM 
consists of a continuous, large aperture, silicon membrane 
“transferred” in its entirety onto a 20 x 20 piezoelectric 
unimorph actuator array. A PZT unimorph actuator, 2.5 mm 
in diameter with optimized PZT/Si thickness and design 
showed a deflection of 5.7 [m at 20V. An assembled DM 
showed an operating frequency bandwidth of 30 kHz and 
influence function of approximately 30%. 
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INTRODUCTION 

Future deployment of ultra-large, light-weight, space 
based telescopes is being envisioned by NASA and other 
defense agencies. Launching conventional rigid primary 
mirrors is prohibitively expensive. Therefore, the planned 
deployment scenario involves either a segmented aperture or 
a relatively flexible, monolithic primary mirror whose large 
surface errors are corrected by subsequent active or adaptive 
wavefront control [l, 21. Both of these concepts potentially 
involve wavefront errors much greater than several 
wavelengths. The key optical component needed for 
effective wavefront compensation is a large-stroke, 
continuous-membrane DM with a high actuator density that 
is scalable to large areas (Figure 1). We have already 
demonstrated an optical quality membrane transfer 
technology [3]. Other requirements for space telescope 
DMs include mirror actuation of > 5 pm at < 50 V (< 1 fW 
per pixel), with a bandwidth of > 10 kHz, and influence 
function of < 30%. Micromachined DMs have been 
previously reported, however they needed high-voltage 
operation due to electrostatic actuation (100-7OOV) [4-81, 
had small stroke (< 2 pm) [4-6, 81, marginal surface quality 
[4,6], or high influence function (crosstalk) [5, 61, any of 
which is unacceptable for space telescope applications. In 
this paper, we present a novel, large-aperture, single-crystal 
silicon continuous membrane DM actuated using 20x20 
piezoelectric unimorph actuators with large stroke actuation. 

PZT UNIMORPH ACTUATOR 

We have modeled, fabricated and characterized a series 
of PZT unimorph membrane actuators with various 
membrane designs in order to optimize the DM actuator 

geometry. Our deformable mirror concept consists 
essentially of a continuous 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 precise spatial control, thereby 
justifying the added complexity of microfabrication. The 
unimorph actuation principle is illustrated in Figure 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 of the 
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. 
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Figure 1. Conceptual schematic diagram of the large-area 
continuous membrane deformable mirror (DM). For 
minimizing the effect of “print-through”, the silicon mirror 
membrane is required at least 1Opm thick. The mirror 
membrane is transferred in its entirety from another 
substrate (carrier wafer) in order to preserve an optical 
quality surface, and is backed by an array of piezoelectric 
unimorph microactuators. 

We have discovered that there are two major operating 
regimes for unimorph membrane actuators depending on [he 
relative PZT film / silicon membrane thickness ratios. 
Actuation electrode configurations that have been tested 
include: full circle, concentric rings, spirals, and segmented 
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 residual stress in the 
continuous, full circle electrode film limits 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 
than any of the other electrode geometries. Since actuators 
with thick silicon membranes showed more promise for the 
DM applications because of the higher deflection and ease 
of handling during fabrication, we focused our efforts on 
optimizing the full circle electrode geometry for thick 
silicon membranes. 

actuator is 5.7 pm at 20V (for an actuator with 2.5 mm 
diameter, E T / S i  = 2 / 15 fm thick, PZT patterned over 
60 % of the membrane diameter,). 
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Figure 3. Photograph of microfabricated PZT unimorph 
actuators of various types. The PZT layer wais patterned 
with optimized shapes to increase the amount of stroke. 

Figure 2. Schematic diagram showing the structure of a 
PZT unimorph actuator 

In order to optimize the geometry of the unimorph 
actuator structure, a mathematical model was developed 
using an energy minimization method [9J. In this model, the 
total energy of the unimorph membrane under deflection is 
calculated using a deflection profile predicted using thin 
plate deflection theory. Subsequently the total energy, 
consisting of the elastic energy due to the bending of the 
membrane, the potential energy stored by the film stresses, 
and the work done by the piezoelectric actuation, is 
minimized with respect to a Lagrange multiplier. The 
detailed explanation of the mathematical modeling and the 
method of energy minimization are available in reference 
[ 101. The energy minimization calculation was performed 
for both continuous and patterned PZT films. Figure 3 
shows a photograph of a wafer containing fabricated PZT 
unimorph actuators of various types. The PZT layer is 
patterned with optimized shapes for large actuation strokes. 
The measured thickness dependence of membrane deflection 
shows excellent agreement with our model (Figure 4). We 
observed a significant increase in the deflection for the PZT- 
patterned case as shown in Figure 5. This increase was 
achieved by eliminating unnecessary PZT film surrounding 
the actuator contributing to reduction in the deflection due to 
residual stress. The measured deflection for an optimized 
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Figure 4. Dependence of deflection on silicon membrane 
thickness for both continuous and patterned PZT film. There 
is a significant increase in the deflection for the patterned 
PZT actuator. The data points represent an average of 10 
separate measurements on 2 different pixels within an array. 
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Figure 5. Actuator strokes as a function of voltage for 3 different 
types of the actuators. Significant improvement in stroke is 
achieved using unimorphs with patterned PZT with optimized 
geometry at a low voltage (20 V). 



DEFORMABLE MIRROR 

DMs consisting of 20 pn thick single-crystal silicon 
membranes with 20x20 actuator arrays were fabricated 
using the “membrane transfer technique” 121. The DM 
structure was successfully fabricated and characterized 
optically, Figure 6 contains (a) a schematic side view of the 
DM structure (b) a photograph of fabricated 20x20 actuator 
array and (c) a photograph of 50 mm x 50 mm DM 
supported by 400 actuators. The Si mirror membrane made 
from another SO1 wafer was bonded onto the actuator wafer 
via indium posts at the centers of each actuator. 
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Figure 6. (a) Cross-sectional schematic of the deformable 
mirror (b) Photograph of microfabricated deformable 
mirrors with 4x4 actuator arrays 

less than that of the actuator alone. This stroke reduction 
can be adjusted by changing the mechanical compliance (e. 
g. optimizing the E T /  actuator membrane/ mirror 
membrane thickness ratio). 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 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). 
Frequency responses of the unimorph actuator alone and the 
mirror membrane mounted on top of the actuator were 
obtained using a laser-doppler vibrometer (See Figure 9). 
The measured bandwidth of 30 kHz far exceeds the 
bandwidth requirement for most DMs. 

Single actuator activation 

Figure 7. Deflection of a deformable mirror with a single 
actuator activated. From this profile, the measured 
influence function (crosstalk between pixels) is 
approximately 25%. 
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The surface profiIe of a deformable mirror created by a 0 IO 20 30 40 50 60 

single actuator was measured (shown in Figure 7). The 
measured influence fUnCtiOn is approximately 30%. Figure 
8 presents the measured deflection VS. the applied voltage 
for an actuator and a DM actuated using a single actuator. 
The stroke of the mirror membrane is approximately 40% 

PZT voltage (V) 
lqguce 8. Relative deflection vs. applied voltage for a 
2.5- diameter actuator dofie and with a mounted mirror 
membrane. 
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Figure 9. Measured frequency response of the piezoelectric 
unimorph actuator alone and with a mounted mirror 
membrane. These plots demonstrate that the DM is capable 
of wide bandwidth operation. They also indicate the high- 
stiffness of the actuator membrane, which is important for 
high optical quality mirrors. 

CONCLUSIONS 

We have successfully fabricated, assembled and 
characterized a large aperture DM composed of a 
continuous single-crystal silicon membrane supported by 
piezoelectric unimorph actuator arrays. Our improved 
piezoelectric unimorph actuators with patterned PZT film 
designed with optimized PZT/Si thicknesses can produce 
large strokes at low voltages. DMs consisting of 20 pm 
thick single-crystal silicon membranes supported by 20x20 
actuator arrays were fabricated and optically characterized. 
Further work is underway to infuse this DM into 
applications for future ultra-large space telescope. 
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ABSTRACT 

We have demonstrated a large aperture (50 mm x 50 mm) 
continuous membrane deformable mirror (DM) with a large- 
stroke piezoelectric unirnorph actuator array. The DM 
consists of a continuous, large aperture, silicon membrane 
"transfemed" in its entirety onto a 20 x 20 piezoelectric 
unimorph actuator array. A PZT unirnorph actuator, 2.5 mm 
in diameter with optimized PZT/Si thickness and design 
showed a deflection of 5.7 rm at 20V. An assembled DM 
showed an operating frequency bandwidth of 30 M-Iz and 
influence function of approximately 30%. 

Keywords: Deformable mirrors, Piezoelectric unimorph actuators 

INTRODUCTION 

Future deployment of ultra-large, light-weight, space 
based telescopes is being envisioned by NASA and other 
defense agencies. Launching conventional rigid primary 
mirrors is prohibitively expensive. Therefore, the planned 
deployment scenario involves either a segmented aperture or 
a relatively flexible, monolithic primary mirror whose large 
surface errors are corrected by subsequent active or adaptive 
wavefront control [l,  21. Both of these concepts potentially 
involve wavefront errors much greater than several 
wavelengths. The key optical component needed for 
effective wavefront, compensation is a large-stroke, 
continuous-membrane DM with a high actuator density that 
is scalable to large areas (Figure I). We have already 
demonstrated an optical quality membrane transfer 
technology [3 1. Other requirements for space telescope 
DMs include mirror actuation of > 5 pm at < 50 V (< 1 [W 
per pixel), with a bandwidth of > 10 kHz, and influence 
function of < 30%. Micromachined DMs have been 
previously reported, however they needed high-voltage 
operation due to electrostatic actuation ( 100-7OOV) [4-81, 
had small stroke (< 2 pm) 14-6, 81, marginal surface quality 
[4,6], or high influence function (crosstalk) [5, 61, any of 
which is unacceptable for space telescope applications. In 
this paper, we present a novel, large-aperture, single-crystal 
silicon continuous membrane DM actuated using 20x20 
piezoelectric unimorph actuators with large stroke actuation. 

PZT UNIMORPH ACTUATOR 

We have modeled, fabricated and characterized a series 
of PZT unimorph membrane actuators with various 
membrane designs in order to optimize the DM actuator 

geometry. Our deformable mirror concept consists 
essentially of a continuous membrane mirror transferred 
onto an underlying array of piezoeIectric unimorph 
membrane-based microactuators. The primary benefit of the 
piezoelectric actuation approach is that it meets the stringent 
DM requirements €or precise spatial control, thereby 
justifying the added complexity of microfabrication. The 
unimorph actuation principle is illustrated in Figure 2. The 
details are as follows: An electric field applied 
perpendicuIar 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 of the 
mirror membrane mounted over the microactuator. 
Compared to the conventional piezoelectric stack actuators 
that are widely ernpIoyed in commercial DMs, our actuation 
mechanism requires far less voltage and power to produce 
the same extent of mirror deflection. 
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Figure 1. Conceptual schematic diagram of the large-area 
continuous membrane deformable mirror (DM). For 
minimizing the effect of "print-through", the silicon mirror 
membrane is required at feast 10pm thick. The mirror 
membrane is transferred in its entirety from another 
substrate (carrier wafer) in order to preserve an optical 
quality surface, and is backed by an array of piezoelectric 
unimorph microactuators. 

We have discovered that there are two major operating 
regimes for unimorph membrane actuators depending on the 
relative PZT film / silicon membrane thickness ratios. 
Actuation electrode configurations that have been tested 
include: full circle, concentric rings, spirals, and segmented 
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 residual stress in the 
continuous, full circle electrode film limits 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 
than any of the other electrode geometries. Since actuators 
with thick silicon membranes showed more promise for the 
DM applications because of the higher deflection and ease 
of handling during fabrication, we focused our efforts on 
optimizing the full circle electrode geometry for thick 
silicon membranes. 
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Figure 2. Schematic diagram showing the structure of a 
PZT unimorph actuator 

In order to optimize the geometry of the unimorph 
actuator structure, a mathematical model was developed 
using an energy minimization method [9]. In this model, the 
total energy of the unimorph membrane under deflection is 
calculated using a deflection profile predicted using thin 
plate deflection theory. Subsequently the total energy, 
consisting of the elastic energy due to the bending of the 
membrane, the potential energy stored by the film stresses, 
and the work done by the piezoelectric actuation, is 
minimized with respect to a Lagrange multiplier. The 
detailed explanation of the mathematical modeling and the 
method of energy minimization are available in reference 
[lo]. The energy minimization calculation was performed 
for both continuous and patterned PZT films. Figure 3 
shows a photograph of a wafer containing fabricated PZT 
unimorph actuators of various types. The PZT layer is 
patterned with optimized shapes for large actuation strokes. 
The measured thickness dependence of membrane deflection 
shows excellent agreement with our model (Figure 4). We 
observed a significant increase in the deflection for the PZT- 
patterned case as shown in Figure 5. This increase was 
achieved by eliminating unnecessary PZT film surrounding 
the actuator contributing to reduction in the deflection due to 
residual stress. The measured deflection for an optimized 

actuator is 5.7 pm at 20V {for an actuator with 2.5 mm 
diameter, PZT/Si = 2 pm / 15 (rn thick, PZT patterned over 
60 % of the membrane diameter,). 

Figure 3. Photograph of microfabricated PZT unimorph 
actuators of various types. The PZT Iayer wais patterned 
with optimized shapes to increase the amount of stroke. 
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Figure 4. Dependence of deflection on silicon membrane 
thickness for both continuous and patterned PZT film. There 
is a significant increase in the deflection for the patterned 
PZT actuator. The data points represent an average of 10 
separate measurenerrts on 2 different pixels within an array. 
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Figure 5. Actuator strokes as a function of voltage for 3 different 
types of the actuators. Significant improvement in stroke i s  
achieved using unimorphs with patterned PZT with optimized 
geometry at a low voltage (20 V). 



DEFORMABLE MIRROR 

DMs consisting of 20 pm thick single-crystal silicon 
membranes with 20x20 actuator arrays were fabricated 
using the “membrane transfer technique” 121. The DM 
structure was successfully fabricated and characterized 
optically. Figure 6 contains (a) a schematic side view of the 
DM structure (b) a photograph of fabricated 20x20 actuator 
array and (c) a photograph of 50 mm x 50 mm DM 
supported by 400 actuators. The Si mirror membrane made 
from another SO1 wafer was bonded onto the actuator wafer 
via indium posts at the centers of each actuator. 
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Figure 6. (a) Cross-sectional schematic of the deformable 
mirror (b) Photograph of microfabricated deformable 
mirrors with 4x4 actuator arrays 

The surface profile of a deformable mirror created by a 
single actuator was measured (shown in Figure 7). The 
measured influence function i s  approximately 30%. Figure 
8 presents the measured deflection vs. the applied voltage 
for an actuator and a DM actuated using a single actuator. 
The stroke of the mirror membrane is approximafeIy 40% 

less than that of the actuator alone. This stroke reduction 
can be adjusted by changing the mechanical compliance ( e ~  
g. optimizing the PZT/ actuator membrane/ mirror 
membrane thickness ratio). 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 stare. 
One approach to mitigate the hysteresis problem 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 Hz). 
Frequency responses of the unimorph actuator alone and the 
mirror membrane mounted on top of the actuator were 
obtained using a laser-doppler vibrometer (See Figure 9). 
The measured bandwidth of 30 kHz far exceeds the 
bandwidth requirement for most DMs. 

Figure 7. Deflection of a deformable mirror with a single 
actuator activated. From this profile, the measured 
influence function (crosstalk between pixels) is 
approximately 25%. 
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Figure 8. Relative deflection vs. applied voltage for a 
2Smm diameter actuator alone and with a mounted mirror 
membrane. 
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Figure 9. Measured frequency response of the piezoelectric 
unimorph actuator alone and with a mounted mirror 
membrane. These plots demonstrate that rhe DM is capable 
of wide bandwidth operation. They also indicate the high- 
stiffness of the actuator membrane, which is important for 
high optical quality mirrors. 

CONCLUSIONS 

We have successfully fabricated, assembled and 
characterized a large aperture DM composed of a 
continuous single-crystal silicon membrane supported by 
piezoelectric unimorph actuator arrays. Our improved 
piezoelectric unimorph actuators with patterned PZT film 
designed with optimized PZT/Si thicknesses can produce 
large strokes at low voltages. DMs consisting of 20 pm 
thick single-crystal silicon membranes supported by 20x20 
actuator arrays were fabricated and optically characterized. 
Further work is underway to infuse this DM into 
applications for future u!tra-large space telescope. 
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