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1 Introduction cross section through three actuators in a row with a mirror
Silicon-based microsystem components have recently re-Sheet over them. The actuators are double cantilever beams,

ceived much attention in the optics field because they have? Structurally robust desihgn. When voltage is applied ber;
many attractive features that make them suitable for optical Ween an actuator and the substrate or a ground pad, the

applications. These devices have dimensions ComparameeIectrostatic force developed deflects the actuator toward
with the wavelength of light, and can be easily and inex- the substrate. The mirror sheet, which is attached to the

pensively batch fabricated in massive arrays of elements.ctuator at midspan by a post, also deflects as a result. The

They can be made from a variety of materials and have amount of deflection depends monotonically but nonlin-

smooth, optical-quality surfaces. In addition, since they €arly on the magnitude of the applied voltage. In the sche-
have low inertia, they can be positioned accurately with matic, the actuator in the center is deflected, while the oth-

small forces, even at high frequencies. ers are undeflected. The targeted applications for this
Some of the significant optical applications of micro- MEMS deformable mirror include adaptive optical imaging

electromechanical systen@IEMS) technology arise from and projection systems, and optical correlators for pattern
the ability to organize individual microactuators into arrays €cognition systems.

that cooperatively perform a macroscopic function. A

prominent example of MEMS successfully applied to ar-

rays of interconnected microactuators is the digital projec- 3 Adaptive Optics

tion display based on the digital micromirror device Adanpti ; ; ;
¢ X : ptive opticS AO) systems correct aberrations in an op-
(DMD) built by Texas Instruments. The torsion mirror used tjca|'system through active control of mirror geometry. The
in this display is a bistable device, capable of tilting0 most common AO systems use nominally flat, deformable
deg to reflect incoming light in one of' two directions. The. secondary mirrors, whose shape is adjusted to compensate
DMD technology has also been used in several other appli- ¢y aperrations in an optical wavefront. One important ap-
cations, including coherent optical correlafotand spatial plication of AO is compensation of aberration due to atmo-
Ir;ght modulators’ Bu'}'f mlcromtlallc.h;]ned deflor?r%able MIITOTS  gpheric turbulence in land-based astronomical telescopes.
ave been reported for spatial light modulaftdand adap-  The process is called phase conjugation, and requires that

; o7

tive optics. each of the deformable mirror's many segments or zones be
. controlled in real time. Figure 2 shows the elements in a

2 MEMS Deformable Mirror typical adaptive optics imaging system. The aberrated in-

The deformable mirror system described here incorporatescoming wavefront is sent to a wavefront sengauch as a

a continuous mirror sheet actuated at discrete points, theHartmann sensgrwhich analyzes the wavefront optically
deformation being normal to the surface and continuous (for tilt and shapg The tilt signals control the tilt or steer-
over a desired range. Figure 1 is a schematic showing aing mirror, and the shape signals are applied to a deform-
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tical systems that could be affected include midsized astro-

Silicon wafer with nomical telescopes, earth-satellite communication systems,
deformable membrane industrial laser focusing, land-based optical telescope or
above an array of binocular imaging systems, and biomedical imaging sys-
diaphragm microactuators tems.

3.1 Deformable Mirror Specifications Based on
Adaptive Optics Requirements

The primary parameters of deformable mirror AO systems

Electrostatically Membrane are the number of actuators, the control bandwidth, and the
actuated Attachment mirror maximum actuator stroke. For astronomical observations,
diaphragm post these design parameters can be estimated based on the de-

sired Strehl ratiqthe Strehl ratio, S, is a common measure
of imaging performance; it is the ratio of on-axis intensity
of an aberrated image to on-axis intensity of the unaber-
rated imagg the optical wavelength of interest, the charac-
teristics of the optical disturbande.g., intensity of atmo-
spheric turbulendeand the optical system aperture, using
Undeflected Partially Undeflected theoretical turbulence and photor_nc models. .

The number of actuators required for a system is deter-

deflected . -

mined by the nature of the aberration, the wavelength of
interest, and the desired Strehl ratio. An estimate of the

Fig. 1 Schematic cross section of a section of a deformable mirror

array showing actuator deflection. number of actuators required for correction of atmospheric
turbulence in an imaging system is given’by
able mirror, generating a conjugate shape that corrects the kk?z C2D5R| 6

, @

aberration. With AO, the achievable image resolution is Na
greatly enhanced.

. Sophisticated adaptive optics systems have applications,here « is the Kolmogorov fitting constank is the wave

in astronomy for increasing light-gathering power and im- ,mper of the incident irradiatiorz is the altitude or
proving the angular resolution of large observatory ,onagation distanceS? is the atmospheric structure con-
telescope§. Adaptive optics compensation is also used in giant D is the aperture diameter of the optical system, and
laser communications and high-energy laser applicationsg is the desired Strehl ratio.

such as laser fusion to maintain beam collimation or im-  The stroke required of the mirror and therefore each
prove beam focus. In space applications, AO helps com- 4¢tyator is determined by the expected range of the wave-

pensate for gravitational effects. Small, light, and inexpen- nt phase error. For optical imaging through atmospheric
sive MEMS-based deformable mirror systems will enable y,ryjence, the required phase excursion can be approxi-
adaptive optics image enhancement for an entirely Nnew pateqd as:

range of commercial and scientific applications. Some op-

(A ) max=0.57k\zC?D5, 2

The minimum control frequency required for each actuator
can also be estimated, based on the rate at which the source
H of optical aberrations is changing. For correction of phase

2.9 IN(1/S)

Aberrated Incoming Image

Tilt Mirror errors caused by atmospheric turbulence, the so-called
Greenwood frequency can be determinedby
0.4 3
VAL’
Beamsplitter
Deformable Tma wherev is the mean wind velocity in the turbulent layar,
. ge ; - . :
mirror N camera |s_the wavelength of the incident light, ahdis the average
thickness of the turbulent layer.
Shape For example, based on assumptions of moderate turbu-
signals lence, near-infrared ligh\=1.0 um), a 1-m diameter pri-
mary mirror, and a Strehl ratio of 0.2, a deformable mirror
Control| Wavefront would require 400 actuators, a closed-loop bandwidth of 20
Tilt signals |System sensor Hz, and a stroke of Zm. These parameters are the design
goals for the MEMS deformable mirror under development.
Fig. 2 Elements of a typical adaptive optical imaging system. Deformable mirrors used in a phase-only filter application
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also require high actuator density ar® um stroke, but tors. System electronics could be integrated into the de-
they can be operated open loop at low frequencies. formable mirror device although such integration is not es-
The time scale for variations in the distortion, the coher- sential. The proposed MEMS systems are inexpensive, with
ence time, is on the order of a few milliseconds at optical projected costs under $10 per actuator for a 400-zone mir-
wavelengths. Phase error corrections must therefore beror at prototype stage. Since they use existing semiconduc-
made within a few milliseconds of wavefront measurement tor fabrication technology and can take advantage of batch
to be effective. This in turn requires closed-loop control fabrication processes, the commodity cost will be much
bandwidths up to 1 kHz. To achieve control at 1 kHz, the lower. Design changes can be implemented, and malfunc-
natural frequency of the actuator should be at least 10 kHz. tioning or damaged systems replaced rapidly and inexpen-
The natural frequency for a continuous deformable mirror sively. The deformable mirror system can be manufactured
membrane driven by an array of discrete actuators is givenas a component of a modular adaptive optics system.

by*®: Thus, by using MEMS technology, the image resolution
of an adaptive optical system can be improved while reduc-
10.21h E ing weight, manufacturing time, actuator cost, and assem-

"= 27R2 N 12p(1- 12 4 bly complexity. In the following sections, we describe a

preliminary research effort involving design, fabrication,
whereh is the membrane thicknesg, is the interactuator and tes_ting conducted at Boston University With_the goal of
spacingE is the elastic modulus of the membrane material, Preducing a 400-element MEMS deformable mirror array.
p is the membrane density, andis the Poisson’s ratio of :
the membrane. For the deformable mirror devices, pre-4 Processing Technology

dicted resonant frequencies are all in excess of 30 kHz, To fabricate test devices economically and with a reason-
higher than any other deformable mirror system imple- able turnaround time, the multiuser MEMS process

mented to date.

3.2 Advantages of MEMS Deformable Mirrors

Currently available multichannel correction mirrors in AO
systems include both segmented and continuous mirrors.
Segmented mirrors offer advantages in terms of scalability,
assembly, and maintenance. There is no cross-coupling be
tween actuators, and systems with 512 segments operatin
at 5 kHZ! have been implemented. However, the gaps be-
tween segments cause a reduction in performance as energ
is lost through them, and the gaps act like a grating, causing
energy to be diffracted from the central lobe. For higher-
quality performance, continuous-surface deformable mir-
rors are used, with either continuous-membrane piezoelec-
tric bimorph actuatofé or independent piezoelectric
actuators® Discrete actuator deformable mirrors exhibit
relatively higher spatial resolution and temporal response,
and can be built for larger strokes. However, piezoelectric
actuators have many problems, including the presence of
hysteresis, inhomogeneous behavior over time, large oper
ating voltage requirements, and large size. These system
are typically quite expensivé$1000 per channgl heavy,
and require an integral cooling system to eliminate excess
heat.

MEMS deformable mirrors exhibit advantages over
competing deformable mirror systems in performance, fab-
rication, and economy. They exhibit no hysteresis, making
them easier to control. They operate using lower voltages
(typically <100 V). Being electrostatically driven, they
consume essentially no power, and their low-power opera-
tion reduces the cost of drive circuitry. They are light-
weight and can be packaged closely in massively parallel
arrays for higher spatial resolution. Consistent temporal
performance and high-bandwidth operati¢n66 kH2)
have been achieved using electrostatic MEMS actuators of
the size needed for this application, as described in this
paper.

Fabrication is streamlined, no discrete assembly is re-
quired, and the device can be packaged in conventional
integrated circuit(IC) packages with standard pin connec-

544  Optical Engineering, Vol. 36 No. 2, February 1997

6

§he conformity inherent in surface micromachining. The

(MUMPs) at the Microelectronics Center of North
Carolind* was used. This is a three-layer polycrystalline
silicon (polysilicon) surface micromachining process. A
surface micromachining process typically uses alternating
layers of polysilicon as the structural material, oxide as the
sacrificial layers, and silicon nitride as an electrical isola-
tion layer. Figure 3 shows a cross-sectional schematic view
a typical micromachined actuator with a portion of a
irror sheet over it. The first polysilicon layer is used for
ddress pads and the others for the actuators and mirror
espectively. Holes are patterned into the top two polysili-
con layers to enable subsequent release by wet chemical
etch of the sacrificial oxide layers. Using this basic design,
several generations of single actuators as well as arrays of
actuators with a mirror sheet over them have been de-
signed, fabricated, and tested.

The principal requirements for the deformable mirror
surface are planarity and continuity. All test devices fabri-
cated so far have excessive nonplanarity on the mirror sur-
face (on the order of the layer thicknesgékat arise from

schematic in Fig. 3 illustrates this phenomenon clearly.
Furthermore, the mirror in the test devices has holes to
provide access for acid for a wet chemical etch to release
the oxide layers. Holes on the mirror surface are detrimen-
tal; they trap light and cause undesired diffraction effects,

Polysilicon 0
(address pad)

Fig. 3 Schematic of fabricated deformable mirror test structure us-
ing MUMPs.

Oxide
(Sacrificial)

Silicon
nitride

Polysilicon 1
(actuator)

Polysilicon 2
(mirror)
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having essentially the same effect as gaps in a segmented
mirror. A possible solution to this problem is described | x
below, and will be implemented in future prototypes. q(x)
Based on a design strategy developed in collaboration
with MCNC, an acceptably planar surface can be obtained
if all cuts in the underlying polysilicon layers are only 1.5
pm wide. Fixed ends for the actuators as well as the attach- P
ment posts for the mirror can be built as honeycomb struc- y(x)I S —
tures in order to keep to this requirement. Leaving the ox- /l g
ide inside the support structures will ensure adequate
strength. Figure 4 is a schematic illustrating this design I ]
concept. L L )I
To release the structure, an anisotropic etch could be =
carried out from the back side of the silicon substrate at 1 to
2-mm spacing. The nitride could then be reactive (RIE)

etched, and the 1.mm holes and slots in the polysilicon
layers would permit release of the oxide. This would elimi-

nate the requirement for holes in the mirror for release etch- heam. From electrostatics, the distributed forgeacting
ing of the oxide. on the beam as a function of position along the beam is

Fig. 5 Actuator model for analytical and numerical evaluation.

5 Actuator Design and Characterization K2 eqW 2 ©)

A principal indicator of expected MEMS mirror perfor- 2(g-y)*
mance is the dynamic behavior of its constituent electro- ) ) ) o
static actuators. Their repeatability, precision, frequency re- Wherex is the dielectric constant of the gap materiglis

sponse, and robustness were quantified in an experimentafh® permittivity of free space, and is the applied voltage.
and analytical research effort described below. This gives the fourth order nonlinear ordinary differential

Actuator deflection was numerically simulated using a €duation
one-dimensional electromechanical model, illustrated in , 5 5 5
Fig. 5. This is a reasonable approximation since the struc-d_y oy E d_y: K" €W V2 )
ture has initially parallel components with a small gap com- dx* dx? El dx 2(g—y)z '
pared with the lateral dimensiof$.The diaphragm was
modeled as a double cantilever beam, with a gap- This equation was numerically modeled using the shoot-
dependent, electrostatic actuating force. Deflection is aing method, a standard technique for solving two-point
function of applied electric field, material properties, and boundary value problems. Figure 9 shows the numerically
geometry. simulated deflectioinormalized with gapat the midpoint
From elasticity theory, the beam deflectip(x), taking of the beam as a function of normalized voltage. These
into consideration the electrostatic force and residual force results were obtained for a compressive residual stress of

is 10 MPa. The results based on the numerical model are
within 15% of the experimentally measured values of maxi-

dy P d% mum deflection before pull-in and the critical voltage at

WTL Ela2 El’ 5 which pull-in occurred. This model for an actuator is fast

and reasonably accurate, and will be used in the more com-
plex continuous mirror model.
Actuator geometry was based on theoretical and numeri-

y(0)=y(L)=0, y'(0)=y'(L)=0, cal calculations to optimize stroke and reduce the possibil-
ity of buckling due to residual stress. Within the framework

whereP is the axial force at the supports, is the elastic ~ ©Of the restrictions imposed by the foundry process, several

modulus of the beam, arldis the moment of inertia of the ~ actuator geometries and shapes were fabricated and tested.
Based on results from experiments with different geom-
etries, fixed-fixed electrostatic actuators measuring @50
square and 3..um thick with a 2.0um actuator gap were

with the boundary conditions being

Attachment post chosen as the optimum design for test devices. Figure 6
g Mirror shows the schematic of the described individual actuator.
: The critical issues relating to device performance are
i Actuator yield (indicating process reliabilidy position repeatability,
Nitride and frequency response. Previous MEMS research demon-
Substrate strated that the average yield for individual microsensors
and microactuators is 40 to 60%. Massively parallel, mul-
Anisotropic etch tiple microactuator systems implementing macroscopic
functions require higher yieldgreater than 90%and de-
Fig. 4 Schematic of a new design for a continuous deformable mir- signs with fault-tolerant function. Device yield is therefore
ror to achieve a planar mirror surface. a major concern, and experiments to characterize this have
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Fig. 6 Schematic of an individual test actuator, showing optimum
dimensions.

ACTUATOR DEFLECTED LEFT,UNDEFLECTED RIGHT

(a) ()

. L L Fig. 7 A single actuator viewed under a Normarski microscope at
given optimistic results. A total of 487 individual actuators cuw The actuator is undeflected at 0 V (a) and deflected at 60 V

were tested in one study, with a yield of 94.5% useful, (b). The etch holes in the diaphragm are clearly visible.
working actuators.
Preliminary device characterization was carried out by

visual inspection under a Nomarski interference micro- normal actuation of 0 to 500 nm at the center of the canti-
scope. Figure 7 shows pictures of a single actuator when itlever, with maximum applied voltage less than pull-in volt-
is undeflected and when it has been pulled down by apply- age, there was no hysteresis and an average position repeat-
ing a voltage. ability of 9.76 nm (for a 99% confidence levelwas
Deflections were measured using a single-point, split obtained, as shown in Fig. 10.
frequency, displacement-measuring laser interferometer. Figure 11 shows the amplitude response of an actuator.
This device uses a focused laser beam to measure normathe actuators were found capable of responding to frequen-
displacement with a position resolution of 2.5 nm and time cjes of up to 66 kHzZNyquist frequency of the measure-
resolution of 15.6 ns, a range ofl mm, a frequency band-  ment systemwithout attenuation. The actuators drew no
width of 0 to 133 kHz, and a lateral averaging area of measurable current, which implies that the array is thermo-
several micrometers. dynamically reversible, as expected for an electrostatic sys-
To actuate a diaphragm, voltage was applied betweentem. There was no electrical coupling between actuators.
the address pad and the diaphragm using a pair of micro-
probes. When subjected to a voltage raf@po 65 V), the 6 Fabrication and Control of Mirror Arrays
deflection of the test actuator increased nonlinearly until the
voltage reached 60 V, at which time it was deflected by
approximately 0.9um, shown by the dotted line in Fig. 8.
Above this critical or pull-in voltage, the actuator would
undergo the well-known electrostatic actuator phenomenon
called “snap through instability,” instantaneously deflect-

Parallel arrays of surface-normal electrostatic actuators
with segmented mirrors were designed, built, and tested. A
16-element segmented mirror array was wire bonded to a

ing all the way to 1.7um. When voltage was decreased
from the measured critical voltage, the actuator remained in et Deflecting |'
its snapped position until the voltage was decreased to 50 § a4l e Relaxing ;
V, when it decreased nonlinearly following the path along <= 12 b \ 4
which it had increased. g - {
Figure 9 shows the measured and predicted response of g 1 '
two different actuators in the operating range, at voltages & 038 !
below pull-in voltage. The deflections have been normal- B |
ized with a 2um gap, and the voltage with the pull-in g ;
voltage characteristic of each curve. The numerical model 34 04
assumes a residual stress of 10 MPampressive .§ 0.2
An extensive study was carried out to test the repeatabil- 0
ity of the device positiort® The motivation for a detailed on
study and statistical analysis of actuator behavior stems ’ 0 10 20 30 0 50 60 7
from the requirements for high repeatability and resolution
in this application. This study will also pave the way for Voltage (V)
using MEMS devices in other applications where
nanometer-scale control is required. Fig. 8 Measured deflection as a function of increasing and decreas-

Over the desired actuation range, resulting in surface ing voltage.
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Fig. 11 Amplitude response of a microactuator. The sinusoidal
drive voltage was 26.3 V (peak-to-peak) with a 10 V dc offset, re-
Fig. 9 Predicted and measured deflections for two 350-um square sulting in 200 um of maximum deflection.

actuators with different thicknesses.

standing output short circuits in the event of actuator fail-
ure, must have bandwidth sufficient to enable real-time ac-
tuator control, and must be easy to reproduce in compact,
miniature form. A working version of a suitable driver
module has been designed and tested using readily avail-
able, off-the-shelf operational amplifiers and transistors.
The current prototype uses only a small number of compo-

. . , Spot *h | 400 V with a 10-kH
previously characterized. Dedicated support circuitry has ents and can produce voltages up to 400 V with a 10-kHz

. : ndwidth.

been developed for the MEMS mirror systems, focusing on bandwid
the design of a circuit capable of simultaneously driving a 7 Conclusions
large number of actuators under computer control. A 20- = . ] )
channel circuit has been designed and fabricated. The cir-Silicon micromachined deformable mirrors represent a
cuit contains a computer interface board addressable via chigh-performance, low-cost technology for enhancing im-
software. The 20 separate channels each consist of a@ge resolution. This paper describes the initial development
parallel-loaded digital-to-analog integrated circuit and a ©of @ MEMS deformable mirror, focusing on design, fabri-
high-voltage driving circuit. The circuit has been designed cation, device characterization, and system integration is-
so that it can be expanded to drive up to 400 actuatorsSues. The mirror parameters were developed based on theo-
simultaneously. retical and empirical models of adaptive optics. Sufficient

The drive electronics are low power, and inexpensive as y|8|d was demonstrated with a Standard, robust actuator.
a result. The high-voltage driver must be capable of with-

standard 64-pin dual in-line packadgPIP), from which
connections can be made to a control interface. Figure 12
shows a photograph of the mirror array wire bonded to a
chip carrier and mounted on a PC board.

Actuator characterization suggested that the actuators in
a given array could be used in an open-loop actuation con-

0.5
045
04 |
035

I
W

025

e
[N}

0.15

Deflection (pum)

o
=

0.05 |

-0.05

0 5 10 15 20 25 30 35 40 45 50
Voltage (Volts)

(b)

Fig. 12 (a) Optical micrograph of a 16-element segmented mirror
and (b) Photograph of wafer wire bonded to a standard 64-pin chip
Fig. 10 Position repeatability of a single actuator. carrier.
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Extensive statistical actuator characterization demonstrated
remarkable performance levels with regard to repeatability
and bandwidth. Processing issues for obtaining a planar
mirror surface are currently being addressed. A 20-channel
electronics control circuit has been built and used for high-

Krishnamoorthy Mali et al.: Development of microelectromechanical system . . .

speed control of a segmented mirror array.
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