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1. Abstract

The design, manufacture, and testing of optical quality surface micromachined deformable mirrors
(DMs) is described. With such mirrors, the shape of the reflective surface can be modified dynami-
cally to compensate for optical aberrations and thereby improve image resolution in telescopes or
microscopes. Over several years, we have developed microelectromechanical system (MEMS)
processing technologies that allow production of optical quality of surface micromachined mirrors.
These process steps have been integrated with a commercial foundry process to produce deformable
mirrors of unprecedented quality. The devices employ 140 electrostatic actuators. Measurements of
their performance detailed in this paper include 2pm of useful stroke, 3nm position repeatability,
>90% reflectivity, and flatness better than 20nm RMS. A chemo-mechanical polishing process has
been used to improve surface quality of the mirrors, and a gold coating process has been developed
to improve the reflectivity without introducing a significant amount of stress in the mirror mem-
brane. An ion bombardment technique has been developed to flatten mirrors. These silicon based
deformable mirrors have the potential to modulate spatial and temporal features of an optical wave-
front, and have applications in imaging, beam-forming, and optical communication systems. Design
considerations and performance evaluation of recently fabricated DMs are presented.
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2. Introduction

In an AO system, a wavefront corrector intercepts the propagating wavefront in a plane conjugate to
the optical pupil. The wavefront corrector modifies the spatial phase of the wavefront, compensat-
ing for some or all of it’s accumulated, undesired phase aberrations. The most common type of
wavefront corrector used in AO is a deformable mirror (DM), which adjusts phase using an array of
spatially distributed actuators that deform a continuous or segmented reflective surface. Each actua-
tor in the DM provides a degree of freedom in altering contour shape or phase of the propagating
wavefront. The typical goal in AO control is to alter the DM’s shape so that the reflected wavefront
from a distant point source is made planar, thereby compensating aberrations in the optical beam
path. Important electromechanical characteristics of the DM — including number of actuators, actua-
tor stroke, actuator resolution, and actuation speed — are determined by the character of the aberra-
tions that need to be compensated [1]. For AO in astronomical imaging applications, most DMs
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used to date employ tens to hundreds of actuators, with several microns of maximum stroke, and
closed-loop speeds of tens to hundreds of hertz.

Until recently, most DMs were discretely assembled, macroscale systems comprised of a thick flat
mirror affixed to an array of spatially-distributed discrete piezoelectric actuators supported on a
rigid backplane. For all but a small number of applications, these DMs are prohibitively expensive
[2]. Micromachining offers a promising alternative approach for DM manufacture. Potentially, mi-
cromachining could decrease the cost of DMs substantially while yielding a device with improved
speed and compactness. Moreover, microelectromechanical systems technology could eliminate
some of the most significant challenges associated with macroscale DMs: replacing piezoelectric
actuators with lower-power electrostatic actuators and replacing a complex assembly process with
batch micromachining processes. Potential advantages in performance and cost have launched a
number of recent research efforts directed toward producing optical-quality micromachined de-
formable mirrors (uDMs). While there are advantages and limitations associated with all of the
uDMs that have been reported [3], the commercial availability of uDMs is already transforming the
field of adaptive optics in areas that can benefit from their high speed, low cost, and compact size.
Areas in which uDMs have recently proven successful include astronomy [4], ophthalmic imaging
[5,6], vision correction [7-9], laser communication [10-12], microscopy [13] and laser beam en-
hancement [14,15].

In this paper, an optical-quality silicon micromachined deformable mirror (uDM) and the manufac-
turing process used to produce it are described, and its performance is evaluated.

Architecture

The device was fabricated using surface micromachining processes on a silicon substrate coated
with a thin silicon nitride film for electrical isolation. The structural elements of the uDM (actuators
and mirrors) are all polycrystalline silicon (polysilicon). An array of independently addressable,
electrostatic actuators provides the driving forces needed to deform the mirror. Each actuator con-
sists of a 300 x300 x 2 um polysilicon plate anchored to the silicon nitride layer along two of its
sides. Each actuator plate is suspended Sum above a polysilicon electrode patterned onto the silicon
nitride layer. Polysilicon routing lines lead from each electrode to the periphery of the chip. Actua-
tion is achieved through electrostatic attraction between the compliant actuator plate, which is elec-
trically grounded, and the rigid electrode beneath it, which has its voltage potential controlled by an
external driver. Attached to the center of the top surface of each actuator plate is a 20 x 20 x 2.5 pm
post. A mirror plate is attached to the top of this array of posts. A microscope photograph of the 1
cm chip is depicted in Figure 1. Three types of mirror plates have been fabricated, all using the ac-
tuator arrays described above. There are continuous mirrors, stress-relieved mirrors, and segmented
Mirrors.

Continuous mirror devices employ a single polysilicon thin film that spans the entire actuator array
in an uninterrupted structure, except for a number of small holes needed for etching the underlying
sacrificial layers. When actuated, the mirror assumes a smooth shape without edge discontinuities or
abrupt changes in slope — a characteristic that is generally desirable in a DM. Continuous mirror
puDMs are susceptible to undesirable deformation due to biaxial stresses (generally compressive) in
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