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Abstract—Deformable mirrors improve optical efficiency of a
system by correcting the wave front aberration caused by imper-
fections in the system components or by turbulent atmosphere in
case of telescope optics. Micromachined mirror technology has the
potential to substantially reduce the cost of adaptive optics sys-
tems. First, a brief review of the work in this field is presented with
the goal of informing the reader of the challenges in the microma-
chined adaptive optics and the implementation tradeoffs including
stress-induced curvature of multilayer mirrors. Then, recent re-
sults on the silicon micromachined, hybrid integrated microelec-
tromechanical deformable mirrors for adaptive optics developed
at the University of Colorado are presented. Various microfabri-
cation processes including surface micromachining, bulk micro-
machining, and flip-chip assembly are implemented to fabricate
high optical fill factor and large-stroke piston-type micromirror
arrays. The achieved micromirror deflection for some designs is in
the range of 2 to 3.5:m, which results in the operating wavelength
within infrared spectrum. Techniques to integrate microlenses on
top of the micromirrors using self-aligned solder or transfer of ul-
trasmooth mirror plates on top of the micromirror actuators using
flip-chip create high optical fill factor devices. Experimental results
of aberration correction with such devices are presented.

Index Terms—Aberration correction, adaptive optics, de-
formable mirror, infrared, MEMS, MOEMS, microlens,
micromirror, optical MEMS.

I. INTRODUCTION

DEFORMABLE mirror is one of the core components in

Paper

tems. The effect of aberration is to reduce the resolution of the
image system by broadening the point spread function. One ap-
proach to improve the performance of these imaging systems is
to apply the concept of adaptive optics to correct the aberration
by using a deformable mirror which may be a segmented mirror
or a continuous facesheet mirror. The ability to control the phase
of a propagating optical wave front is a key enabling technology
for improving the performance in many scientific, commercial,
medical, and defense applications. By manipulating the wave
front it is possible to correct aberrations in optical systems, con-
trol the shape of a focused laser beam, and redirect the laser
beam. This leads to many scientific applications including real
time active optical wave front control for correcting atmospheric
turbulence effects for astronomy and space surveillance to pro-
vide higher resolution imagery, and control of fixed aberrations
in optical systems to allow the development of simpler lens
and mirror arrangements. Moreover, there are many possible
commercial applications for optical wave front control that in-
clude beam steering for displays or scanners; aberration com-
pensation in projection lithography systems; solid state device
focus control for detectors and imagers; beam quality control for
line-of-sight laser communications; optical interconnects be-
tween high speed electronic modules; and laser eye corrective
surgery.

For miniature optical systems, microelectromechanical sys-
pms (MEMS) offer a cost effective device technology for ma-
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Il. MICROMACHINED DEFORMABLE MIRRORS FORADAPTIVE
OPTICS

Conventionally manufactured deformable mirrors, con-
tinuous face sheet or segmented, have been successfully
demonstrated and are being used in practical adaptive optics
for correcting the atmospheric turbulence [1]. But the cost
per channel of conventional deformable mirrors is still rather
high due to the complex manufacturing processes that employ
arrays of voice-coil actuators [2]. Recently, several attempts to
construct deformable mirrors using microfabrication technolo-
gies have been demonstrated. For example, membrane-type
mirrors using silicon bulk micromachining and wafer bonding
techniques or surface micromachining have been demonstratec
by the U.S. and Dutch researchers [3]-[6]. Membrane mirrors
offer high optical efficiency with minimal diffractive effects, rig.1. Measured room temperature deformed shapes of polysilicon plate (450
but suffer from complex control and actuation algorithms duen x 450 xm) covered with a gold square pad x L):a)L = 0 pm, b)
to high mechanical cross talk between adjacent actuators. Sege 100 #M &)L = 150 pm, d) L = 200 pm.
mented deformable mirrors offer an alternative approach with
the highest degree of freedom and simplest control algorithm%00;.m-thick 100-mm diameter silicon substrate subjected to
because each piston element can move completely indepgrn:00 °C temperature change is about two percent of the thick-
dently. A disadvantage of a segmented deformable mirrorrigss. These values are not unrealistic for microelectronics ap-
the somewhat low optical efficiency due to the gap betwegtications. For MEMS applications, a reasonable example is a
micromirror elements. A practical limitation of MEMS mirrors0.5-,m gold film on a 1.5xm-thick 4001:m diameter polysil-
is the number of mirror elements in an array. Due to the neediobn plate. For this case, when subjected to a2lD@mperature
addressing wires for each element and limited spacing betwegiange, the maximum deflection is about six times the thick-
mirrors, the number of MEMS mirrors is limited to a maximunnhess. This can make it necessary to include geometric nonlin-
of a few hundred mirrors per array. Hybrid integration ogarity in order to accurately model deformation. Furthermore,
MEMS mirror array on a complementary metal-oxide—semihe geometric nonlinearity can lead to bifurcations in the defor-
conductor (CMOS) circuit chip or the use of CMOS switclmation behavior. These can be detrimental when dimensional
integrated MEMS deformable mirrors (described in Section \&tability is a requirement, or can be beneficial for actuator appli-
are needed for implementing a very large micromirror array. cations. Since the layers are of comparable thicknesses, stresses

Another challenge frequently encountered with the micromaan vary appreciably through the thickness of the layers; the av-
chined mirrors is the mirror curvature induced due to multilayerage stress in the layer may not be suitable to characterize film
material composition of the mirror plate (reflective metal on toptresses as it is in many microelectronics applications. Tradeoffs
of supporting polysilicon is a good example). An inherent chabetween stress and curvature exist; for a given metal film thick-
acteristic of multilayer material MEMS structures is that misfibhess, decreasing the polysilicon thickness can reduce the stress
strains between the layers (due to intrinsic processing stresseisdhe metal, but at the expense of increasing the curvature. The
thermal expansion mismatch between the materials upon a tesigmificance of this is obvious as many MEMS applications (op-
perature change) lead to stresses in the layers and deformatical in particular) have strict deformation requirements, perhaps
of the structure. Curvature measurements are routinely usedriore severe than stress requirements. The curvature, and thus
the microelectronics industry to determine stress states in mestiesses, may vary significantly over the inplane dimensions of
films deposited on a substrate. Their attractiveness is basedlwa structure; thus, the average curvature may be insufficient to
the fact that wafer curvature can be easily and accurately madequately describe the deformation state of the structure.
sured, and through use of the Stoney (1909) formula (based ofThe patterning geometry of metal films on polysilicon (or
small-deformation linear elastic considerations), the measuettier materials) may be arbitrary. This can result in complex
curvature can be directly related to the film stress (which gpatially nonuniform deformation states. Fig. 1 shows measured
typically biaxial and spatially uniform) without knowledge ofdeformed shapes for the polysilicon plates with square gold
the source of the stress or even the thermoelastic propertiepadls. Without a gold pad, there is a small roughly spherical de-
the film. Much of the understanding regarding deformation dbrmation due to processing-induced intrinsic stresses. For the
multilayers that has come from microelectronics applicationssmallest gold pad, the deformed shape is also roughly spherical,
applicable to many MEMS applications, but significant differeorresponding to the shape that is predicted by a linear analysis.
ences exist and must be well understood for optimum and tdewever, as the size of the gold pad is further increased, the
liable MEMS design. In MEMS, the thicknesses of the layerdeformed shape changes dramatically. For the two larger gold
are small (on the order of micrometer) and usually comparabjmds itis nearly cylindrical. Thus, the deformed shape, as a func-
This leads to much larger deflections, relative to the thicknesstafn of gold pad size, exhibits a bifurcation as the pad size in-
structures, than are observed in microelectronics applicationgeases. In this case, the deformed shapes exhibit a nearly cylin-
For example, the maximum deflection of a .6 gold film on  drical curvature. Fig. 2 shows similar measurement results for

b
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Fig. 2. Measured room temperature deformed shapes of polysilicon plate (450450 m) covered with a circular gold padX = diameter): a)D = 0 um,
b) D = 100 gm, c)D = 150 pm.

the polysilicon plates with circular gold pads. They too show Ill. SURFACEMICROMACHINED MEMS DEFORMABLE
a bifurcation from spherical to cylindrical curvature as the pad MIRRORS
size increases. There appear to be two stable modes for the spec- . . . -
imens with larger gold pad: a cylindrical mode deformed acrogs Surface-Micromachined Deformable Mirror Description
the flats of the polysilicon plate, and a cylindrical mode de"‘lnd Model
formed across the corners of the polysilicon plate. These de-The surface micromachined deformable mirrors were de-
formed shapes cannot be predicted from linear theory and neigned at the University of Colorado and fabricated through the
linear analysis must be applied [7]. commercially available multiuser MEMS Process (MUMPS)
Segmented surface micromachined deformable mirrors hdtat is a three-layer surface-micromachining polycrystalline sil-
been reported previously for hexagonal and square miriioon (polysilicon) process [10]. The device is comprised of 128
shapes [8]. Using electrostatic actuation, the mirror can bedependent electrostatically controlled micromirror elements
precisely position-controlled in the piston-type manner withian a 12x 12 square grid array (16 elements; four elements (2
one third of the gap between the top and bottom electrod®.in each corner are inactive for device evaluation purposes).
A tradeoff exists between the micromirror area, inducethe micromirrors are spaced on a 2hf+ center-to-center
stress related curvature, and drive voltage. In order to lowgtid to match the commercial refractive lenslet array from
the drive voltage one needs a large mirror. However, a largppon Sheet Glass Company [11]. Individual micromirror
mirror has greater stress-induced curvature. A solution t¢onsists of a 3.5:m-thick polysilicon plate (stacked POLY1
this problem may be a large area mirror plate with a smahd POLY2 MUMP’s layers) suspended by four flexures above
reflective part in the center. A microlens can then be used @opolysilicon (POLYO) drive electrode. The micromirror itself
collect light and focus it on the reflective part of the mirroserves as the upper electrode and is electrically grounded.
plate. A glass microlens array was manually aligned in frofithe flexures incorporate dimples to protect the mirror from
of the micromirror array to focus the incident light onto thelectrically touching the drive electrode during the electrostatic
reflective mirror surface. The demonstrated results showsdap through. The polysilicon support flexures are made out
ability of the device to correct spherical aberration in thef POLY1 and are 12um wide, 155um long, and 2um
visible spectrum [9]. The implementation of a lenslet integratatlick. The nominal gap between the drive electrode and the
micromachined deformable mirror is still a challenge due to theicromirror is 2 um (equal to the thickness of Oxidel layer
lack of batch integration techniques of lenslets on micromirrons MUMPS). The stacked polysilicon structure is used in the
and the small mirror deflection achieved that is not adequatécromirror design, however beneath the metalized area of the
for modulating light in the infrared spectrum. In this paper, thenirror an additional oxide layer is inserted between the two
development of novel hybrid integrated MEMS deformablpolysilicon layers. This additional layer reinforces the mirror
mirrors is described. The devices include: a lenslet-integratgite structure and reduces the surface curvature caused by the
solder self-aligned surface micromachined mirror, CMOResidual tensile stress in the gold metallization and compressive
bulk micromachined and lenslet integrated mirror, and trstress in the polysilicon layers. The reflective area of the
high-optical fill factor and large-stroke segmented micromirranirror plate is covered by 0.pm- thick circle of gold 74:m
fabricated through bulk micromachining of an actuator arrag diameter. Interferometric microscope measurement of the
hybrid integrated with piston-type mirror plates. The resulisndeflected micromirror surface shows the curvature of less
of these novel MEMS deformable mirrors offer a low costhan 62 nm which is adequate for adaptive optics experiments
high efficiency, and high-order wavefront correction ready tat Ap.n. = 632.8 nm (= /10 optical flatness). Fig. 3 shows
employ in adaptive optics systems including beam shaping ath@& scanning electron micrographs (SEMs) of an array of
steering applications. micromirrors. Each electrostatic mirror is individually
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Fig. 3. Scanning electron micrographs of the array of surface micromachined micromirrors.

Micromirror Deflection VS Voltage

addressable via polysilicon (POLY0) wires that run under tt -
support structure so that the topology induced in the overlyii
layers does not effected the flatness of the active mirror st
faces or the stiffness of the flexures. Electrostatic piston devic
exhibit “snapthrough instability” behavior when deflection ex g 14 , : , ; . Through
ceeds one third of the electrostatic gap [8], [9]. At this point, tF € 1 2 ; ; Ragion
linear restoring force of the flexures cannot counter the rapic% ; : :
increasing nonlinear electrostatic force, and the micromirror & o
snapped onto the underlying electrode. The dimples on e¢ g

flexure are designed to avoid destruction of the mirror by pri=*°
tecting the physical contact between the flexures and underlyi 04

1.8

~Operating
Region|<Gap/3

electrode. By slowly increasing the applied voltage, while ol o f f i oot NN
serving deflection on the interferometric microscope, the sn i ; : : i *
through voltage was measured for several mirror elementsw ~ ° ? Y vemsgeveny e "

the mean value of 11.4 V. The half-wavelengt3Z/2 = 316

nm) deflection voltage was measured approximately as 9.31r). 4. Predicted applied voltage versus mirror deflection curve showing the
[12]. This testing confirmed mirror device operation and prgperating and snap-through regions.

vided the operating range of voltages used to generate mirror

control voltages for the aberration correction experiments. From

the observation on interferometric microscope, deflecting ti
micromirror toward the underlying drive electrode by applyin
an electrostatic potential produced no measurable change in
mirror curvature.

The spring constant of the micromirror flexures can be calc
lated analytically and is equal to 15 10717 N/um [13]. The
area of the mirror is equal to 2.84 10* zm?. Fig. 4 shows the
analytical plot of applied voltage versus micromirror deflectio
usingk = 1.5 x 107 N/um. The plot shows the operating
region which is about 1/3 of the electrostatic gap (from 0to 0
#+m) and snap-through region (from 0.7 tqugh).

The CoSolve EM coupled electrostatic and mechanical ) ) )
solver, in MEMCAD software tool was used to produce a Cong'ilgblac?e'meErll‘f((:)tfnt%ﬂ_r?igfohgﬁlr?r“unr(?:rdfcl)-vut?ilgg. MEMCAD  shows  the
puter generated coupled electrostatic and mechanical solution
of the micromirror [14]. The mirror plate is pulled down in
response to the electrostatic force generated by the voltageler the 10-V bias. The mirror is pulled downward toward the
potential difference applied at the electrodes. A 27-node bridkive electrode underneath. From the results of the MEMCAD
scheme was used to mesh the mechanical structure of thedel, the snap through voltage is 13 V, which is close to the
device. By fixing the ends of all flexures, the voltage is applieeixperimentally obtained value of 11.4 V. Fig. 6 shows the plot
across the electrostatic gap between electrodes filled withapplied voltage versus mirror deflection for the analytical,
air and the mirror is free to move under electrostatic effeddEMCAD simulation and experimental results. All the results
Fig. 5 shows the modeled displacement of the micromirrare very close and prove the correctness of the model. The
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Fig. 6. Plot of the applied voltage versus mirror deflection for the analytical,
MEMCAD simulation and experimental results.

mechanical resonance frequency of the micromirror was

measured as 9.8 kHz [15].
Fig. 7. Flip-chip assembly of the glass lenslet array on top of the micromirror

array.

B. Hybrid Integration of Lenslet Array With
Surface-Micromachined Mirror

One way to greatly improve the effective fill factor with cor-
responding decrease in static background interference is to use a
refractive lenslet array to focus the incident light beam onto only
the reflective surface of the mirror [16]. The use of lenslet-in-
tegrated micromirror eases the micromirror design without spe-
cialized microfabrication process because the mirror surface can -
be small to reduce the stress-induced curvature and the require- :",-
ment to control the underlying topography and planarization can %

- o

-
LI I L e i e &

be relaxed. The MEMS deformable mirror described here was
designed specifically for use with an available commercial re-
fractive planar type microlens array from Nippon Sheet Glass
Company. Each lens has a circular shape of250n diameter.

The 250um center-to-center spacing of the lens array matches
with the center-to-center spacing of the micromirror array. The
back focal length of the microlens is 5afn. A hybrid flip-chip
assembly was used to integrate the lenslet array above the mi-
cromirror array. Two glass spacers (54 thick and 1 mmx

3.5 mm) were first attached at the edges of the lenslet array glass
chip with a UV curable epoxy. Then a 2@m-thick UV curable
epoxy layer was used to attach the spacers to the micromirror
silicon chip. The lenslet array chip was optically aligned in lat-
eral directions with the help of beam splitters. This technique
allowed simultaneous view of the images of lenslet array and
the micromirror array. The alignment was performed manually
by adjusting the lateral position of the lenslet chip and rotation
of the micromirror chip. The alignment is then verified under
a interferometric microscope. Fringe patterns observed by 1§ g The lenslet integrated micromirror attached and wire bonded to the
interferometric microscope are used to correct for tilt misaligren-out ceramic substrate and the final device packaged in a 144 PGA.

ment of the lenslet array chip. After the alignment, the lenslet

array was fixed into place under UV light. The flip-chip aserror. The lenslet array integrated micromirror (shown in Fig. 8)
sembly process is illustrated in Fig. 7. The gap between the rigpackaged into a 144 Pin Grid Array (PGA) using conductive
crolens and micromirror is controlled by the spacer accuratedpoxy and electrically connected to package by wire bonding.
and equals to the focal length of microlens with less than 5%e device can, thus, be fabricated and packaged as a rugged,
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Microlens array Solder ball Misaligned solder pad Well-aligned solder pad

Microlens array chip Before reflow After reflow

Fig. 9. The microlens chip with solder balls before assembly, the microlens chip on top of the micromirror chip before solder reflow and aftdtosalder re

compact optical microsystem suitable for beam steering, bea
shaping, and aberration correction applications. The results
the adaptive optics experiment are described in Section VI.

C. Advanced Lenslet Integration by Self-Aligned Assembly

The method described above involves integration of th
lenslet array above the micromirror by flip-chip assemblyms
with manual alignment. This method of integration is no
suitable for batch fabrication due to its slowness and inadequé
alignment accuracy. A self-aligned soldering technology ca
be used as an alternative, which may lead to batch fabricatic
of such devices. Self-aligned assembly using solder is oftg
used in optoelectronics packaging [17]. It is a well-understoo
technology that can be adapted to integrate a lenslet arr
with micromirror without manual alignment and with high
accuracy. The self-aligned soldering offers advantages of low ) ) o ) ]
cost, high yield, batch assembly, and self-aligning capabiIit?tf’a;C#;'d amewﬁécggr:gégrtg';%;zf(eefg:_md with the lenslet array chip and
In this technique, the surface tension force of molten solder

in diameter with the diameter tolerance-b0.001 in. First, the

automatically during the solder reflow. The focal point of Ao1der balls were reflowed on the solder pads at T&DIn a

lenslet can be aligned on the center of the micromirror reflectiv . L . .
- . . amber filled with nitrogen and formic acid. Then the lenslet
surface within submicrometer lateral alignment accuracy. A . : : . .
ip was flipped and placed on the micromirror chip. The as-

gap between the micromirror chip and the lenslet chip can be

. ) . - sembly was then reflowed again in the chamber at 18D.
controlled precisely by the final height of the solder joint to bg\fter a>llignment the chip was gooled down to lock the assembly
exactly the focal length of the microlens. ' :

S . . Lo Fig. 9 shows the sequence of self-aligned soldering assembly.
The solder joints for the device described in this paper w e lenslet array integrated micromirror chip was packaged into
designed with assistance of a public domain softwaueace yinteg P P 9

Evolver [18]that was adapted to model reflow of molten soldef? 24 PGA using conductive epoxy and electrically connected to

The software calculates solder shape with minimum surface érﬁ? package .by wire bondlng as ShOV.V” n Flg. 10'. The gap be-
ergy [19]. Thus, the solder shape and the final gap between fween the microlens chip and the micromirror chip was mea-
oy X ' P gap sured as 122 1 um and agrees well with the required gap of

crolens C.h'!o gnd_mmromlrror chip are defined by the Surfaﬁeﬂum [20]. The gap height misalignment is less than 1% of the
energy minimization of molten solder bumps. The assembly pa-

rameters that have to be considered are bump height, Solreerdlcted final gap height. The error occurred due to the varia-

volume, solder pad size, and number of solder pads. The ggn in the solder volume#0.001 in tolerance in diameter). The

vice in this i, : : ﬁubcess of this solder assembly leads to possibilities of low-cost
paper utilized a polymer microlens array with focabatch produced optical MEMS

length of 122:m [20]. To obtain the final joint height of 122m '

after solder reflow, the volume of each solder ball has to be 4.39

x 1076 ¢cm? according to the numerical calculation from the IV. CMOS MEMS DEFORMABLE MIRROR

surface evolver [20]. The actual solder balls used in the deviceMicromirrors with large deflections are required to modu-

assembly were 8 ml in diameter. Eight solder pads of 480 late light in infrared spectrum. Most attempts at MEMS de-

in diameter were fabricated on the lenslet array chip to matdrmable mirrors use surface micromachining to fabricate par-

the solder pads on the micromirrors chip. The solder pads weiléel plate structures for electrostatically driven segmented or

designed to support the weight of the lenslet array chip. Tlkentinuous-membrane deformable mirrors [6], [9], [12], [13].
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Fig. 11. CMOS phase-only modulation micromirror array.

Due to a narrow gap between the electrodes in a surface mi-
cromachined process, the mirror’'s deflection achieved is typi-
cally in the range of submicrometer unless a structure elevation
method is used to raise the mirror above the substrate, thus, in-
creasing the gap [21]. These attempts are not adequate to modu-
late light in longer wavelength than visible spectrum or are very
difficult to implement in a batch-production process. Bulk mi-
cromachined mirror is a promising alternative technigue to solve
this limitation. The use of industrial CMOS technology enables
the cointegration of mechanical microstructures with integrated A juminum
circuits on the same chip. A MEMS deformable mirror, which is
smarter and more concise, can be achieved by integration of dig-
ital or analog signal amplifying and processing integrated cir-
cuits right next to the micromirrors.

Polysilicon Wire Silicon dioxide

A. CMOS Micromirror Device Description Fig. 12. Cross section of thermal multimorph actuator structure.

A two-dimensional (2-D) array of deflectable micromirrors
(Fig. 11) was fabricated through the Orbij double polysil- the thermal crosstalk between elements. Piezoresistive deflec-
icon, double metal CMOS process, provided by the MOS Inion sensors are embedded at the base of flexures to provide
plementation Service (MOSIS) [22]. The deformable mirror iggal-time feedback control of the position of each micromirror.
designed to modulate light in the visible to near-infrared wavé- CMOS switching circuit is integrated adjacent to each pixel
lengths by piston-type movement of its pixel elements (referré@l control current into the pixel actuators providing a row
to as micromirrors). The individual micromirror consists of and column addressability of the array. The switching circuit
40 m x 40 pm trampoline-type plate suspended by thermallows digital addressing of the pixel by 5-V data pulses. The
multimorph flexures at each corner. The suspended plate is cantti-morph actuator beam is 72m long, 14,m wide, and
posed of stacked aluminum commonly available in standafdl75,m thick with 2.8,,m wide, 0.4;m thick, and 15Q.m
integrated circuit processes. The aluminum optical reflectivitpng polysilicon heater wire running between the aluminum and
is greater than 90% over the operation wavelengths. The mkide layers to generate heat. The ends of multimorph actuator
cromirror plate and multimorph actuators (flexures) are couplég¢ams are coupled to the micromirror plate with the oxide
with an oxide spring beam. The thermal multimorph structurésams (2Jum long, 7m wide, and 3um thick). The flatness
consist of polysilicon resistor wires and aluminum layers encaf the micromirror plate was measured with an interferometric
sulated in silicon oxide, as shown in Fig. 12. microscope. The peak-to-valley deformation of the unactuated

Due to the different coefficients of thermal expansion ghicromirror plate is 0.22:m (=A/20 of maximum operating
multilayer sandwich of different materials, the actuators cuwavelength of 4um). The deformation of the plate does not
when an ohmic heating from the input electrical power isignificantly change during actuation.
applied [23]-[25], thus causing piston-type motion of the
micromirror plate. The array is anisotropically etched i3+ Finite-Element Model of CMOS Micromirror
ethylene diamine pyrochatechol (EDP) solution to release theA finite-element model was constructed to analyze the mi-
micromirror structure from the surrounding substrate. A pit isromirror static deflection. The simulation of the micromirror
formed under the suspended plate and actuator, giving highs conducted with a commercially available finite-element
degree of thermal isolation from the substrate and minimizirapalysis tool (MARC) [26]. The simulation consists of an
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flection versus applied power is shown in Fig. 15. The mirror
deflection depends linearly on the drive power with the max-
imum power of 150 mW per pixel at 2m deflection with non-
Volts linear effect near zero due to the buckling of the heated beam.
There is no tilting of the actuated micromirror as observed from
Fig. 14. Mirror deflections obtained from the analytical model, théyoth simulation and experimental results. Deflection of the mi-
Ilrrgrts—zlgjmleon;model, and the experimental results in operating voltage ranges mirror is detected with two piezoresistors embedded in the
opposing beams at the clamped edges of the beams, where the
) ) .. .mechanical stress is highest. The measured change in resistance
electrothermal analysis to obtain the temperature distributign 4 single piezoresistor related to the mirror deflection as a
resulting from an input electric power. This is then coupleghear relation is shown in Fig. 16. Dynamic measurements were
to a thermal-mechanical analysis in which the temperatuig., 1aken to determine the maximum operating frequency of the
distribution is used to determine deflections resulting from th&i-romirror. A laser interferometer was used to determine the
thermal expansion mismatch in a multimorph structure. Thg,e required to heat and cool the multimorph beams. The max-
simulated micromirror deforms as shown in Fig. 13. imum controllable operating frequency of 100 Hz was achieved
[27]. To increase the optical fill factor of the entire device, a
microlens array can be integrated directly above the micromir-
Fig. 14 shows the mirror deflection versus applied voltagers. The concept is similar to the lenslet integrated surface mi-
for the analytical model, finite-element model, and the expetromachined device described earlier. Fig. 17 shows the final
imental measurement. The deflection measurements were lgmslet integrated CMOS micromirror array packaged in a 40
tained with an interferometric microscope at the center of thpéns package [28]. The lenslet array is the same glass microlens
micromirror plate. The experimentally determined mirror dearray as for the device depicted in Fig. 8.

e
o

(=3

C. CMOS Micromirror Characterization
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Fig. 20. MUMP’s bulk micromachined micromirror deflection as a function

Nitride Layer of applied power.
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Plates with 2um spacing between the mirrors on top of the
actuator array. The micromirror plates are also fabricated
through MUMPs, but on a separate chip. The micromirror
plate consists of the layers of gold on polysilicon or trapped
V. SURFACE MICROMACHINED AND BULK-ETCHEDMEMS  oxide structure (oxide trapped between the Polyl and Poly2
DEFORMABLE MIRROR layers) to increase the mirror plate thickness and reduce the

A novel technique, bulk underetched surface micromachinifgss-induced curvature. The flip-chip assembly results in
using MUMPs, that combines the surface and bulk microm@-micromirror array of very high optical fill factor~98%).
chining can be used to implement a micromirror array that opépPld or solder bumps can be used to bond the actuator array
ates in wavelength spectrum extending into infrared. Moreov&fld Polysilicon mirror plates together. The bonded structure is
to increase the optical fill factor of the array, flip-chip Mumpdhen released in a hydrofluoric acid rinse to remove the silicon
on MUMP’s process may be used to integrate polysilicon m3ubstrate from the micromirror plates and free the actuator
cromirror plates on top of the MEMS actuators. Thus, extremeffuctures [29]. The array is then anisotropically etched in EDP

high optical fill factor -98%) deformable micromirror is pos- solution to form truncated pyramidal pits under the suspended
sible without using microlens arrays. actuator structures, giving high degree of thermal isolation

from the surrounding substrate. An array of micromirrors that
was flip-chip transferred onto the actuator array is shown in

A. Bulk-Etched MUMP’s Micromirror Description ) . . . )
Fig. 19, one mirror in the lower right corner is removed to
The 2-D array of deflectable micromirrors begins withyisplay the actuator structure.

fabrication of the actuators through the MUMP’s technology.

The |nd|V|duaI_MEMS actuaj[c_)r pixel consists of a 4 x B. Bulk-Etched MUMP’s Micromirror Characterization

40 m trampoline-type polysilicon plate suspended by thermal

bimorph actuators at each corner, as shown in Fig. 18. TheThe maximum deflection of the assembled micromirror was
thermal actuator consists of the layer of Oxide 1 and Oxiden2easured under an interferometric microscope. The deflection
between the gold and Poly0 wire. The central polysilicon platé the micromirror as a function of applied electrical power is
and bimorph actuators are coupled with a folded spring oxidbown in Fig. 20. Deflection measurements were taken at the
beam of 5um in width, 2.75,m in thickness, and 100m in  center of the micromirror. The mirror deflection depends lin-
length. The pit opening for the pixel is the square shape aadrly on the drive power with maximum deflection of.&n at

has dimensions of 20@m x 200 um. The center-to-center 45 mW of applied power. Thus, the maximum operating wave-
spacing of the pixels is 250m in both X andY directions. length of this device is @m. The peak to valley deformation of
EDP is used to etch the crystal silicon substrate underneath the mirror is less than 400 nm or abaut5 of the maximum op-
suspended structures. In addition, a flip-chip transfer technigeiating wavelength. The maximum operating frequency of the
is used to integrate 248m x 248 um polysilicon micromirror device was measured as 2.7 kHz [30].

Fig. 18. A MUMP’s bulk-micromachined microactuator consists of fou
thermal multimorph actuators coupled to a central polysilicon plate.
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M, TABLE |
HeNe FOCAL LENGTHS OFLENSESUSED IN THE EXPERIMENTAL SETUP
MEMS
Control Lens Focal length (mm)
';,"c‘ Beam
Expander L 250
L 500
Micromirror LL 0.56
BS2 Ly Lo Lo 300
~( ---8-0F 4+ L1 Le 75.6
Ly i L, Ly 12.7
Lenslets, LL C:msgra
Image PC TABLE 1l
MEM;;P“‘“““‘M" Camara a SPECIFICATIONS OFOPTICAL COMPONENT LOCATIONS IN THE
irrors
PC. EXPERIMENTAL SETUP
) ) . . ) ) . Distance Nominal Distance (mm)
Fig. 21. The optical experimental setup for measuring the far-field diffraction
pattern of tested MEMS deformable mirrors. Tris to L, 250
Ll to Ls 750
VI. ADAPTIVE OPTICS EXPERIMENT AND RESULTS
) LitoLL 500
A. Experimental Setup
) . . LL to micromirror 0.56
To illustrate the type of results possible with a segmented
LitoLy 550

piston-type micromirror array, consider the surface-micro-
macined and lenslet integrated array described in Section Il1. LytoLy 600
The observation of the far-field diffraction pattern obtained
from the reflection of a coherent beam off the deformable
mirror surface is the best method to determine the quality of Le to Ly 75.6
the mirror. The measured zeroth-order (on-axis) intensity of the
far-field diffraction or point spread function (PSF) is a function
of the mirror surface quality and array fill factor. The optical
experimental setup shown in Fig. 21 was used to measure the
far-field diffraction pattern of the tested MEMS deformabldéneasured and is shown in Fig. 22. The far-field diffraction pat-
mirrors. The collimated 18-mW Helium—Neon (HeNe) laseern of the lenslet-integrated device is obviously clearer com-
(wavelength= 632.8 nm) was used as a signal light source. TH&red to that of the bare micromirror array. The static back-
collimated beam is passed through the spatial filter to obtd#hound interference is reduced. The unwanted far-field diffrac-
a clean light signal and expanded beam. The beam is foldd@n pattern located around the central lobe and the blur in the
by mirror M; into the optical characterization branch. Théigher order lobes is reduced.
beam enters a beam splitter (BS1) and is redirected toward the ) . ,
MEMS mirror by passing through a pair of lensésand L, B. Aberration Correction Experimental Results
between BS1 and the MEMS mirror. This pair of lenses servesThe experiment is setup to demonstrate aberration correction
to reduce the diameter of beam to fill the controllable mirraability by performing focus/defocus of the signal beam. It is
surface of the tested device. The packaged MEMS mirror demonstrated that the reconstructed, aberration corrected wave-
mounted in the test bench and located at the back focal plandroht compared to the aberrated wavefront is greatly improved in
lens L. An iris is located in front of BS1 a focal length awaymain lobe intensity and full-width at half-maximum (FWHM).
from lens L; to control beam diameter. The modified beam 1) Unaberrated Beam ProfileThe 12 x 12 micromirrors
from the MEMS mirror is reflected back through the afocalvere wired into six circular rings and were first driven by the
telescope [; andL,), BS1 and translating lensés; andl,>. same voltage applied to each ring. In this case, the mirror array
The beam enters a Fourier transforming Iénsand generates was deformed uniformly as the plane mirror without an induced
the far-field diffraction. A 256x 256 pixel CCD camera is aberration from MEMS mirrors. No aberration was applied to
used to capture the image of the far-field diffraction patterthe system. The input laser power of 1u®V was measured
Focal lengths of lenses and specification of optical componeight behind the first iris and the neutral density filter (ND filter)
locations in the experimental setup are shown in Tables | amds used to adjust the intensity of the signal beam. Fig. 23(a)
Il [12]. Insertion loss of MEMS mirror is small1 dB) due shows the profile of the beam from central line scan of CCD
to the high reflectivity of mirror surface>95%) and high camera. The central (zeroth-order) lobe and the first order lobe
transmission of microlens array 00%). of diffracted beam are measured on upper graph and the PSF of
The reflected wavefront (far-field diffraction pattern) fronthe central diffraction order is shown on the lower graph. The
the bare micromirror array (no lenslets) and the lenslet-intEWHM of diffraction pattern is measured equal to 4;26and
grated device with self-aligned solder assembled lenslets whe peak intensity of the central lobe is 1.402 mV. The relative

LotoLs 375.6

Ly to CCD camera 90
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i

Fig. 22. The far-field diffraction pattern in the vicinity of zeroth-order of (a) bare micromirror array and of (b) the lenslet-integrated MEMS mirro
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Fig. 23. Beam profiles of the central (zeroth-order) lobe and the first-ordered lobe (upper trace) and the FWHM of the main central lobe (loviiénerée) o
unaberrated beam, (b) aberrated beam, and (c) aberration corrected beam.

peak intensity of the central lobe to the first order lobe is 928hen the light is aberrated. The power of input light was mea-
mV (=66%). sured and controlled to be equal to L@/ (the same amount

2) Aberrated Beam Profile:To introduce aberration into the of power as in the case of no applied aberration). Fig. 23(b)
experimental optical system, a lens wjth= —500 was inserted shows the diffraction pattern of aberrated beam reflected from
into the system at the distance 1700 mm from the first iris the MEMS deformable mirror (the mirror is not deformed and
generate the aberration radius of curvature 3500 mm onto ti@aberration correction has been performed). The effect of the
MEMS deformable mirror. The amount of input light into theaberration is the loss in peak intensity and the associated in-
system was reduced significantly due to the spreading of ligtrease in off-center intensity when the aberrated wavefront is
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reflected from the undeformed MEMS mirror. As shown in the [5] G. Vdovin, S. Middlehoek, and L. Sarro, “Technology and applications

beam profile in Fig. 23(b), the peak intensity is reduced to 1.1
mV and the relative peak intensity of the central lobe to the first (6]

order

light affects power of light in the central lobe spread as seen in

lobe is also reduced to 242 m¥Z2%). The defocus of

the increase of FWHM of main lobe to 6.8% (60% increment
from original FWHM).

3)
plied

reflected aberrated wavefront. The measured PSF associatqg]

Corrected Beam ProfileA series of voltages was ap-
to the MEMS deformable mirror in order to correct the

with the reflection of the aberration corrected wavefront from
the deformed MEMS mirror resulted in the diffraction pattern

and beam profile presented in Fig. 23(c). The improvement in[9
the PSF is primarily evident in the greater central lobe peak in-
tensity of corrected PSF when the MEMS deformable mirror is
to correct the aberration. The FWHM of central lobe is re[1°

used

duced to 5.36:s, which is approximately 21% reduction from

the uncorrected case. The relative peak intensity of central lobe
[11]

to the first order lobe is increased to 773 m¥55%) which is

approximately two and a half times improvement as compareﬂz]
to the relative peak intensity in the case of aberrated wavefront.

It should also be noted that the off-axis intensities decreased as a
result of correction. These results indicate that the tested MEME?!
deformable mirror can be used as an aberration corrector in gfy)

adaptive optics system.

(15]

VIl. CONCLUSION

Micromachined deformable mirrors offer a low-cost adap-

tive optics solution. In this paper, several silicon micromachined
and hybrid integrated deformable mirrors for adaptive opticdl7]
have been demonstrated. In particular, high optical fill factor
and large-stroke piston-type micromirror arrays can be fabri-
cated using surface micromachining, flip-chip assembly, andl8]

bulk micromachining techniques. With large mirror deflection

achieved, the MEMS deformable mirrors can be used for phase
modulation of light from visible to infrared spectrum with mod- [20]
erate to high speed. Device configuration, modeling, and char-
acterization have been described for the fabricated MEMS mirpy,
rors. Techniques to transfer ultrasmooth mirror plates on top

of the micromirror actuator array using flip-chip transfer and

integration of the lenslet array with the MEMS mirror array [22
using self-aligned solder to create the high optical fill factor de-

vices has been described. Experimental results of focus/defocus
correction have been demonstrated to exhibit the ability of thé&Sl

MEM
tions.

(1]
(2]

(3]

(4]

S deformable mirrors to correct optical wavefront aberra-

[24]
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