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ABSTRACT

multiple object selector in deep space. The MSAp@mer the

A complex MEMS microshutter array system has beerNIRSpec instrument simultaneously collect specti@nmf more

developed at NASA Goddard Space Flight Center (GS6iQuse
as a multi-object aperture array for a Near-Infda&pectrometer
(NIRSpec), one of the four major instruments calrigy the
James Webb Space Telescope (JWST). The microstarttzys
(MSAs) are designed for the selective transmisefdight (0.6 to
5 um) with high efficiency (100 times over curréathnology)
and high contrast (>2000). The MSAs are close-phctaitters
(100x20Qum pixel size) hybridized with ASIC584 driving
components, and packaged using a novel singleisitiem bump
bonding technology. The MSA system, a mosaic of BARA
guadrants, is operated with magnetic actuation eladtrostatic
latching and addressing. Complete MSA quadrant nalsiées
have been successfully manufactured and fully fanatly tested.

INTRODUCTION

than 100 targets therefore increases the instrueféoency 100
times or more. The MSA technology is one of threajam
innovations on JWST and the first major MEMS desiserving
observation missions in space. The NIRSpec instntiisebeing
built-up by a collaborative effort among NASA, tli®iropean
Space Agency (ESA), and the Canadian Space AgeD8A)(
The JWST launching is scheduled for 2013.

MICROSHUTTER ARRAY DESIGN

Major scientific requirementsfor the MSA system include:
random access addressing, -- must allow the opeafngny
shutter distribution and equal to or more than Idifjects
simultaneously targeted; field of view, -- must eothe field of
view of NIRSpec (3.4’ x 3.4’); contrast, --must leaan open to
closed transmission ratio of >2000; life time, must operate for

A complex MEMS microshutter array system has beerf.4 x 1@ cycles with minimal failures; and operating

developed at NASA GSFC for use as a multi-objeetiape array
for a NIRSpec. The NIRSpec is one of the four majstruments
carried by JWST, the next generation of space defes after the
Hubble Space Telescope retires. The MSAs are desifpr the
selective transmission of light with high efficignand high
contrast. It is demonstrated in Figure 1 how a MSAsed as a

Figure 1. Demonstration of a microshutter array dises an
aperture (bottom) to select multiple objects frdm &op)
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environment, -- must operate in the JWST test aperaiion
environments, including the entire 300K to 35K temgture
range, the power dissipation of 40 mW average GK)3a
volume fitting the envelope in NIRSpec instrumemntnass of 10
kg, andtheradiation within a life dose of 48 kRad. To meet th
requirements, the MSA flight concept consists bfEEMS mosaic
of 2 x 2 format of four fully addressable 365 x 1attays fitting
in the JWST optical path at the focal planehe MSA system has

Figure 2. Schematic of an early model for demonistnaof
the MSA actuation mechanism. A linear magnet swieeps
direction across the array

a mechanism of magnetic actuation and electrod&titbing and
addressint?. Conductive thin films are tailored on the top of
shutters as column electrodes and on the sidewallshutter
frame windows as row electrodes, respectively. Aedr
permanent magnet aligned with the shutter rowssitipned on
the top of a flipped up-side-down array, as denratetl in Figure
2, and sweeps across the array in a direction Iphtal shutter
rows (moving towards readers). As the magnet ssvaepss the
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array, sequential rows of shutters are rotated ftoeir natural and thermal mechanical performarfce& cobalt-iron thin film
horizontal orientation to a vertical open positisrhere they can processed on shutter blades functions as the magelement
be latched to the row electrodes on the sidewalla DC bias, that responds to the external magnetic field fouaing shutters.
typically 40 V. As the bias is removed or insuffiot, shutters The thin film is patterned into stripes so to make magnetic
return to their horizontal closed position uponedastic restoring domains in the film parallel to the external magndield as

force from a torsion flexure on the shutters (sext section). much as possible. The design helps to minimize emevotion of
shutters during actuations. In order to prevenhtliggak, light
MICROSHUTTER ARRAY FABRICATION shields are fabricated on to the surrounding frafeach shutter

As shown in Figure 3, each MSA is fabricated ouod”  to cover the gaps between the shutters and thesfrasnshown in
silicon-on-insulator ~ (SOIl)  wafer using MEMS bulk- Figure 5(a). Sub-micron bumps and micro-ribs aitoreed on
micromachining technology. Individual shutters el@se-packed  light shields and back walls, respectively, to jrevsticktion, as

shown in Figures 5(a) and (b).

Figure 3. A flight-format 365x171 microshutter ayr(right) is
fabricated out of a 4” SOI wafer (left)

silicon nitride membranes with a pixel size closel©0x200um

(Figure 4). Shutters are patterned with a fineidordlexure that
connects to the frame permitting shutters to ofdeérees with
a minimized mechanical stress concentration. Silindride is
utilized as the shutter blades based on its extehigechanical
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Figure 5. Light shields are patterned to cover teps
between shutters and frame (top); sub-micron-burapes
made on light shields (top), and micron-ribs orchavalls

to prevent sticktion (bottom).
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Signal A= SE2 ?:zm;m' LEd) | Figure 6. Shutters are slightly bowing down at rommperature
- e and will become flat when the temperature reacl¢
Figure 4: SEM images of the front side (top) andkside JWST instruments are required to operate at cryogen
(bottom) of a 64x128 microshutter array with zoenmmages temperatures as low as 35K, though they are toubfested to

of shutter cells.
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various levels of ground tests at room temperaturee shutters
should therefore maintain nearly flat in the entieenperature
range between 35K and 300K. An optically opaque ar
electrically conductive metal-nitride thin film igtilized as a
coating material deposited on the shutters withhibst thermal-
expansion matching to silicon nitride -- the shuttdlades
themselves. A shutter image shown in Figure 6 wakert at room
temperature, presenting shutters slightly bowingwrdoas
expected. Shutters become flat when the temperdeoases to
35K.

PACKAGING
MSA substrates are made of single crystal silidanthe
thickness of 2 mm, for the best thermal match ® shutter
arrays. The bonding between a MSA and a substrate
conducted using a novel single-sided indium fligechonding
technology. The indium pumps function as mechanical suppo
as well as electrical paths that connect the coletantrodes on
a MSA to its substrate. Indium bumps, as shownigure 6, are
patterned on a substrate through a lift-off paiteyrprocess.
There are 180,000 indium bumps for attaching ehtifigrmat
MSA array to its substrate. Single-side indium buypagpterning
on the substrate eliminates the risk of damagin@A8# the
lift-off process. Further advantages are no heatingnder-fill
required in the bonding process that minimize trernal stress
and simplify the packaging process. This bondinthnelogy
permits the flatness over the entire MSA withinrh.

substrate (bottom) for flip-chip bonding betweenAd &nd
their substrate

One of the four quadrants in a 2x2 mosaic MSA sgsteshown
in Figure 7. The substrate is fully populated w2thlimensional
addressing components. Besides a MSA, each subdimises
five customer-designed ASIC (Application Specifictelgrated
Circuit) multiplexer/address chips, twenty capasito two
temperature sensors, numbers of resistors anéedissary inter-
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Figure 7. A MSA quadrant assembly consists of a sy
(top right), a silicon substrate populated with £SP-D
addressing components, a daughter board (left), afldxure
(underneath the substrat

connects. The substrate is electronically connetdeal daughter
board. Both the substrate and the daughter boardhaunted on
a flexure that can be seen underneath the subsHiateures are
designed with the consideration of protecting thiéican
substrates from thermal stresses introduced by @i$natch
between the substrates and a large metal platemEha plate is
the foundation of the MSA system, housing all fquadrants. A
permanent praseodymium quadrupole magnet is dekiigneghe
actuation of all four 171x365 MSA arrays.

QUALIFICATION TESTING

A series of qualification inspection and testing aonducted
at the MSA level and the quadrant level, respelgtiveThe
qualification inspection includes the prescreenomgn/close test,
electrical test, and bowing test, while the quedifion testing
covers the 2-D addressing, life cycling, opticalstie and
environmental tests.

In the MSA open/close testing, two failure mode® ar
characterized: the failed open and the failed cla$e former is
defined as the light leak through a supposedlyedoshutter,
while the latter as the light blocked by a suppbsegen shutter.
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Figure 8. Images of a MSA in an open/close tesioiogenous
magnetic force is applied keeping shutters opét),(lend
withdrawn so to release shutters to their closetmms (right).
Shutters in faile-open/faile-close are enumerate

In the NIRSpec instrument is required typically faded-closed
shutters < 5% and the rows with failed-open shatt&® % at the
beginning of the life (BOL), and the failed-clossldutters <20%
and rows with failed-open shutters <6% at the ehthe life
(EOL). Before a life cycling test, MSAs are expostd a



homogenous magnetic field. Failed-closed and feoleeh
shutters are counted and recorded automaticallgr @wusands
of photos are taken from each MSA with details mfividual
shutters for the records at BOL that will be consglawith those
taken at EOL. Two images, as shown in Figure 8sqme the
failed-closed and failed-open shutters in a flifgiithat MSA
(171x365 pixels) with 150 failed-closed shutters2¢0) and 3
failed-open shutters (1.8%). Shutter bowing teses @nducted
using a confocal imaging system. Shutter bowingnnitored
over a temperature span typically from 300K to 3&kh a
resolution of 0.1um. Bowings along the short anyjldimensions
of shutters, as well as shutter tilting are evadat

The series of qualification testing are conductetha MSA
quadrant level. During the 2-D addressing test, jeemanent
magnet positioned on the backside of the shutteydon the grid
side) scans across the array. The scan opensrshatiethe grid,
column by column, to the position against back svalThe
magnetic force can be adjusted by a programmeddatooit the
distance between the shutter array and the maGhetters are
latched by applying voltages typically around 40X. 2-D
addressing is done by typically keeping 20 V at #etected
shutters to hold them open, and turning off thes Ibiethe rest of
shutters to release them back to their closediposithe release
process is synchronized with a sweep of the magmeb gently
send shutters back without impact to the light IslsieVarious 2-
D addressing patterns are programmed into the M®Atest
functional responses of shutters. A 2-D addresgaigern with
programmed “ESA” letters in a MSA is shown in Figu®.
Shutters with transmitted light (bright) were ladhopen, while
the rest (dark) were released and kept closed.
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Figure 9. A 2-D addressing pattern from a flightfat
365x171 microshutter arrav showina “ESA” ters

Life cycling testing is conducted in a cryogeniactber.
MSAs tested at a cycling rate of 4Hz passed 1 oniltycles with
minimal increase of failed open and failed closkdtters. Optical
tests are performed to evaluate optical performasfc®SAs,
mainly the contrast. Shutter arrays fabricated Might shields
are able to achieve a contrast of > 10,000 that ealeeds the
NIRSpec instrument requirement of 2000. Environraknésts
consist of the radiation, acoustic and vibratioatde Radiation
tests are conducted to simulate effects of ionizpayticle
radiation in space, while the acoustic and vibratiests are to
simulate the environments at the JWST launching A8 Sve
fabricated passed all the qualification tests.
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CURRENT STATUSAND FUTURE WORK

Complete MSA quadrant assemblies have been suoligssf
manufactured and fully functionally tesfedhe assemblies have
passed a series of critical reviews required by TVigBject in
satisfying all the design specifications.

Figure 10. Final design of a microshutter array aswbly
with four MSA quadrants located in the center, enpEent
magnet (pink) in up-down motion programmed to syamize
shutter open and close, step motors, and harnessesected
to the NIRSpec instrument

MSA teams are now making progress in final fabracaind
testing the MSA system assembly (Figure 10). Thiévehy of
flight-format MSA system is scheduled at the end2@08 to be
integrated to the focal plane of the NIRSpec detecat ESA.
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