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around 1900cairff¢ ptragizve QriRlidapeygfor use in spectroscopy, profilometry, environmental sensing,

15 refractive index measurements (or material recognition), as well as several other sensor

applications, due to their low cost, batch processing ability and compatibility with standard
microelectronics. In addition, the small size of MEMS devices enables the integration of
equipment incorporating MEMS devices into mobile and hand held devices.
Recently, MEMS devices have been utilized in a number of optical applications that
20 require large optical displacement by transforming a mechanical distance into an equivalent
much larger optical distance. For example, MEMS technology can provide adequate resolution
in many Fourier Transform spectrometers and Michelson interferometers. As another example,
MEMS devices can produce sufficient scanning depths in various Optical Coherence
Tomography (OCT) applications. In addition, MEMS devices can also be used to achieve
25 dynamic optical focusing through the manipulation of the optical beam working distance by a
moving MEMS mirror.
In the area of spectrometry in particular, silicon-MEMS Fourier-transform spectrometers
have been introduced that achieve a resolution of about 50 nm around 1500 nm in the NIR (220
em™). In addition, MEMS-based Fourier transform-IR spectrometers for use in the 2-13.5 pm
30 spectral range have also been proposed. The resolution targeted for such an IR spectrometer is

1 . . . . .
10 cm™, which requires a mirror motion on the order of 0.5 mm. However, even higher



cm1l1) . In addition, MEMS-based Fourier transformI|R spectroneters for use
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notion on the order of 0.5 mm However, even higherresolutions are needed

in future MEMS based Fourier transform spectroneters. In order to achieve

t hese higher resolutions, the optical path difference or optical path

r et ar dat FORUHSt arBé‘e‘?q‘?a B L N%M%%ﬁﬁ?ﬁﬁoéfl% t”’éﬁ{ﬂ‘imasﬁe‘it%}e Asell QPdﬁbe
conpat i blaghiWetthest MezhemRbdutoRs O bl gics BIFREPEEBE Sprichl @ Rldrdt@ios QREs Si ze
MEMS devi ces. Therefore, what is needed is an optical MEMS device that

al | ows oBtERHidng WIHHERCortHEY 20 pRFTEHP ipaith QIMPrEedld her saalhimpeppnical
nechanlcakpg&§&hgqggggh§ngym%gx?gﬁmﬁﬁgwhmyENTlCN Enmbodi nents of the

present invention provide an optical Mcro El ectro-Mechanical System (MEMS)

devi c® provi diieiars. et satcegut i ancenticlaMitdk> feied Pri alowsTpRiaiverB Bedi ce
i ncl udes; g ﬁg\bﬁg&g@%@ﬂf&&{ce %Q%i\reﬁflﬂe% Qa1 di§prfdett®fl M rror and a MEMS

actuat or. % e corner cube re%%éctor I's optically coupled to
receive an incident beam on one edge of the corner cube reflector and
operable to reflect the incidsmmMbeaOrilnedNemotnter edge of the corner cube

reflector. Th ixed mrror is optically coupled to. recei t he incident
boam rer ect ompodifiehiet il sldrd bt PebER IEPPiSy OFEE HReh e PRI
reflect SheerhnviBlest ddvamrbadike howptics phihercmideab hriupticneThe Migv$ @tviect or
as a refl ected bea | ong a reverse th of the ipgident bea The MS
act udt or “}C@dﬁ%’h Bﬂoégf)bff’cfo & CYhsvallastos. Egﬁ’fegé?lﬂ%ﬁféi ¥ ‘gﬁl\g{?%‘aﬂ% Uﬂ@alﬁ%oé( ea%?e

di spl aceg®mtr @be HIRCOPMPIE Sy COIFIET (0GbREycr @fih@adnd beapesPemndidetbathe tcarmar pl ane
of the fixed mrror to extend an opti cal gath | ength of the reflected beam

I'n an ex&WRsI SHSFASE APRiahe i reflscioib ipciden Beam fpmfalp BRI eI of iReesPraer fpipss

posi ti on GfecibneTRONRANLSroE A dpitalfURBpIeEtd RELiOE R NELidnE BGANRNBAS frb@Mhof the
noveabl e corner cube reflector is four tines a displacenent of the noveable

corner cUSECHDET PEBLTOFUDR EPRSEY AN ePPIaPIst LopsHePdt itlh ingiignt brans Brn@wpsithd on.
Ina,§ ur LRGELERARH TERE rerib6r KOV RABLE B&Erﬂ%n{ﬁ gé‘vfefs@fpgﬁcc}f%e ln@falaﬁ{fl%ﬁma
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In an exemplary embodiment, the optical path difference between a first position of the
20 moveable corner cube reflector and a second position of the moveable corner cube reflector is
four times a displacement of the moveable corner cube reflector between the first position and
the second position.
In a further embodiment, the moveable corner cube reflector includes a moveable array of
corner cube reflectors and the fixed mirror includes an array of fixed mirrors offset from the
25 moveable array of corner cube reflectors such that the reflected beam is parallel to the incident
beam. In addition, each fixed mirror in the array of fixed mirrors can be a corner cube reflector
coupled to receive the incident beam on one edge thereof from a first corresponding corner cube
reflector in the moveable array of corner cube reflectors and to reflect the reflected beam on
another edge thereof towards a second corresponding corner cube reflector in the moveable array
30 of corner cube reflectors. Furthermore, a flat mirror can be coupled to an end of the moveable
array of corner cube reflectors and optically coupled to receive the incident beam from a last one

of the corner cube reflectors in the array of fixed mirrors and to reflect the reflected beam back
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fabricated as a Micro Flectro-Mechanical System (MEMS) structure providing an optical path

retardation multiplier. The interferometer includes first and second arrays of fixed mirrors, a

moveable array of corner cube reflectors moveable in an area between the first and second arrays

of fixed mirrors in a direction orthogonal to a plane of the first and second arrays of fixed
25 mirrors, a detector, a beam splitter and an auxiliary mirror.

The beam splitter is optically coupled to receive an incident beam and to split the incident
beam into a first incident beam and a second incident beam. The first incident beam is directed
towards an initial corner cube reflector of the moveable array of corner cube reflectors to be
reflected between a first side of the moveable array of corner cube reflectors and the first array of

30 fixed mirrors along a first forward and reverse path and output as a first reflected beam from the
initial corner cube reflector of the moveable array of corner cube reflectors back towards the

beam splitter.
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reflector opera e to reflect eant rontanot er edge of
20 edge of the corner cube reflector and operable to reﬂect the incident beam from another edge of

the corner cube reflector, a fixed mirror optically coupled to receive the incident beam from the
moveable corner cube reflector and operable to reflect the incident beam back towards the
moveable corner cube reflector as a reflected beam along a reverse path of the incident beam and
a MEMS actuator coupled to the moveable corner cube reflector to cause a displacement of the
25 moveable corner cube reflector perpendicular to a plane of the fixed mirror to extend an optical
path length of the reflected beam. The method further includes etching between the top surface
of the SOI wafer and the bottom surface of the SOI wafer using a deep reactive ion etching
process to form the fixed mirror and the MEMS actuator and etching between the top surface of
the SOI wafer and the bottom surface of the SOI wafer using an anisotropic alkaline wet etching

30 process to form the moveable corner cube reflector.
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devi o< in ac%or.dance i.th enbodi ments of the present invention; FIGURE 1C
: Q with c odiments of Fpresent 1nventfon . . .
IS a perspective VIéew or “an exenplary optical MEMS device, in accordance
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FIGURE 5 is a diagram illustrating an exemplary Michelson interferometer implementing
a MEMS optical path retardation multiplier, in accordance with embodiments of the present

20 invention;
FIGURES 6A and 6B illustrate still another exemplary optical MEMS device providing

optical path retardation multiplication, in accordance with embodiments of the present invention;

FIGURES 7A-7] illustrate exemplary fabrication process steps for a method of
25 fabricating an optical MEMS device in accordance with embodiments of the present invention;
FIGURES 8A-8E illustrate exemplary fabrication process steps for another method of
fabricating an optical MEMS device in accordance with embodiments of the present invention;
and
FIGURES 9A-9F illustrate exemplary fabrication process steps for fabricating a shadow
30 mask for use in fabricating an optical MEMS device in accordance with embodiments of the

present invention.
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bel ow i n connection with FI GJRES 7-9. The optical MEMS device 10 includes a
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source 40 and a MEMS actuator 50. The light source 40 may be, for example, a laser source, a
collimated LED, an optical fiber, or any other type of optical source. The light source 40 may

20 produce visible, Infra Red (IR), Ultra Violet (UV), X-ray or Microwave radiation. The MEMS
actuator 50 may be an electrostatic comb-drive actuator or other type of MEMS actuator. The
moveable reflector 20 shown in FIGURE 1A is a corner cube reflector that includes two mirrors
placed at right angles to one another such that a beam incident from any direction in the plane
perpendicular to both mirrors is reflected through 180 degrees. However, in other embodiments,

25 the moveable reflector 20 may include two mirrors placed at different angles with respect to one
another, as described in more detail below in connection with FIGURES 6A and 6B.

The moveable reflector 20 is optically coupled to receive an incident beam 70 from the
light source 40 and to reflect the incident beam 70 through 180 degrees. More specifically, the
moveable reflector 20 receives the incident beam 70 on one edge 22 of the corner cube reflector

30 20 and reflects the incident beam from another edge 24 of the corner cube reflector 20 towards
the fixed mirror 30, which is shown in FIGURE 1 as a flat mirror oriented orthogonal to a
direction of the incident beam 70. The fixed mirror 30 reflects the incident beam back to the

moveable reflector 20 as a reflected beam 75 that propagates along a reverse path of the incident
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180 degr gapendidR V&R pland oPIHIGTxe@ HAGH TPBLcSiend AL oML Rkl dfaRd RIled@l May
include two mrrors placed at different angles wth respect to one anot her,
as descrP#¥¥73n nore detail bel ow in connection with FI GURES 6A and 6B. The

noveabl e refl ggtQhmgR, AsSshBRh i BIGYRE QBPhE e teBrnb L6 tE1RMr 120G¢ BRManke@M 70
fromthe |ight source 40 and to reflect the incident beam 70 t hrough 180

degr ees. diplrecdagbance g arajjel to the difpstioalef teirgdeathegm Bpthe epiggalpash diflereneki dent
beam 70 ggtwgél?tfh@ 498 11%1% paths (e RGNS i %utseelfehs&érgg B?Ql iﬂlf'ﬂleI pRIlof%hS abd®

i nci dent beam from ariother edge 24 of the corner cube reflector 20 towards
t he fi xedvha theogor®®, cupvhiraflecios issosmothien pRIIEUREON iadxawhératx 1y the oreckanicaht ed
ort hogon ' t | hehd am 7Q.. The fl e
ret | oot Cpafhofaf b BEpE: Qloct i R TRPE J bbb tGReLIIEAL P o
beam 75 phatcesrappagead] gsthallifagneg wasethgieolpabnvehtidnaklatnoiree mbiyedin us€d iThe
NENBH?CtHﬁ%8$d50 causes a di splacenent of the noveable reflector 20

cula

per pendi ?%aﬁ‘plane of the fixed mrror 30 to extend an optical path

| engt h of theArpefshativediclvadmm éoemftay oprairMEMS devishiavaipdratiel ik RifichByatas t he

corner cube reflectaor 20.is me jcally, displaced. ' e.Xx parallel to
Che i r BTGB Gy R THRALT BAGIR B C- 3 AECBpRS S DU P o ARR- B meen
the two kdfghdor patahs fikid @nisroMBe Bretdach COHiDREd GhlEsUbGFakec8. OMhé Sixed ndtod 50 ti al
position 60a and when the caorner cube reflectgr is in another position 60b)

is 4x, wREFEes@ paiadridrel ik BT 8dit8 dheatbitetit Sof Whikke ey ¥t St tharastPect or

20. Thus subdtrhtk igBifREh the ThdVBARe FHREOLAT REaPBThembRIbR AeRicRA OGS sk MBYd cal
path difference twce that of a conventional flat mrror normally used in

MEVB devifeedrfags ofdpe gastrity 80vitemetflizarrneRespldagoyerd she LRIraVERS thelirst and

i ncor por tdoR@eddae 20Rhd Sabr BRUFeRlIALSad @B RtletbPbh 85d ASopRON edidd Jrl FURE
1C. As can be seen in FIGJRE 1C, the noveabl e refl ector and fixed mrror

30 are eﬁéﬁimﬁbﬁﬁ@ated on a substrate 80. The fixed nmirror 30 overlies a
buried oxide ﬁ"@@gﬁlpén@é@ rforsd%y'tiﬁ't (grréﬁea?lﬁggﬁeg At Be %deﬂpbéaﬁl A B ehsiBthab lhe

separates the
20 reflected beam travels back parallel to the incident beam independent of the angle of the

reflector, the corner cube reflector 20 in FIGURE 1C can be seen to include three perpendicular
edges: the two moving edges 22 and 24 and the metallized substrate 25 functioning as the third
reflector edge. All three corner cube reflector edges 22, 24 and 25 are formed and metallized in
one step, as described below in connection with FIGURES 7-9, but only the two moving edges
25 22 and 24 move together, while the substrate edge 25 remains fixed. As such, the arrayed corner
cube reflector 20 can be positioned as shown, where incident light beams are parallel to the plane
of the substrate 80, or the reflector 20 may be placed in a different manner to accommodate for

the usage of the third edge 25 to compensate for shear and tilt.
In FIGURE 2, instead of using a single corner cube reflector as the moveable reflector
30 20, an array of corner cube reflectors 100 is provided. In addition, instead of using a single flat
mirror as the fixed mirror 30, an array of fixed mirrors 110 is provided. The array of fixed
mirrors 110 is offset from the moveable array of corner cube reflectors 100, such that the

reflected beam 75 is parallel to the incident beam 70. More specifically, each fixed mirror in the



substrate 80 fromthe noveable reflector 20 to enable the noveabl e
reflector 20 to slide above the surface of the substrate 80. A

nmetal | i zawoand/ayss 84 covers the substrate 80, the fir®CTasdovAsERT edges
22 and 24 of the noveabl e corner cube reflector 20 and an opposi ng edge of
the fixed mrror 30. To conpensate for any tilt or shear angles in the

i nci dent beam and to e re that the ref| ected beamtravel s bac aral |l el
to the i AEHGUHExeHaUmPs Hi@ﬁé‘mé‘rﬂmﬁf C‘tbﬁéefjlaﬁﬁ@if éoﬂ?edttﬂéec?lé(? s d R e,nb’feﬁéct rner
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edges: the two noving edges 22 and 24 and the netallized substrate 25
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edges 222 astferadb@fcRlcédf %@éeﬁnﬁ el ddrde® dubdreABEorSh 8RR méRaFIe ShY Bed
bel ow in connection wth FIGURES 7-9, but only the two noving edges 22 and

24 move togerwee reigsiorelitheladirmescabetrgectoning @emavgatls sy, ofagoraaictbe t he
arrayed ¢ofpels 1@9%@%%%5&1&%&191 tipﬁfp%%fffér gd as shown, where incident

| ight beans are paral to the plane of the substrate 80, or the reflector
20 may be pl abeadditionga Hatfrhigtoe S weoanrled tooanaand ointlisdaoecablorarpy ef epsaggeubd t he
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using a single corner ector as the noveabl e ector an array
of cor nemigobén thefdrig O fisedl@Orars 1 g andi Wdeeflect the aclthicted deami7Adheatbwafdsubd ng a

singl e fhg%%nirror as the fiépd nirﬁﬁr 30 8g1&;rr rs 110 is
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reflector in the noveable array of corner cube reflectors 100 and to
reflect the incident/reflected bgpamqanangt her edge thereqfitpyerds a
second corner cube reflector adjacent to the first corner cube reflector in

t he ve : ~
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coupl ed an end of, th | e array of corner be reflectorsgl and
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fixed ni comssgoridingtthen apticayresflutfonxoéd.5ficmr'ors 110 and to reflect the
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20 embodiments of the present invention. In FIGURE 3, the MEMS actuator 50 is an electrostatic
comb-drive actuator coupled to the moveable reflector 20. The moveable reflector 20 includes
an array of corner cube reflectors 100 and a fixed mirror 105 coupled to the end of the array of
corner cube reflectors 100. The fixed mirror 30 includes an array of fixed mirrors 110 (also
corner cube reflectors) offset from the moveable array 100 to enable an incident beam 70 to be
25 reflected through the arrays 100 and 110 along a forward and reverse path and exit as a reflected
beam 75 from the entrance of the arrays 100 and 110. The MEMS actuator 50 causes a
displacement of the entire moveable array 100 in a direction away from the incident beam 70
(i.e., parallel to the incident beam and perpendicular to the plane of the fixed array 100), which
results in an increase in the optical path length of the reflected beam 75. As such, motion of the
30 MEMS actuator 50 multiplies the optical path retardation of the reflected beam 75 by several

orders of magnitude.



reverse path of the incident beam 70. This adds an extra 2x to the optical

path difference (OPD), or optical path retardation, due to reflection from
the flat worpow12135. I n general, the fornmula for the OPPCERiuSRo1a/0386T ay of N
corner cube reflectors noves a nechanical displacenent x is: OPD = (4N+2)x.
(Equation 1) For exanple, if the travel distance (x) of the noveable array

of corner cube reflectors 100 |s approxi mately 100 and there are four
(4) corner cub¥MPEMOFPJIGURE 4 H‘E‘)Lg?rr%f‘/mﬁ v 01%{1%1 @&Tgo@tv%é)ﬁo‘fl%ﬁg PB\%CaI)eanB

(at the bithsa@sinth@ipIRQGoraHyOant J1QitSAA OREr POBhdniN 88RYw. Sin FIGURMA4, two
corresponding to an optical resolution of 5.55 cm1 . FIGURE 3 is a plan

vi ew of aRbKARYIHPYIEEYT EH] anYENB afferridedont) RPRSES cadRdhampYeaBlss8dfiveht s of
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i nci dent / l.e 1 hr t a
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of the atheafist B0d saerohd1shinll ForeerVEME motwatldd H0 tAusessmalldi sidnacepeente of

t he tire moveahl e array 100 in a direction fromthe incldent am 70
(el R R st afirE BTt AR SR pr 18F “The
fixed araaythd @y, ofthied mitr@sul@.s in an increase in the optical path Iength
of the reflected beam 75. As such ti.on_of. . the ME ctuator 50 . .
11§ o5 ¢ nETopRTRRreake TR T o Dp Stk WRaRcY Benb BaevBRHY ever )
orders ofhen@@Biuteude., Dutwetm then@vvdable RnBYRED 4efleatdat NEY arIXEIOP adlythe phdidat MENMS
devi ce providin&ﬁthical &%}h retardation nultiplication by an additj onal
order of PrAERyAI 3t iy, Wirhmredyses the reiigstedrhepm gy MepatighBack ip ity s 120

and 125 aersaPe@doOomt An@RRESLAE. edshodfn hhegmeablie iafded ivegd HeFB8Es cube
arrays 100 and 110. More spectfl.callad/?;t the first snmall corner cube mrror

120 is clupteddhse eidriopheiorsitdip the it pagorai)s aad rélects bk lds pdditen & thoo and

the flat g cOhed@me MiMclEs ﬁf@aﬁ@mﬂqmﬁ@laé e Uphedl dﬁalb@lsmaerw a Feorl M,
coupled to the array of fixed mrrors 110 on an end thereof that is

opposi t e WheretMas dadugbertHeirpdyteabhe hapmataves arbMnie delgmijacd f the direansiono t o
whi ch th%f]ihk%o £H1§1f &?’ne%g%?'ré?&%@i@dand-[ﬁfaﬂftH@f)'e%hP@& {i}e. €., the Tength of
or eacn o

each of the edges
FIGURE 5 is a diagram illustrating an exemplary Michelson interferometer 200

implementing a MEMS optical path retardation multiplier, in accordance with embodiments of
the present invention. In FIGURE 5, the two mirrors of the interferometer are combined into one
structure having two fixed mirrors 30a and 30b, which are both fixed corner cube arrays and one
moveable reflector 20, which is a moveable corner cube array.

25 The interferometer 200 is designed such that the motion of the moving mirror 20 results
in an increase of the optical path in one interferometer arm and a decrease of the optical path in
the other interferometer arm of the same amount. For example, as the moveable reflector 20
moves away from fixed mirror 30a, the optical path length between them is increased, while the
optical path length between the moveable reflector 20 and fixed mirror 30b is reduced. This

30 arrangement doubles the optical path difference compared to that achieved by a single corner
cube array. For example, the optical path difference (OPD) for the interferometer 200 shown in

FIGURE 5 can be expressed as:
OPD =2 (4N+2) x, (Equation 2)
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the first and second small corner cube mrrors 120 and 125 are snaller than
respective di nensi ons of each corner cube reflector within the noveabl e
array of wornmvizcisbe refl ectors 100 and the array of fi ped/useomwossi6110. The
smal | corner cube reflectors 120 and 125 gui de the incident beamto
circulate inside the structure (i.e., between the noveable and fi xed
reflectorgﬁ%oo and 1 Q) until the incident geanlhits tHe flat mrror 105,
whi ch pr 8Gif8dueanh dhal derf Be sEBe BRIt FAMRYT 8haFRes CirckiIPsiort AR AR FEPUET pat h

of the i REkidedt oheany uhs ushiawRetomeld GoliREcilevet B obital HRRAUIRSSIE P 9BadAL es
through three circulations before it hits the flat mrror 105 and reflects
back. Th&hicdi ¢qubileat ofrRecsiRpIcler EsPlREn @bl Hbf | ectors 120 and 125

mul tiplies theugpbi &R PMD MR BNAR MerRronREdr T00OMnMIRERISHA ifedEmBRTDET
of circulations the beamtravels and Mis determ ned by the dinensions of

the tho $ivkides goentien! soutse 21 @ engpSir 280 smauzdisryandror RéD. BedeircHpatl.dheze.
FI QURE 5 pjcSe b1 e AGHAM dﬂowéébﬁﬁ%ﬂag%f%&n@%&ﬂ@ dHo¥tobd) %{Itﬂh%%o REP IS5 OAES er

200 inplenenting a MEMS optic ath retardation nultiplier, in accordance

w th enbedd Mnfagaysfoltfixed primgrentInjaneaernplany. operatifl, QuREas), splitier 22(0as piticpltyr s of

the inter . . i i r Cna. f i rrOrs
0% L SRS S EO AT 1,00, RO UGLLES, DR, 9 A e

ref | ect of70 209 a Wit oteidest twamy¥e alnl esecardiecidgwbeana?raylhe Thig inadeat heanoietier 200

I'S d%S I ggler(?cteis t((:)\t?/artd%1 %;[1 ititr?aell Crr]ﬁltCIl‘ gur‘t])e %ﬂetcﬁ')?o \élngl(g/e{l’glé glr(r)%y ()Qfoco%l%rs lcjlllzr}esretlleréto%sn
i ncrease 0 e optical pa Ih oné Tnierreroneter arm and a decrease of
t he opti eako patehedtel hdneecntanfakt didet 2r dfelicimetaablearmy of cdrive cstanmeflanas a® and=or

exanpl e, .as.the noyeable reflector 20. moves away fromfjxed mirror 30a, the
optToal | B ErgA 1Bt B clearns Sy Baved i mviee pb P Mel Sgut

| engt h bedfiveen bedre 7pDHe@ALME iniefl lceGbOfub Qefildthr bt ¥RAnd¥chllo arrdObf t¢@ndreduced.
Thi s arrangenent doubles the optical path difference conpared to that
achieved“ﬁgdﬁmépﬁ@W%d%@Fhﬁwlﬁ&ﬁ@ﬂgpray. For exanple, the optical path

di ffeyence (OB avkaryt AiRrok DEEH Bl QNG t&UP1AA0 r&hi9¥heisBedill AR Chea@T0P 8nd
expressed as: OPD = (4AN+2) x, (Equation 2)which neans that for the sane

pr evi ous “eidA{I e ron! BEfH PeRRbevHET el Sxhpitgs st ar gy bt only
100 MM tfifodk BOCI R MR LA hePn A RELHE %@%f@i&&lﬂ ﬁlﬁj_rorﬁj?@t{;hng'a;s%c%ﬁﬁ Bee29bs 3. 6

mnm which is equivalent to a spectroneter resolution o . cml . Turning
now t o t e wHeveable grray of panergube freffesivrst At alogma sedead Korpiael angrrevdiscepatle peshet er

output as a second reflected beam 75b from the initial fixed mirror of the second array of fixed
20 mirrors 30b. The auxiliary mirror 230 is further optically coupled to receive the second reflected
beam 75b and reflect the second reflected beam towards the beam splitter 220. The beam splitter
220 operates to split the first reflected beam 75a and second reflected beam 75b and transmit a
combined first and second reflected beam towards the detector 240.
Although FIGURE 5 is directed to a Michelson interferometer, it should be understood
25 that in other embodiments, a similar structure can be provided to implement a Fourier Transform
spectrometer or other type of optical device.
FIGURES 6A and 6B illustrate still another exemplary optical MEMS device providing
optical path retardation multiplication, in accordance with embodiments of the present invention.
In FIGURES 6A and 6B, the moving mirror 20 and fixed mirror 30 each include an array of
30 reflectors 100 and 110, as in FIGURE 2. However, the reflectors within the arrays 100 and 110
are not corner cube reflectors. Rather, the reflectors each have a non-orthogonal angle between
the two edges of the reflectors. As shown in FIGURE 6A, the angle is 109.47 degrees between

the two edges of each reflector.
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i ncl udes an optical source 210, a beamsplitter 220, an auxiliary mrror
230, a detector 240, the noveable reflector 20 (noveable array of corner
cube ref|wotoresiei®Ad the two fixed mrrors 30a and 30b Parnsy&0081467 xed
mrrors). In an exenplary operation, the beamsplitter 220 is optically
coupled to receive an incident beam 70 fromthe optical source 210 and to

split the incident beam 70 _into f| rst _incident beam 70a and_a second
i nci dent beant*7GB? PYHET {0y E‘td] Eeﬁte 855t 40 g faﬁ’rﬁcé@fléﬁlnsgoﬁrer}éma

initial eERpicCHREiné /bl aeking opﬂhe he) teN&aARYE 380 bAthe HOIGRIEEs db@®ed in
reflectors 20 to be reflected between a first side 26 of the noveable array
of cor nefOyHeail SEIOBE tioFUMogion HHith ﬁéGIfJBE&%%Aa%E,avhl@lﬁ enpblesd veHical GRSOBWIC al ong

a first EQBW?%Q\V@I@QS ORI SEraRNha e B 3 BSomand ddvik 14yef. | RCE Rebgam 75a
fromthe initial corner cube reflector of the noveable array of corner cube

refl eTt oMst diohinpvibe arele hetheaeliactsi istapeioxipeely The4Buler|te dieyanglerhegyeepde | s
optical | ¥ cQupl 1[%1 K&8¢gi ve the second incident beam 70b and to refl ect

t he secon(]i I nci eamtowards an initial fixed mrror in the second
array of fixebingd the gfloctgdbeanoisjsiall redietted inecpafepantishtottheingedea 78r atwy tvof
el bRES IR AR SBCAR (B A BBl il NG TRY BROMGALARKOD FOTAEI Cube
reflectors con orward and reverse

second rerhltr@c&()e‘dlllb‘e@lmpiﬁtr 11'nrtbfmalrrl¢efndtrmie1t i Hd)wéwer( eldshghtrm@thl@ﬂ’tlon héthséo,mmdia array
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beam tOV\@EI@Sncﬁd’mhrlpﬁarmfﬂlpleirhéﬁe tBZlﬁh<1'I[hlEphﬁMngml itter 220 operates to spl it

the first reflected b d reflect ed d t
conbined 11 <118 "S8OMACT BF DL ab Badr COUARdS PR dEr R o PRHOC APt hough

FI GURE 5 fibsicdlingegit eslichlO MEMS clogiks aitofpdtaeing einosmRicar path tetsiaidndmbeiplieder st ood
that in other enbodinents, a simlar structure can be [irow ded to inpl enent

a Four i ePPFALT 3t Spedimdive tbiheopreginh dpvenype IO daradvitele spileRES

6A angd 6Bxdnhpiat§ tiamc@tSt bldces@NOTRE Firse XRMRh@InY poBdsh GAloIWEMR: ddvicanPsoNM di ng
optical path retardation nultiplication, in accordance with_enbodi nents of

the presdheerated @viGedhnt ehdey GERESEAbE Frilegrs. bid HEInbeam THBETS 2OWERE f i xed

mrror S%G%Eplsla@&gﬂégglde}ﬁecggﬂl@gS%{n oteflectors 100 and 110, as in FI GURE 2.
However, the reflectors within the arrays 100 and 110 are not corner cube

reflectors. Ratlfigyre 7dhan plamingt snugcrngctierniawerfarmed wverranhydonader @aygrsetObet ween
the two geges f(ﬂ'fn A Buh Bl 9%eP 450, witcnSRWMAn B FRERE: B 8ubsldiEn @i diShel 09- 47

degr ees bet'wee
20 top s1hcon layer 420 of the SOI wafer using DRIFE, as shown in Figure 7E. In Figure 7B, a

photo-resist material 440 is spun over the aluminum layer. In Figure 7C, a lithography step is
performed for realizing the MEMS device. One lithography step is sufficient for realizing the
moving reflectors and fixed mirrors as well as the electrostatic actuator. 'The lithography pattern
in the photo-resist material 440 is transferred to the aluminum mask 430 by plasma chlorine
25 etching of the aluminum layer, as shown in Figure 7D. DRIE is then applied to the wafer until
reaching the oxide etch stop layer 410 of the SOI, as shown in Figure 7E. Then, as shown in
Figure 7F, the remaining aluminum mask 430 is removed using an Alu etch.
As shown in FIGURE 71, moving structures such as the MEMS actuator and moveable
reflectors are released by etching the buried Si0; layer 410 using HF, while fixed structures are
30 not released due to the wider area of the SiO, beneath.
Turning now to Figure 7J, a shadow mask 470 is used for the selective metallization 460
of the micromirrors and reflecting surfaces, as well as metallizing the substrate beneath the

vertical corner cube edges to perform as the third edge of the corner cube mirror and creating
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the two edges of each reflector.As can be seen in FIGJURE 6B, the reflectors
can be fabricated using, for exanple, anisotropic al kaline wet etching of
the (110)woevince1isayer 300 of the SO wafer, as descri bedTius2emomai4det ai |

bel ow i n connection with FI GURES 8A-8E, which enables vertical anisotropic
etching as well as smooth surfaces at the < 111> pl anes 310 of the device
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el ecty ostgti L2006 Mabing ﬁ{é%xhdetémgit@gpﬁyerpﬁbt& e $OI fvhRr, AR Atk Hestibed
material 440 is transferred to | um num mask 430 béﬂapl asma chl ori ne

et chi ng @POVE A CAMEFHOR (¥ FAQQBESgSA %E] oW TORRE; e dardpnasipigyer 44 it plied gl i ed
to the walegfardint. glbyro%%fahbmo bibrehe W @encB e SRR Mﬁg a4 Qfent hﬁahﬁgwt as

shown in Figure Then, as shown in Figure 7F, the remaining alum num
mask 43oeiCb,mgéfrvaé@Hw$qhﬁg) &iap. Ap shastndi FIWSRERwn i n FI GURE 71, novi ng

structures Sugﬁelatﬁe %@et@ﬁh@pﬁ%sﬁj A R¥n ﬁrqufﬁ%\Eeé%?ltﬁe large angled moving and fixed
20 reflectors shown in FIGURES 6A and 6B are formed. Thereafter, as shown in FIGURE 8D,
moving structures, such as the actuator and moving reflectors are released by etching the buried
Si0, layer 410 using HF, while fixed structures are not released due to the wider area of the SiO,
beneath. In FIGURE 8E, a shadow mask 470 is used for the selective metallization 460 of the
moving and fixed mirrors, as well as for metallizing the substrate beneath the vertical corner
25 cube edges to perform as the third edge of the corner cube reflector and creating connection
pads. Although this fabrication process involves two etching steps, as well as extra steps for
protection and lithography, it ensures the smoothness and verticality of the corner cube-like
mirrors, which minimizes optical losses due to the multiple reflections that the beam will
undergo during its propagation in the structure.
30 An exemplary process for creating the shadow mask is shown in Figures 9A-9F. As
described above in connection with Figure 7E and FIGURE 8D, the shadow mask is used for the
selective metallization of the wafer to ensure an adequate metallization for the mirrors, while at

the same time protecting some surfaces from metallization. As shown in Figure 9A, to create the
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reflectors are released by etching the buried Si O layer 410 using HF, while
fixed structures are not rel eased due to the wider area of the Si O beneath.
Turni ng rwar2ow/Bigare 7J, a shadow mask 470 is used for PChaSe@bmstdsye

metal lization 460 of the mcromrrors and reflecting surfaces, as well as
metal i zing the substrate beneath the vertical corner cube edges to perform
as the third ed of the corner be. mrror and creatingconnection pads. As
shown in Strﬁdaﬁrf%agsgﬂf}“tt %@e@ﬁgdw ﬁi@kﬁ fggped Qvepf silisgn 8\9%F g&%“@afors%ﬁ@ﬂeat e
400- 420 bRnSRIne Gl gy "SIRAL fnelFigket /AU a 800 98K D nBRSial ST HEArI30GNspu@fonttieh t OP
silicon | ayer 420. In enbodinments in which the Bosch process is used for

DRI E et cRdAgOIRNEHAT 49 Hihg (hpehpioyresistainieriahd s g ses fpr %‘gé&faﬁ’?é(yaf’rdé%l’?“o&he to
the peri gabi6raat Harifs3bMencRERCE R etcH WS, as shown in Figure 7G grow ng a
t hin oxide | ayer 450 on the surfaces and then renoving it by HF, as shown
in Figure 7H, Sehseruseibygesitwhif Gewesi(r dighagraphy & erdel o caneiep BYYmrot her
mrror s . Ner s, Y, L I 1 rgu TE,
he. pr oo o Rt o e T e e Fe e B e
snoot her Frurd Agaising 19RiEa ctvbidg divoegdt thy sdicor wakr SR rgperfonmediditilireashing Hee

al um nu | I qu e r t.he. pro t ends
o have Baper Al GHEE oS ithaib e ARAR! ke BB i RRECARR: |21
cryogeni phttempet ataterielsI20RnGIRESH 8% ®F and bostnn af e evadarpirarcynol etbiol @atpileon
process ste gof orgl%%not her method of fabricating an optical MEMS device in
accordance WIC{ N Bfbodi ments of the present invention. FIGURE 8A illustrates
t he resul ti ngAsthilubd renikt by thasd sKilagn aehiyt, gk emovadleicondegtstdaeribekiadhe
mrrors as well as.the electrostatic.actuator of th MS. devi,ce and DRI E
ot ching BriharrERids i B FReR SR Pshnh g R BUTGe CruRnEkop

| ayer 4lheodcopdrof hkntwabigect ragtes ishddld@mnbly bél gistied hednalbvee speciRnBebbiagn W t h
FI GURES 7A-7F. I n FIGURE 8B, a hard nmask |ayer 480 is applied to the wafer
(e.g. by Bsrimesdisshssed-Suidefnsicad dejmed By helolqyHee ¢@Msect ors during a
subsequent al kaline wet etching (e.g., KOH etching) step, as shown in

FI GURE 8C. After the wet etching process shown in FIGURE 8C, the |arge

angl ed noving and fixed reflectors shown in FlI GURES 6A and 6B are forned.
Thereafter, as shown in FIGURE 8D, noving structures, such as the actuator
and noving reflectors are released by etching the buried SiQ2 | ayer 410
using HF, while fixed structures are not released due to the w der area of
the SiQ2 beneath. In FIGQURE 8E, a shadow mask 470 is used for the selective
netal lizati on 460 of the nmoving and fixed mrrors, as well as for

nmetal lizing the substrate beneath the vertical corner
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cube edges to performas the third edge of the corner cube reflector and
creating connection pads. Although this fabrication process involves two

et chi ng swepsio/asisdel | as extra steps for protection an@#Criushagnaphy, it
ensures the snoot hness and verticality of the corner cube-like mrrors,

whi ch mnimzes optical |osses due to the nultiple reflections that the
beam wi | | ueder 0 during its propagation in the structure. An exenplary
process POF CLalah: ng the shadow mask is shown in Figures 9A-9F. As

descri bed above in connection with Figure 7E and FI GURE 8D, the shadow nmask
is used flor theopetagdticrod lensoa¥édharitd] dystom MidMWaferice povahisgizreopivalgudyuat e
metal | i zz%tuingaiofnorult ql%rrgirrnrrcl)srig . While at the sane tine protecting sone
surfaces FHom met At i zat B ™As shown in Fi gure 9A, to create theshadow
mask, first aasobbadté;ic | ayer 510 is fornmed over a silicon wafer 500 using,

f l e, alum ttering. Then, .ip Fi B hot o- [
i S S T SN R e
phot o- r esdcsitve AR tirideal béaRon Sfitss edbefodithd doritd giteplaicct@nad bpealotd ffect the

photo-resis terial 530 functions as an etch stop. Subsequently, as shown
PR Fr gur dpnl e ig apnyd SREab P SR TEHET  op | ayer 550, 1 of | oved by

chl orine pl aspBx&t Giod GorRtd bR tealibyiaruim bpy@ny 8dpledas r&bigWhel ifcifingbagr 9D.
In Figure 9E, using DRIE, etchi n% through the silicon wafer 500 is

per  or medlliAed fropdhe APrEbleramshes 7¢lissios andieeabledp reflgt B nckEniPSeEndatlof t he

waf ey S0QwardsN@k IYoveste SHAWNCUNR ENQWre s W rerlebi8d BERE Atone S Rberf® bR iRl hd20
and 530 on the top and bottom of the wafer are renpoved to conplete the

shadow nisklentgay and pe recogni zed by those skilled in the art, the

i nnovative copGgmyi§ ARSGEihataldh HhbuRLEREMI ARPkd G&liOMoF@BIP& TR ¢ubd €d
and varied over a wide range of applications. Accordingly, the scope of

pat ent s salspletto arnset edispdreenl adhe peveablpicordr qube aafipciof parpendipplag i<f 4 plane
exenpl ar %E ' %ilfﬂ %lé&éﬁﬁ%ﬁ% t%}lé th 'tﬂ%%ﬁl%‘??\%%{]h%‘@ﬂn by the follow ng
cl ai ns. V\éf % %ﬁor n opti caP1 10 I[:I%ectro- chani cal Syst em ( MEMB)
device providing an optical path retardation nultiplier, conprising: a
subsifate; a FRYEANIE EOLDSE CHIRE [ QIIRSE O FOLIRELaPOVE dDe, fUb3LLALe and
opti cal |y couple 0 recerve an inc¢ident beamon a first edge o e corner
cube r ef bahdgonaland dog@epabf the incidetfle@ot t he i nci dent beam from a second edge
of the corner cube reflector;

3. The MEMS device of Claim 1, wherein an optical path difference between a first position

of the moveable corner cube reflector and a second position of the moveable corner cube

reflector is four times a displacement of the moveable corner cube reflector between the first

20 position and the second position.

4, The MEMS device of Claim 1, wherein the moveable corner cube reflector includes a
moveable array of corner cube reflectors and the fixed mirror includes an array of fixed mirrors
offset from the moveable array of corner cube reflectors such that the reflected beam is parallel

to the incident beam.

25 5. The MEMS device of Claim 4, wherein an optical path difference between a first position
of the moveable array of corner cube reflectors and a second position of the moveable array
corner cube reflector is equal to a displacement of the moveable array of corner cube reflectors
between the first position and the second position multiplied by a sum of four times a number of

corner cube reflectors in the moveable array of corner cube reflectors plus two.
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a fixed mrror formed on the substrate and optically coupled to receive the
i ncident beamreflected fromthe noveable corner cube reflector and

oper abl e wo 20 12e135 t he i nci dent beam back towards the movaséie/osmsnher cube
reflector as a reflected beam along a reverse path of the incident beam
and a MEMS actuator forned on the substrate and coupled to the noveabl e
corner cube reflector to cause a displacenent of the noveabl e corner cube
reflector perpendicular to a plane of the fixed mrror to extend an optical
path | ength ofhd ieMeddvectedihaamyhéeinldaen VeMEmERY irC@e ifrayChai ¥ hirr¥h gy ei n
the fixed mrror is a flat mrror oriented orthogonal to a direction of the
i nci dent 2K58ENT cube reHectquERPledin recint they iaFident bedin ap emp cdgr Gptepic Hpmpatift

di f f er enegrddpb Rt othef bR tre RO {1 AP nRlcdbREAADVEARNE LR RALGY BRI heiect or
and a second position of the noveable corner cube reflector is four tines a
di spl acetherieflestedihgem appeethiredgcoherer! tevitids p afcprdewsicsisating sprnetraibe raflgetor
pOSitgOnh@?@nﬁb&bﬁﬁﬁ&ﬁ@f&ﬂ&i%h&ﬂﬁﬂéﬂﬂlhe MEMS device of Claim1, wherein

t he noveabl e corner cube reglector i ncl udes a noveabl e array of corner cube
reflectors and the fixed mrror includes an array of fixed mrrors offset
from the,nove . of r J.ectors such that the reflected
beami s garal é#ﬁthiﬁﬁugﬁgﬁgéﬁﬁ’%@gﬁﬁoéﬁﬂ > MEMS device of O aim 4,
wher ei n an opt iflkamipeart ¢pudicfl fterapnmd dethevewveabld prgt o osmen orme otfldchres mml/eabl e
array of opalle C&ltc)ﬁo Iieec]::il & ﬁlteqrcsl G geaa 3§ Cgrl]a%t r%soifttieor(]) %fr ctb%ere R i%ltﬁe array
corner cUBEHEFTREIP FCLVERTATTIL bath T A LERENOT S1C CRET SRR OIS, of
cor ner cubsgy ofefitedahions dndttwedirct the rdflecsd bpas bidkanward tHelest 9a€ ofdhe posiet | on

mul tiplied by.a sumof four..tipes a number, of .corner cube reflectors in the
el b e R S 0l e B B D AR e e G SRS e B pRR. of
Claim4, wherein each fixed mrror in the array of fixed mrrors is a

corner cube reflector coupled to receive the incident beamon one edge
t hereof Prom WFMEMS degicr e56BHBI Ny RS CABPIEMe refl ector in the noveabl e

array of cor ngfirg UaRI1Ir @tde B Midditedupled ®blveeh thdBov@bleesitagdorh@aksr @be
anot her edge t hereof towards a second correspondi ng corner cube reflector

in the siersend thedlpt Bfrrfoder cube reflectors. 7. The MEMS devi ce of

Caimé6, furtlgkocPdRiil StREcuR ikt cdblel & the AR §ikited nfRoR R a@knd Mereof
noveabl e array of corner cube reflectors and
15 that is opposite to the end of the moveable array of corner cube reflectors to which the flat mirror

is coupled;
wherein respective dimensions each of the first and second small corner cube mirrors are
smaller than respective dimensions of each corner cube reflector within the moveable array of

corner cube reflectors and each fixed mirror within the array of fixed mirrors.

20 9. The MEMS device of Claim 8, wherein:
an optical path difference between a first position of the moveable array of corner cube
reflectors and a second position of the moveable array corner cube reflector is increased by a
factor equal to a number of circulations the incident beam travels through the moveable array of
corner cube reflectors and the array of fixed mirrors;
25 the number of circulations is based on the dimensions of the first and second small corner

cube mirrors and a spot size of the incident beam.
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optically coupled to receive the incident beamfroma | ast one of the
corner cube reflectors in the array of fixed mrrors and to reflect the
refl ect eawbearwidasg t owards the | ast one of the corner edbaSeedloarbdrs in
the array of fixed mirrors to direct the reflected beam al ong the reverse
path. 8. The MEMS device of Claim?7, further conprising: a first small

corner cube m.rror_coupl ed hetween the nopveable array of corner_cube
refl ect orlg' andhg ﬁ@l\lﬂgé’g“ﬁ? rO? oélf‘mh d MR B VIEME Fods et Tonbe hipsiem

coupl ed kgecirbi@etds sraMicAisdn inRetefShlelc®hid MR adily 8NHxddaireef istahat: drsyoppRsi te to
the end of the nopveable array of corner cube reflectors to whi CK the flat

mrror i SEYHRdfurthghereiingespect i ve di nensi ons each of the first and
second snal | £QLBRT arYRE iR hRfoss; ar e smal ler than respective dinensions of
each corner cube refl éctor within the noveabl e array of corner cube

refl ettors andld¥edr: fi xed mirror within the array of fixed mrrors. 9. The

MEMS devi ce 0%] g«gn?;k/%ﬂé‘%f oﬁﬁb%ﬁ?ic&g)fléﬂnto%éeii\%ath %ﬁd&ﬁﬁéaﬁ?éxﬁrk%esgf?@&l@%?cﬁ'de (first

position of t nmoveabl e array corner cube reflectors and a secon
posi ti onbefm tiie anfiise atvideniabeagy aeberreeond ubeideneficant the first inpideriaan byng

factor e - i | ag .l NGl ough
e oovelifted @yBat 4R Abmel LAUALR08 OEOGIERDY RSBl LAY At

m rrors; td herciecriybbetefenc ficsutidd olohs nioscdblesady @ coner dibpreeicorssandfthd fist f i r st
and second smal ]l .corner . cube.msrors and a spat Si z f the incident
oo 0o M ot PRROR st AT AeSE R Gyl ok DB TELET By | o
Tr ansf or tilosple nitairedradr cobe dfledial of die maveailé etrgneicemeande tdilectarsy ay of fi xed
mrrors is a first,array of fixed mrtrors, and further, conprisi.ng: second
array of fixeth G B opdr R opRIoG Lpiesi S st1oaP TpteRE Ry AnddtspEat s o
recei ve tihaetdndiigtledint beamoaatlstad isphli fixell A@rroMiai tlkeficotieanyiofitfided nditrérs to

i nci dent beam and a second incident beam the first incident beam being

di r ect ed Pt BREFES Py ePhing iseaond g e iEtrddniFrars a8 poreoat st MsvaAtrbe aFtay  of

corney cup@omelf L@et @fsctdr® akmgr£tdc8hd eshwhrl WReRvarsé phdtandi depefasthecomyeabl e
array of corner cube reflectors and the first array of fixed mrrors al ong

a first fdlegigd beaahdondiedpisial e migaiPl gl seandagray of foredmifrgl} ect ed beam
wherein the auxiliary mirror further optically coupled to receive the second reflected

beam and reflect the second reflected beam towards the beam splitter;
wherein the beam splitter is further optically coupled to receive the first reflected beam

20 and combine the first reflected beam and the second reflected beam to produce a combined beam

that is directed towards the detector.

11. The MEMS device of Claim 10, wherein an optical path difference between a first
position of the moveable array of corner cube reflectors and a second position of the moveable
array corner cube reflector is equal to a displacement of the moveable array of corner cube
25 reflectors between the first position and the second position multiplied by twice a sum of four
times a number of corner cube reflectors in the moveable array of corner cube reflectors plus

two.
12. The MEMS device of Claim 4, wherein each corner cube reflector in the array of corner

cube reflectors has an angle between 90 degrees and 120 degrees and each fixed mirror in the

30 array of fixed mirrors has a corresponding angle.
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fromthe initial corner cube reflector of the noveable array of corner cube
reflectors; an auxiliary mrror optically coupled to receive the second

i nci dent Wwoamoanz¢hsso refl ect the second incident beam t eaaru$goian3ismiti al
fixed mrror in the second array of fixed mrrors to be reflected between
the second array of fixed mrrors and a second side of the noveable array
of corner_cube reflectors alon second forward and revers ath and

out put ad3a SE@HMENPE%WEEP ghﬁgéﬁﬂﬁFﬁﬂ?gﬁé“@ﬁ???@?“??&%ﬁ?ﬁ%ﬁ%@?&of t he
second array of fixed mrrors; wherein the auxiliary mrror further
opticallﬁﬁcou |l ed to receive the second refl ected beam and refl ect the

second reéfl ect¥aMiddndeusart §laine! b adieradp e 1&1: ofwigsdemirahanh&snVEMS t t er

is furthgsuapt L&q‘aﬁﬂea&au@ingch BQpr L&Y o Behih) lpsdcedsefdaedt egbvbaaMaAaRnd of
conbine the first reflected beam and the second refl ected beamto produce a

conbi ned cpragrAubhestleqtars d fabriqated upipgan dysqupicabebieg bet.ctching pIosesSVEVS devi ce of
Cl aim 10, wherein an optical path difference between a first position of

t he noveabl e array of corner cube reflectors and a second position of the
moveabl e Lar r ajhcMENEY deyigh of Clirh dcfiughericompysiad: t o a di spl acenent of the

moveabl e array, Qgrgriﬁ?loslroglﬁé é(g"%ﬁlgct%n f he Gl Rk f &%"k‘ﬁ&ﬂd& Dintilal 28rmBOThE }eg];éctépd t he

second position t ce a sumo our tinmes a nunber cor ner
cube r ef lireibt orwseabie arhg offpvrealkhie wflecays.of corner cube reflectors plus two.
12. The MEMS device of Claim4, wherein each corner cube reflector in the
array of corner cube reflectors has an angle between 90 degrees and 120
degrees aad edlcdhMEMSadEvive of Glaim i, Wiheeiar ray of fixed mrrors has a
correspondi ng,angle. 13. The MEMS device of. CJaim 12, wherein the angle is
obr oxr e 915 B s i Sy B R Bl i 15 "whor et he
arrayo of fi xegheMidvelscomnd clitvere M faticd aictidead tirtlabgd gapcddicuist ghafideep
reactive ion etching process and the npveable array of corner cube

ref | ect of$ea8d thespqoad edes: (heithe! colge Uklvdpe ypiveseik ald ne wet et chi ng process.
15. The MEMS ghgMirsi€ardf seCbiti 8gds afeUbdph@ted CRIMPtheS kuMdirat@ by Ot hi€ ahp $OWhMR: T OF
directing the incident beamtowards an initial corner cube ref?ector in the
noveabl e MeVeEsnt of the igshand seapnd edags) whilgthe thilgdgemgmamgErliondd- ce of O aim 1,
wherein: the first edge and the second edge are perpendi cular to one

anot her;
17. The MEMS device of Claim 17, wherein the incident beam is not parallel to a plane of

15 the substrate.

18. The MEMS device of Claim 1, wherein the incident beam is parallel to a plane of the

substrate.

19. A Michelson interferometer fabricated as a Micro Electro-Mechanical System (MEMS)
structure providing an optical path retardation multiplier, comprising:
20 first and second arrays of fixed mirrors;

a moveable array of corner cube reflectors moveable in an area between the first and
second arrays of fixed mirrors in a direction orthogonal to a plane of the first and second arrays
of fixed mirrors;

a detector;

25 a beam splitter optically coupled to receive an incident beam and to split the incident
beam into a first incident beam and a second incident beam, the first incident beam being

directed towards an initial corner cube reflector of the moveable array of corner cube reflectors
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t he noveabl e corner cube reflector further includes a third edge

perpendi cular to the first edge and the second edge, the third edge

i ncl udi ngwohrels2iosssr at e; and the first and second edgesParass@passased from
the substrate by an air gap to enabl e novenent of the first and second
edges, while the third edge remains stationary. 17. The MEMS devi ce of
Caim17, wherein the incjdent beamis not parallel to a plane of the
subst r at & bostleete(hbafrag adﬁﬁﬂ dee %ﬁ‘tﬁ%}%’v ‘fﬁb%, a"\%ﬁ P Frae i Fté?égrﬁndﬁlé%ﬂ’ﬂ s
paral | el airgy & leanarofs aldde aubIbiak@and@verd Michl Gt bd ard esreaed Bfam
fabricated as a M cro El ectro-Mechani cal System (MEMS) structure providing

an opt i calemghs Ritkbepgsrboisleaieriaf gieinavealle prgmi dicniger quos &fledf: second arrays

of fixed mrrgf sixiArRYEIRIphcAly AYpIOd (FREOE! (he UbRnl idiRAt Rt fHAVE3RIL I N an
area between the first and second arrays of fixed mrrors in a direction

or t hoyon#le seepnd iplidaabesm towardsiap duitigdritked eupBpdinghe Byendofmay| K ddchiiigr & a
detector ﬂeffa&@ﬁ%g%& €'se ARG &l J,u'%'a,ycrﬁﬁlr%seﬂldt SebiSide ol B e %a?%ﬂm and

to Sp| it the 1 ncident eaminto a I'rst 1 ncldent eam a a secon nci dent
beam t heomerapbe rafiefidesralongeiseedndifoyvadd aslceedse ithandsougmt ani sdcahd wleeied cube

refl ect O%ea;?jlﬁ frBH‘%he{Tiggﬁo 1 RELAY tﬂiﬁe‘éé}{d’uﬁag}Sgﬁ;‘?edrn%%f‘s(}t orsto be reflected

bet ween a rst s the noveabl e arra corner ' cube refl ectors and
the first arrapereoh the xedliary rmiowos fathengpécafly cstplédbrovecdvatid seearer gfepat h and

outpﬂ} as _a fk{sh [ flectgdfpea fromthe iqjtial.gqrner cube refl ector of
m and retlect second reflecte cam tf)iwar the _eamrsipht Cr,. . . .
t he noveabl'e array of "corner cube rerlectors; an auXiliary mrror optically

coupl ed to reohkérvia thhbeagegoiner is matlde nptidaba oo b gededel tectirst efleaat beuth
incident beamtowards an initial fixed mrror in the second array,pof fixed
rrors. ¢0 BEME P Ciel bR RER SRR TR Reddett g SR AP Eb BBk e ond
si de of theismvaablogagk fye@ttocor ner cube reflectors along a second forward
and reverse path and output as a second reflected beamfromthe initial
fixed mrror of the second array of fixed mrrors; wherein the auxiliary

mrror fuapt herhOptdneiddd tesotdRlclE of Olalif C@ifMenck BémsiRand refl ected beam and
reflect the second reflected beamtowards the beamsplitter; wherein the

beam'Spl i tt er 2 Pleyspwes fopdirgctiag My inadspt begm lgwrde Biepea pRAIUET-r st ref | ect ed
beam

21. The Michelson interferometer of Claim 19, wherein an optical path difference between a
first position of the moveable array of corner cube reflectors and a second position of the
moveable array corner cube reflector is equal to a displacement of the moveable array of corner
cube reflectors between the first position and the second position multiplied by twice a sum of
20 four times a number of corner cube reflectors in the moveable array of corner cube reflectors

plus two.

22. The Michelson interferometer of Claim 19, further comprising:
a MEMS actuator coupled to the moveable array of corner cube reflectors to cause a

displacement of the array of moveable corner cube reflectors.

25 23. A method for fabricating an optical Micro Electro-Mechanical System (MEMS) device
providing an optical path retardation multiplier, comprising:

providing a silicon on insulator (SOI) wafer including a top surface and a bottom surface;

photolithographically defining within the top surface of the SOI wafer a moveable corner

cube reflector optically coupled to receive an incident beam on one edge of the corner cube
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and conbine the first reflected beam and the second reflected beamto
produce a conbined beamthat is directed towards the detector. 20. The

M chel sorwormbsv2erssnet er of Cl aim 19, further conprisi ngCTaS2@pBEal sour ce
for directing the incident beamtowards the beamsplitter. 21. The

M chel son interferometer of C aim19, wherein an optical path difference
between a first positjon of the npveabl e _array, of corner cube ref|ectors
and a sefSHHOpHY OcPFJES‘hfecS‘P f%ﬁ%t i pedt geae’il? fragp aB%‘P?f@Pg%ﬁﬁBe ?‘%‘quéE‘BeofF‘L'?Céorequal
to a di splacenmfbr Optidihie comIRRRI Redid Y iRdidGOHEM réWoRd MRl &kt @ifkerkabyeen
the first position and the second position nultiplied by twice a sum of
four ti eglon g apergitie do et fgpacidert| ksamahask jtowirfs theohewsble cFtea Uy
corner cWbRchehd Se4RESIBEMS aloh® a erselfieh M GPGASQR: boMhEhirs MBS ac@hnl ai m
19, further conmprising: a MEMS actuator coupled to the noveable array of
cornet capwpladep |t mgyapbleorgn sebeaedicsy| ta c e nrdigfacement &f theymeyeaplp vampr e
corner c : : ~ [ : r

£l ect o Nesrancear Byataftsg Sl 1o TRt paRl i SRl Rl G

r et ar dat irdlectadib¢anpl i er, conprising: providing a silicon on insulator (SQO)
waf er incl udi . ; ' pcally
ot i ni ng.wi t oo P BHEG RpuRRE o P SO 6 B BRI BERTIPRLEE,

r ef | ect owsiogt deplréagtivoiop kebling process ¢d foemalre fixed ndenit and dlanVibN Soweaedged of t he
corn cuberefl ector and, oper abl e ekl ect t i.nci dent be m anot her
cdge ot ‘e corni Py BRbERPRRRS of Ge PRk G MG Slerg SR pPERED
recei ve ufieg amaiichanpic bkaknervedt kebing grdcecno fone tdeonaenble ubaer@bé eticaor. and
operable to reflect the incident beam back towards the noveabl e corner cube
reflector as a reflected beam along a reverse path of the incident beam and
a MEMS actuator coupled to the noveable corner cube reflector to cause a

di spl acenent of the noveabl e corner cube reflector perpendicular to a plane
of the fixed mrror to extend an optical path length of the reflected beam
etching between the top surface of the SO wafer and the bottom surface of
the SO wafer using a deep reactive ion etching process to formthe fixed
mrror and the MEMS actuator; and etching between the top surface of the
SO wafer and the bottom surface of the SO wafer using an ani sotropic

al kal ine wet etching process to formthe noveabl e corner cube reflector.
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