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present invention relates to electrical and electronic
conponents, circuits and devices. Mre specifically,
the present invention relates to electrical and
el ectroni c conmponents inplenented with
m cr o- el ectro-nechani cal (MEMS) devices. 15
IMPROUEB NPT BECBRI (e MREPHTE & BAREABYA (PSAS T EIRe BE YHCE APy HETHOD OF
MAKING &&¥% oni ¢ devices are being inplenented in MEMS
technol ogy. MEMS technol ogy offers |ower | osses than
conventional inplenentations of discrete conponents.
Unfortunately, for certain types of 20 conponents such
as variabl e capacitors, prior MEMS designs have not
taken full advantage of the |ow | oss potential of MEMS
t echnol ogy. TheseBpGKGROWDIHOEFEIE ANYENIAON somewhat
| ossy due to parasitic effects associated with the
actuati on nechani smof the MEMS devices. Further,
pri or MEMS designs have used el ectrostatic actuation

and bineﬁ : %E irlg approaches. Unfortunately,
el ectros on is inpractical for a variable

oapaci tor inplenentation and the bi netal approach has

been found to be too,. slow and requires too rmuch power
Hence, aTRe&psEy ivertipn; 1glagep do glpqtrupa(l) it ﬁle?t];pﬁi,cocipé(a)onents ‘circuits

var iahl @viaPacibrr sﬁé@@ibﬂﬁl Ni%Y |p§‘é§§‘rﬁt Bdentioh NeeMENSo0 electrical and
technol ogy. This need was net by the teachings of

U.

S. 3fechenie pempgmehts depleenteyithmicnyeleqtoy mechagicd (MEMS) devices.
entitled M CRO ELECTROVECHANI CAL SYSTEM DEVI CE W TH
Pl EZOELECTRI C THIN FI LM ACTUATOR, fil ed Novenber 14,
12002 by DesdPmtikn ef thaRelatedtdity. Docket No. PD 01WL32),
t he teachi ngs of which are incorporated herein by
reference. This

Various electrical and electronic devices are being implemented in MEMS

technology. MEMS technology offers lower losses than conventional
implementations of discrete components. Unfortunately, for certain types of
20 components such as variable capacitors, prior MEMS designs have not taken full
advantage of the low loss potential of MEMS technology. These prior approaches
have been somewhat lossy due to parasitic effects associated with the actuation
mechanism of the MEMS devices.
Further, prior MEMS designs have used electrostatic actuation and bimetal
25  strip approaches. Unfortunately, electrostatic attraction is impractical for a variable
capacitor implementation and the bimetal approach has been found to be too slow and
requires too much power.
Hence, a need existed in the art for an improved variable capacitor design
implemented with MEMS technology. This need was met by the teachings of U. S.
30 Patent Application serial mno. 10/294,413 entitled ™ MICRO ELECTRO-



application discloses and clains a radio frequency

MEMS device with a piezoelectric thin film actuator
wdizeosed2 over a substrate and conductive bunmpeCniised6/000069
serve as spacers. In one enbodi nent, the device is

di scl osed as being usable as a tunable capacitor in

whi ch the inter-el ectrode spaci ng between a conducting
path el ectrode and an RF path el ectrode is
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are difficult to control. Bumps are often plated using pulse plating and checked
quite often to achieve optimal height. As an alternative, the bumps are lapped
afterward to a specific height. This can yield a very uniform bump-to-bump height,
but it does not compensate for the variation of volume of the screen printed solder
25  paste or conductive epoxy.

The screen-printed material depends greatly on the tolerances of either the
machined stencil or the emulsion on the screen. Laser machined or chemical etch
stencils will typically have a tolerance of +/- 0.001 mil., which can result in great

volume changes if the opening in the stencil is small such as 0.004". Emulsion



vol une changes if the opening in the stencil is snal

such as 0.004". Enul sionscreens provide inconsistent
woabwsresdeposi t i on because of the screen nesh POaNS2006/000069

i npedes the flow of nmaterial. Another approach is to
assenble the flip chip using thermal conpression of

the entire chip onto mall eabl e pads. This nethod
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plural stops are used. In the exenplary enbodi nent,
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limiting movement of the first contact relative to the second contact.

In the exemplary embodiment, the gap control mechanism is a gap control
stop constructed of dielectric material. In practice, plural stops are used. In the
exemplary embodiment, plural thermosonic bonds are used to connect the actuator to

25  the first substrate. A second substrate is disposed over the piezo-electric actuator.

The second substrate has wells over the bonds to facilitate application of a bonding

tool to the bonds.



Fig. 2 is a cross-sectional side view of an
illustrative enbodi nent of a MEMS device in
wdizemasersdl ed rel ati on and i npl enented i n accoPdams2006/000069
with the present teachings. Fig. 3 is a
cross-sectional side view of a MEMS device of Fig. 2
in assenbled relation. Fig. 4 is atop viewof a
single MEMS vari abl e capacitor nmounted across a CPW
transm ssi on | iBRIEFDESCRIPTION OF TRE DIRSWINGISS t er
i mpl ementation in accordance with the present
teachings. Fig. 5 is a perspective view of an
illustrative inplenentation of a | oaded |ine phase
shifter utilizing MEMS variable capacitors in

accor danig hilf1p f1ees-sseléanahpide gaghiohdhe MEMS devicg disclosed and
§ChelRlddGn He @I, 0  1nbi&sibh | Ustrative inpl ementati on

of agﬁoad_réd e! i ne Shaagglsrﬁ fter utilizing MEVS vari abl e
capaci t ofig. Dis aRrgssBectiong sidp vies of ageliustratied entlpdingdng of ®MEMS
a chlga .tinltﬁ%gslé{hb%ﬁ r%lagoﬂs gl% b r1e1llgr}teedr dnI o E)Iadtal%de iql the present
m crostri'p coupled transm ssion rine band pass Vit ter

ut i teadiimgg. t he vari abl e MEMS capacitors of the present

invention. Fig. 8 sho a. sche ic diagramfor .
e ot b e RO RS TREED R 2 pasembie
1bangkipss filter of Fig. 7.DESCRI PTION OF THE
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teachings of the present invention. he present

i nveih therpresentdeaskingbed herein with reference to

i | lustragive: [ ' j.cat ] .
[t shoul HEno A SRRad e of B R BRRRR e 5uded tne
1% i nphasel shifter etilizingl MISMS hawviblilg copaditoi@ariyy &kordbnce nwittthéhe present
art,_and access to the teachings provided herein wll
recg’@‘ﬂﬁl%‘ addi ti onal nodifications, applications, and

Fig. 6 is a schematic diagram of the illustrative implementation of a loaded

line phase shifter utilizing MEMS variable capacitors of Fig 5.
Fig. 7 is a sectional top view of a circuit layout of a 5 section interdigitated
20 microstrip coupled transmission line band pass filter utilizing the variable MEMS
capacitors of the present invention.
Fig. 8 shows a schematic diagram for interdigitated microstrip coupled

transmission line band pass filter of Fig. 7.

25



enbodi nents within the scope thereof and additiona

fields in which the present invention would be of
weigwizésant utility. Fig. 1 is a cross-secti orai/useae/000069

view of the MEMS device 10 disclosed and clained in

the Park et al. application, the teachings of which

are incorporated by reference herein. As shown in Fig.

1, the device 10 includes a sem conductor substrate

14, a pi ezoel ect r DESCRIPTION @RTHEANVENBIOMUNt ed on

the substrate 14, a conducting path el ectrode 18

driven by the piezoelectric thin film actuator 16,

conductive bunps 22 which are connected to an externa

vol t age source (not shown) and prOV|de t he vol tage
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properties, for exanple, lead zirconate titanate

(PZT). The PET clepnseriiongl side uigwoef the Mwsmwe dOphSICiosed and
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il Cgl E 1Er Ve 't 3 1
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fi | andpedvidd e vditgh ascessatyl f’é?gp&a[tﬁhé iedevRRd0 526’1 l@db@&ﬁtrbhbstrate
t he sem conductor substrate 14 and a free distal end

2056 ZxrBhditing 1t BF-aut pah cleciredss o3 @@1 ¥ moated Wvsthe Rk circuit
14.subfite 24 so as to be spaced from the conducting path electrode 18. The

piezoelectric thin film actuator 16 is fabricated in conjunction with the semiconductor
substrate 14 and transferred to the RF circuit substrate 24 using flip chip technology,
for example. It is noted that in the illustrated embodiment the bumps shown in the
25  right side of Fig. 1 act as spacers, although the bumps could alternatively form part of
another device, if desired.
The piezoelectric thin film actuator 16 may comprise any suitable material
having piezoelectric properties, for example, lead zirconate titanate (PZT).
The PZT thin film actuator 16 includes a pair of electrodes 40 and 42, a

30  piezoelectric layer 44 made of lead zirconate titanate (PZT) disposed between the



PZT thin filmactuator 16 thus forns a cantil ever

beam which is noveable within the trench regi on 60.
woOnodehgeisk | ustrat ed exenpl ary enbodi nent, the PCT/US2006/000069

conducting path electrode 18 is transverse the

| ongi tudi nal extent of the PZT thin filmactuator 16.
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por trmh afd l@lf-oﬁtq%t}ﬁ@_ctltohés@j dnliqaged H%s%rsel@ie Iéé%ﬂﬂdﬁﬁr&tent of

downward, the di'stal end 56 urges the conduct
el ecthe BE thig film aefeston 16, wris shewaomFigel. with t he RF in
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28| adOjand %gyt@ PZ§ layer 44 changes its dimension in I)éngth that 1s the PZT layer 44
respectively expands and contracts. The elastic layer 50, in turn, converts the
expanding and contracting of the PZT layer 44 into upward and downward movement
of the cantilevered or distal end portion 56 of the PZT thin film actuator 16. When
bent downward, the distal end 56 urges the conducting path electrode 18 closer to or
25  in contact with the RF-in and RF-out path electrodes 32 and 34. When bent upward,
the distal end 56 urges the conducting path electrode 18 away from the RF-in and RF-

out path electrodes 32 and 34.
The PZT thin film actuator 16 thus actively controls the displacement between
the conducting path electrode 18 and the RF-in and RF-out path electrodes 32? and

30 34, The amount of displacement depends on mainly the driving voltage, and the



When enpl oyed as a switch, the RF MEMS device 10 can
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often to achieve optimal height. As an alternative, the bumps are lapped afterward
to a specific height. This can yield a very uniform bump-to-bump height, but it
does not compensate for the variation of volume of the screen printed solder paste

25  or conductive epoxy.
The screen-printed material depends greatly on the tolerances of either the
machined stencil or the emulsion on the screen. Laser machined or chemical etch
stencils will typically have a tolerance of +/- 0.001 mil., which can result in great

volume changes if the opening in the stencil is small such as 0.004”. Emulsion



stencils wll typically have a tolerance of 0.001

ml., which can result in great volune changes if the
wopessioigisen t he stencil is small such as 0. 004PCT/US2006/000069
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The transm ssion |ine 23 provides for input and out put

Y raplientivpe @B nwye( MR co-planar wave (CPW) transmission line. In the
illustrative embodiment, the base substrate is fabricated of alumina. However, those

of ordinary skill in the art will appreciate that the base 24 may be implemented with
quartz, gallium arsenide, Duroid or other suitable transmission line dielectric medium.

The transmission line 23 provides for input and output of radio frequency (RF)

25 signals. A first contact 34 is disposed on an upper surface of the base substrate 24.
As per the embodiment of Fig. 1, a piezoelectric actuator 16 is disposed over the
upper surface of the substrate 24. A second contact 18 is coupled to the actuator 16

and disposed in proximity to the first contact 34. In accordance with the present
teachings, a gap control mechanism is disposed between the base substrate 24 and the

30  actuator for limiting movement of the first contact relative to the second contact. In



signals. Afirst contact 34 is disposed on an upper
surface of the base substrate 24. As per the

wenhwdiremnt of Fig. 1, a piezoel ectric actuat oPCTAS2®6/000069
di sposed over the upper surface of the substrate 24. A
second contact 18 is coupled to the actuator 16 and
di sposed in proximty to the first contact 34. In
accordance with the present teachings, a gap control
mec htae iiliamrati;/eobinﬂ)pdismdt ket gaﬁ eonttdi mdobaﬁns ishsbviaddeby24 plurality of

and t he ctu vene of . the flrst
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of photo resist or other dielectric nmate
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Capawctrét[es ebRGihE de@{itol-&c@%leﬁ’es dpeciRkLad KRS AN S, With this
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To construct the device 10°, in the illustrative embodiment, a photoresist of

appropriate depth (e.g. 2 microns) is spun on the base 24 and the height is controlled

(e.g. to approximately +/-200 angstroms). A photo mask may be used to locate four
25 posts near the periphery of the chip in areas of base substrate which will serve as the

gap stops. The alumina base substrate 24 is placed on a bonder such as a Hybond

Model 676 Utrasonic thermosonic wire bonder with a SPT (single point protruding-v

tab) tool 19. The silicon chip is placed and located using outside alignment targets on

the base substrate. After alignment is completed the gold to gold (Au-Au) bonds 25
30  are welded through the holes 15 and 17 in the silicon substrate 14.



woul d conprom se insertion |oss performance. To
construct the device 10', in the illustrative
wenhwdiremnt , a phot oresi st of appropriate dept RCTAISZN06/800069
m crons) is spun on the base 24 and the height is
controlled (e.g. to approxi mately 200 angstrons). A
phot o mask may be used to | ocate four posts near the
peri phery of the chip in areas of base substrate which
wi | | ser wethesiltdnatigagnisidonsit, afthehnadnt Bhdéledaeis® connection is made

substrate 24 i | aced, on a bonder. such as a bond )
oo Eergotical it WSO 40 B 3 b mglspide of
(si nigd £0RQINE tdihUdWE pAD3 VoittBd ol 88hd 3Pen thEBastishibsEaiR 24 using
chip is _placed and | ocated using outside ahgﬁnnent
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through the holes™15 and 17 in the s ubstrate
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el e ' J I's made by thernosonically
bon%%%g%?%%&%gggghggﬁ'ZQ of the gold bond 25 on the

under si d&n af illubteatie embddimeritSthe holeh &5, W@ Ithgstcdd shbafate 14 are
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1bol @scloBed inhd dboPe Edfdrtncsdl PakleaLE . apBicaaendiThg thdinedtalt bonding
holes in the fliﬁ chip substrate the thernosonic power

i s GrRPersgonticdllnyrgy padimen g |50 iV qhelirasasic rayef.o 00ms
t he ghRRoRank P86 §WPEIEA I Bhis fiBl ford, RELIBeR ARG 10%@ F‘en‘@ﬁﬁf time is

achieved. In an”illustrative enbodiment, the holes 15,
17 npedefiéo pénefratorihroudisthe aitedel Byers en deeepliqonzod iwedd thoypper and
et ch LEr r,3 50 under the gold pads
(Th&%a?gggﬁégﬁ%gggﬁ%ﬁhgﬁ%%g%%&%'referenced Park et al.
lappl i cat Fign3 isTheodsksectivnsleidecvidyo nfla MEMS deviet «fFég. 2dn assembled

bovas ool P ufoRseribia: w8 abest 3nd Ve badt i S freether
f or peyvidei G EMERS @Adthk aRg doarelt kopd ekteite fillyy Beeead the base

to penetrate through the nitride layers on the silicon
and SyRsfrate 44 nﬂﬂﬁéwgﬁﬁﬁlﬁomer pads together to provide

the bondgjg23.is Eitgh vidwi o adsifdIONEMSE Ghiliabapatit® nYdugWd Aross a
a MEMS device of Fig. 2 in assenbled relation. Note
20 haCPWh &ansayssiapplinedn ap pldustpiperphaseashifprdmplsagrtatignein accordance
wel %ﬂ tflé)gl%gé'ﬁﬂeaélﬁngs. As shown in Fig. 4, the device 10’ is aligned using four
alignment targets 41. The inventive flip chip 10’ is secured on the base substrate (not
shown) using four bonds 25 at the corners thereof. Lines 43 and 45 allow for the
application of actuation signals to the piezo-electric actuator 16. The dark rectangle
25 in middle of the device is capacitor electrode suspended between piezo-electric
actuators. In Figs. 2 — 4, note the removal of the upper silicon substrate 14 in the
region of the capacitor so that no lossy material would be in the region of the resonant
structures.

Fig. 5 is a perspective view of an illustrative implementation of a loaded line

30  phase shifter utilizing MEMS variable capacitors in accordance with the present
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provi de the bonds 25 and the gap control stops extend

fully between the base substrate 24 and the actuator
waaoocki7eIs24 is a top view of a single MEMS var Pabius2006/000069

capaci tor nounted across a CPWtransm ssion line in an

illustrative phase shifter inplenmentation in

accordance with the present teachings. As shown in

Fig. 4, the device 10" is aligned using four alignnent

t ar gedtcbingd . InThig. 4 Iﬂibesillﬁdoneulfskrhtp 1¢h¢ ghobl' flipiSedSAEIhE e section

t he S substrate t s usi ng four honds 25 at
tho RThEPE FhEruge PP HootHaY AHPBTE by Bt verthle capaitos
app!1ioc afei dpostld A6t ziléiibbt@ﬁe :54 gAY hAndriSsidH 1%034% %féb&ée& above
actuator 16. The dark_rectangle in m ddl e of

devitbesubsiraiedhio nrevideRE dnubend apheFiged woaefeohe@mc diagram of the
Bi ezifPUSﬁldﬁ\%t ﬁﬁ;ﬁerﬁ’&'&dﬁ%h f 341 loAddd Fﬂngzpha% S-hlqei LRI?E!?ﬁtI\IZEMS variable

renoval of the upper silicon substrate
r egicappciiorstidiig aﬁpaéﬁ tlﬁ')leVLécIlttﬂ”m Frp G (Qfg?y trapsraissiod lines 102 are

\I’:\?;lpggp(ﬁ%alllg %Qﬁ‘leﬁ gnabtl 1ag‘i of e iraciets fqtn{b}l% SBunt capacitors

erspect i Ve View
[ rrpISEmmnlriahlil}Om toth grolmbdbaduckdrs eInphaﬂlastsdmlvé t@bodiment, 8 capacitor
[ ari abl e capacitors in accordance with

utll'z'n %
t he k?é@%ﬁ??@ﬁ ings. In Fig. 5 the silicon substrate

104 is shewn7fil b RE&RNM b vicheofGedicalt 15R6E bON5 BEGHAR Gnterdigitated
away .as di scussed above. Below the substrate 14

pl urAFrOYEP CaRIed tranpaissipn e brnd passdilter 2000y diaing e vagiable MEMS

Subshfadkiys 26 ot RMRELT iBRRAbSSI on |ine 34 is di sposed
above the substrate 24 to provide RIJF input and

out put . Figg.8 shavs a schernatint dl@grama@ramemcﬂlgtm@ microstrip coupled
il o h

i PRt TR TR AR Bni8 . RE Ry HE T s, variabe
1As p@aQWanQQ irtading @m th¢ gnds®f tHERMWhsmasismiias rdsmaltcnm 282 1Q20 (even
are_pesiodi spanne t he vari abl 0 "
el el e 2 on]fcygﬁir@/‘ﬁs gﬂlﬁn‘% ﬁ BT (tsALeny, er aé%\#’ 9{ t Blustrative
bot Itbc@ﬂicﬂls fod théqfléiu%ﬂdaﬁﬁzall}l actiatsd dapdcitst &ledtiodes are 1ndlcated in Fig 7.

tor el ectrodes are used Fig |s

o B PGPS BPeTHOT: 180 61 Figh e dy Bl EMSiglefes are mounted

S e C bh @ @mg]%tSQTCGh GhtsRh8 thatls Gl H lohf® tﬁ@b’iﬁﬁlﬁﬁ hE@h Smesc%h@flof the
line ass filter 200 utilizing the vari abl e

20 apgeepqw@stz@@e is ggain Hishst s e ahv hessomatenal would be fn the region

of the resonant structures. RF signals are input to and output from the filter 200 via
the first and fifth resonators 202 and 210 respectively. The RF signals are then
coupled between the resonators.
Thus, the present invention has been described herein with reference to a
25  particular embodiment for a particular application. Those having ordinary skill in the
art and access to the present teachings will recognize additional modifications
applications and embodiments within the scope thereof.
It is therefore intended by the appended claims to cover any and all such
applications, modifications and embodiments within the scope of the present

30 invention.
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Fig. 8 shows a schematic diagramfor interdigitated
mcrostrip coupled transm ssion |ine band pass filter
waQWemii6ilB2g. 7. As shown in Figs. 7 and 8, var pabius2006/000069
capaci tance | oadi ng on the ends of the transm ssion
line resonators 202 - 210 (even nunbers only) allows
tuning of the center frequency of the pass band.
Illustrative |locations of the piezo-electrically
act uat ed Ampaliigiyr el ectrodes are indicated in Fig 7.
As per the phase shifter circuit 100 of Figs. 5 and 6,
the MEMS devices are nounted on a single silicon
subst r at evHAgtISicL Avigapeyd onto the alumina circuit.
The center of the silicon substrate is again etched
away so that no | ossy material would be in the region
of the resonant structures. RP signals are input to
and output fromthe filter 200 via the first and fifth
resonators 202 and 210 respectively. The RF signals
are then coupl ed between the resonators. Thus, the
present invention has been described herein with
reference to a particular enbodiment for a particul ar
application. Those having ordinary skill in the art
and access to the present teachings will recognize
addi tional nodifications applications and enbodi nents
within the scope thereof. It is therefore intended by
t he appended clains to cover any and all such
appl i cations, nodifications and enbodi nents within the
scope of the present invention.Accordingly, WHAT IS
CLAIMED | S: CLAIMS 1. A micro-el ectro-nechani ca
vari abl e capacitor characterized by: a first substrate
(24); a first contact (34) disposed on a first surface
of said substrate (24); a piezoelectric actuator (16)
di sposed over said first surface of said substrate
(24); a second contact (18) coupled to said actuator
(16) and disposed in proximty

12



to said first contact (34); and a gap control stop
(37) disposed between said substrate (24) and said
wactasawers2 (16) for limting novenent of said fPCEUS2006/000069
contact (34) relative to said second contact (18). 2.
The invention of Caim1 further including plural
bonds (25) between said actuator (16) and said first
substrate (24). 3. The invention of Caim2 wherein
sai d bonds (25) are thernosorgicA$ dgol d bonds. 4. The
invention of Caim3 further including a second
substrate (14) disposed over said piezo-electric
actuator (16). 5. The invention of Caim4 wherein
said second substrate (14) has wells (15, 17) over
sai d bond$ 4 pEyoelscireraicrhanisalevagiphle canatitasshashcterizsd hyli ng

tool to sgi t%ﬁ)@t@aﬁe&ﬁfg) . 6. The invention of Caiml
further including a netallization layer (23) under a
second su# first eontrict §4) disgsedorda Susbstriaad & sgid4hbstrate (24);
a piezoelectric actuator (16) disposed over said first surface of said substrate
5  (24);
a second contact (18) coupled to said actuator (16) and disposed in proximity
to said first contact (34); and
a gap control stop (37) disposed between said substrate (24) and said actuator
(16) for limiting movement of said first contact (34) relative to said second contact
10 (18).

2. The invention of Claim 1 further including plural bonds (25) between said
actuator (16) and said first substrate (24).

3. The invention of Claim 2 wherein said bonds (25) are thermosonic gold-

gold bonds.

4. The invention of Claim 3 further including a second substrate (14) disposed

over said piezo-electric actuator (16).

5. The invention of Claim 4 wherein said second substrate (14) has wells (15,

17) over said bonds (25) to facilitate application of a bonding tool to said bonds (25).

6. The invention of Claim 1 further including a metallization layer (23) under

a second surface of said second substrate (24).
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