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a resonator that:
Uses an anchoring structure that can be assumed to be
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1v thin and located at real nodal noints:
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all movmg area. and
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Thesge reguirements can be satisfied to some extent by the

These requirements can be satisfied to some extent by the
radial mode disk resonator developed by J. Clark et al., [9]
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stem. This finite size stem becomes a route for kinetic energy
which is transferred from the resonator to the substrate and
hence reduces the overall Q
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to t the re t t by
the resonator at at least one of the nerinheral nodal noints to nrovidine a substrate nd Fnrmmn fhp resonator on the
the resonator at at least one of the peripheral nodal points to providing a substrate, and forming the resonator on the
reduce mechanical losses to the sul bstrate 5 substrate The method further includes forming the non-
A P T R TP oy
11 U W we sSuustrdic o
i substrate. The at least one
substantially simultaneously with
re that the at least one
ocated at one of the peripheral

tor. The resonator may be a ring re
outer perlpnerle wherein the d

The resonat,r may be a disk resonator or a ring resona
The disk resonator may be a solid disk resonator.

rive electrode structure

The non-invasive support structure may force the reso- includes inner and outer sets of electrodes disposed about
nator to vibrate in the desired mode shape while suppressing 15 the inner and outer peripheries, respectively.
...... mdacdead sma i dn oo MTha alhncrn Allant amd ~thae Aliantae Faotrirag amd o dona
Cllly unacsirca moac Dlldycb. 110U dUDUVE UDJUCL dalltl ULLICL DUJUCLS, 10alulvd, diiu auvdlil-
The desired mode shape may be a compound mode shape tages of the present invention are readily apparent from the
such as a Wme-glass ode shape or a triangular mode shape following detailed description of the best mode for carrying
The device may further include a drive electrode structure out the invention when taken in connection with the accom-
formed on the substrate at a position to allow electrostatlc 20 panying drawings
aveitotine ~F tha wacnmatar o thot thn eacnmatar 1o dederam T
CACILALIULL UL LU IUSULIALUL SU LHdL LHC 1O ULIALUL D urivelal 111
the desired mode shape. The resonator and the drive elec- BRIEF DESCRIPTION OF THE DRAWINGS
trode structure may define a capacitive gap therebetween.

The canacitive cap mav be a sub-micron, lateral. canacitive
The capacitive gap may be a sub-micron, lateral, capacitive
gap. 25
The drive electrode striictiire mav be disnoge, d skt tha two-nort bias and excitation ation:
10 ULIVE CICLLIVUUC Slucilule |1 lcly ve ULDPUDCU avuul e Lyyw 1l viao ativu valduduivii L‘«UJULA,
periphery of the resonator, and the desired mode shape may e e shape computed by a
be a wine-glass mode shape
The drive electrode structure may include a plurality of . c vie
split electrodes. 30 wine-glass mode disk resonator with four anchors in the
The decired mode shane miasy Lo fiimthor ahorantarcioad b tvnical bias and excitation conficuration:
1UC aucsicu mnuuc buayc llldy UL urler cudracierisoi Uy L ttt-“;ll U.l‘:h) uxx\.{ VA\-J‘“'UJUII \-’k‘lllll‘s LAty -
a central nodal point which to a center of the FIG. 4 is a wine-glass mode shape simulated by the FEM
et I
resonator. The central nodal point and a pair of the peripherai ~ ANSYS package;
nodal points are disposed on a nodal axis having substan- FIG. 5 is a triangular disk mode shape com
tially no radial displacement at resonance. 35 FEM ANSYS package;
B sy inelid arality of anchore F1 6 is a perspective. schematic view
iay inciud uraiity oI ancnors oo v a t}vlot}v LIVE, SCACMAHC VICW
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siructure m
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may inciude a p

The device
or silicon-
tic velocit
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The de:
Shane Oor a
shape or a : de ed

F pauernea p01ysmc0n disk;
Af ¢ 10 is a cross-sectional view showino the anchor
of t G. 10 is a cross-sectional view showing the anchor
cha i opening through the capacitive gap oxide layer and through

TN PP UL i o I N R D
LG SdCllliCldl OXIUC laycl,
t FIG. 11 is a cross-sectional view showing the sacrificial
incl 55 oxide deposited after patterning the doped polysilicon elec-
- trode laver taken alone line 11—11 in FIG. 3: and
[RE8 OGC 1aYCT lakenl ai0ng N 1a—aa I ri15. ) ana
the FIG. 12 is a cross-sectional view showing the self-aligned
i etching of the structural polysilicon to form the disk struc-
on ture taken along line 12—12 in FIG. 3
60
- NETAIT END NECORIPTION OF THE
DETAILED DESCRIPTION OF THE

structure. PREFERRED EMBODIMENTS

Siill {urther in carrying oui ihe above object and oiher
objects of the present invention, a method of making a In one embodiment of a micromechanical resonator
micromechanical resonator device having a desired mode 65 device of the present invention, a disk is anchored at the side
ghana 1g nravided Tha davisa inaliadag o rogonator and o nndal wndnto iging o Anite gize anchor writh alhanliite ooen
Dlla}}\/ g PIUVLU\/U 110 ULVILL 1HVIUULD a 1vdullalvul alud a oual PUL AL ublllé a HUile dSlZv alviul 1Ll AUDULIULIL ZV1U
non-intrusive support structure attached to the resonator at at radial displacement at the side anchors. In contrast to finite
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almost 7zero radial disnlacement
aimost zero radiai dispiacement.

tangential di snlacement mmlzed b

Uniike the radial contour mode disk resonator which is
charantarizad hy aarial dilatinn anly the wina_oglagg wilkea o
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tion mode involves both aerlal dilation as well as rotation as
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To operate the device, a DC bias voltage V), is applicd to
the disk structure through the anchors 12, while an AC input
is applied o one sei of ihe symmeiric electrodes 14 shown
in FIG. 3, the other transverse set of electrodes 16 is used to
sense the output current. The AC input signal creates a time
varying force between the electrod d the disk body 19.

he device mode fre-

=

When thm tlme Varying force is a
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where x is the mode displacement at the edge of the disk 10,
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is the change in electrode-to-disk capacitance per unit dis-
placemeni and
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is the mode vibration velocity at the di k outer diameter.
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v 2, gry, BL (dry BL L] (6)
PR ER) T 2Ra R 2RA AR ) s
where G=ACos(20), H=ASin(20) and the
10

B
Z = —4.5236 [111.
A

and parameters associated with its transducer ports [9].
Usi g the proceaure of [9], the expressions for equivalent 20
antinial waciotaian Fin A ataian T o] mniso adltoian Y
mo Ulldl lcblbldllbc I\x, jauctiance o atu ©. yauuauuc k/x
can be written as
Motional Resistance
25
R, =
30
Motional Inductance
Fity 35
I = —
L=
NA a1 Y e o e
viotional Lapaciance
40
?;2
Co=—.
=%
45
where
ac 50
n=Vp——
g
is the electromechanical coupling coefficient, Q is the reso-
nater anality factor V. oic the hissing voltace O ic the 99
latulr \iu lll.y Laviul, Vp e Ulablllé VULLQB\/, A . I AU L VY
electrode-to-disk capacitance,
ac
3 60
is the 1n[egralea change in electrode-resonator capacuance
“““““““““““““““ 4+ Fre o cinagle Atradeamt vt o e o il a
PCI Llllll. Ulbyldbclllcll 1071 a Sifigic Llucl\.lld L PUIL alu lllr lb [A81w) 65
effective mass at the electrode location given by equation

(7):
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by K =w_*m_ and so the equivalent circuit elements can be
computed.
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computed via the expression:
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center of a c . Ve

000 N/m for a 73 MHz wine-glass resonator is more than
250 times the 1.500 N/m of a 10 MUz CC-beam. the former
350 times the 1,500 N/m of a 10 MHz CC-beam, the former
1 store 350 times more energy per cycle for the
same displacement amplitude. With energies per cycle many
times larger than those lost to viscous gas damping, the

wine-glass resonator of this application, and virtually any
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Snowin ¢ i1 €IECtroac
75 is cappe hard mask
I
. . 1 1 o 1
S Iier being aoped. cd and
alionment of the anchor to the disk nodal noints. In con- nlagma etched . the nsferred to
aiignment of the anchor {0 (he disK nodai points. in con ymmuu ctched, the nsierred o
y

n+ blanket 1ayer in n 7 0 i
rus doping at 950° C. to form the shieldine oround vlane 71 FIG. 12 shows he device
rus doping at 950° C. to form the shiclding ground plane 71. FIG. 12 shows he device
Following the diffusion step, the process Droceeds to create 15 presenting the anchorin, .., stem
o moaggivatinn laver t denlate daiang o B I g e 3 cmahoe QM i natiantan £1 A
a deblVdLLU 1 ldycl LU IdULaALe W leD aulaga llll.ClL«UllllC\.«l. 1oL aucnul OU) Ll iiviv) § \l.C )
the formed shielding plane 71. Specifically, 2 2 pum thick anchors 82). As filled the
oxide film 72, followed by a 3000 A thick film 73 of LPCVD seif-aligned ancho ructural poly-
stoichiometric silicon nitride are deposited. These two layers silicon layer and cial oxide
72 and 73 serve as the isolation compound material. Contact 20 layer 72 m as mechanical
““““““““ 4t~ tha ohialdineg gratind wlone ara thawm atalad wagid Qrigisenginn iann and
Uyclllllgb (L RLvamn 188 Lws (€] 115 BIUU gle] Pld I alC el ciedaca uglu UDPCIIDLUII ool aua
through the oxide and nitride lavers 72 and 73, respectively, interconnect pol anchoring
to provide access t appropr iate biasing potenuai Polysili- points are exactl ints 8
con is then deposited via LPCVD, doped and then pattemed irrespective to any brication
~ N N L. - ~ L.
to form the bonding pads and mterconnects 75.A6000 Aof 25 A totally new class of disk op eratmg at the
TDOUTY Lial faimminnmatirimn ~word FTTTON So Anan~nad tod tn corue laweaet order wvily inn mmnde nawn ae the wine_olace
LIOwv 'y JJ 111511 LCIIIPCI CU.LUC UALUC \111 U) ) UCPUDLLCU U dLIvVL 1UWOSL ULUCL 11U
as a sacrificial oxide 74 that temporarily supports the struc- mode) with an inn
tural polysilicon layer during its own deposition and pat- strategically locate s described
terning. FIG. 7 shows a cross-section in the wine-glass mode above. Tuls type reduce the
disk 10 presented in FIG. 3 after depositing the sacrificial 30 the

Or

S 2 e S Ve 1 eS8 PO
p01ysmc0n Ti . t tt lect bricate the
etched to the desired device geometries, and these patterns 1ew wine-glass m isk -alignment
are then transferred to the underlying structural polysilicon 40 feature insures th portmg structure to

........... oh dengity wlagma DIT atalidin s Tha ctimra than s da an s writh Goue
la_ycl IU ublllg 111511 UCLn ll.y Pld 1ld IN1L. CLCll 15. 10 dSuuc- e uuc udal uve
tural nolysﬂlcnn etching step is the self-aligned step, where anchor points sho 000 in
the anchoring points located at the mode nodal points 8 vacuum pressure and 2 in a[mospnerlc pressure This
along the disk perimeter and at the disk center are defined demonstrates the capability of RF MEMS to operate with
simulitaneously as the disk body 10 is being etched. This 45 acceptable performance without the need for sophisticated
guarantees that the aﬁchoring points are always located at and "XpﬁﬁSlVﬁ vacuum packaging. By eliminating some
the mode nodal points 8 irrespective to any lithographic anchoring points, the Q’s went up <1gmﬁcanﬂv to about
tolerances or misalignment. 9 i h is is the first

mechanica

cross-sectio OF a device after

step showmg cle arlv the anch0r1 operational
hnds, 10H 41 < ~F s
UUUy AU LU, L8 Ulllg dlly ) uL [B01w
poinm from the mode nodal axes 18 shown in FIG. 3. The a U ¢ can be use et axi-symmetric
capacitive gap between the disk 10 and the input/output ing { i - Moreover, only one side
electrodes 14 and 16, respectively, is now defined. i itation pad
Referring now to FIG. 9, the deposited spacer oxide 78 1s 55 i ed to reduce
than wattarnnd grinh that 31 will ko atahad ot tha aneahariag T Toql Atlha A1,
vl P LIVILIVU DU tdal Il willl UL Livlivyg dal Ltiave auviivll, 15 U LG ULSKN
points. A combination of wet and dry etching is used to etch orce.
the spacer oxide 78 as well as the sacrificial oxide layer 74 mode disl
underlvine the structural nolvsilicon 76 to exnose the inter- 7ine-olase
underlying the structural polysilicon 76 to expose the inter . . / . vine-glass
connects polysilicon layer 73, as shown 1n FI1G. 10. 60 ¢ I1nnovative non-
A thied Tasxr qtroge nolugilicon lavor ig thon danagitad 44 o o o ioh MN’q whon
L2 LU TUW SLLLDD PUL)’DLLLL«U 1 161)’\41 1S uivl U\/PUDLL o 1511 W o wivll
refill the stem opening 79 as well as the side anchors er operational fre-

addition to refilling the stem and anchor opening make t, as they
electrical contact as well as mechanical anchoring, the 65 packaging is no
Acinacitad ~alvailinan lavar gorung ag tho gtmiatiiral lavar far o o Thhitad e
U\/PUDLL\/U PUL)’DLLL\.«U 1 161)’\/1 OULVLD ad LV dSuiuviuial i )’\/1 U1 vALLLIULIVU U)’
the excitation and sense electrodes 81 surrounding the disk a fact that
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come to extend the current results to RF frequencies ring resonator is expected compared to the wine-glass mode
required for a large segment of the wireless market such as 5 disk mainly due to:

the new CDMA direct conversion receivers operating at Increase in the air damping forces acting on the inner and
g P I T M T.

alied Y AITTY_ T g B e L T J ey outer movino C1]rFﬂPPC f\F fl’\P r1nn resonato T]’\]'C ‘XT]]]
about 2 GHz. The demonstrated high Q’s can be achieved at outer moving surfaces of the ring resonator. This will
higher frequencies by using different structural materials reflect on reducing the overall Q and hence imcreases

B sys B . . thn smantinimal waciotoiman
such as diamond or silicon carbide or by using other higher LG HHOUORAL TLSISLATL.

e b e e T 10 eduction in stored kinetic enerov which will reflect on
order modes ihat are compatible wiih boih ihe non-inirusive Reduction in stored kinetic energy which will reflect on
anchoring structure and split electrode configuration reducing the Q and hence increase R..

The develoned anchorine structure is a kev feature for To alleviate this problem, an inner set of electrodes (i.e.,
developing otﬁer high Q exatensional mode de\ilce like the electrodes 62" in FIG. 6) are added to increase the electro-

mechanical coupling coetfficient m and hence reduce the

T

extensional compound mode rlng resonators of FIGS. 1 and 15

& and other comnpound mode disk resonators. FIG. 1 cshows
O ana olnlr compouna mode GISK resonators. r'ils. 1 SOWS

; o o_class mode rine resonator can be als
a ring resonator 40, input electrodes 42, output electrodes The wine-glass mode ring resonator can be also anchored
P .\ ) . . P using three, two and even one side anchor. Any combination
44, four anchors 43 the network analyzer 17 and nodal axes PP | P 7 )
Wy N of anchor locations can be used, that is axi-symmetric or
46 . .

r etric

mode disk resonator is a higher order com-
[11] with mode shape shown in FIG. § with
awvog B Thic mands qpalag tha frnmnionay ko o
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to the wine-glass mode disk resonato much
frequency while maintaining the same physical size of the n for
disk. FIG. 2 shows the mode sha pe for the ring resonator 45 de
obtained by the finite element analysis using the commercial er
package Ansys. As seen, the ung resonator has a wine-glass
mode identical to that of the wine-glass mode disk with two TSR
Y P =4 .. . P . [+ 1C1HIOLLL LIUCLUIC Wldl
orthogonal nodal axes. Hence, the non-intrusive anchoring o to the substrate and hence
designed for the disk can be used to support the ring 50 O b vt
& TOb e ’ N & Q. The anchoring structure can hold
resonator. F1G. 1 shows a perspective view of the proposed the device at only one nodal point bringine the losses
nnnnnnnnn ey i T T P ging iac i0sses
WlllC glabb Hniouc 11115 IUHULIALUL U WL Lo DUPPUILIIIB tO an absolute minimum
structure 45 and the excitation/sense electrodes 42 and 44, . . I i iC b e
Innovative self-aligned IC compatibie fabrication pro-
respectively. cess. This process can be used to fabricate other exten-
R .55 cess. This process can be used to fabricate other exten
The frequency equation for the ring resonator is given by sional devices and other micromachined sensors and
resonators.
Canlit alaptrads canficgnratinn neaceggary tn aveite tha ~omo
\)Plll vivue Ll vl \.«Ulllléulallull 11uuu.)oa1_y v AVLILY LIV CULLD
202 2 I 32 ©)
2 _ U — 1) EWRouter = Kinner) pound modes in extensional mode disks, rings and
o~ .
(7% + LpRouer 60 other extensional mode devices
Whila crmbhndimante aftha tnvantinn howva lhanm Tlagteatad
¥Y LIV VIHHNTUUULTHIIVHIL UL LUV TV ULIUIULL L1avVe ULLll usuatva
and described, it is not intended that these embodiments
where w, is the natural angular frequency, p and E are the illustraie and dCbLHDC all possible forms of ihe invention.
density and the AOLHg’S modulus of elasticity of the ring Rather, the words used in the speciﬁcation are words of
material, respectively, R ,,,...is the ring outer radius, R,,,,,.,. 15 65 description rather than limitation, and it is understood that
the rine inner radius and n is mode order (for the wine-class varions chanoes mav he made withont denartine from {hoe
LUV Lig vl TaGius and i 1s moae oraer \LUA LUV WLV =5 1ddD valioud vlia lé\ab 11161)’ OC maal witnout uuycu L1l ol e
mode, n=2) [14]. spirit and scope of the invention



nodal points mechanical losses to the sub-
nodal points uce mechanical losses to the sub
strate.
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ial and tangential displacement.
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