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ELECTROMECH_ANICAL DEVICE AND METHOD OF FABRI.CATING THE

SAME

. CROSS-REFERENCE TO RELATED APPLICATIONS
[001]  This application claims. the benefit of priority of SG application No.
201302993-9 filed April 19, 2013, the contents of it being heréby incorporated by

reference in its entirety for all pﬁrposes.

| TECHNICAL FIELD
'[002] . Various aspects of this disclosure relate to electromechanical devices and

methods of fabricating the same.

N BACKGROUND
[003] - Inertial navigation sensors play a very impoftant role in ioday’s technology.
Gyroséopes and accelerometers are widely used for tracking the movement and/or
velocity of any object,. vehicle or person. With more and more applications requiring
inertial navigation sensors, there is increasing demand for navigation sensors. Further,
the coxhpe’gition in this. area is also becorﬁing increasingly harsh with more

applications requiring inertial sensors with better performance and at a cheaper cost.

| © SUMMARY
[004] A method of fabﬁca,tir;g an electromechanical device ‘may.be provided
according to various embodiments. The method may include :pr,ovid'ing a first wafer.
The mthod rﬁay also include forming a cirpuit arrangement on a first surface of the
first wafer. The metho_d may further inqlﬁde forming a ’ﬁrst electrode on a second
surface of the first wafer. The method may additionally include forming a first via
$tm§ture from the first surface of the first wafer to the second surface of the first

wafer. The first via étruqture may electriéally connect the first electrode with the
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circuit arrangement. The method may ‘also include forming a second via structure -

" from the first surface of the first wafer to the second surface of the first ~wz:lfer. The
second via structure may electrically connect the circuit arrangement. The method
may further include, prcviding a second wafer. The m’etﬁod may additionally include
fomiing a suspended structure on a first surface 'of the second wafer with a spacing
B formed between the suspended structure and a second surface of the second wafer.
The method may also include formmg a second electrode on the suspended structure,
| The method may forther include forming an interconnect structure on the first surface
- of the second wafer. The interconnect structure ruay electrically connect the second
electrode. ‘The method may additional!y include bonding the first wafer to the second
wafer with the second surface of the first wafer facing the first surface of the second
wafer The second via structure may electncally connect the intercorinect structure.
The first electrode and the second electrode may form a capacitive structure.
[005] An "electromechanical device may be provided according to various
embodiments. The electromechanical device may include a first wafer having a first
~ surface and a second surface opposite the first surface. The elec&omechanical device
~may also include a circuit arrangement on the first surfece of the first wafer. The
electromechanical device may additionally include a first electrode on the second
surface of the first wafer. The electromechanical device may further include a first via
 structure extending from the ﬁrst surface of the ﬁrst wafer to the second surface of the
first wafer. The first via structure may electrically connect the first electrode with the
circuit arrangement. The electromechanical device.may also include a second via
structure extending from the first surface of the ﬁrst wafer to the second surface of the
first wafer.” The second via structure may electrically connect with the circuit
erran’éement. The electromechanical device may also include a second -wafer bonded
to the first wafer. The second wafer may have a first surface and-a second. surface
opposite the first surface. The electromechanical device may additionally include a

suspended structure on the first surface of the second wafer with a spacing between
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the suspended structure and _the second ‘surface of the second wafer. - - The

electromechamcal device may further mclude a second electrode on the suspended,
. structure. The electromechamcal ‘device may also include an interconnect structure on
the first surface of the second wafer. The mterconnect structure may electrically
connect the second eléctrode. The first wafer may be bonded to the second wafer with
the cecond'surface of the first wafer facing the first surface of the second wafer. The
" second yié ‘structure may eIectricallyconnect.the interconnect structure. The first

electrode and the second electrode may form-a capacitive structure.

BRIEF DESCRIPTION OF THE DRAWINGS
[006} "The invention Wili be better understood with reference to the detailed
descripﬁon when considered in conjunctfon with the non-limiting examples and the
accompanying drawings, in which: |
FIG. 1 isa schematic illustrating a method of fabricating an electromechanfcal dew‘/ice
according to various embodiments.
FIG. 2 is a schematic illustrating an electromechanical device according to Qarious
embodiments. ’ ' A |
FIG. 3A is a schematic illustrating an electromechanical device according to various
embodiments.
FIG. 3B is a table iIluétrating the electromechanical structures that include various
features according to various emloodiments.
“FIG. 3C is a schematic illus&ating the ooeration of a vertical axis maéxietometer
according to various embodiments. '.
FIG. 3D is a schematic illustrating the operation of a lateral axis‘ma@etometer
éccording to various embodinients.‘ | ‘ |
FIG. 3E is a schematic illustrating the operation of a differential accelerometer

according to various embodiments.
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FIG. 3F is a schematic iIlusfrating the operation of a single-ended vertical axis

accelerometer according to various embodiments.
FIG. 3G is a schematic illus;rating the operation of a lateral axis.accelerometer
according to various embodiments. | -
FIG. 3H is a schematic il.lustrating the operation.of a ﬁJlly—differenfial Jateral axis
accelerometer ac.c.:ording to various embodiments | |

FIG. 4A is a scileﬁlatic showingﬂa method of forming a second wafer with cavities
according to vaﬁous embodiments.

FIG. 4B is a schematic shonng a method of foﬁning a planarized first sﬁrface 416a
according to various embodiments.

- .FIG. 4C is a schematic showing a method of forming a coil structure and a multilayer

' . metal structure on a second wafer withoufdiaphragm bending acbo’rding to various

embodiments.

FIG. 4D is a schematic showing a method of forming a coil structure and a multilayer
metal structure on a second wafer with diaphragm bending accordiné to various
embodiments. |

FIG. 4E is a schematic of tﬁe multilayer metal structure according to various
emBodimen.ts. |

FIG. 4F is a schematic showing a method of patterning the plufality of dielectric
laye;s. | V ' -

FIG.5Ais a schématic showing a method of forming a coil structure and a multiléyer
metal structure on a second wafer according to variqu embodiments.

FIG. 5B is a schematic showing the portion of dielectric layers directly on portion
being removed according to various embodiments. .

FIG. 5C is a séhematic forming of 'trenches being formed according to various -
embodiments.

FIG. 6A is a schematic iﬁustrating a method of forming via structures according to

various embodiments on the first wafer according to vartous embodiments.
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FIG. 6B.is a schematic lllustratmg a method of formmg redlstnbuuon hnes (RDLs)
‘ accordmg to various embodlments '
'*FIG 6C is a schematic illustrating a method ‘of thinning the first wafer accordmg to

various embodunents ) | '

FIG. 6D is a schematic illustrating é method of processing the thinned ﬁrst wafer -

according to \;atious embodiments. _
e FIG. 6E is a schematic illizstratiﬁg a method of forming gap éont;ol structures
according to various embodiments.
FIG 6F isa schemat:c illustrating a method of deposmng bonding matena]s according .
to various embodiments. .
FIG.6Gisa schematip illustrating a method .of forming standoff structures accordiﬁg to
various efnbociiments‘ | . ' |
* FIG. 6H is a schematic illustrating a method of forming a layered structure includir‘)g
bonding material at least partially on standoff structures aécqrding to various
embodiments. | . . | |
. FIG. 6l is a schemafic illustratiﬁg a metﬁod of depositing getter ﬁmterial in a cavity
according to various embodiments. | |

FIG. 6] is a schematic illustrating bonding the first wafer to a séoond water according to
\;arious embodiments. |
FIG.6Kisa schématic illustrating bonding the first wafer to a second wafer according
'to various embodiments. ) . ' ‘
FIG. 7A is a schematic illustrating forming of a compensation structure on the first
* wafer according to various embodiments. |
FIG. 7B is a schematic illustrating bonding the first wafer to a second wafer accﬁrding
t.o.various embodiments.
. FIG. 8A is an image of an electromechanical structure formed.

FIG. 8B is a zoomed-in image of a part of the electromechanical structure shown in FIG.

8A.
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FIG. 8C is an image of another electromechanical structure formed.

' FIG. QD is a zoomed-in image of a part of the electromechanical structure shown in FIG. .
8C.
. FIG. 9A‘ isa cross-sectionai ‘im‘age of a contact region,
FIG. 9B is a cross-sectional image of metal lines embedded in a plurality of ciiéleétﬁc
layers. . .
DETAILED DESCRIPTION
[00’}] ~ The following detailed descﬁption refers to the accompanyiﬁg drawings
that show, by way of illustration, specific detalls and embodlments in which the
, mventxon may be practxced These embodiments are described in sufﬁcxent detail to
enable those skilled in the art to practice the invention. Other embodiments may be
utilized and structural, and logical changes may be made v»;ithout.departing from the
scope of the invention. The various embodiments are not necessarily mﬁtually
exclusive, as some embodlments .can be combined w1th one or more other
embodiments to form new embodiments.
[008] In order that the invention may be readily understood and put into practical
effect, particular embodiments will now be described by way of examples and not
limitations, and with reference to the figures. .
[009] "It should be understood that the terms “bottom” “top” “left”, “nght” “on”,
“comer” etc., when used in the following description are used for convenience and to
aid understanding of relative positions or directions, and not intended to limit the
orientation-of any device or structures or any part of any device or structure.
[010] In various embodiments, a first structure on a seoond structure moy include
the first structure directly or indirectly on the second ;s,tructure. In other words, tl;e
first structure and the second structure may be separated by intervening structures
such as dielectric layers. In various emoodiments, a first structure or cavity on a

second structure may include’ the first structure at least partially embedded in the
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second structure. A portion of the first structure or cavity may, extend to a surface of
" the first structure. ‘ .
[011] In various embodimcﬂts, a "circuit" may be understood as any kind of a
logic. itﬁplemcnting enfi_ty, which may be special purpose circuitry or a processm:
executing software stored in a inemory, firmware, or any combination thereof. Thus,
in vaﬁous embodiments, a "circuit" may be a hard-wired logic circuit. or ‘ a
programmable logic circuit such as a programmable processor, €.g. a microprocessor
(e.g. a Complex Instruction Sct Computer (CISC) processor or a Reduced Instruction
© Set Computer (RISC) processor). A "circuit" may also be a processor executing
: soﬁ'ware e.g. any kind of computer pro gram, e.g. a computer program using a virtual
machine code such as e.g. Java. Any other kind of implementation of the respective
functions which will be described in more detail below may also be understood as a -
"circuit” in accordance with an alternative embodiment.
[012] | FIG. 1 'is a schematic 100 illustrating a method of fabricating an
electromechanical device according to various embodiments. The method may
include; in 102, providing a first wafer, The method may also include, in 104, forming
a circuit arrangement on 5 first surface of the first wafer. The method may further
include, in 106, forming a first electrode on a second surface of the first wafer. The
method may additionally iﬁclude, in 108, forming a first via structure from the first
surface of the first wafer to the second surface of the first wafer. The first via structure

: may electncally connect the first electrode with the circuit arrangement. The method

. may also.include, in 110, formmg a second via structure from the first surface of the

first wafer to the second surface of the first wafer. The second via structure may
electricaliy connect the circuit arrangemént. The metﬁod may further include, in 112,
provi&ing a second wafer. The-method may additionally include, .in 114, forming a

suspended structure on a first surface of the second wafer with a spacing formed
between the suspended structure and a second surface of the second wafer. The

method may also include, in 116, forming a second electrode on the suspended
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: stl;ucturc. The method may further include, in 118, forming an interconnect structure -

on thie first surface of the second wafer.'The, interconnect structure may electrically
connect: the second electrode. The method may. additionally include, in 120, b;)nding
the first wafer to the second wafer with the second surface of the first wafer facing the
first surface of the second wafer. The second via structure may electrically connect

the interconnect structure. The first ‘electrode and the second electrode may form a

- capacitive structure.

[013] In other words, a method 6f fabricating an electromechanical device, such
as a microelectromechanical deilicea or a nanoelectromechnical device, may be
provided. 'fhe method may include forming a circuit on a first surface of a first wafer
and forming a first electrode on a second gurfaée of the wafer opposite the first
surface. A first through via structure may be formed electrically connecting the circuit
Wim the first electrode. A second .through via structure may also be formed. The
second through via structure may be electricplly connected with the circuit. A
suspended structure rhay be f;Snned on a first su'rface‘ ofa seéond wafer. There may be
e; gap between the suspended structure and a second surface of the second wafer. The
method may also include foﬁning a sécond clectrode on the suspended structure. In
addition, the method may .include forming an interconnect structure electrically

~ connecting the second electrode. The method may further include bonding the first
and the second wafer. The second surface of the first wafer may face the first surface
of the second wafer. The second through via structure via may be electrically
conqected to the interconnéct stmctufe and the first electrode and the seconc_i electrode
may formA_a capacitor. ‘ '

[014] The first wafer may be called a complementary metal oxide semiconductor
(CMOS) wafer. The second wafer may be called ‘a microelectromechanical structure
(MEMS) wafer.

[015] Various embodiments may take up less space compared to other solutions

- in Which the first e'lectro.de'(i .e. the top electrode) is formed on a third separate wafer,
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or in which the first electrode (i.e. the top electrode) are formed on the second wafer

'_ (e.g. the MEMS wafer) together with the second éleptrodé (i.e. the bottom electrode). .
Various embodiments may take up less area on the first surface of the first wafer
compared to solutions in which.the first. electrode (i.e. the top electrode) is formed on
the ﬁrst surfa.ce of the first wafer (e.g, the CMOS wafer) together with the circuit
arrangement, and_ the area saved may be used for placement of the cifcuit‘
arrangements (i.e. electrical circuit). Various embodiments rémove fl}e necessity of
bonding more than 2 wafers for the vertical axis sensors.
. [016] In various embodiments, the method may ﬁlrthér include forming a seé]ing'
structure between the first wafer and the second wafer. . '
[017] In various embodiments, the method may include forming a coil structure
"on. the first surface of the second wafer. The coil structure may be formed on the
suspended structure. ' |
[018]  In various embodiments, forming the coil structure may include forming a
first metal layer; forming a 'conductive via on the first _n;etéﬂ layer and forming a
second metal layer on the conductive via. The coil structure may further include a
further conductive via on the second metal layer and a third metal layer on the further
conductive via. The metal layers may be ring-shéped or c-shaped.
[019]  In various embodiments, the method may also include forming a third via
structure .frém the first surface of the first wafer to the second surface of the first
wafer. The method may also include forming a multilayer metal structure on thé first
surface of the second wafer. The method may further include bonding the first wafer - ‘
to the second wafer with the third via structure electrically connecting the xﬂultilayer
- metal struc-:ture. ‘ | |
[020] The method may also include attaching the first wafer to a transfer wafer
with the first surface of the first wafer‘facing .tiie transfer wafer. 'i‘he method may
additionally include removing a portibp of the first wafer to form the seco'nd surface

of the first wafer.
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-[021]  In various embodiments, the suspended structure, the first electrode on the

second surface of the first wafer and the ‘se4cond electrode on the suspended structure

may form any one of a lateral axis magnetometer, a differential vertical axis
accelerometer, a singlé ended vertical axis accele;ométer and a see-saw resonator.

[022] | In various embodiments, the method ma& further include forming a cavity
on the secon& surface of the first wafer. The method may also include depositing
getter rria_terigl within the cavity. .

[023] The mettiod may also include bonding the first wafer to the second wafer to
vacuum-seal thé cavity.

(024} The method may also include forming a further suspended structure on the
first surface of the second wafer with a further spacing formed between the further
susgended structure énd the second 'surfacé of the -second wafer. The further
suspended structure may be within the vacuum-sealed cayity.

[025] " FIG. 2 is a séhematic 200 illustrating an el’ectromechgnical device
accofding to variou§ embodiments. The electromechanical aevice may include a first
wafer 202 having a first surface 204a and a second surface 204b opposite the first
surface 204a. The electromechanical device may also include a circuit arrangement
206 bn the first surface 204a of the first wéfer 202. The electromechanical device may

" additionally include a first electrodg 208 on the second surface 204b of the first wafer
202. The electromechanical device‘may further include a first via structure 210
extending from the first surface 204a of the first wafer 202 to the second surface 204b .

'of the first wafer 202. The first via structure 210 mé.y electrically connect the first

electrode 208 with the circuit arrangement 206. The electromechanical aevice may

also include a second via structure 212 extending from the first surface 204a of the
first wafer 202 to the second surface 204b of the first wafer 202. The second via
structure 212 may electrically connect with the circuit arrangement 206. Tﬁc '

’ electrochhe}nipal device may also include a second.wafer 214 bonded to the first

wafer 202. The second wafer 214 may have a first surface 216a and a second
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surface 216b opposite the first surface 216a. The: electromechanical device may

additienally include a suspended structure 218 on the first surface 216a of the second
wafer 214 Wlth a spacing 220 between the suspended structure 218 and the second
surface 216b of the second wafer 214. The electromechanical device may further
include a second electrode 222 on the suspended structure 218. The electromechanical
device maty also include an interconnect structure 224 on the first surface 216a of the
~ secon(_i wafer 214. ’t‘h_e "in’terconnect structure 224 may electrically connect the second
_electrode 222, The first wafer 202 may be bonded to the second wafer 214 with the -
second surface 204b of the first wafer 202 facing the first surface 216a of the second
wafer 214. The second via structure 212 may electricaily connect the interconnect
structure 224 The first electrode 208 and the second electrode 222 may form a
capacmve structure. _

' [026] In other words, the electromechanical device may include a first wafer 202
*and a second wafer 214. The first wafer 202 may be bonded te the second wafer 214
~ such that a second surface 204b of the first wafer 202 t‘aces a first surface 216a of the
secend'- wafer 214. The first wafer 202 may also have a first surface 204a opposite the
second surface 204b. The electtomechanical device may have a circuit arrangement
, 206 on the first surface 204aand a first electrode' 208 on the second surface 204b. A
first through via 210 may electrieally connect the circuit arrangement 206 with the
first electrode 208. o

[027] In various embodiments, the suspended structure 218 on the first surface
216a of the second wafer 214 may also refer to the suspended structure 218 within .a
cnvity"on the first surface 216a of the second Wafer 214. The suspended structure 218
may be a movable structure. In other words, the suspended structure 218 may be
movable during operation. The gap between the first electrode 208 and the secend

electrode 222 may be varied, giving rise to a change in capacitance.

- [028)  The first wafer 202 may be called a complementary metal oxide

semiconductor (CMOS) wafer. The ’ second wafer 214 may be called a
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microelectromechanical structure (MEMS) wafer. |
- [029] Various embodiments may further in;:llide a sealing structure between the
first wafer 202 and the second wafer 214.

[030]  Various embodiments may further include a coil structure on the first

surface 216a of the second wafer 214. The coil structure may include concentric rings

of metal. The coil structure may include a single layer of metal or may include

multip}e layers. The metal layers may be separated by one or more dielectric layers.
. The coil structure may include a first metal layer; a conductiye vie; on the first metal
layer and a.second metal layer on the conductive via. The coil strucmfe may further
include a further conductive via on the second metal layer and a third metal layer on
the further conductive via. The metal layers may be ring;shaped or c-shaped. Thé coil
structure may be on the suspended structure 218. The coil structure may also be
formed on other portions of the first surface 216a. In various embodiments, the coil
structuré,may be configured to generate a magnetié: field. In various embodiments, a
method of aﬁ‘anging a magnetic field generating coil on a suspended structure may be
provided. The cbil structure may be configured to generate the magnetic field on
| paésing a current"throilgh the coil structure. The magnetic field generated by the coil
structure niay interact with an external magnetic field. The interaction of theAmagnetic
field and the external magnetic field may generate a Lorentz force. The Lorentz force
generated méy cause the suspended structure to move (e.g. osbillate). The movement
of the suspended structure may be detected by a change in a capacitance value in the
capacitive structure. The coil structure may be necessary for the detection of the
external magnetic field and the external magnetic ﬁeld may not be able to be detected
without the coil structure. The higher the generated magnetic field, the greater the
‘Lorentz force génerated by the generated magnetic field with the external magnetic
field. Increasing the generated magnetic field, such as by increasing the number of

turns in the coil structure, may increase the sensitivity of the magnetometer.
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[031]  Various embodiments may further include a third via structure extending

 from the first surface 204a of the first wafer 202 to the second surface 204b of the
. first wafer 202. The electrorfiechanical Qevice may also include a multilayer metal
structure on the first surface 216a of the second wafer 214. The first wafer 202 may
be bonded to the secﬁnd‘ w'afer 214 with the third via structure electrically connecting
" the multilayer metal structure. The multilayer structure méy include a first layer; a
conductive via (;n the first metal layer and a second metal layer on the conductive via. -
The cdil structure may further include a further conductive via on the second metal
layer and a third metal layef on the further conductive via. The multilayer structure
inay‘ extend through a plurality of dielectric layers. The plurality of dielectric layers
may be on the first surface 2162 of the second wafer 214. The multilayer structure
may'be‘ cbnﬁgui'ed to electrically'connéct electrical structures (e.g. through viés) on,
the plufatity of dielectric layers to electrical structﬁres {e.g. metal lines, interconnects
etc) 611 the first surface 216a. In other words, the‘multilayer structure provides an
' electﬁcal pathway through fhe plurality of dielectric layers. |
[032] In varioué embodiments, the sqspended structure 218, the first electrode
208 on the second surface 204b of the first wafer 202 and the second electrode 222 on
the suspended structure 218 may be or may form any one of a lateral axis
* magnetometer, a differential vertical axis accelerometer, a single ended vertical abgis
accelerometer and a see-saw resonator. ‘
[033] In various embodiments, the electromechanical device may include a cavity
on the second surface 204b of the first wafer 202. The electromechanical device may
further inclqde getter material within the cavity. The cavity méy be a vacuﬁm—sealed
cavity. | . A
[034] The electromechanical device méy further include a further suspended
* structure on the ﬁts—t surface 216a of the second wafer 214 within the vacuum-sealed
cavity with a further spacing formed between the further suspended structure and the

second surface 216b of the second wafer 214.
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[035] The further suspended str;zctﬁre may be any- one of a vertical axis

- magnetometer, a lateral axis magnetometer, a differential vertical axis accelerometer, -

singlé ended vertical axis accelerometer,.a lateral axis accelerometer, a fuily
differential lateral axis accelerometér,'a vertical axis gyroscope, a lateral resonator
and a see-saw resonator. |
[036] FlG. 3A -is a schematic 300a illustrating an electromechgnical df.aviée
accdrding to various embodiments. The electromechanical device may include a first
wafer 302 haying a first surface 304a and a second sutface 304b opposite the first
* surface 304.a.' The. electromechanical ‘device may also include a circuit arrangement
306 on the first surface 304a of the first wafer 302. The electromechanical device may
addifionally include a first electrode 308 on thé second surface 304b of the first wafer '
30;2. The belet‘:tromechanical device }nay further include a first via structure 3‘10
’ extending from the first surface 30;1a 6f the first wafer 302 to the second surface 304b
of the first wafer 302. The ﬁrét via siructure 310 may electﬁcally connect the first
electrode 308 with the circuif ari‘aﬁgement.306. The electromechanical device may
“also include a second via structure 312 extending from the first surface 304a of the
first waf;ar 302 td the second surface 304b of the first wafer 302. The second via
structure 312 ma)'; electrically connect with the circuit arrangement 306. - The
electromechanical dévice may also include a secohd wafer 314 bonded to the first
wafer 302. The second wafer 314 may have a ﬁrst surfacé 316a and a second
surface 316b opposite the first surface 316a. The electrbrr{echanical device may
_ additionally include a suspended structure 318 on the ﬁrst.surface 316a of the second
‘wafer 314 Qith‘a §pacing 320 between the suspended sfructure 318 and the second.
surface 316b of the second wafer 314. The electromechanicai device may further
include a second electrode 322 on the suspended strﬁcture 318. The electromechanical
device may also include an interconnect étructure 324 on the first surface 316a of the
_ second wafer 314. The interconnect structure 324 may electrically connect the second

electrode 322. The first wafer 302 may be bonded to the second wafer 314 with the
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" second surface 304b of the first wafer 302 facing the first surface 316a pf the second
wafer 314. The second via structure 312 may electrically connect the interconnect
stmctﬁpe 324, The first electrode 308 and the second electrode 322 may form a
capacitive structure.. . |
[637] The | first wafer 3.02‘ may be called a compleme;n;(ary metal oxide
'semiconductor (CMOS) wafer. The second wafer 314 may be called a
micrbelectromechanical stru'c'tureA (MEMS) wafer. The first electrode 308 may be
referred to as the top electrode. The second electrode 322 may be referred to as the
bottom electrode: » ‘
[038] Various emquiments provide a three dimensional inertial MEMS platform
" by bo;lding the MEMS vs./afer 314 and the CMOS wafer 302.' together. During bonding
of wafers. 302,. 314, the.spacing between the top electrode 308 and bottom éicct:ode
322 may be impoﬁant as the spacing difectly determines the_sensitivity of the vertical
axis sensors. The bonding process may include “Precise Gap Control Technique” or
any other techniques. ’ ~
[039] Various embodiments may further' include one or more sealing structures
326 between fhe first wafer 302 and the second wafer 314. Sealing of the various
cavities may be achieved by using sealing structures 326 such as sealing rings. The
sealing structures may be placed on the second surface 304b of the first wafer 302 or
on the first surface 316a of the second wafer 3 14 or both. The sealing structures 326
may be arraﬁged or designed 'such that some of the cavities may‘be c;nclosed in
vacuum condition while other cavities may be ventilated. ; .
[040] The first electrode' 308 may be metal lines or pads deposited on the second
sprfaée 304b of the first wafer 302. The first electrode 308 may be the top electrode of -
a vertical sensing device. The circuit arrangement 306 may be or may include one or
. more electrical pads on the first surface 304a of the first wafer 302. The first electrode .

/308 may be in electrical connection to the one or more electrical pads through a -
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. 'through via structure 310. The through via structure 310 may be a through silicon via

(TSV). .

[041] Various embodiments may take up less space compared to other solutions
m which the first electrode 308 (i.e. the top electrode) is formed on a thlrd separate
wafer or in which the first electrode 308 (i.e. the top electrode) is formed on the
second wafer 314 (e-g. the MEMS wafer) together with the second electrode 322 (i.e.
. the bottom electrode). Various embodiments may take up less area on the first snljface
304a of the first wafer 302 compared to solutions in which the first electrode 308 (i.e.
the top electrode) is formed on the first surface 3043 of ihe first wafer 302 (e.g, the .
CMOS wafer) together with the cxrcult arrangement 306, and the area saved may be
used for placement of the circuit arrangements 306 (i.e. electrical 01rcu1t) Vanous
embodiments remove the necessity of bonding more than 2 wafers for the vertical axis
sensors. | ‘ ' '

[042] The second electrode 322 may be metal lines or pads. The second electrode
_ 322 may be depos1ted ona plurahty of dielectric layers 328 The plurality of dielectric
layers 328 may be on first surface 316a of second wafer 314. The plurality of
dielectric layers 328, may. include a coil structu)'e 330a. Various ernboditnents may
further include a coil strueture 330a on the first surface 316a of the second wafer 314,
The coil structure 330a may be on the suspended structure 318. The coil structure
330a may be part of a magnetometer. The coil structure 330a may altematwely or
additionally be on other portions of the first surface 316a. The coil structure 330a may
be embedded in the plurality of dielectric layere 328. The coil structure 330a may
include a plurality of concentric rings. The coil structure 330a may be a single.me‘tal
Jayer of concentric .rings between a first dielectric layer and a second dielectric layer
-of the plurality of dielectric layers 328. Alternatively, the coil structure 330a maﬁr
include a plurality of metal layers. Each metal layer of the plurality of nwtal ,la'yers‘
znay be separated by a dielectric layer. The coii structure 330a may be under the

second electrode 322. The coil structure 330a may extend through the plurality of
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dielectric Jayers 328.
[0213] In ’other words, various emﬂodiments may ﬁlrthe;r include a coil structure
- '330a on the first surface 3 16a.of the second wafer 314; The coil structure 330a niay
include a ﬁmt metal layer; a conductive via on the first metal layer and a'second metal
: layer on the conductive via. The coil structure 330a may furtﬁer include a further
conduétive via on thg secoﬁd metal layer and a third metal layer on the further
conductive via. The metal layers may be ri’ng-shaped‘o‘r c-shaped. The coil structure
330a niay be an inductive coil,
[044] Various embodiments may further include a third via structure 332
extexiding from the first surfa¢e '304.1a of the first wafer 302 to the second surface 304b.
- of the first wafer 302. The-electromechanical dc;evice may also include a multi-layer
metél structure 330b on the first surface 3165 of second wafer 314. The first wafer
302 may be bo;lded to the second wafer 314 with the third via structure 332
~el,ectrically conﬁecting the muiti-layer metal struéture 330b. The multilayer st_fuctu;e
.330b may include a first layer; a conductive via on the first metal layer and a second
metal layer on the conductive via. The multilaye? structure 330b may further include a

further conductive via on the second metal layer and a third metal layer on the further
| conductive via. The multilayer structure.330b may extend through the plurality of
dielectric layers 328. The multilayer stnlcture.330b may be configured to electrically
connect electrical structures on the plurality of dielectric layers 328 to electrical
stm.c:t;lfes on the first surface 316a. The multilayer structure 330b may be configured
. to electrically connect electrical s&uctures on first surface 316a of second wafer 314
to electrical structures on second surface 304b of first wafer 302, such as fhrough via‘
structures 332', when the ﬁ?st wafer 302 is bonded to the second wafer 314. The -
.coupling of multilayer structures 330b with through via structures 332 also allows for
electrical connection between first surface 304a of first wafer 302 and second surface

‘ 316a of second wafer 314.
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[045]  In various embodiments, the electromechanical device may include a cavity

334 on the second surface 304b of the first wafer 302. The electromechanical device
may fu;thef include getter material 336 w.ithi'n the cavity 334. The cavity 334 may be
. a vacuum-sealed cavity. The getter material 336 may be used to maintain long term
vacuufn stabifity insidé the vacuum-sealed cavity 334,

[046] In various embodiments, the electromechanical device may include one or
more electromechanical structures. Tn various embodiments, a cavity enclosing an
electromechanical structure may require vacuum while a further éavity enclosing a
further elect-roniechapical structt;re may not 'reqﬁire vacuum. The cavity may’ be
isolated . from the further cavity using séaling structures .326. Cavities .~for
electromechanical structures which do not require vacuum may be connected to the
atmosphere‘or external environment via ventilation holes. The ventilation holes may
be on the sealing rings 326 or MEMS wafer 314.

[047} ) thhing a cavity 334 on the second surface 304b of the first wafer 302 may
‘save spéce compared to providing a c;ivity of the first surface 304a of the first wafer
302. Conventional sensor packages typically‘have cavities on the ﬁont surface of the
CMOS,;wafers, which occupies space which otherwise may be used to fabricate
électronic circuitry and which increase overall die size. Having a cavity 334 on the
second surface 304b may allow fhe c‘orresponding' first surface 304a for placement of
the circuit arrangement 306, e.g. readout circuitry. - |

[048] The eleqtron;echanical device may further include a further suspended
_ structure 338 on the first surface 31'65 of the second wafer 314 within 4 the
vacuum-sealed cavity 334 with a further spacing 340 formed between the further
suspended strﬁcturé 338 and the second surface‘ 316b of the second wafer 314.

[049] The circuit arrangément 306 may include a single circuit or may include a
plurality of discrete circui'ts. The circuit arrangement 306 may be or may inélude
output pads for CMOS elgctronics 342, electrical pads 344 and/or interconnects such

as redistribution lines (RDLs). The RDLs may be configured to carry currents or
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signals from one part of the first surface 304a to another part of the first surface 304b.

The through vias 3.10, 312, 332 rﬁall.y be configured to carry currents or signals
between the first surface 304a and the second surface 304b, which allows both
~ surfaces 304a, 304b of the first wafer 302 to be bonded and stacking of multiplé
wafers. The‘stacking of multipleﬂwafers is appealing for the industry since more
* compact sensors may be prepared by stacking multiple sensors on top of each other. |
A[OSO] In various embodim;ants, the second wafer 314 may be a qévity
silicon-on-insulator (SOI) wafer. A cavity SOI wafer may remove the necessity of a
final etch release process (e.g. using isotropic efching) which is typically required
when fabricating a suspended electromechanical structure. The cavities 320, 340 may
already be formed during the fabrication of the cavity SOI wafer. 'Using.a cavity SOI
wafer may increase yield of fabrication by eliminating a possible stiction problem
caused by wet etchants, In various othér embodiments, the second wafer 314 may be a
SOI wafer. |

{0513  In various embodiments, the electroméchanical device may include a
plurality of electromechanical structures.  In varic;us embodiments, the
electromechanical device may include a ﬁrét electromechanical structure and a second
electromechanical | structure, Thé first electromechanical structure may be a
magnetométer and the second electromechanical sn-'ucture may be an accelerometer or
a gyroscope. |

[052]  In various embodiments, the electromechanical device may include at least
one accelerometer; at least one gyroscope and at least one magnetometer. Various
embodiments may provide the fabrication of at least one accelerometer, at ieast one
gﬁosc0pe and at least one magneiometer ina sipgle process flow.

[053] Various embodiments may provide the fabrication of at least one three-axis
accelerometer, at least oné three-axis gyroscope and at least one three-axis

magnetometer in a single process flow. Various embodiments may provide 9-axis

sensing on a single platform.
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[054] - Three accelerometers and three gyroscopes may be fabricated on the same

substrate using MEMS fabrication techniques for k:'onventional 6-axis sensors.
. These techniques may employ three wafersi The wafers may include the MEMS
wafer, the CMOS readout wafer and a separate wafer for the vertlcal electrode

[055] Vanous embodlments which include coil structures may- enhance the
performances of !ateral and vertical magnetometers and aIIow magnetometers to be
formed on.the same platform with ; gyroscopes and/or accelerometers.

. [056] Various embodiments may include only two wafers, i.e. the CMOS and
| MEMS wafers 302, 314. Various embodiments may allow all three different inertial
MEMS  sensors, i.e. aecelerometers, gyroscopes and magnetometers to be
implemented together using the same piatform. Yarious embodimenté may further
include . passive components, pressure Ssensors, resonators . and/qr any other
) components to be lmplemented on the same p]atform ‘

[057] FIG. 3B is a table 300b 111ustrat1ng the electromechanical structures that
include various features according to various embodiments. The table 300b may be
divided into columns 346a, 346b, 346c, 346d, 346e, 346f, 346g aﬁd rows 348a, 3486,
348c, 348d, 348¢, 348f, 348g, 348h, 348i. ‘

[058]  The 3-layer metal feature referred to in column 346¢ may be a coil structure
or a multi~layer structure, The TSV feature referred to in columx_l_ 346d may be a
through via structure. The getter feature referred to in column 346e may be a getter
" material. The top electrode feature referred to in column 346f may be a tep electrode”
on a first wafer and a bottom eiectrode on a second wafei'..' The' vecuum feature
referred to in column 346g may be a vacuum-sealed caV1ty | |
.[059] . As highlighted in FIG. 3B, a vertical axis magnetometer may mclude any
one or more of a coil structure, a through via structure, a getter and a vacupm-sealed
. cavity. The vertical axis magnetometer may move laterally and may have a lateral -

- measurement axis.
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- [060] FIG. 3C is a schemqtic 300c illustrating the operation of a vertical axis

magnetometer according to i/ariqus embodiments. The vertical axis mag11etorﬁeter
may include a movable structure 350 and a fixed portion 352. The movable structure
350‘m.ay include a suspended structure such as a central mass structure. The vertical
" axis magnetometer may further include metal lines 354 on the movable structure 350.
The metal lines 354 may run along a first direction (e.g. along y axis). The vertical
axis magnetometer may further include one or ﬁore comb fingers 356. The comb
fingers 356 may be on the fixed portion 352. The comb fingers 356 on fixed .poftion
- 352 may form a capacitive structure with movable central mass 350 (e.g. fingers on |
.rﬁovable central mass 350). A current may flow along the metal lines 354 aiong the
y-axis. The current may be an alternating current.{Thev application of an external
magnetic field along the z-axis may cause a Lorentz force on the movable structure
along the x-axis. The movement of the movable structure 350 may cause the gap
between the comb fingers 356 and movable central mass 350 (e.g. fingers on movable
central mass 350) to ’vary, thus causing a cﬁange in capacitéqce which may b_e
detected. The vertical éxis ac'geleromefer may sense magnetic field along the z-axis.
The vertical axis accelerometer may further inciude one or more coil structures. The
coil structure may be configured to generate a magnetié field. The magnetic field
gener‘atéd by the coil strﬁcture may interact with an extemnal magnetic field. The
- interaction of the n’fagneﬁc field and the external magnetjc field may generate a
Lorentz force. The metal lines 354 may be the one or more coil structures.
[061] A 1ate}al axis magnetometer may include a coil structure, a throdgh via
structure, a getter, a top electrode on a first wafer and a bottom electrode on a second
wafer, and a vacuum-sealed cavity; The lateral axis magnetometer may move in a
see-saw ma;lner and xﬁay havea latéral meésurement axis. |
[062] FIG. 3D is a schematic 30(.)6' illustrating the operation of a lateral axis |
magﬁetoﬁeter according to various embodiments. The lateral magnetometer may

include a suspended structure 358 such as a proof mass. The suspended structure may
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b<_3 held by anchoring structures 360a, 360b on a first lateral side and a second lateral

' side opposite the first lateral side. Thé suspended structure may be held by anchoring .

structures 360a, 360b to a fixed portion .of the second wafer (not shown in FIG.3D).

The suspended structure 358 may be divided into.t,wo portions 362a, 362b. A first

current .may be applied in a first direction (e.g. positive y direction) in first borﬁon

36ﬁa and a second current may be applied in a second diregtion (opposite the first

direcﬁon, e.g. negative y direction) in second portion 362b. An external magnetic

field may be applied in a third direction substantially perpendicular to the first and

second directions (e.g . positive x direction). The. interaction of . the currents and the

. magnetic field may cause a Loréntz force on the first portion 362a io move the first .
porti(;n 362a in a fourth direction (e.g. positive z direction). The intgracfion of the
currents and the mégnctic field may also cause a Lorentz force ’on the second portion
362b to move the second portion 362b in a fifth direcfion {e.g. negative z direction).
The lateral axis magnetometer may move in a see-saw mannéf. The lateral axis .
magnetometer may sense magnetic field along the x-axis. The lateral axis.
magnetometer may further include a coil structure having one or more layers of metai

Ia&ers 6n the suspended structure 358. One metal layer may be separated from another
layer by one or more dielectric layers. The greater the number of metal.layers, the .
greater the Lorentz force generated. |

[063] In various embodiments, the electromechanical device may include a

vertical axis magnetometer configured to measure a magnetic field along the z axis.

The electron_‘iechanicai device may further include a first lateral magnetometer

configured to measure a 'magnetic field along the x axis and a second lateral |
magnetometer configured to measure a magnetic field along the y axis. The operation

of the ‘ﬁrst lateral magnetometer may be substantially similar.’to the operation of the

second lateral magnetoﬁ'neter. Likewise, the structure of the first lateral magnetometer

may be substantially similar to the .;,tructure of the second lateral magnetometer. The

placenient orientation of the first lateral magnetometer may be different from the
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placement orientation of thé second lateral magnetometer. The first lateral

magrietometer ma'y be oriented at about 90 degrees clockwise or anticlockwise to the -
second lateral magnetometer. | _
[064] FIG. 3B further illugnates that a differential vertical axis gcéelerometer Co
_(may also be refeijred to as a see-saw aécelel_'ometer) may include any one or more of A
a through via structure, anc; a top electrode on a first wafer as well as a bottom
_ electrode on é second wafer. In éddition, the differential vertical accelerometer may -
optionally have any one or more of ba .getter material and a vacuum-sealed cavity. The ~
differential ,vértigal axis accelerometer may mo{(e in a see-saw manner and may have
a vgﬁica% measurement axis. Accelerometers may use the deflection of any proof
mass in presence of an acceleration phenomenon as its principle of operation.
[065] © FIG. 3E is a schematic 300e illustrating fhe operation of a differential
accelerometer according to various embodiments. A differentfal accelerometer rhay
. include a see saw structure 364 on the first side of the sécond wafer. The structure 364
may move like a see saw around a central rotation axis 366. The mass distribution
about rotation axis 366 may be asymmetrical. The asymnietﬁcal.distribution of mass
"allows the structure 364 to respond to,ém incoming acceleration. As shown in FIG. 3E,
a first portion 366a of the structure (the first portion 3665 extending from ax'is' 366 to
a first side)‘ may have more mass compared to a second portion 366b of the structure
364 (the gecoﬁd portion 366b extending from axis 366 to a second side). Tﬁerefore
more force is generated the first portion 366a in response to the .acceleration
compare(i to the second portion,. 366b. The differéntial accelerometer may further
include an electrode 368 positioned at a distance from structure 364. 'i‘he electrode
368 may form a first cai)acitive structure with first porﬁon 366a. The electrode 368
may form a second capacitive structure with second portion 366b. When the portion
366a of see saw structure 364 moves closer to electrode 368 due to a higher force on
portion 366a, the capacitance value of the first capacitive structure may increase while

the capacitive value of the second capacitive structure may decrease. With the help
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of an electrical circuit, the difference between ‘the capacitance values may be

converted to electrical voltage which can be sensed. The electrode 368 may be the top
-+ or first electrode. The bottom or second electrode may be the first and second portions
366a, 366b which from separate capacitive structures with the electrode 368.

[066] . A single-ended veﬁical axis accelerome'ter.may include any one or more of
"a through via structﬁre, and a top elec;trode on a first vs}afer as well as a bottom
electrode on a second wafer. In addition, the single-ended .Veﬁical axis accelerometer
may optionally have any one of more of a getter material and a vacuum-sealed cavity.
The single-ended vertical axis accelerometer may move vertically and may have a
vertical measurexﬁent axis. .

[067] FIG. 3F is a sche"matic 300f illustrating the oi)eration of a single»endéd
vertical axis accelerometer according to various embodiments. The sing]e-end;ad
vertical axis .accelerometer may include a fixed electrode 370 and a movable electrode
372. Thé movable electrode 372 may be substantially parallel to fhe ﬁ;ced electrode
370. The fixed 'eiectrode 370 and the movable electrode 372 to form a capacitive
- structure. The movable electrode 372 may be configured to move relative to the fixed
~ electrode 370 in response to acceleration. The capacitive value of the capacitive
structure may increase with a positive acceleration .and decrease vﬁth ‘a negafive
acceleration. The top or first electrode may be the fixed electrode 370. The boftorn or
* second electrode may be the movable electrode 372.

{068] A lateral axis accelerometer méy include a through via structure. In
addition, the lateral axis accelerometer may optionally have any one or more of a
gettér material and a vacuum-éealed ca.vity; The lateral axis accelerometer may move
Jaterally and may have a lateral measurement axis. | ‘

[069] . FIG. 3G is a schematic 300g illu.strating‘ the' ope_ration of a lateral -axis
accelerometer according to various embodiments. FIG. 3G is a top planar view of the
lateral axis accelerometer. The late.ral‘axis accelerometer may include a suspended

‘movable structure 374 having a first lateral side and a second lateral side opposite the
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first lateral side. A first plurality of fingers 376a may extend from the ﬁr‘ét lateral side

and a second plurality of fingers. 376b may extend from the second lateral side. The
lateral axis accelerometer may include fn.(ed first comb ﬁnéers 378a and fixed second
comb ~ﬁngers 378b. The first plurality of fingers 376a may form a first plurality of
¢apacitive structures with first comb fingers 378a. Thé second plurality of fingers
376b may form a second plurality of capacitive structures with second comb fingers
_378b. The movable structure 574, the first comb fingers 378a and the second comb
fingers may be arranged so that when an acceleration moves the movable structuré in
a direction parallel to the comb fingers 378a, 378b, the capacitive value of only one of
the first plurz;lity of capacitive structures and the second plurality of capacitive
structul;e may increase whilf; the capacitive value of the remaining plurality of
capacitive structure may decrease; The movable structure 374, the first comb fingers
378a and the second comb ﬁngefs may be arranged such that the comb fingers 378a is
spaced in a first lateral direction from the first plurality of fingers 376a while the
~ second comb fingers 378b is spaced in a second lateral direction from the second
plurality of fingers 376b, the .secbnd lateral diréction opposite the first lateral
direction. The difference of the capacitance values may be converted to voltage with a
circuit arrangement and sensed. As seen in FIG. 3G, the lateral axis accelerometer
may not require the need for a.top electrode and a bottom electrode.
[070] | A fully-differential lateral axis accelerometer may include any one or more
of a multi-layer structure, a through via- structure, a getter material and a
vacuum-sealed cavity. The fully-differential léteral axis accelerometer ﬁnay move
laterally and may have a laieral measurement axis.
[07 i] FIG. 3H is a schematic 300h illustrating the operation of a fully-differential
lateral axis accelerometer according to various embodiments. FIG. 3H is .a top planar
" view of the fully-differential lateral axis accelerometer. Similar to the latéral axis
accelerometer, the'fully-differential lateral axis accelerometer may move in the lateral

direction. The fully-differential lateral axis accelerometer may also not require the
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_need for. a top electrode and a bottom electrode. The fully-differential lateral axis

accelerometer may include a suspended movable stmctﬁre 380 having a first lateral
side and a second lateral side Aopposite the first lateral side. A first plurality of fingers
3825 may extend from the first lateral side and a second plurality of fingers 382b may
extend frbm the second lateral side. The iateral axis accélerometer may.include fixed
first comb fingers 384&, fixed seconq comb fingers 384b, fixed third comb fingers
3849 and fixed fourth comb fingers 334d. The fixed first comb fingers 384a and fixed
second comb fingers 384b may face the first lateral side pf structure 380. The fixed
third comb fingers 384c and fixed fourth comb fingers 384d may face the second
lateral side of structure 380. The first comb fingers 384a may be spaced in a first
lateral directiq'n from the first plurality of fingers 382a while the second comb fingers
384b may be spaced in a second lateral direction from the first plurality of finigers
382a, the second latefal direction opposite the‘ first lateral direction. The third comb
fingers 384c may be spaced in the first lateral direction from the second plilrality of
fingers 382b while the fourth comb fingers 384d may be spgoed in the éccond lateral
direction from the second plurality of fingers 382b. The first comb fingers 384a méy ,
‘form a first plurality of capacitive structures with the first plurality of fingers 382a.
" The second comb fingers 384b may form a second plurality of capacitive structures
with the first plurality of ﬁngeré 382a. The third comb fingers 384c.may form a tﬁird
plurality of capacitive structures with the second plurality of fingers 382b. The -
fourth comb fingers 384d may form a fourth plurality of capacitive structures with the
~ second plurality of fingers 382b. ‘ |
‘[072] When acceleration causes the movable structure to move in a direction
parallel to the comb fingers 384a, 384b, 384c, 384d, the capacitive value of only one‘
of thé first plurality of capacifive structures and the fourth plurality of capacitive
st;'uqture -may incréasé whileA the capacitive value of the remaining plurality of
- . capacitive structure may decrease.. The capacitive value of the third pluraiity of -

capacitive structures may increase or decrease with the first plurality of capacitive
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structures. Likewise, the capacitive value of the second plurality of capacitive

" strictures may increase or decrease wi}h the fourth plurality of capacitive structures.

- The difference of the first ;uid fourth capacitance values may be converted to a first
voltage and the difference between the second and third capacitive value may be
converted to a second voltage. |
[073] As the fully-differential lateral axis accelerometer may have twice the
number of capacitive structures as the lateral axis accelerometer, the fully-differential
lateral axis accelerometer may also have twice the seﬁsiﬁvity as the lateral axis
accelerometer. However, the fully-differential 'lateral axis accelerometer may be
difficult to fabricate in a conventional process flow as the first and second comb
ﬁnéers 384a, 384b should be formed at different vertical heights to avoid crossing
each other. Likewise the third and fourth comb fingers 384c, 384d should be formed
at different vertical heights to avoid crossing each other. Various embodiments may
allow the fabrication of the fully-differential lateral accelerometer due to the
multi-layer metal structure. Further, various .erhb'odiments allows connection of
multiple electrical lines on the second surface of the first wafer. Various embodiments
allow the flexibility of forming fully-differential lateral axis accelerometers
[074] A vertical-axis gyroscope may include any one of more of a through via
structure, a getter material, and a vacuum-sealed cavity. The vertical-axis gyroscope
may move laterally and may have a lateral measurement axis. '
(075} A latéral resonator may include a‘through via structure. In addition, the
lateral axis accelerometer may optionally have any one or more of a getter materiél‘ .
and a vacuufn-sealed cavity. The laferal resonator may move laterally and may have a
lateral measurement axis. |
[076] A see-saw resonator may iﬁclude any one of a through via structure and a
top ele;:trode on a first wafer as well as a bottom electiode on a second wafer. In

addition, the see-saw resonator may optionally have any one or more of a getter
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. material and a vacuum-sealed cavity. The see-saw resonator may move in a see-saw

manner.

[077] In various embodiments, the suspended structure 318, the first electrode
308" on'the first portion of the second surface 304b of the first wafer 302 and the
B second electrode 322 on ihe suspended structure 318 may be or may form part of a
first electromechanical component. The first electromechanical component may
include a ﬁrst electrode 308 formed on the first wafer 302 and a second electrode
. formed on the suspended structure 318. In various embodiments,. the sus;;ended
“structure 318, the first elc;ctr.ode 308 on the first portion of the second surface 304b of
the first wafer 302 and the secoqd electrode 322 on the suspended structure 318 may
be any oné of a lateral axis maénetometér, a differential vertical axis accelerometer, a
single ended vertical axis accelerometer and a see-saw resonatof. The suspended
structure 318, the first electrode 308 on the first portion of the second surface 304b of
the first wafer 302 and the second electrode 322 on the suspended structure 318 may
form a part of any one 6f a lateral ’axis magnetometer, a differential vertical axis
accelerometer, a single ended vertical axis accelerometer and a see-saw resonator.
[078] Iﬂ various embodiments,' the furtﬁer suspended structure 338 may be or
may form part of a second electromechanical component. The second
electromechanical component may be enclosed in a vacuum sealed cavity 334. The
further suspended structure 338 may b‘e any one of a vertical axis magnetometer, a
lateral axis ma};netometer, a differential vertical axis accelerometer, single ended
vertical axis accelerometer, a lateral axis accelerometer, a fully differential lateral axis
accelerometer, a vertical axis gyroscope, a lateral resonator and a see-saw resonator.
The further suspended structure may form a part of any one 'of a v'ertiéal axis
magnetometer, a lateral axis magnetometer, a differential vertical axis éccelerometer,
singlg ended vertical axis accelerometer, a lateral axis accelerometer, a fully
differential lateral axis accelerometer, a vertical axis gyroscope, a lateral reso;lator

and a see-saw resonator.
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{079} FIGS. 4A - F illustrate a method of fbfming a second wafer according to

various embodiments. FIG. 4A is a schematic 400a showing a method of forming a’
second wafer with cavities according to various embodiments. The second wafer with
¢avities may include a cavity-SOl wafer.. The method may include providing a |
substrate 450 such as a bare sélicon wafer. A masking layer 452 such as silicon
dioxide mask mazly be formed in the substrate 450. The masking 452 may be deposited
in the substrafe 450 and patterned. Cavities 420 may be formed using the masking
layer 452, for example by using etching. The cavities 420 méy'be 3 - 20 um deep.
The masking layer 452 may not be removed after the cavities 420 are formed but may
be used as a bbnding medium for fusion bonding to a further substrate 454 such as a
further silicon wafer. The wafer 414 maj/ include substrate 450 and further substrate
‘454; After bonding the substrate 450 and the further substrate 454, the thickness of
wafer 414 may be adjusted to a desired thickness using any suitable technique. The
wafer ’414‘may have a first surface-416a and a seco'ﬁd surface 416b opposite the ﬁrsi
* surface 416a. The second wafer 414 may include a first substrate 450 and a further
substrate 454 bonded to thé first substrate 450 through layer 452. ‘
[080] The cavities 420 may be sealed with fusion bonding either in vac;uum or
non-vachum conditions. For both vacuum and non-vacuum conditions, there may be.a
bending of substrate 454 which forms a &iaphragrﬁ. The bending of substrate 454 may
result in surfacé non-uniformity of the first surface 416a during the fabrication of the -
second wafer 414. FIG. 4B is a schematic 400b showing a method of forming a
'planarize'd. first surface 416a according to various embodiments. The method may
include depositing a material 456 (e.g. dummy oxide deposition). The method may .
further include rempvirig partially the material 456 using a suitable technique such as
chemical mechanical polishiﬁg (CMP). The material 456 may address the issue 'of
surface non-uniformity. 4
[081] . FIG.4Cisa schematic.4000 showing a method of forming a coil structure

430a and a multilayer metal structure 430b on a second wafer 414 without diaphragm
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~ bending according to various embodiments. FIG. 4D, is a schematic 400d showing a

| method of forming a coil structure 430a and a multilayer metal structure 430b on a
second wafer ‘414 with diaphrégtn bending accérding to various embodiments. FIG.
4E is a schematic 400e of the multilayer metal structure 430b according to various
embodiments. The method may include deposi?ing a plurality of dielectric layers 428
on the second wafer 414. The meih.od may also include forming a coil structure 430a.
The coil siructure may include one or more metal layers embedded betwe;en the
plurality of dielectric layers 428. A metal layer may be separated from a second metal
layer by one or more dielectric layers. The method may also include forming a
mu]tilaiy_er metal structure 430b on the plurality 6f dielectric layers 428. The
multilayer metal structure 430b may extend through the dielectric layers. The method
of forming the multilayer metal structure 430b may include a dual damascene process.
In various embodiments, the coil structure 430a and the multilayer metal structure 430
may be formed using the same process steps.

[082] A first dielectric Jayer 458a may be deposited on the second wafer 414. A
second dielectric layer 460a may be deposited on the first dielectric layer 458a. The
first dielectric layer 458a.and the sec;ond dielectric layer 460a may be etched using a
. dark field (clear feature) mask. Seed copper deposition may'be carried out followed
by a copper electroplatiﬁg process and a CMP process to remove the excess copper to
form.ﬁrs’t vias 462a. . ' |
[083] Subsequently, a third dielectric layér 458b may be deposited on the second
dielectric layer 460a. A fourth dielectric layer 460b may be deposited on the third
dielectric layer 458b. The third dielectric layer 458b and the fourth dielectric layer - |
460b may be etched using a dark field (cleér feature) mask. Seed copper deposition
tnay be carried out followed by a copper electroplating process and a CMP prdcess to
remove the excess copper to form metal layer 464a. . .

[084] | Subséquent dielectric layers 458¢, 460c, 458d; 460d, 458e, 460e'may be

deposited and etched to form second vias 462b, second metal layer 464b, third vias
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462c¢. Finally, a metal such as aluminum may be deposited to form metal layer 466. A

bottom electrode 422 (i.e. the second eleétrode)b and/or interconnect structure 424 may
be formed on the second wafer 414 at the same time as the metal layer 466 is formed.
Additionally, bonding pad 468 for sealing rings may also be formed at the same time
as the metal 466. In other words, a metal layer deposited on the sec;oﬁd wafer 414 fnay
be formed into metal }ayer 466, interconnect structure 424, bottom £lectrode 422
and/or bonding'pad 468, ‘
[085] The dielectric layeré 458a, 458D, '4580,. 458d, 458e may include a first -
material such as silicon nitride. Tl*;e dielectric layers 460a, 4605, 460c, 460d, 460¢
may include a second material such as silicon dioxide. [Each material may be used as
a stopping layer for the other material during reactive etching process. For instance, -
the first material may be used as an etch stop during the etching of the second
material. The second material may be used as an etch stop during the etching of the
* first material. The thickness of the dielectric layers may be adjusted to compensate for
internal stresses. The thickness of individual silicon nitride layer may be adjusted
such that the compressive stress of the silicon nitride layer may compensate or cancel
.the tensile stfess of silicon dioxide layer on the silicon nitride layer. Correspondingly,
the t.hickness of indiyidual silicon dioxide layer may be adjusted such tﬁat the tensile
stress c;f the 'silicon dioxide layer may compensate or cancel the compressive stress of
silicon nitride layer under the silicon dioxide layer.. The thickness of dielectric layers
for forming vias, such as dielectric layers 458a, 460a, 458c, 460c, 458e, 460e, may be
kept as small as possible while the thickness of dielectric layers for forming metal
layers, such as dielectric layers 458b. 460b, 458d, 460d may be larger to decrease the
overall resistance of the metal layers. The overall thickness of the multilayér metal.
structure 430b may be kept small in order to reduce the effect on the overall

mechanical performance of the electromechanical structures.
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’[086] The method may further include depositing bonding material on the sealing

rings and/or bonding pads 468. The bonding material may be eutectic bonding
material such as copper-tin, gold-tin or aluminum-germanium.

[087] The metho'd may also include patterﬁing the plurality of dielectric layers-
428 using a suitable process such as reactive ion etching. FIG. 4F is a schematic 400f
showing a method of paﬁeijhing the plurality oi’ dielectric layers 428. As shown in
FIG. 41'*“, patterning the plurality of diefectric layers 428 may include etching through
a portion of the plurality of diclectric layers 428. A plurality of trenches 470 may be -
formed by etching. The method may ﬁlrthér include etching a portion of the second
wafer 414 under the portion of the plurality of dielectric layers 428. The etching of the
portion 6f the second wafer 414 may be formed by a suitable procéss such as deep
reactive ion etching. The etching may release the electror;iechanical structures.
.Further wet etching process may not be required as the cavities 420 are formed
eaflier. Structures such as capacitive fingers 472; suspended laterally oscillating proof
mass 474, suspended vertically oscillating proof mass 476 may be formed at the end-
of the etching processes. .

[08.8] FIGS. 5A - C illustrate a method of forming a second wafer according to
various embodiments. FIG. 5A is a schematic 500a showing a method of forming a
coil structure 530a and a multilayer metal structure 530b on a sécond wafer 514
according to various embodiments. FIG. SA may be si_milar to FIG. 4C but in which
metal layers' may be absent in a portion of the plurality of dieiectric layers 528. The
portion of the plurality of dielectric layers 428 (in which metal layers ﬁay be absent).
‘may be on a portion 578 of the second wafer 514. The portion of the plurality of
dielectric layers (in which metal layers may be absent) may be devoid of coil structufe
530a and multilayer structure 530b. "An electromechanical structure such as
accelerometer or a gyroscope or a movable portion of a accglerometer/gyroscope may
subsequently be formed on portion 578. Coil structure 530a may be formed on or

- within the plurality of dielectric layers 528. Multilayer metal structures 530b may be
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formed on the plurality of dielectric layers 528. Metal layers 466 may be formed as a

- part of the multilayer metal structures 530b. Bonding pads 568 and/or intefconnect
structures 524 may also be formed on the plurality of dielectric layers 528. Further,
bottorﬁ electrode 522 may be formed on a further portion of 'diélectric layers 528
directly on a further portion 580 of the second wafer 514. A further electroz;lechahical
structure such as a mag};etometer or a movable structure of a magnetometer may be
formed on further portion 580. Metal layers and/or coil structures-530a may be
formed on or embedded wifhin .the further portion of the dielectric layers 528. Metal
layers and/or coil str.uctureS 530a may be formed on or embedded only within the
further portion of the dielectric layers 528 and not on of embedded with portion of the

. dielectric layers. ' ' . ' o

[089] FiG. SB> is a schematic 500b showing the pbrtion of dielectric layers 5é8

directly on portion 578 being removed according to various etﬁbodiments. The

. methogl may include Ac\ompletely removing the portion of the dielectric layer 528

directly on portion 578. The portion of the dielectric layer 528 directly on portion 578

may be removed using etching. The second wafer 540 may have a first surface 516a

and a second surfac;e 516b obposite‘the first surface 516a. The plurality of dielectric
layers 528 may be initially deposited on the first surface 516a. After the removal of
the portion of the dielectric layer 528 on portion 578, the first surface 516a of portion

578 l;nay b;e completely devoid of dielectric layers 528. The further portion of the

dielectric layers 528 directly on further portion 580 may be patterned to form trenches

572a. However, the further portion of the dielectric laye{s 528 may be not completely
removed. The portion of the dielectric layers 527 may be completely removed ﬁnd the
further portion of the dielectric layers 528 may be patterned in the same etching step.’

| t090] FIG. 5C is a schematic 500¢ forming of trenches 572b, 572¢ being formed

acgording to various embodiments. The method may furthér include providing a mask -

such as a metal cover over the first surface 516a. The remaining 'pattemed dielectric

layers 528 (of the further portion of the dielectric layers 528) may also act as a -
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masking layer. The portion 578 may rely only on thé mask for subsequent patterning.

' The method may include patterning the portion 578 as well as portion 580 of the first
side 516a of the second wafef 5 14. Trenches 572a may be further formed into
trenches 572b on the further portion 580. Trenches 572c may also be formed on:
portion 578.

. [091] Magnetometers may require metal lines anq/or coil structures on the
structural layers to génerate a Lorentz Force by an applied magnetic field. The metal
lines and/or coil structures may be on suspended structures of the magnetometers. On
the oth& hand, gyroscopes and/or accelerometers may not require such metal lines
and/or coil structures as force (for moving the movable and/or suspended structures)
may be from the inertial movement of the movabl'é and/or suspended structures. The

‘metal lines and/or c011 structures as well as dielectric layers on the suspended structures

"may cause additional stress for the suspended and/or movable structure of the -
gyroscopes and/or accelerometers, which w111 cause the suspended and/or movable.
structures to buckle after the releasing operanon

| [092] The methods illustrated in FIGS. SA - C may reduce stress of the movable
and/or suspended structures of the gyroscopes and/or accelerometers. The methods
illustrated in FIGS. 5A - C may reduce stréss of the movable and/or suspended
structufes of the gyroscopes and/or accelerometers by removing the portion of
dielectric layers deposited on the gyroscopes and/or accelerometers before fabrication
is completed. The pbrtion of the dielectric layers may be removed in the same process
flow as forming the electromechanical device including the various electrom;echanical
structures, Magnetometefs, which may require dielectric layers for forrnatioh of me'tal .
lines and/or coil structures on or embedded within, and acceleromstérs and/or:
gyroscopes, which may not require dielectric layers, may be fabricated side by side on
the same process platform. ‘ .

[093] FIGS. 6A - C illustrate a method of forming a first wafer according to

various embodiments. FIG. 6A. is a schematic 600a illustratinga method of forming via -
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- structures 610% 612, 632 according to.\./arious embodiments on the first wafer 602
aécording tgi various embodiments. FIG. 6B is a schematic 600b illustrating a method
o_f fonningvrechiistribution lines (RDLs) 656 according to various embodiments. A first
wafer 602 may be provided. The wafer may have a original surface 604a and a further,
brig,inal surface'6.04b. A circuit 606 may be formed on the first wafer 602, i.e. on

. surface 604a. A first dielectric layer 646; such as an-oxide insulation layer, may be
_ depositéd on or over the surface 604a of first wafer 602. The first dielectric layer 646
may be patterned. The patterned first dielectrié layer 646 may be used as a mask for
forming trenches 648 at predefined locat{ons of the first wafer 602. A séco_nd dielectric
layer 650 may be deposited at the side walls of trenches 648. Seed copper deposition
may be carried out to form via stmctureé 610, 612, 632. Metal pads '652' e.g. CMOS
pads may also be formed. The method may further include removing the excess copper
(e coppér déposited outside the trenches 648) in a planarization step using a suitable
procesé such as chemical mechanical polishing (CMP). '
[094] A thjrd' dielectric layer 654 may be deposited over the first wafer 602, i.e. at
least partially on the ﬁrsf diéieetric layer 646. The third dielectric layer 654 may be
patterned by a suitable process such as reactive ion etching (RIE). The thifd dielectric

‘layer 654 may be patterned to expose the via structu‘res“ 610, 612, 632. The third
dielectric layer 654 may also be pattern_eci to expose the metal pads 652. Redistribptic')n
]iﬁes (RDLs) 656 may be formed on the third dielectric layer 654. The redistribution
lines 656 may be formed by depositing aluminum on third dielectric layer 654 and
patterning the aluminum. The redistribution lines 656 may be configured to connect the
via structures 610, 612, 632 and metai pads 652. The redistribution lines 656 may also

" ‘be referred to as top redistribution lines. A fourth dielectric layer 658 may be deposited |

at least partially on the redistribution lines 656 to protect the redistribution lines 656.

Top surface electrical pads 660 may be formed partially on the fourth dielectric layer

658. The circuit arrangément may include one or }norg of the circuit 606; the

redistribution lines 656, the metal pads 652 an& the electrical pads 660.
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[095] FIG. 6Cis a schematic 600c illustrating a method of thinning the first wafer

602 according to various embodiments. The first wafer 602 may be bonded to a transfer
wafer 660. The method may include attaching the first wafer 602 to'the transfer wafer
660 with the. first surface 604a of the first wafer 602 facing the transfer wafer 660. The
first wafer 602 may be bonded to the transfer wafer using bonding material 662 such as -
tempora.ry bond adhesive bonding,‘ material. A portion of the first wafér. 602 (i.e.
further ori éinal surface 604b ) may be rg'_moved to form the second surface 6040 of the
first Qafer 602. The portién of the first wafer 602 may be removed by suitable thinning
processes such as e;tching, grinding and/or chemical mechanical polishing (CMP). The -
portibn of the first wafer 602 may be removed such that fhe thickness of the first wafer-
602 is down to the depth of the via structures 61 0, 61'2,.632. Through via structures may
be formed from. via structures 610, 612, 632 during the thinning processes. The first
wafer 602 may be thinned from original sutface 604b to surface 604c. CMP may be
‘carried out for 'ﬁ'nishing with'a smooth surface. The thickness of the thinned first wafer
602 ma)" be about 300 pm for a 60 um via diameier. As handling or processing 300 pm
thici( wafers may not be possible due to brittleness at such thickness, the traﬂsfer'wafer
: 660 may be required to be e;t.tached to the first wafer 602 before thinﬁing.
[096] FIG. 6D is a schematic 600d illustrating a method of processing the thinned
first wafer 602 according to various embodiments. An isolation layer 664 may be
deposited on the second surface 604c of the first wafer 602. The isolation layer 664
may be patterned to expose the via structures 610, 612, 63.?.. The isolation layer 664
may include a suitable dielectﬁc. A metal layer such as an aIumipﬁm layer may be.
dep§§ited on isolation iay@r 664 to form bottom surface redistribution lines (RDLs) 666.
The metal layer may also vform the bonding pads 668a and/or top elegtrodc 608. The
RDLs 666, the bonding pads 668a and/or the top electrode 608 may be forxﬁed at the
same line. A metal line such as an aluminum layer may be deposited on isolation layer
664 and patterned to form RDLs 666, the bonding pads 668a and/or the top electrode
608.
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[097] -~ FIG. 6E is a schematic 600e illustrating a method of forming gap control

structures 670 according to various embodiments. FIG. 6F is a schematic illustrating a
method of depositing bonding materials 680a, 630b according to various embodiments.
The method may further include forming gap control struqturés 670 on the isolation
la'ye}'s 664. Each gap control structure 670 may be formed around or in the vicinity of
bonding p'ads 668a and/or via structures 610, 612, 632. In various embodiments, the
. method may also include i)onding the first wafer 60§ and a sécond'wafer us.ing molten
state bonding. The gap control structures 670 may lbe configured for molten state
bonding, using materials such as copper/tin or gold/tin, between the first wafer 602 and
- the second wafer. The gap control structures 670 inay be configured to keep the molten
bonding maierials on the bor;ding pads 668a and/or via structures 610, 612, 632 and '
may be confi gu}ed to prevent the molten materials from spreading outside the bonding
pads 668a and/or via structures 610, 612, 632 durjng bonding. ’I‘ﬁe molten bonding
material may be deposited on bonding pads 668avand/or via structures 610, 612, 632.
As the molten bonding material is kept from spreading, the gap between the ﬁrst wafer
602 and the second wafer may be controlled. In various embodiments, the gap control
structures 670 may be configured to precisely control the gap.between the.ﬁrst wafer
602 and the second wafer. The gap éoﬁtro] structures 670 may include a suitable
dielectric material. o .

[098] . . ’j“he method may furthér include depc;siting a photoresislt layer and
patterning the photoresist layer to form photoresist structures 678, e.g. by using mask
such as a dark field (clear features) mask. In various embodiments, a first matérial 680a
' niay be deposited on bond pad 668a (and/or via structures 610, 612, 632) and a second
materia] 680b may bg deposited on the first material 680b. For instance, gold may be
deposited on bond pad 668a (and/or via structures 610, 612, 632) and tin may be
deposited on gold. In various alternate embodiments, a first material may be deposited
~on bond pan 668a (and/or via structures 610, 612, 632) and a second material may be

deposited on a second wafer. For instance if gold is deposited on bonding pads 668a
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(and/or via structures 610, 612, 632), tin may be deposited on the second wafer, and the

| first wafer 602 may be bonded to the second wafer.using gold/tin bonding, The first
material and the second material may form a eutectic system. Tﬁe boriding may be
.eutectic bonding, A ’. - ' '

[099] FIG. 6G is a schematic 600g illustrating a metho& of forming standoff
structures 672 according to various embodiments. FIG. 6H is a schematic 60011
illustrating a method of forming a layered structure 674 including bonding matérial at
least partiall'y on standoff structures 672 according to various embodiments. The
layered structure 674 may include one or more layers of bonding material. The layered
structure 674 may be or may include a stack structure. The layered structure 674 may be -
electrically connected t.o‘ any one of the via structures 610, 612, 632. The layer structure
may at least partially cover a lateral side of standoﬁ‘ structure 672. The layer structure
may also at least partially cover bottom side of standoff structure 672. The bottom side
may be substantiaily perpendicular to the lateral side. In various alternate embodiments,
the method may include formihg ‘standoff struf.:tures 672 on isolatioh layers 664. In
various alternate embodiments, the method may include Bonding the ﬁrét wafer 602
and a second 4waf4er using solid state bonding. The bonding material may be or may
include solid state bonding material. The standoff structures 672 may be configured for
solid state bonding between the first wafer 602 and the second wafer. Solid state
bonding may not require gap contro] structures 670. The bonding material used in solid
state bonding may maintain their solid form and may not melt into each other during
bonding during the bonding process. In other words, the bonding material used in solid
state bonding may be conﬁguréd to be solid duﬁng" the high pressure and hfgh
temperature bonding process. In addition, the standoff material may be confi gﬁred to
be or remain in the solid state during bonding at the bonding pressure and temperature.
The gap separation between the first wafer 602 and the second wafer may be

predetermined or may be adjusted by using or sele,cting a standoff structure 672 with a
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predeterrﬁined thickness and/or -applying a predetermined thickness of bonding

.material.“
[0106] Suitable bonding materials may include copper to copper, aluminum to
. germanium, silicon dioxide to silicon or silicén to silicon. In various embodiments, a
first material may be deposited on standoff structure 672 and a second material may be
deposited on the first material. For instance, the first matérial may include aluminum
_and the second material may include germanium. In other words, the layered structure
674 may include the first material and the spéénd material on the first material. In
various éltemate ernbodimentg, the first material may be deposited in standoff structure
672 and the second material may be depdsited on the second wafer. For ins;ance,
aluminum may be deposited on standoff structure 672 and génnanium may be
deposited on the second wafer. The stacked structure may include 0.7 im of aluminum
and 0.4 im of germanjum. | .
[0101)  Standoff materials, i.e. material used for standoff structures 672 may include
a dielectric layer such as any one of silicon dioxide or silicon nitride. Bonding and
staqdoff material may not be limited to these exémples and may include any other
suitablg materials. Any material which is suitable for MEMS fabrication and which
maintain a solid state and rigid form at the boﬁding temperature and pressure may be
used as a standoff or bonding material. The method may further include-forming
surface redistribution lines (RDLs) 666 anc_l/or ‘top e'lectrodev 608 on the standoff
structure 672 and/or isolation layers 664. The surface redistribution lines (RDLs) 666
and/or top “electrode 608 may be formed together with layéered structure 674. The
surface redistribution lines (RDLs) 666 and/or top electrode 608 may be férmed ﬁom
“one or more of the bonding materials. The layéred structure 674, surfgce redistribution
lines (RDLs) 666 and/or top electrode 608 may be formed by depositing one or more
layers of bonding material, followed by patterning.
[0102)  FIG. 6] is a schematic 6004 illustrating a method of depositing getter material

636 in a cavity 634 according to various embodiments. The method may include
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férming a cavity 634 on the second. surface 604c of the first wafer 602. The method

‘may further include depositing getter material 636 within the cavity 634. Getter
material 636 may be required to helb maintain the vacuum conditions of cavity 634.
. The method may include depositing a photoresist layer on the isolation layer 664. The
method may further include patterning the photoresist layer. The patterned photoresist
layer ma}; be used to pattern the isolation layer 664. The patterned isolation layer may
be used-as a cavity etc;h mask to form cavity 634. The cavity 634 may be formed by
Qemoving a portion of the wafer 602 on a portion of the second surface 604c. The
getter material 636 may be deposited on a surface of cavity 634. The surface of cavity
634 may be substantially parallel to the second surface 604c. The. deposited getter
material 636 may be patterned. ' '
[0103] FIG. 6J is a schematic 6QOj illustrating bonding the first wafer 602 to a
second wafer 614 according to v_grious embodiments. The second wafer 614 may or .
may not be the second wafer illustrated in FIGS. 3A, 4F, 5C. The first wafer 602 may or |
may not be the first wafer 602 illustrated in FIGS. 6F, 6. The second wafer 614 may
have a first surface 616a arid a second surface 616b opposite the first surface 616a. The
| first surface 616a of the second wafer m.ay include a suspended structure 618. The
sﬁspended structure 618 may have a spacing 620 between the suspended structure 618
and the second surface 616b. A plurality o‘f dielectriq layers 628 may be on the second
wafer 614, such as on the suspended structure 618. A coil structure and/or metal
layers méy t;e present on or embedded within the plurality of dielectric layers 628 on
. the suspended structure 618. The plurality of dielectric layers 628 méy include a coil
structure 630a. Various embodiments may further include a coil structure 630a on the
first surface 616a of the second wafer 614. The coil structure 630a may be on the
suspended structure 618. The coil structure ~63,0a may be part of a magnetométer. The
coil structure 630a may alternatively or additionally be on other ponions' of the first
- surface 616a. The coil structure 630a may be embedded in the plurality of dielectric

layers 628. The coil structure 630a may include a plurality of concentric rings. The .
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coil structure 630a may be a single metal layer of concentric rings between a first

dielectric Iayer' and a second dielectric layer of the plurality of dielectric layers 628.
Alternatively, ‘the' coil structure 630a may ‘inc]ude a plurality of metal layers. Fach
 metal ia).'er of the plurality of metgl layers may be separated by a dielectric layer. The
coil structure 630a may be under the second electro&e 622. The coil structlire. may
extend through the plurality of dielectric layers 628. | L .
[0104] A multi-layer metal structure 630b rhay be present on the plurality: of
dielectric layers §28. The multilayer structure 630b may include a first !ayer; a
c‘oﬁductive via on the first metal layer and a second metal layer on the conductive via.
The multilayér, structure 630b may further include a further conductive via on the
second metal layer and a third metal ‘layer on the further conductive via. The
multilayer structure 630b may extend through the plurality of dielectric layers 628.
The multilayer structure 630b may-be configured to eléctrically connect electrical
structures on the plurality of dielectric layers 628 to electrical structures (;n the first
surface 616a. The multilayer structure 630b may be configured to electrically connect
electrical structures on first surface 616a of second wafer 614 to electrical structures
on second surface 604b of first wafer 602,' such as through via structures 632, when
the first wafer 602 is bonded to the second wafer 614. The coupliﬁg of multilayer
structures 630b with through via structures 632 a}so allows for electrical conneption
between first surface 604a of first wafer 602 and second surface 616a of second wafer
614. | |
[0105] A bottom electrode 622 may be on the plﬁrality of dielectric layers 628 on
the suspended structure 618. The second wafer 614 may further include an
" interconnection structure 624. The interconnection structure 624 may .eiectrically
connect the bottom electrode 608; | -
[0106] The second wafer 614 may also inr;‘,ludc a ﬁlrther suspended structure 638 on
the first surface 616a of the second wafer 614. The suspended structure 618 and the

‘further suspended structure may be on different portions of the second wafer 614. The
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further suspended structure 638 may haQe a spacing 640 between the further suspended

structure 638 and the second surface 616b. a

[0107] . The transfer wafer 660 may be removed from the first wafer 602 after the

first wafer 602 is bonded to the second Qafer 614. The ﬁrst wafe; 602 may be bonded to

the second wafer 614 with the second surface 604b of the ﬁrs{ ‘wafer 602 facing the
first surface 616a of the second wafer 614. The via structure 612 may electrically
connect the interconnect structure 624. The via structure 610 may electrically connect

. the top electrode 608. The top electrode 608 and the bdtto_m electrode 622 may form a
" capacitive structure. The via structures 632 may electrically cor_me?t the multilayer

metal structure 630b. .

' [0108] Bonding may ihc}ude molten state material bonding. Bonding may be.
eutectic bonding. For instance céppér and tin may be used for bonding, The first wafer
602 and the second wafer 614 may be brought together by overlapping the copper/tin

_regions of both wafers 602, 614. The tin material around the bonded regions may be
squeezed, melted to form eutectic bonds between the two ‘wafers 602, 614. The-
copper/tin may be predeposited on the first wafer 602 or on the second wafer.
Alternatively, a first material may be predeposited on the first wafer 602-and a second
material may be predeposited on the second wafer 614. Bond pads 668a on the. first
‘wafer 602 may be bonded to bond pads 668b on the second wafer 614 with the
bonding material. The bonding materials may iﬁclude a first material and a second
n‘ia{érial. The first and second materials may be deposited on bond pads 668a or on
bond pads 668b. The first and second materials may form a stacked structure on bond
pads 668a or on bc;nd pad§ 668b. Alternatively, the first material may be deposited on
bond pads 668a and the second material may be deposited on bond pads 668b.'

{0109] 'Gap control structures 670‘ may be used to control the distance or gap
between the first wafer 602 and the second wafer 614. In other words, the

electromechanical device may include one or more gap control structures 670 between
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the first wafer 602 and the second wafer 614. The gap control structures may be

configured to keep the bonding‘materials within the gap control structures 670.
[0110] FIQ. 6K is a schematic 600k illustrating bonding the first wafer 602 to a
second wafer 614 according to various embodiments. The second wafer 614 may or
" may not be the second wafgr illustrated in FIGS. 3A, 4F, 5C. The first wafer 602 may or
may not be the first wafer 602 illustrated in FIG. 6H. Bonding may include solid state
~ bonding. In various embodiments, the method may include forming standoff stnictures
672 on the first wafer 602, e.g. on isolation layers 664. The.method may further include
forming layered structures 674 at least partially on standoff structures 672. The layered
structures 674 may be electrically connécted to via stmctﬁres 610, 612, 632. In various
~ embodiments, the layered structures 674 ﬁ‘:ay include a first material and a second
material. The layered structures 674 may be pre-formed on the first wafer 602. In -
various embodiments, the iayered structures may at least partially be formed on second
wafer 604, In various embodiments, a first structure including a first material may be
pre-formed on the first wafer 602 and a second structure including a second material
. may be pre-formed on the second wafer 614. Various embodiments using solid state
bonding méy be able to control the gap between the first wafer 602 and the second
wafer 614 more precisely compared to molten state material bonding.
[0111] ,.The via structure 632 may be electrically connected to multilayer metal
structure 630b. The via structure 632 may be electrically connected to multilayer metal
structure 630b via layered structures 674. The via structure 612 may be electrically
connected to interconnect structure 624; The via structure 612 may be electrically
connected to interconnect structure 624 via layered structures 674. The top electrode
608 and the bottom electrode 622 may form a capacitive structure. For solid state
bonding, the top surface of the layered structures 674 may be sufficient for bonding and
additional bonding pads may not be required. '
'[0112]  FIGS.7A-B illustrate a method to form magnetometer structures together

with accelerometer and/or gyroscopes according to various embodiments. As
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 illustrated in FIGS. 5A - C, the method may include rem'oving‘the portion of dielectric
layers b depésited on the portion second wafer for forming the gyroscopes and/or
- accelerometers. However, the removal of thé portion of dielectric layer may result in an
increased gap between the top élecfrodé’ (on the first wafer) and the bottom electrode
(on the second wafer). The increase in gap may résult. in a decreased sensitivity of
- vertically movable sensors, e. g vertical movable accelerometer ;1nd vertically movable
gyroscopes. Further more, the removal of the portion of dielectric layers may result on a
lack of surface to form the bottom electrode.

.[01 13] FIG.7Aisa ,schemat'ic' 760a illustrating forming of a compensation structure
on the first wafer 702. according to various embodiments. The method may include
providing a first wafer 702 with ;cl surface 704a having a first portion 778a and a second
portion 778b. The first wafer 702 may have a further surface 704b opposite the surface
704a. The method may further include forming a compensation structure 780 oﬁ or over
the second portion 778b of the surface 704a of the first wafer 702. A top electrode 708a
may be formed on or over the first portion 778a of surface 704a. A further top electrode
708b may be formed on or over the compensation structure 780.

[01 14] " The surféce 704a may further have a third portion 778c. A cavity 734 may be
formed on the third portion. Getter material 736 may be deposited within cavity 734.
The cavity 734 may have an inner surface 7'82. Surface 782 may be substantially
parallel to second surface 704b of wafer. The getter ma£en‘al may be deposited on
surface 782.‘ .

[0115] An isolation layer 764 may be deposited on second surface 704b. The
isolation layer 764 may include a first portion on the first portion 778a of first wafer
702 and a second portion on the second portion 778b of first wafer 702. The' isoiation
léyér 764 may further inclu&e a third portion on the third portion 778¢ of first wafer 702.
Forming compensation structure 780 on the second portion 778b of the surface 704a
may include forming the cpmpensatién structure 780 on the second portion of isolation

'lay_er 764, Top electrode 708a may be formed on the first portion of isolation layer 764.
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The method may further incl_ude forming via structures 710a, 710b, 712a, 712b, 732 on

" the first wafer 702a. The via structures 710a, 710b, 712a, 712b, 732 may be through via
structures.’Top electrode 708a may be electrically connected to via structure 710a. Top
electrode 708b rﬁay be electrically connected to via structure 710b. The top electrode
710b m#y cover a lateral side of comﬁcnsation structure 786.
[0116] Tﬁe method nﬁa& further inclﬁde;.fonning'a cirpuit arrangement 706 on the
further surface 704b. The circuit arr;mgemént 706 mgy' be electrically connected to via
structures 710a, 710b, 712a, 712b, 732. The circuit arrangement 706 may include a
circuit or maj include a plurality of discrete circuits. The circuit érrangement 706 may
additionaliy or alternatively include metal pads, electrical pads and/or redistribution
lines. ) |
[0117]  The method may also include forming standoff structures 772. The standoff
étmctureé may be formed on isolation layer 764. The method may further include
foxzming layered structure 774 at least paﬁially on standoff structures 772. The layered
structure 774 may include one or more bonding material. The layered structured 774
may include a stack of a first material and a second material on the first material, The
layered structure may be formed on a lateral side of standoff structures 772 . '
[0118}. The layered structures 772 may be electﬁcally connected to via structures
712a, 7125, 732. 'The standoff structures 772 and the compensétion structures 780 may
be formed of the same material or may be formed of different materials. The standoff
structures 772 and the‘compensation structures 780 may include a suitable dielectric

"material. The layered structures 774 and the electrodes 708a, 708b may be formed from
the same material or from different materials.
[0119]  Various embodiments allow cavity 734, top electrodes 708a, 708b to be
fabricated side by side at different height levels. The- different height levels may be
created by etching a cavity 734 on the surface 706a for deposition of getter material 736

and forming a compensation structure 780 on which top electrode 708b may be formed.
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{01201  FIG. 7B is a schematic 700b illustrating bonding the first wafer 702 to a

second wafer 714 according to various gmbbdiments. The second wafer 704 méy have
a surfacé 716a and a. further surface 716b opposite the sui'facé 716a. The surface 716a
may include a ﬁrst portion 784a and.’a second portion 784b..The method may also
include depositing a plurality of dielectric layers 728 on the surface 716a of the second
" wafer 714. The method may further include forming a qoil structure on a first bortion :
of the plurality of thé dieiectri(;, layers' 728. The first pbrtion of the plurality of the
dielectric layers 728 may be on the first portion 784a of the surface 716a of the
'second wafer 714. The coil structure may extend through the first portion of the
- plurality of dielectric layers 723. The method may further include removing a seéond
portion of the p}uraiity of dielectric layers 728 on the second portion 784b of the
surface 716b of the second wafer 714. In other words, the second portion 784b may
" be devoid of any dielectric layer 728. '
[0121} The method may also include forming a ﬁrst.e]ectroﬁiechanical structure
718a, such as a first suspended structure, on the first portion 784a of ihe surface 716a
of the second wafer 714. The method may additionally include forming a second
electromecﬁanical structure 784b, such as second suspended structure, on a second
portion 7845'of the surface.716a of the second wafer 714. A first bottom electrode
722a may be formed on the portion of dielectric Iay@r 728 on first portion 784a. The
.second portion 784b may be a second botfom electrode 722b. In other words, thé
second wafer 714 itself may be used as the second bottom electrode 722b without the
need of a rnetaly layer as bottom eleptrode. The ﬁrs_t’ Wafer 702 and/or second wafer
714 méy include a suitable sem'iconduétor‘ material such as silicon.
[0122] The method may further include bonding the first wafer 702 to the second
wafer 714 with the surface 704a of the first w}vafer 702 facing the sﬁrfa‘ce 716a of the
second wafer 714. The first bottom electrode 722a may be electrically ‘connected to
'yia structure 7Al2‘a., for instance, via a layered structure 774 and an interconnect

structure 724a. . The second bottom electrode 722b may be electrically connected to
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via structure 712b, for instance via an interconnect structure 724b. The interconnect

_structures 724a, 724b may be formed on or over the surface 716a of second wafer
714, e.g. on the plurality of dielectric layers 728.

[0123] 'The first portion 778a of the first wafer 702 may face. the first
electromechanical structure 718a. The :_top electrode 708a and the bottom electrode
_ 722a may form or may be separated by a first predetermined gap. The compensation
structure 780 may face the second electromechanical structure 7l§b. The top.
electrode 708b and the bottom electrode 722b rnay.'form or may be separated by a
second predetermined gap.

[01'24] A first electromechanical component 7$6a, such as a magnetometer, may
Be formed ny the..bonding of the first wafer 702 and the second wafer 714. A second
. 'e]ectror'nechanical component 786b, such as a vertically movable gyroscope or a
vertically ;novab.le éccelerometer, may be formed by the bonding of the first wafer
702 and the second wafer 714, |

[0125]  The surface 706a may include a third portion 784c. The plurality of dielectric
layers 728 may also be deposited on the third portion 784c. The method may also
include forming a third. electromechanical structure 738, such as a su§pended
structure, on the portioﬁ 784c of the surface 716a of the second wafer 714. There may
be a third predetermined gap between the surface 782 and fhe portion of dielectric
layéré 728 deposited on third portion 784c. A third electromechanical ‘component
7360, such as a laterally movable magnetometer, a laterally movable gyroscope or a
laterally movable accelerometer, may.be formed by the bonding of the first wafe;r 702‘
and the second wafer 714. '

[0126] Various embodiments ma'y'rédqce stress of electromechanical structures
© -718b of electromechanical components 786b such as gyroscopes and accelerometers
by removing the. dielectric layers 728 on the electromechanical structure 718b. The
increased in gap between the top electrode 708a (o the first wafer 702.) and the bottom

electrode 722b (on the second wafer 714) may be compensated or reduced by
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compensation structures 780. Further more, the bottom electrode 722b may be formed

" by the wafer 714 itself.
[0127] Further, cavities 734 may be etched to form a third surface 782. In other :
words, inner surface 782, cempensation_ structure 780 and surface 704a may form three
surface levels on first wafer 702. o

[0128] Various ‘embodiments allow the fabrication of magnetometers along
| gyroscopes and/or magnetometers Various embodiments allow the fabncatlon of
vertically movable magnetometers along gyroscopes and/or magnetometers
[0129]  Various embodiments provide a three dimensional, capacitive inertial
-MEMS platfenfl or device. The MEMS pIatfofm or device allows the fabrication of
three-axis accelerometers, three-axis gyroscopes ana ‘three-axis magnetometers in a
very compact and cheap way. Various embodiments allow the integration of fabrication
of magnetometers to the fabrication of accelerometers and/or gyroscopes. Various
embodiments .address the performance problem of conventional magnetometer
structures by including a coil stl;uctqfe to improve performance. Various embodiments
provide multilayer metallization to form the coil structure on suspended magnetometer
structures. . ’ -

[0130] Embodiments ef eIectromechaniceI devices haven been fabricated. In the
first integration lot, 26 im thick suspended micro-electromechanical structures (MEMS)
with 1.9im insulating layers and 3 metal — 3 vias multilayer structures have been
fabricated successfully. FIG. 8 A-D are scannipg elect;on,mic‘roscopy (SEM) images of
fabricated electromechanical devices. FIG. 8A is an image 800a of an
electromechamcal structure formed. FIG. 8Bisa zoomed-in i image 800b of a part of the
electromechanical structure shown in FIG. 8A. FIG. 8C is an image 800c ef another
electromechanical structure fermed. FIG. 8D is a zoomed-in image 800d of a part of the
electromechanical structure shown in FIG. 8C. .

[0131]  The first integration results reveal that the structures have been successfully

" suspended with the final deep reactive ion etching (step). None -of the
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electromechanical structures have experienced any stiction problems after release. This

is an expected result of using cavity wafers, which require only drying etching stéps
during fabrication. Finger spacings rheaéured are about 1 im, which is about the same as
* the design value.
" [0132] FIG. 9A-B are cross-sectional scanning electron microscopy (SEM) images
of contact and metal regions of fabricated eiectromechanidal devices. FIG. 9A is a
- cross-sectional image 900a of a contact region. FIG. 9B isa crbss-sectional image 900b
of metal line; embedded in a plurality of dielectric layers.‘Resistances of currents paths
for comb finger type magnetometer devices are also measured. The measured values.
are 'very close to the designed resistance values. Resistances of current paths are
important for detei*mining the overall ~p6wer consumption of the electromechanical
device. Matching o_f the meas.ured and simulation results also show that the fabrication
of the multi-layer metal structure, i.e. metal [ —via 2 —metal 2 — via 3 — metal 3 stack,
are successful and connection between the metal layers are gobd. MEMS wafers
fabricated in a second lot vs}ill be bonded to CMOS wafer to complete the integration
process.
[0133) - Figures serve only to illustrate certain features accérding to various
embodiments and are not intended to limit the subject matter. The figures may or méy
not follow séquentially from one another. Further, features may not be labeled in all the
figures to reduce clutter and to improve the clarity the figures.
[0134] . Méthods described herein may further contain analogous features of any
device or structures described herein. Correépondingly, devices or structures described
heréin may further contain analogous features of any methods described herein.
[0135] While the invention Has been particularly shown and described withv
reference to specific embodirrients, it should be understood by those skilled in the art
that various changes in form and detail may be made therein without departing from
the spifit and scope of the invention as defined by the appended claims. The scope of

the invention is thus indicated by the appehded claims and all changes which come
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within the meaning and range of equivalency of the claims are therefore intended to

be embraced.
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CLAIMS

1. A method of fabricating an electromechanical device,
the method comprising:

providing a first wafer;

forming a circuit arrangement on a first surface of the first
wafer;

forming a first electrode on a second surface of the first
wafer; '

forming a first via structure from the first surface of the
first wafer to the second surface of the first wafer, the
first via structure clectrically connecting the first elec-
trode with the circuit arrangement;

forming a second via structure from the first surface of the
first wafer to the second surface of the first wafer, the
second via structure electrically connecting the circuit
arrangement;

providing a sccond wafer,;

forming a suspended structure on a first surface of the
second wafer with a spacing formed between the sus-
pended structure and a second surface of the second
wafer;

forming a second electrode on the suspended structure;

forming an interconnect structure on the first surface of
the second wafer, the interconnect structure electrically
connecting the second electrode; and

bonding the first wafer to the second wafer with the
second surface of the first wafer facing the first surface
of the second wafer, the second via structure electri-
cally connecting the interconnect structure, and the first
electrode and the second electrode forming a capacitive
structure.
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2. The method according to claim 1, further comprising:

forming a sealing structure between the first water and the
second wafer.

3. The method according to claim 1, further comprising:

forming a coil structure on the first surface of the second
wafer.

4. The method according to claim 3, wherein forming the

coil structure comprises:

forming a first metal layer; and

forming a conductive via on the first metal layer and
forming a second metal layer on the conductive via.

5. The method according to claim 3, further comprising:

attaching the first wafer to a transfer wafer with the first
surface of the first wafer facing the transfer wafer: and

removing a portion of the first wafer to form the second
surface of the first wafer.
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6. The method according to claim 1, further comprising:
forming a third via structure from the first surface of the
first wafer to the second surface of the first wafer;
forming a mulii-layer metal structure on the first surface
of the second wafer; and

bonding the first wafer to the second wafer with the third
via structure electrically connecting the multilayer
metal structure.

7. The method according 1o claim 1,

wherein the suspended structure, the first electrode on the
second surface of the first water and the second elec-
trode on the suspended structure form any one of a
lateral axis magnctometer, a differential vertical axis
accelerometer, a single ended vertical axis accelerom-
eter and a see-saw resonator.

8. The method according to claim 1, further comprising:

forming a cavity on the second surface of the first wafer;
and

depositing getter material within the cavity.

9. The method according to claim 8, further comprising:

bonding the first wafer to the second wafer to vacuum-
seal the cavity.

10. The method according to claim 9, further comprising:

forming a further suspended structure on the first surface
of the second wafer with a further spacing formed
between the further suspended structure and the second

~ surface of the second wafer.
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11. An electromechanical device comprising:

a first wafer having a first surface and a second surface
opposite the first surface;

a circuit arrangement on the first surface ot'the first wafer;

a first electrode on the second surface of the first waler;

a lirst via structure extending from the first surface of the
first wafer to the second surface of the first wafer, the
first via structure clectrically connecting the first elec-
trode with (he circuit arrangement;

a second via structure extending from the first surface of
the first wafer 10 the second surface of the first walfer,
the second via structure electrically connecting with the
circuit arrangement;

a second wafer bonded to the first wafer, the second wafer
having a first surface and a sccond surface opposite the
first surface; '

a suspended structure on the first surface of the second
wafer with a spacing between the suspended structure
and the second surface of the second wafer;

a second electrode on the suspended stmcture; and

an interconnect structure on the {irst surface of the second
wafer, the interconnect structure electrically connecting
the second electrode;

wherein the first wafer is bonded to the second wafer with
the second surface of the first wafer facing the first
surface of the second wafer, the second via structure
electrically connecting the interconnect structure and
the first electrode and the second electrode forming a
capacitive structure.

12. The electromechanical device according to claim 11,
forther comprising:

a sealing structure between the first wafer and the second
wafer.

13. 'The electromechanical device according to claim 11,

further comprising:

a coil structure on the first surface of the second wafer.

14. The electromechanical device according fo claim 13,

wherein the coil structure comprises:

a first metal layer; and

a copductive via on the first metal layer and a second

metal layer on the conductive via.
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15. The electromechanical device according to ¢claim 11,

further comprising:

a third via structure extending from the first surface of the
first wafer to the second surface of the first wafer;

a multi-layer metal structure on the first surface of the
second wafer; and

wherein the first wafer is bonded to the second wafer with
the third via structure electrically connecting the multi-
layer metal structure,

16. The electromechanical device according to claim 11,

wherein the suspended structure, the first electrode on the
second surface of the first wafer and the second elec-
trode on the suspended structure form any one of a
lateral axis magnetometer, a differential vertical axis
accelerometer, a single ended vertical axis accelerom-
eter and a sec-saw resonator.

17. The electromechanical device according (o claim 11,
further comprising:

a cavity on the second surface of the first wafer: and getter
material within the cavity.

18. The electromechanical device according to claim 17,

wherein the cavity is a vacuum-sealed cavity.

19. The method according to claim 18, further compris-

ing:

a further suspended structure on the first surface of the
second wafer within the vacuum-scaled cavity with a
further spacing formed between the further suspended
structure and the second surface of the second wafer.

20. The electromechanical device according to claim 19,

wherein the further suspended structure is any one of a
vertical axis magnetometer, a lateral axis magnetom-
eter, a differential vertical axis accelerometer, single
ended vertical axis accelerometer, a lateral axis accel-
erometer, a fully differential lateral axis accelerometer,
a vertical axis gyroscope, a lateral resonator and a
see-saw resonator.



