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M CRO ELECTRONI C BOND DEGRADATI ON SENSOR AND METHOD OF MANUFACTURE. CROSS
REFERENCE TO RELATED APPLI CATIONS This appjication clainms the benefit of
U.S. Provisional Application No. , _

AMICRO-ELECTRONIC BOND DEGRADATION SENSOR
AND METHOD OF MANUFACTURE

CROSS REFERENCE TO RELATED APPLICATIONS
This épplication claims the benefit of U.S. Provisional Application No.
60/119,166, entitled "Micro Electro-Mechanical Systems Adhesive Bond Degradation
- Sensors," filed February 8, 1999, the contents of which are herein mcorporated by

reference in its entirety for all purposes.

BACKGROUND

This invention relates to devices and systems for detecting bond

degradation and more particularly, to micro-electronic devices and systems for detecting
degradation in an adhesive bond formed between two or more sMcﬁres.
. Bonded structures that are comprised of materials adhesively fixed
together can provide relatively light weight with great strength. An adhesive material is
" typically applied to one or both of the materials, which are then pressed into contact.
After the adhesive cures, the adhesive material holds the two mateﬁals'together, without
physically altering the state or condition of the respective materials. Bonded nraterials
offers many advantages over traditional joined materials, which usually require drilling
and riveting of plates with the consequent prr)blems associated with increased stress at the
rivet holes. Thus, the bonded materials do not loose any of their inherent strength or
other features of the materials themselves. Bonded materials are extensively used, for
example, in the aircraft industry for making aircraft wings, fuselage coverings, and other
body structures. .
A complete release of the bond betweén materials, called a disbonding, is
unusual and, fortunately, is typically rather easy to detect. One problem with bonding
-,technology is reliably detecting a loss of strength of the bonded structure, as opposed to a
complete disbonding 6f parts of the structure. The lack of a test for partial bond
degradation has (1) limited the application of bonded manufacture and repair technology,
especially in critical components of air-frames; (2) meant that the current technology



60/ 119, 166, entitled "M cro El ectro-Mechanical Systens Adhesive Bond
Degradation Sensors," filed February 8, 1999, the contents BAUEHSI208r e
herein incorporated by reference inits entirety for all purposes.
BACKGROUND This invention relates to devices and systens for detecting
“bond degradation and nore particularly, t@ mcro-electronic devices and
systenms for detecting degradation in an adhesive bond formed between two
or nore st rutdias beaviiBengeed bendirg praeticetang prepeéurevppfors ediby frained tectmédisos;
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materials opiteh.s many advantages over traditional joined materials, which
usually require drillin and riveting of plates with the consequent
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bond bet \Ae.eng%c[}lg% tleglﬁ}g), Oé}aftg eqr ‘éﬁat?égeb%lﬁd?%’ moge éﬂ%@gg%ﬂ%t“éwas? rtunately,
. i's typicallyniahithenceathontied sajcants, afhiEngtedvhers inibbhdihg Attthags thrdu@s ol ogy

is reliably deé%ctiq{i]? a.o of s‘tre? th of. the bonded structure, as
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test for parﬁgglladgm,ﬂdnecﬁggg@gation has (1) limted the application of
bonded manufacture and repair technology, especially in critical

conponents of air-franmes; (2) neant that the current technol ogy 8 August

2003 2 reli @gachfaviit ¥rRurd MREL AR gL Pr acti ce and procedures perforned by
trained techNﬂﬁWm aircraft in-service bonded
repair failures with c peme cxanpiaation affragigecdsiutiaces has rweeredthatraghésiveded
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There i s a gfesd tnegidt indhe metablayeds|timt adioniiefiogétber, walet $comd cvgditivas.condi ti on
Generally, fracture surfaces of specimens subjected to dry air show that failure oceurs
principally in the adhesive film itself. Fracture analysié of specimens tested in humid air,
however, reveal large areas of adhesive failure at the bond interface, and also reveal
evidence of corrosion in the bonded materials. This clearly demonstrates the need for a
feliable metal interface sensor. . _ |
Common macroscopic testing methods that will be known to those skilled
in the art include the “Boeing wedge test” (ASTM D3762-79, reapproved 1988) and the
Constant Load Point Displacement Rate Test. |
The Boeing wedge test is the standard test method for adhesive bonded
.surface durability of Aluminum (Al). The method simulates in a qualitative manner the
forces and effects on any adhesive bond joint at a metal adhesive/primer interface. Inthe
Boeing wedge test, one end of a double-cantilever beam (DCB) speciinen isopenedtoa
specified and constant crack opening displécement using a wedge. The elastic energy
release rate depends on the crack length. The crack 13n§th typically cannot be measured
accurately due to the uncertainty in loc'ating.the crack tip. Hence there is a need for a test

that eliminates the need to measure the cra;:k length,



of bonded conponents in both mlitary and civilian applicati 83\% The
devel opnent of such techniques would |lead to a greater conf b 2004
hence w der application of bonding technology for nanufacture and repair,
more reliable condition-based nmaintenancg of bonded structures, and

| mprovenents in bondip g met hods through the understanding gai ned from the
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exist inth t .are bonded et her, under sonme conditions.
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nmetal interface sensor. Conmon mcroscog(sc testing nethods that will be
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Test.. The Boei n§ e tgasdtt@went(#:u!i %ﬁ%‘&?ﬁrﬂ §?n {‘ﬂsaa%? Ydhesi ve bonded
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. manner the ffects dhe5|v oi nt at a met al
adhesi ve/ pr P%ﬂ%ﬁg %H AEEE CLF?‘“F%B %’e‘f‘h Aedd’fiﬁe@hdﬂ@ﬁ a
doubl e- cant trhwtmnaberam (cﬂm); 1§§h@&tl?&1ﬂk¢c§toQH@ﬁ%ﬁ&n@ deér@@:ﬁfoﬁ ufigkrand
const ant crg g,lrt)enl d| s | acepent using a wedge. The el astic energy
Rie

rel ease raté m&?“é’&’(atl tReigreek tiorhe ltﬁué?éll@n oé HzgtCFDRI/ piethalllisthe annot
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_crack. Iengtﬁ tg ﬁ(ﬁ St) 2003 3 The Constant Load Point Displacenent Rate
Test (CDRT) eli m nates the need to neasure the crack | ength. A bonded DCB

- speci nmen i s_gpened, at a constant | oad point displacenent rate. The rate

sel ected st EEQ.E‘%EEIECLEE‘EBEM the crack velocity. In humd air, the

* I'oad- poi nt  di spf ace”egéanflﬁk@@cﬁ%n %cx%@éo%gt(gﬁvlt) Qecﬂlﬂq\lllgs Ade becgnau%!éd g e

vel ocity

investi gate thin adhesive layers in adhesive/metal interfaces. The manner in which water
degrades an adhesive bond is complex. It is believed that the processes of bond
.degradation_ involve the migration of water ahead of the crack tip, the decoupling of the
adhesive or coupling agent from the oxide, and the hydration of oxide at the unprotected
sites on the oxide surface. Models of the X-ray generation ciose to an interface, using
Monte Carlo and finite element techniques, allow for the determination of thin layers on
the interface and hence microscopic insight of the adhesive/metal interface. The SEM
observations imply that the metal oxide is not being degraded by diffusion of water
through the bulk oxide. Thus diffusion of water must be occurring either along the
epoxy/metal oxide bond interface or within the epoxy. The macroscopic fracture
mechanics tests would indicate that the diffusion of water is suspected to be along or very
close to the interface. _

Electrical impedance measuréments from 10 Hz to 10 MHz have been
.performed on bonded specimens after differént times of exposure to water. The results

show that the metal-epoxy-metal bond initially behaves like a capacitor and then becomes



that is either faster or slower than the rate of degradation of the bond
ahead of the crack tip. The application of fracture mechani 8Augystt2083CDRT
| eads to expressions for both the elastic energy release rate and crack
velocity. Unfortunately, none of the nethods of fracture nmechanics applied
to the Boeing wedge test |lead to well-defi ned paraneters describing the
rate of bond degradation. By contrast, the CDRT reveals the range in crack
vel oci ty whePeredFagve %FQY{%%HP@W%NG@H@@@S exposyrgrie aiepnThis oesistive deigiviaded
to degraded | bt serack velocity is directly |inked
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the adhesi ve2PPFogaiely } spagemilimetorrnpine honde Nohbef the three technigues are

sensitive to reduced bond strength when there is still good physical contact between the

two bonded surfaces (the so called “kissing bond” problem). All of these NDE

-- s for.B

techniques require good access to the bonded region visually and/or manually. The x-ray
systems often suffer from occupational health and safety considerations, since typical x-
ray energies used are around 200keV. '

Honeywell Smart Sensor Technology

An electrochemical-based smart sensor system was develoéed by
Hoqeywell Technology Center to provide early warning detection of corrosion related
symptoms in hidden locations of aircraft structures. The Honeywell system, called
“Smart Aircraft Fastener Evaluation (SAFE)” system, detects symptoms of extensive pH
cycling and the presence of extensive moisture,

The SAFE system measures ionic activity in real time. The SAFE system
uses a prototype Lawrence Livermore National Laboratory (LLNL) multi-element micro

SEnsor array'developed under the Smart Metallic Structures (SMS) program designed to



I nfl uence of t he alternat| ng electric field. Above a certain frequenc%
these ions will not be able to respond to the varying el ect PiACIOHSIR083 due
to inertia, and the bond will once again appear capacitive. The inpedance
versus frequency dependence clearly differentiates between a bond with few
voids and a bond with many voids after exposuré to water. These-
nmeasurenents are also sensitive to thescontinuing degradation of the bond
with ingress of water. Devel opment of this technique could lead to a .
nondest r uctP¥Fe? SPEEER eﬂlweﬂwenom dhpssgkilied gn Brartiit dgfmijiapvithtiisesi ve bonds

in the fiedgrr QutdneMd NOE. £ns for Bonded Conponents  Three conventional
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t he SAFE S d LLNL sensors.
r\zlna}]% ]gnes suchas aircraft and the like. -

‘What is therefore needed is a bond degradation sensor which can detect the

. ‘ presence and rate of bond degradation in an adhesive bond line formed between two or -
more ‘structures. Further needed is a bond degradatlon sensor of mimmal size to perm1t
the sensor's mplementatlon within a thm adhesive bond line. -

French Patent Apphcatmn FR-A—273246S describes a nucroelectromc
-sensor. U.S. Patent No US-A-5245293 describes a microelectronic sensor for momtonng
~ bond degradaﬁon. Finally, U.S. Paten; No. US-A-4423371 describes the construction of

a microelectronic sensor formed on a sensor substrate.

SUMMARY OF THE INVENTION

- The present invention provades for a micro-electronic bond degradahon

sensor which is operable to detect the presence and rate of bond degradation in an -
adhesive bond line formed between two or more structures. The micro-electronic bond -
degradation sensor can be fabricated on the order of 20-100 um thick and can easily be

embedded into very thin adhesive bond lines to provide accurate bond monitoring



The sensor systemis packaged in Hi-Lok fasteners used to-bolt aircraft
skin together. Various nethods for nmounting the sensors in t AUPUS 2R3 -
have been used. Typically, a corrosive electrolyte solution is transported
frombetween aircraft skin l'ayers via a series of capillary channels
located in the well of the fastener tosan internally located environnental ..
chanber, where the LLNL sensor array can sense the effects and' quantify
early corr egiabilitgymptons: Al so used are designs with the sensors nounted in
a shallow.slot on the out e of .the fastener.: ovi des

i - h AFE
sufficirent corrosi on A IP Wlfmég}?d’ﬂ)’ﬂci"aﬁgfoﬂm bggﬁg&ee%efagartiggésg%ﬁ] g%u? %Snat ely,

corrosi on detaet B8 hitnd DenSATRISNE beowesstef &aendiigtherefronl YA gassi bl e
t hrough enpirical association w thout physical insight as,to.tgﬁ cause -of

the bond. degrityiadgitionghy foraed ¢ tha srrsPR WY | \he SEIRET REPIBWRSHEERE ure of -
the Hi.-Lok fastener, "tends to |ower the structural strength of the
repaired structure. "Further, -the SAFE system sensors. rely on the :
transport of ions through capillaries which can cl'og. Finally, -the .size of -
the sensors used' "in the SAFE system precludes their- use in structural
repairs requiring small bond lines such as aircraft and the like. ' What
is therefore needed is a bond degradation sensor which can detect the

- presence and rate of bond' degradation in an adhesive bond |ine fornmed
between two or' nore structures. Further needed is a bond degradation

. sensor of mnimal size to permt the sensor's inplenentation. within a _
t hin adhesive bond line.. French Patent- Application FR-A-2732465 descri bes
a mcroelectronic- sénsor. U S. Patent No. US-A-5245293 describes a

m croel ectroni ¢ sensor. for..nmoni.toring. bond degradation. Finally, U.S.-
Pat ent No. US- A-4423371 describes the construction of a microelectronic .-
sensor fornmed on a -sensor substrate. SUMVARY OF THE | NVENTI ON The present
invention provides for a mcro-electronic bond degradation  sensor which.is
operabl e to detect the presence and rate of. bond degradation in an '
‘adhesi ve ‘bond line fornmed between two..or nore structures. The ,

m cro-el ectronic bond degradation sensor can be fabricated on:the order of
20- 100 urn thick and can easily be enbedded into very thin adhesive bond
fines to provide accurate hond nonitoring 8 August 2003 5A capability.



In one enbodi nent, the mcro-electronic bond degradati on sensor includes a
sensor substrate having a sensor stud and a power stud exten@PH§UtREPRf r om
A sensor, circuitry is additionally formed on the sensor substrate. The
sensor circuitry includes a 8 August 2003 6 voltage-to-current anplifier
having an i nput coupled to sensor stud and an output coupled to the power
stud. The voltage-to-current anplifiergis operable to convert a voltage
signal occurring along the sensor stud to a current signal output al ong

t he power veltege-toraurrgnicondifiachavitig 4n iapht cospled spsensorctud dnd anrongput coupled her e

I's provid ' - ct honi ond. degtradation,sensor onprising:, a
sensor sugg'ﬁ% J{Bé’&e%gt\%i'ng et‘\;/%tgg%foé‘guﬂse W’r%@, > ISaOPseé%?z% Cgfltﬂg%g'&@rgais}gg‘ﬂf rom a
maj or sur foaceriog alohg theesesor sthd sk tarkant sighal ROYRE albhi theoivengudg from a maj or
surface of the sensor substrate; and sensor circuitry fornmed on a major
surface of the sensor substrate, the sensor circuitry conprising a

vol f age- t 0- cur g Rkcard@ick figl a oy &ge@tnoﬂ B Yk @ER] Bre fO0rbiR8e® 8RR o-St Ud,

an out put foupl ed to the power stud the voltage-to-current anmplifier
conf i gur e@4HOBE degragdationgeasen gemPLigRSuUrri ng on the sensor stud to a
current signal ase%gsﬁﬂéﬁ%ﬁ@fav&%ﬁ%@n%&j&ﬁsﬁfa@@sga extraction circuit having an
I nput coupled to the power st and“an output: In accordance with a second
aspect of the iasorsor sivd extending from pnwjdrdorface ofi the sensed sibsiraieri ¢ bond

degradati on se M E NI QDE ' ond line formed between
. the surfaces o?%g'%fﬁfggggggﬁd%%@e%%&ge %%jxgﬁlgg%ngﬂﬁsug’gﬁ%ﬁctive pl ate, the
m cro- el eetdoni ¢ bond degradati on sensor conprising: a sensor substrate
having a first _nmajor. secon mfﬁ"r& surface; a sensor stud

surf?ce nd a
ext endi ng from gRaT SFHIRE e@ronéd’tl*pg’& age of g seRL SYostalGpstrate, the
~sensor st tite septorcdfeuitst togprisie 8 woftgeeotuneht faplifi@vily Meinpleddipled fir st

power stu fromthe fi surface of the sensor substrate,

t endi t | or
the first g?)ﬁ\)%ég&é’lffg deyhPURYs %@Pfeaéo g‘lifjrﬁoéﬁ?é st thegolagede-cupppfpmmplifier p| at e;

a second peNEuréd tledRibe @dddﬂﬂ%é EigMItJRBuSiAg VRAhERERG: Sl ke G ufbnt éignﬁ,ensm -
'substrat e, e second power stud contacting the surface of the setond
conduct i ng% r comprising a data extraction circuit having an input coupled to the power

stud and an output.

In accordance with a second aspect of the invention, there is provided a micro-
electronic bond degradation sensor embedded within an adhesive bond line formed
between the surfaces of a first conductive plate and a second conductive piate, the
micro-electronic bond degradation sensor comprising:

a sensor substrate haviﬁg a first major surface and a second major surface;

a sensor stud extending from one of the major surfaces of the sensor, substrate,
the sensor stud not contacting the surface of either conductive plate;

a first power stud extending from the first major surface of the sensor substrate,
the first power stud contacting the surface of the first conductive plate;

a second power stud extending from the second major surface of the sensor
substrate, the second power stud contacting the surface of the second conductive plate;
and

sensor circuitry formed on the first major surface of the sensor substrate, the
sensor circuitry comprising a voltage-to-current amplifier having an’input coupled to

the sensor stud and an output coupled to the first power stud, the voltage-to-



and sensor circuitry formed on the first major surface of the sensor
substrate, the sensor circuitry conmprising a voltage-to-curPEWGURRIBTi er
having an' input coupled to the sensor stud and an output coupled to the
first power stud, the voltage-to 8 August 2003 6a current anplifier
configured to convert a voltage signal occurring on the sensor stud to a
current signal, and further conprising6§ data extraction circuit having an
input coupled to the first power stud and an output. In accordance with a
third aspect of the invention, there is provided a sensor nonitoring

system for tecti bond degradati gn of an .adhesive bond, |ine forped

bet ween t%‘g‘%gﬁarl?%@geg CS?E%MF?fOS‘EOI]é’Sﬁ&J@Etﬁ%“gﬁl‘ﬂgt(’@c‘gﬁ&g 8“%%%0%t i ve
plate, the semanrsigmil &l fitther SOOBIPRI¥NEOATAS eR@actidnNEifdut- BAVERS fA8Ningubond
degradati on sensor. ?_nbedded wi.thin the adhesive bond |ine, the sensor
conpri si nd’?uﬁlegé%g’&rlr%tl?&?[el?étfl@aﬂ‘é%lﬂ‘glpﬁt-fi rst major surface and a second
maj or surface; a sensor stud extending fromone of the major surfaces of

the sensor substrate, the sensor stud not contacting the surface of either
conducti ve pl atl®;acgordancs twilpaethird tagpece of drd invgntlono kherhds pravided najsensor

surfaces : : 1 Sl . i he
surface 019{1 ?rhtgﬁ?g %ﬁ%@ﬁgﬁ%@gggﬁ aa%g%da{é&{s%iag%gﬂ%gvv% P H@Pﬁ%ﬁﬁﬁh‘%ﬁﬁ from
t he secondhawyrieresaf affast somfuctiveeplate asda secentbaindattve pldte; tikesensod npastesingst ud
contacti ng ﬁaﬁchﬂéltl e of the second conductive plate; and sensor
.circuitry Y OF e A" the first maj or surface of the sensor substrate, the
sensor ci rcui t raymivoorplettsinitgboral deafralationt kadi anb&ided Withilh théi Aledie boRUt
coupl ed tgm%gﬁ first l%gwer stud and an output, the data extraction circuit
configure ¢ ECETFRIBIHEA t i pl exed data and power signal and to output,
in response, a ad@hsdr SibBa havidpth frstAhbAGRHEOmE W LM ndjRsifh@! having an

i nput coupled to the sensor_stud and an output, the voltage-to-current

anpl i fier conf i§Psd stug exisAdiag from qng of dhpemaioy pafacercefithe Fengor whstrate theensor

stud t0 a sGbf fiM noticBAbting Ak BXLEIIFlmdr b SfubARGIRBYI ng a first port coupl ed
to the first conductive pFate for
a first power stud extending from the first major surfaces of the sensor substrate, the

first power stud éoritacting the surface of the first conductive plate;

a second power stud extending from the second major surface of the sensor

substrate, the second power stud contacting the surface of the second conductive plate;
and |

sensor circuitry formed on the first major surface of the sensor subsﬁate, the
sensor circuitry comprising: .

a data extraction circuit having an input coupled to the first power stud and an
‘output, the data extraction circuit configured to receive a multiplexed data and power
signal and to output, in response, a data signal; and '

a voltage-to-current amplifier having an input coupled to the sensor stud and an
output, the voltage-to-current amplifier configured to convert a voltage signal occurring
on the sensor stud to a current signal; |

an external interface having a first port coupled to the first conductive plate for
outputting the multiplexed data and power signal and for receiving the current signal, and

a second port coupled to the second conductive plate for providing a reference signal.



outputting the nmultiplexed data and power signal and for receiyving the
current sigrial, and a second port coupled to the second con8utErse209Bat e
for providing a reference signal. 8 August 2003 6b In accordance with a
fourth aspect of the invention, there is provided a nethod for formng

el ectropl ated copper studs on a sem conductor wafer having an al um num
netal |ayer, the nmethod conprising: digging the sem conductor wafer into an
substantially 50:1 water: hydrofluoric”acid; inmersing the sem conductor
wafer in substantially 30%nitric acid; imersing the sem conductor wafer

in a saturated_zinc oxide, in _amonium hydroxide solution to forma
conducti ve zi nd?gssorEnse;yith a fouydheaspech gf this dnventions Sivrrie pervidedraapethad for

subst ant i gbin¥ing Meddioblatéd B shitl®shNGndiliRda m%?&%év?{ fefiminlim?
saturated zi ncgoxi debi n a%@‘rﬁﬁ%fﬁm hydr oxirr%e soﬁuti on to Lﬁtﬂﬁgﬁﬁﬁf?@nw the
conduct i vanstaldayes,the methodoompsismgc opper el ectropl ating the formed zinc

oxi de |l ayer. |nmae ) i I ntion, there is
provi ded a net Eiggﬁ Eé)%lrg% or%ﬁgl%&%ﬁ%%{%% %f@%g%‘%%%gﬁr@% %}s@bn a

seni condudydrofimefieaciliavi ng an al umi num netal |ayer, the nmethod conprising:

exposing an al ym num pad area qf the alum nu J.ayer; . dipping the
seni conduct or WFS““@?}? Sglﬁncé’ﬁ‘a?“g% Wﬁ%@%s@égf{}a&a%qﬁ HYW&P’(SIH uoric acid;
cl eani nght he eXmgﬁﬁTglﬂ_umhemiﬁmgﬁﬂmﬁdﬂﬁgﬁﬁrt?rﬂu_ﬁhtbétz@mdbﬁihbﬁnjanﬁﬁl@ﬂﬁﬁﬂl of
copper t xposed. al um num pad, . thereby form ng; and copper
. el ectropl S'P'ﬁwg‘?ch?@lqtm?_?%%wuﬁ@m €8k atide Vet er i n a saturated zinc
oxi de In ammoniisfeiial helsemicontidibONate il QbdTaftifBNTI% it agignC Oxi de |ayer;
i mmersing the semi conductor wafer in substantiall’y 70% nnitric acid;

i mrersi ng the JBMCEIRE e samigandiictarwales i gr spbwsated i ziee exidddniammeniomi um
hydr oxi de ' f [ Jhe. oxi de | ayer; and

y b @oHddcAB B 10 RIRE £k P LORIKAVENIE X RIcALNE: £ y

copper electroplatln? nc oxi de yer. ugust 2003
copper electroplating the formed zinc oxide layer.

In accordance with a fifth aspect of the invention, there is provided a method
for forming eléctroplated copper studs on a semiconductor wafer having an aluminum
metal layer, the method comprising: |

exposing an aluminum pad area of the aluminum metal layer;

dipping the semiconductor wafer into an approximately 50:1 water:
hydrofluoric acid; '

cleaning the exposed aluminum pad,;

depositing substantially 1 micron of copper the exposed aluminum pad, thereby '
forming; and

copper elecﬁ'oplaﬁng the immersing the semiconductor wafer in a saturated zinc
oxide in ammonium hydroxide solution to form a conductive zinc oxide layer;

immersing the semiconductor wafer in substantially 70% nitric acid;

immersing the semiconductor wafer in a saturated zinc oxide in ammonium
hydroxide solution to further grow the conductive zinc oxide layer; and

copper electroplating the formed zinc oxide layer.



6¢c In accordance with a sixth aspect of the invention, there is provided a
nmet hod for fabricating alum num pads on bottonlsurface of défwgwﬂﬁﬁ9§r on
a silicon on insulator wafer having a top device layer, and internediate
buried oxide layer, and a bottomsilicon handl e wafer, the nethod
conprising: etching pits in the device |layer to expose silicon in the
etched pits, the etched pits extendin& to expose a portion of the

i nternmedi ate buried oxide |ayer; deposPting an oxide layer to electrically
i sol ate the exposed silicon in the etched pits; etching a center portion of
t he exposed buried o yer to the pbottomsilicon handle wafer; formng

al uni num pads ot %R ?ﬁ é‘P‘ﬂF aweeh offfbgmyeitionghgre is grayidedg metboddart om
si |icon hamicgingedi8hinuhi padkCe BaRe siid (ﬁ'd%g @%}t?:r%ﬁpf ic o %hﬁsul dention,

there is provided a net hod for fabrication umnum pads on bottom surface
of silicoiaffshpvag \Mmdevm leyes, and|intemmediate buried oxédedayehaandragbogiom silicon -

pre-fabri Qﬁcﬁéj Ptﬁé‘rﬁ@ﬂﬁ &pgnsqniottom surface conprising: bonding the top

of the si |con é Vice vva andl e wafer; thinning the bottom surface
of the sili conetstbmgqmsmﬁsrdeme hypnaompbsaﬁﬁiidohiimmm;ed pits phes étthedgpisn

insulatin I the e ott urf ce,of the silicon device
| ayer ; ex%gsﬁ?é‘nlg o %Bsrea (ﬁl?}gﬁ?]@g ‘Eolﬂtg% ?ffﬁi% Y#ace of the silicon
devi.ce wafer; debmﬂmgtemrtgudﬂ ]ay&rrturﬂdcmohbﬁ 13@[@&@6&9@&&:&3&%@1} iRy ®éHedt he
deposi ted %sl?um num formnms el ectroplating pads fornmed on the bottom surface

.of the siPi®on device wafer. In accordance with an eighth aspect of the

i nvention, theeRhing aépvr FREicRNONe eifﬁfsé‘d bEHALHLAP 13 130the WokbA! sitfdohC Ul
for controlljng the formation of an electroplated Structure, the on-wafer

el ect r opl &t Wé@ﬁtrol CII‘CUI'[ conprising: an on-wafer resistor having a

first port andf@$ge %dsﬁﬂﬂ?ﬁ@ud?ﬂomfe%fcpgé’ﬁ[ epg driver having a first

port coupled to the secon ort- o he on- resistor and a second port
coupl ed to a premevirg thabotiemsilioon handlerwafer rent driver configured to
provide a predefined current to the plating pad responsive to the
application of an enable voltage at the first port of the on-wafer
resistor. 8 Aufustcofiaf@ with a seventh aspect of the invention, there is provided a method

for fabrication aluminum pads on bottom surface of silicon device wafer on the silicon
device wafer having a pre-fabricated top surface and a bottom surface comprising:
bonding the top of the silicon device wafer to a handle wafer;
thinning the bottom surface of the silicon device waferto a prédeﬁned thickness;
depositing an insulating layer over the exposed bottom surface of the silicon
device layer; ‘ '
exposing, in predefined areas, the bottom surface of the silicon device wafer;
depositing aluminum in the predefined areas, wherein the deposited aluminum

forms electroplating pads formed on the bottom surface of the silicon device wafer.

In accordance with an eighth aspect of the invention, there is provided an on-
wafer electroplating control circuit for controlling the formation 6f an electroplated
structure, the on-wafer electroplating control circuit comprising:

an on-wafer resistor having a first port and a second port; and

an on-wafer current driver having a first port coupled to the second port of the on-
wafer resistor and a second port coupled to a plating pad, the on~wafér current driver
configured to provide a predefined current to the plating pad responsive to the application
of an enable voltage at the first port of the on-wafer resistor.



6d Ot her features and advantages of the present invention should be
apparent fromthe follow ng description of the preferred enBAYEHERO03whi ch
illustrates, by way of exanple, the principles of the invention. BRI EF
DESCRI PTI ON OF THE DRAWNGS Figs. 1A and 1B illustrate top and side views,
respectively, of a bonded structure in accordance with one enbodi nent of
the present invention. Figs. 2A 2B anfc}j 2C illustrate top, bottom and side
| ayout views of the sensor ICin acco ddance wi th one enbodi nent of the
present invention. Fig. 3 Aillustrates a schematic of the sensor circuitry
I n accordance with _one enbodi nent of the present invention. Fig. 3B
illustrates one embOHskbisturesandmdvaniages ob g nseserfcinyention shaild baprarant ui t ry

in accor daRgeitbiARE dBRARR SN the BlerdrtE RIBERUn: WA 3 oo b waP Gt

illustrates an exenplary ihput waveform an output c ase” signhal 3 80
and a dat &xauplpdhe piiggiples inyewdni n accordance w th one ermbodi ment of the
present invention. Fig. 4A illustrates a nonitoring systemin accordance
with one enbodinment of the present invention. Fig. 4B illustrates one

enbodi ment of the exter BRIEF DESCRIPTIGN OMTHR DRAWIMAS Fig. 4Cillustrates
one enbodi ment of the ut er..system sh in Fig. .4A. Fig. 4
illustrates the int E}gﬁ;f%‘{:ﬁ@gqﬁ? pc?@%%%ﬁp?ﬁ%‘?“‘é’?@t‘ﬁ%%&% in Fig.
4C Fig. SAtrucu® ifi hevortaaed with busérhibddimantlof thepr@emiSavdiyiowhi ch al um num pads
are fabricated on the iﬁgéﬁ)ms face of the sensor, IC forned on a silicon
.on insulator wafer i ﬂléir#feﬂ]\}bﬁtﬁe&ﬁ’e St andidr lapeut viravssr dasent

i nvent i on.sefdo@IC bfactérdande valdi@lemboliinitnt 68the PRsd SRAREESS by whi ch

al um num pads are %ab icated on the bottom surface of an sensor |C forned

on a standard silic6t# @F’StFar‘iesaa?G ngticrnd dhesensor shenityinoascordpnceatith he
present | aweBib&fimert ittt {SéserOfivention. '

Fig. 3B illusirates one embodiment of the front end of data extraction

© circuitry in accordance with one embodiment of the present invention.

Fig. 3C illustrates an exemplary input waveform, an output clock phase
signal 380 and a data output signal generated in accordance with one embodiment of the
present invention, ' |

Fig. 4A illustrates a monitoring system in accordance with one

embodiment of the present invention.

Fig. 4B illustrates one embodiment of the external ‘interface shown in Fig.

4A.
Fig. 4C iflustrates one embodiment of the computer system shown in Fig.
“4A,
Fig. 4D illustrates the internal architecture of the computer system shown
in Fig. 4C

Fig. 5A is a flowchart illustrating the process by which aluminum pads are
fabricated on the bottom surface of the sensor IC formed on a silicon on insulator wafer in
accordance with one embodiment of the present invention.

Fig. 5B is a flowchart illustrating the process by which aluminum pads are
fabricated on the bottom surface of an sensor IC formed on a standard silicon wafer in

accordance with one embodiment of the present invention.



Fig. 6Aillustrates a top view of an el ectroplating bus- constructed in
accordance with the one enbodi ment of the present invention.8Bugust@sos
illustrates one enbodi nent of a electroplating control circuit configured
i n accordance with the present invention. Fig.- 6Cillustrates a wafer power
interface in accordance with one enbodi fent of the present. invention.
Fig. 7Ais a flowhart. illLustrat.ing the process, by which el ectrqpl ated
copper sensor and pové:llg' éf“dﬁgﬂ%?&cé & ey qfﬁnﬁiegg?lﬁﬁtﬂf}febwctoﬁs%‘f@%éﬁbodi nent
of the presadordaivenith Giz.onFiebodithenSofihé hrewsid afvientidd. ust rati ng a second

met hod by which the el ectroplated copger_ sensor and power studs nay be
formed in accordance Wit RBiHestralss oae anbedient 9iGrelectioslatp e TRt GFCUitHE

SPECI FI C EMBOIAMENTR QA dnRE with (HORLRAE Svéntioffener al Overvi ew Sensor
Architecture [17. Sensor Monitoring System [V. Sensor Fabrication V.
Applications 1. Generhig Okallysteniesrivpferpawenthi¢rBica iratcoplaapeiwigh des vi ews, ‘
respectivel . 110 illustrated in accordance with one
enbodi nment %Flb?é}én%gérj‘ge}gg%&egér?éieﬁ%%#({)oﬁi The bonded structure 110 includes a -
| ower plate 102, a neFigl I7iAciswiflogrchgaillulsmatingeahe plotess batveich elshngiamdnt , whi ch

I's repaired by an upper, netal plate 104, The bonded structure 11 further

P! uddos. on&oRReT R e apy et b rOeR i aroaaR I O SEMbmeTtsoe

(her.ei naf t eress@ig@itibif;) ., Which are preferably placed around the periphery .
of the upper plate 104, shown in _the side view of Fig. 1B, an adhesive

. AS . . .
_bond line 106 provi de§ZatEbiéAdoncharhhugeaineanscondpaethad by whigdithy| ates 104
and 102, regpRabhies }L‘opp-gp&n@é}%ﬁg}ﬂ@elbﬂ% é‘{lé)n?e fo aTﬁ:l fﬁ%céﬂ&ﬁﬁc‘é%g@?e i nternal

scrimto. provide uniformthicknéss an ectric I sol at1on ween the
upper and | avgsentgnygpBen.104 and 102. The adhesive bond line 106 may be 8

August 2003 8

DESCRIPTION OF THE SPECIFIC EMBODIMENTS

" Qutline of Contents

A General Overview
1L Sensor Architecture
L. Sensor Monitoring System
IV. Sensor Fabrication

V.  Applications

1. General Qverview

Fig. 1A and 1B are top and side views, respectively, of a bonded structure
110 illustrated in accordance with one embodiment of the present invention. The bonded
structure 110 includes a lower plate 102, a metallic wing span in the illustrated
embodiment, which is repaired by an upper metal plate 104. The bonded structure 110
further includes one or more micro-electronic bond degradation sensors 200 (hereinafier
sensor IC), which are preferably placed around the periphery of the upper plate 104. As
shown in the side view of Fig. 1B, an adhesive bond line 106 provides attachment
between the upper and lower plates 104 and 102, respectively. The adhesive bond line
106 may include an internal scrim to provide uniform thickness and electrical isolation

between the upper and lower plates 104 and 102. The adhesive bond line 106 may be



formed to any desired thickness, although in the illustrated_enbodi nent in
whi ch the bonded structure 110 is an aircraft w ng, the adhBSUGESIBER | ne
is of a mniml thickness, preferably Iess than 500 m to preserve the
structure's aerodynam c properties. In other ‘enbodinent in which the bond
offset is not as critical, the adhesive bgnd | ayer 106 may exceed 500 m
In the enbodi ment in which both of the | ower and upper plates 102 and 104
pl ates are cénposdedanfdeairgbihéhlotisydthvagiei tht jllvshated anbeiibmen phahake ar e
used to co nj cat e .po .and data signals to each_sensor 1C as wll be
further descrllbdgg S%%Tt Wyﬁbllsnmbﬁﬁcir W“Eﬂ?ﬂﬁcﬁ%ﬂ?ﬁ’f‘e bond iRe sy prgmainismal Huelnes at es
102 and 104 gfcfersisd $ 8fhn 800 An@dInr | i C ite
material, - pgwer _ag%or dat a%maybg egfigsfl%tesgﬂ‘fqgﬁ%g?@r@%%ﬁgg@?‘?ﬁ%o@%@éa

wi re embedde&mpedipgat incrudi the bondhdffhdt ironot ascritixsl, dppadbediationd layet hatsmay
skilled in the .akkg vari ety of adhesive materials and conpounds may be
used to formthe ad?‘n Sive bond layer 106. In the illustrated enbodinent in
whi ch a netal / metal bohgkht smbditnentivewiies both b€ (1!186& 28 uERIRAMRAD afid &

t hernoset epoxy fil madhesive, such as FMr) 73 or FMr) 300 available from
Oyt ec Indus? P%lglélteéfam\/@ﬂp"ﬁ%ﬁ Hraondugipis matsriabythe qondugsivg pintes apeused e |

comonly usedomuich@Rier altPdbidf 86hdIE B ARIsdnERAC as WIRBE ﬁggdégﬁ%&!b@loﬁw P

repair, and could be used in the “autonotive industry. i'ves may
be used al t efhaothesiembgdiment Wdwhich ene exbotthplates 182 ambddtaremmppséd ofm non-

. adhesives. H chi tur ' . n Cillustrate t.0
bottom and g?@@t\?/\?%%@t,ﬁ&&éﬁsdggc# ia\e/:gﬁbg%e ’gﬁﬁ%ﬁ’g%or@ 5?‘“‘%‘(‘3 Bar‘f'gw'&ecﬁ’r%’d?‘gto
accor dance weadh sensor 31200 byre wtircodmteddedinabemthesine boid 10R.106Fi g. 2A

illustrates the top surface of the.sen ubstrate 210 .ch i ncludes one
or nore top sensor st(aEPBESRbIe (9,80 ?aﬁ%‘?ﬂén?lbep GWereE ot phegiypmateraly

sensor ci rcuiandyorﬁ[&ﬁnda'hﬁybéﬁ&d&eﬁ&mﬂﬁﬁdhe}@ﬁ%on&ldyéslo;éﬁﬁﬂﬁmﬁhs%&%ﬁ extend
substanti al | rt.nogonal l.y fromihe substrate top surface 210a. The sensor
circuitry 30%‘“38‘1!1?{'5%@ ‘?‘Piéh %meffl}?eé%ﬁt’?%}s “é%& onrpostible flep ofcpmpopndsys a
further desculidomosdpepany. filln Ghesdte, shdi&FVT €3 of RRICHRD LOMBIIHACEyRE the

sensor |1 C 20 In. this enbodi nent, the bottom surface includes” one or nore

bot t om senso ' @PE’(‘]’% ob Dot Eatersesh dewolerser Ehessedbeivss tiscommenly wediy aiwsafh
extending suRfiafbiued kit p4if B8Rl Yistd BThipEplr, AHOUG BOR3d P the

automotive industry. Other adhesives may be used alternatively or in addition to the

theromoset epoxy film adhesives.

II. Sensor Architecture

Figs. 2A, 2B, and 2C illustrate top, bottom, and side views, respectively of
the sensor IC constructed in accordance with one embodiment of the present invention.
Fig. 2A illustrates the top surface of the sensor substrate 210 which includes one or more
top-sensor studs 222a, one or more top power studs 228a, and sensor circnitry 300. The
top sensor and power studs 222a and 228a extend substantially orthogonally from the
substrate top surface 210a. The sensor circuitry 300 contams the chip's control and
measurement circuitry, furthér described below.

Fig. 2B illustrates the bottom surface of the sensor IC 200. In this
embodiment, the bottom surface includes one or more bottom sensor studs 222b and one

or more bottom power studs 228b, each extending substantially orthogonally from the



bottom surface. The substrate's bottom surface 21 Cb may al so i nclude a
circuit area alternatively or in addition to the circuit ar8AUges 2088nmed
al ong the substrate's top surface. Fig. 2Cillustrates a side view of the
sensor |1 C 200. As can be seen, the top d bottom power studs 228 extend
the farthest fromthe sensor substrate 210. The top and bottom sensor

studs 222 argteaniur@be. €Thd Mibeid@ebiioad dubfdSe Hi0s hICRS 1hEI8MR 4 HecuisREsSor
substrate 210. .I1n the preferred enbodi nent, the sensor substrate 210 has a

thi ckness di #Ematiyply Opim ity theraihit psa BPQfasmed pipng issubsate s the surficeknes s
of the adhesive bond #ig.t%a gtﬁ@lmtgstﬁ éiéﬂﬂiewbbﬁleégrgépfc fdd!dﬁst%é%e%& far med at

varyi ng hei ghts such th east one does n cont act opposi ng net al
pl ate 102 ortop@nid b@hae powWer Swls23B ekiend®BO farthesfivad e densot mbthae ddheTheve bond

line 106, th condition of t dhesi ye bond/ nmet.al .i nterface.can, be
assessed by %Br???g?ﬁtoﬁﬁs%ﬁ‘gr %?é]s?&?tgre cgn’égtgrf?@aqxteggp’gﬂgqs SHREENEER Bhe or
Mor € non- Congeagdd snbstRGIEION I8 thedfefdrRdd ansbdithént ApPSBbRGupdtate2 100dsar 104. In
a specific enbodiment, the volt a?e bet ween a non-_ contacting sensor stud

and the oppo8idgesidipensian (Rphsighly which & Relcebly lpssdhagy the Bickacssd theadbestyy

bond degr adapRiine 1062 B uRKE AL 3énéoLARRBD IR forn diBit IETRR MeBRSTER IR #¢S @
conpl enent ar net al oxi de sem conductor (CMOS) die freasuring approxi mately

| (1) xInm i/@aét oge dogs net pHact thernpposing inetat plata 192 ectldses of which will be
furth d I bed bel f. ] s d
urther described be %%cégtﬁé EdESr Icp{)oﬁ 1féeng@d)i?d ﬁﬁbethggaﬁééwgg?%cﬁgﬁeig%m Luds

. 222 and 228 are conpose copper-pla al um num an 040 m
from the topcendatidnoifitendhesifabesl/ Rdaldntarfebe2a0be assemspby touidring chie@s ero0d

skill in the . Wi reciate that substrates and stu f ryi ng
materials andrerllranBRl TN ah S Ao R bk ERa eI N "R o, 24
i [l ustrates epmshgmiite t0Dér 104e I8 e BERificenbodinichy, tROébliage bawesrdan®e W th one
enbodi nent of the. present invention..As ilJustrated, .the sensor circuitry
300 i nel udeEonEGHBRSFSC ST o8 oPBpsiygPlA el FORIPTeE 40 dtPRt gie Prasace snddpier
regi st er 306 of Bahdaddgadmson. conpar at or 308, a chip select register 310, a
comrand i nterpreter SLF, a data output nux, 314, two voltage o current
anplifiers 316, one or S Eewplapreabpdimentythe sans@subwety is p sRuplemetaryy 1 r st

anal og nul ti plees@&id3 48nicBndiREc? (OMUR R P RImaAALY 1881 P8R (W R! ©

reference resistors 324. O course, other circuitry may be 1'nplenented

" al ter nat i veR§ rorh), the falerénatip processesrfsdichoniihedwtler dpscubed balew. Fartngust

2003 10 -A preferably, the power and sensor studs 222 and 228 are composed of copper-plated
aluminum and extend 15 pm to 40 um from the top and bottom surfaces 210a and 210b,
respectively. Those of skill in the art will appreciate that substrates and studs of varying
materials and/or dimensions may be used in alternative embodiments.

Fig. 3A illustrates a schematic of the sensor circuitry 300 in accordance

with one embodiment of the present invention. As illustr-atcd, the sensor circuitry 300
includes a power supf)ly 302, a data extraction circuit 304, a shift register 306, an address
comparator 308, a chip select register 310, a command interpreter 312, a data output mux
314, two voltage to current amplifiers 316, one or more selectable current sources/sinks
318, a first analog multiplexer 320, a second analog multiplexer 322 and one or more
reference resistors 324, Of course, other circuitry may be implemented alternatively 61’ in

addition to those components illustrated.



A power supply 302 is coupled to the power studs 228 and is operable to
provi de one or nore sources of regul ated power to the sensor® &Hg&hRPBY 300.
The power supply 302 may include voltage regulation circuitry to provide
stabl e internal voltages over varying input voltage |levels. In sone :
applications, the power supply circuit isjhot required. A data extraction
circuit 304 has an input coupled to the power studs 228. As described in
further detail bel ow, &iRseer sploRi2ds soupied to tlar oveanhideads whid 8 oferaBRS

ignal to f Lt Lapral whi.ch i icated to th I C
200 via the PR Re b AtEs e S5 Bt poyiT o B Torr s oy Qu ez

extracts t he sopmy R02wmdy dhetude sbiymeiregulaid cirotitg o bRORR s%éb%‘i%le%aﬁ 901?%%
control and neasurenment circui [ 3B il lustrates one enbodi  of

ry. Fig. .
the front end of 4HRe HIBPtaVOétﬁger]t%%/I?'oW sopjerapligaHpns gap. pomyeg surgly tirduitds natt es an
exenpl ary i npeduire@vef orm 370, an output clock phase signal 380 and a data
out put signal 390 for the data extractor circuit 304. During operation, a
data signal - 370 is pr ot BEExERinG citeeit PRhhas B3tpuisospledrdiit ad\eet spRWEDS.

supply vol t agg. ded® I I | tage i s detected by MOS

transistors 3_34,e 336 an 2%8 vﬁ?t i%w,%@ﬁg}{%g@?&gﬂgl&a&ﬁ? 1hdryitheyg power

ref erenced t §ignalte fgmoamuitipkixed Al whicsis stmamanidadd b 0ieiseifsoRIT SURL Yhe
resi.stor divider network 333. The MOS

constant vol ' tq.the
transistors 'gﬁﬁ%ﬁﬁg@%yd%gt gﬁf Hﬂ& EFTRTHQR eRewid4 exrarts thsrclopkand datarsignalsr k
- 333-are oper ahd mutes e digadls atthelbdntel & mPARmeAHARYy NPUt  vol tage

| evel s. The data extr Iigfg,g{srcuit 304 operates to convert a high voltage
level (5.5 Vin the ifBust iisEatesonsoanbaginens of thegronse)d efthadphedeltion ock
signal -and hicgrbuirt 304 Fig, 30 NRiseRbLantXE ! ' | yerys,a low
vol t age | evel é‘%} BV inthe illust rat e%aﬁ?n%ggﬁw%ﬁ?&g}%al%@ﬂ“ °ﬁ°o°ka phase0
cl ock si gnal PH#G Siead 388)ame 2 datgoutpupsisred B9¢ faydle ditgerttactar bireuipdtase0 cl ock
signal imediately prepgd : : vel. . I ngl.e .dat it
_consists of two claock si gﬁé;?ie?ﬁgﬁ%%?glkﬁzﬂ%ﬁg%&%wgg& %PP%&FI‘%R“«E%&?F Fig.

3C. Data is Midulkted@gmenyipplyowkagh etdainldekpaver shgplp ovkeige 4 iicreds) t age

330 to eithe | r. Low voltage | evel 370 correspondi ng
to a highd a%@% Fl-'?&(li;ls ; &? g%v@’gg? gﬁ %ﬁs vrvelglf) lenct\tﬁ/le %“1*"??6%1%"“&188 RregigEsacediognal

‘is a | ow vol fhegwoundddihe MDS kragsisiord 482iptosiffee: roughtylborktandoltat fdaas i @lthe
shown) gener -4 ' - | appi n lock and a high or_ |ow data
signal for ?%‘g“&rrgg"t‘&%?‘e%gﬁ%ﬁ\ﬁg’gi‘{%?wgﬁéﬁweéﬁw eqpBRionyiHh dhet a
si gnal s fr onr@ioridivider getwdk 333 are bpérable t@écﬁﬂ&&h@&if&%ntﬁa@@c&!ﬂgﬁgﬁgﬁfﬁf the

ed By

i nternal sen cloc d.external data input are synchroni orcing
_the sensor c?&éﬁc t]ervﬁﬁt gﬂﬁgﬁ%rﬂéﬁrgnﬁn EVFel3Ygrppsmtes\ip epraieetra highevalagaievel

(5.5 V in the illustrated embodiment of Fig. 3C) to a phase0 clock signal and high (1) bit.
The data extraction circuit 304 converts'a low voltage level (4.8 V in the illustrated
. embodiment of Fig. 3C) to a phase0 clock si gnal and low (0) bit or a phase] clock signal
if a phase0 clock signal immediately preceded the low voltage level. A single data bit
consists of two clock signals, phase0 and phasel, as illustrated in Fig. 3C. Data is input
“during clock phase0 by taking the power suppiy voltage 330 to either a high voltage level
or low veltage level 370 corresponding to a high data bit or low data bit respectively, The
clock phasel signal is a low voltage. Additional standard logic circuits and latches (not
shown) generate the two phase non-overlapping clock and a high or low data signal for
 the rest of the CMOS circuitry, the clockO, élockl and data signals from 304 in Fig. 3A.
In this implcmgntation, the phases of the intemal sensor clock and external 'data input are

synchronized by forcing the sensor circuitry to generate a clock phase0 whenever the data
input is high, '



i nput is high. 8 August 2003 11 1In the preferred enbodi nent, the sensor
circuitry 300 further includes conponents to perform (a) addrfegyst®®addi ng
to all ow selection of a sensor IC 200; (b) actions determ ned by the
commands issued to the sensor I C 200; (c) nmeasurenent of the sensor studs
222, and (d) data output. Address Decodilhg and Command Data Twel ve-bit data

words are used in thigg iy I S,.0f. | er or
sShorter bit |engths ma;/ ﬁgﬁggggéhégﬁgﬁfﬁggg%gr (g?n%%(rﬁ mﬁ@e‘ﬁ&f@% ~ i nput
t'o a 12- bi t ccghpanentRisgpasform: (@BRIdres 6eskdingtto iaiow|selekixd: dfai sagsck BE 200; (b)

non- over | appi . dual cJ ock sigpals, clockO and clockl. The
first two datarsiodfin fhgﬁge Foppenls PRueg o T SeB8ord (A Bear HIRETORRE ¢ he
SR 306 has senv@lshds agitiraes &d)datacuepnd. The middle nine bits contain the

address or conmand function. In the preferred enbodinent, the input data is
processed in three ways depending upon the state of the sensor IC. In the

first doPergha@[@@D&baﬁ, an@C¥%akladd aagr ;aﬁs i sI r;acgi ved andI tcheI remtaihni ng

ni ne data biTs define %ﬁe_dﬂ"““—ﬁf‘a F€ss e sel ected sensor . In e
preferred enbodi ment , Twelkebit deip siords|a® tred imthimimplensedteatalthougf dathe dat a
and negat ed h&EﬁaR hard. wi.red .to the. addre .

compar at or gSggtomlo?lgﬁmétgﬁ%r%P ¥St % gn?agrgote ug?&jﬂﬁqﬁnﬁgf%?flg?ddmﬁgfe ??ﬁt‘?'n’é
whet.her t heinpat toiad@ttdt S8 Repisteh €3R)366 whidkdis eRsleel ushily the nbRbMMaphRG, twd

det erm ned n ti,on t erni i.h the final nmetal |ayer of .the

. integrated |%s%g?%1-2%g%u%lﬁglogg¢|%4 é]?‘tqfqi s’P%ee&réT: atg Pitsand thisfast datadt

ci rcui t 310amesarwdsetehhine ttanthetSR 3060tas b REliC MIFERGr bAhORRAL TR mAkte figset s
the SR 306 égad f.o%lﬁaa t her data %d._ In a secoad operationrgl ste{te, t he
sensor 1C h Sﬁi’%‘?\ﬂ é ‘%eﬁsé’éé‘i”?}@&“ ¥ address word to select the
sensor, indicated by Ihhge profesibd 3thBodiReMOts hout @9 ; eives a
valid ComagﬁfV\%‘LgPPl n thL:)s stat.e,othe gommpr% reﬁiﬁg&%rﬁ?hiééggag(&m and

the nine co Hpee p gtafsod dereuer o Infbe Sovimneretional srter evalid Sidmss ffhe
data bits prgsekRidht RnldiEnERRERRY iSRRI dé%%tgiéﬁ)%tsglg&gé B @ﬁ? gct Ion

~of the sensors | C.chip. In a third operationa
. sel ect ed antherreferegmpindimenbcariyeasirdChas hsnigoeselention of Greplhtt 2 dgRed s an

Inthi's stated opEakofuRiReRe sy bire B padhh SoBielof al VIGth SRR 210 on
-and of f. RessiopNAND gatks, ¢thdatirmincovhetires shet prurti dudar cemsorha teat eddrestd r T4 2
hardwiring is determined by the connection patterning in the final metal layer of the
integrated circuit. When the sensor IC is selected an internal latch circuit 3 10 records this
and through the command interpreter 312 resets the SR 306 ready for another (iata word.

‘ In a second op_erational state, the sensor IC has previously received a valid
address word to select the sensor, indicated by the latch 310 being set, and subsequ.ently'
receives a valid command word. In this state, the command remains in the SR 306 and
the nine command bits are presented to the command interpreter 312. The data bits
presented to the command interpreter 312 to determine the action of the sensors IC chip.

In a third operational state, the sensor IC is selected and the comr-nand
received into the command interpreter 312 is an ins&ucﬁon to read a sensor stud 222 or
iptemal reference resistor 324. In this state, receipt of low data bits toggles the data
output mux 314 on and off. Receipt of a high data bit resets the command interpreter 312

to a ready state to accépt a new command.



to a ready state to accept a new command. 8 August 2003 12 Sensor Control
The command interpreter 312 control circuitry is a set of st&fvgustagPe
gates and | atches which performthe follow ng functions: (a) selection of
either an internal reference resistor 324 or a sensor stud 222 to nonitor;
(b) selection of the current 318 to wuse for the neasurenent; (c) selection
of the nmeasurenent anplifier 316 to be used and (d) toggling of the sensor
out put 314 odgngonCamtdwer |ines. The command interpreter 312 activates one
or both multiplexers Sﬁ% or 32%.to connect the current sources/sinks 318
to the reference resi st or € 53 INCPRRCT A onEpkaimcuitysls s@ P statid logiaatek vel V.
Connect i on odndtliehes twHietberEhl the fl B itk ot eference .resistors 324
produces one or rmre,reflb'erence vgt{ll?aéesﬁlgl%ﬁ%é(af%Flﬁct“oBPF?I T an intemnal

vol t age-t o- crﬁfﬁfféﬁ‘e TESHIATI SR OF 2 sgier Sted 222toithoritor;(h) $RLGLBSBE chrdat 318 1o
Connecti on Qfgety; ' ) I 8.to the sensor. stud 222 provides
a measur ement v%lﬁ%iglgﬁs?gé Tﬂg’%ﬁ%éﬁ%gﬁo %‘5 DQFSF‘P"EB@}H*‘BW@EF??@&W berpsedfanér

316. The dat@)ngoﬁfbw@ﬁwmméheenﬁ)hbep@#dfreﬁlsé?ndi ng measurement current

to one or r uds 228a or 228b. In the preferred _
embodi nent , bﬂn%ﬁoﬁ%qaég glr“g%ém%ff ?]tzaaftévaéﬁsoo‘@fﬁ bgthempliindexars 326 gr 324 tochemect Sensor

Measur ement thteurpsonhshureeafsingd 3186 thel RgsicNe: RaSEsBU W hGELAGE g;ﬁ}/dg 2%2,(”

noni.t or ed by, TBASHI i one or_nore electrical paranmeters PR
more non--cont acting s %@8?“‘“‘5?%%‘3%1 sayEces/fsings B hytopkfetencd ARispEs Q4. | n an

. exenpl ary ergiedlice®dtie, orandit F&6ie e.ls asured. Those of
skill in th%égrt wi_| Ior_appr eci a?ﬁoﬁtg S&??}%ﬁh%ﬁé%%e@egvlﬂt% eurTgut apnlifier, o

al t er nat i ng LAfPTibratiag thessrser Kirefonnartign ftherewteern kdwrediaii Y& % the¥endof

addi tion to shiede &kl GA nt . sponsi to a control signal from
t he comand ir'lterg’rr et er 3%5 a%@ﬁfagi?%gp@gfgyﬁeE‘E)I%F'é?r?“w praplifier

sour ce/ si nk 316 Jhpgty ovipupubik Stdiswieshies fe@BirtHONEGAR H¥EsSiiht cBdt 1S o
sunk/ suppl i %gﬂp&ytﬁ@eé};wg%y%lsg? ar. ggc%s a_vol tage between the sensor stud
222 and the opposing plate %azf&? 0 the RIeicHRd ebodiment sewltplexers 320 . .
control si gF3k andi3 puare AMORanhkiog swigieed i nterpreter 312, routes the sensor
stud voltage to the input of the voltage-to-current anplifier 316. The

vol tage-to-current anplifier 316 converts the sensed voltage to a
nmodul ati ng SgnsoeMeasurgmant. | n the preferred enbodi ment, the voltage

hY

‘ The condition of the adhesive bond/metal interface may be monitored by
measuring one or more electrical parameters between one or more non-contacting sensor
studs and the opposing plate 102 or 104. In an exemplary embodiment, a direct current
{dc) voltage is measured. Those of skill in the art will appreciate that other dc

. measurements as well as alternating c‘urre_nt' (ac) measurements may be made altematively

or in addition to the dc voltage measurement.

Responsive to a control signal from the command interpreter 312, a mux
318 selects a constant current source/sink to supply or pull current from the sensor stud
222. The sunk/supplied current develops produces a voltage between the sensor stud 222
and the opposing plate 102 or 104. The mux 322, responsive to a control signal output
from the command interpreter 312, routes the sensor stud voltage to the inpuf of the
voltage-to-current amplifier 316. The voltage-to-current amplifier 316 converts the
sensed voltage to a2 modulating current signal. In the preferred embodiment, the voltage
measurements are made periodically, each over a short duration in order to preserve

power. In alternative embodiments, the timing and duration of the measurement may
vary. |



measurenents are made periodically, each over a short duration in order to
preserve power. In alternative enbodi nents, the ti mng and Scf\HgHst 2993 of

t he measurenment nmay vary. 8 August 2003 13 |In illustrated enbodi nent,

ei ght sensor studs are provided, four on each side of the sensor |IC 200.
The sensor studs 222 are forned at diffed®&nt heights to ensure that at

| east one sensor does : |._plate,which I revent an
accurate bond degrad&??gﬁﬁﬁgigﬁPgﬁﬁﬁW?B%ﬁéeﬁﬁﬁ§8?5%FPE%*@HSQBP@h%P des
four sel ect ablceofduer sepsir [CL0Ur Ths sennat stute 223 erle @6iinad| 26 dERFME MRt PFGs3E8 tO

rovi de a wider amc range for the _conductivity neasurenents.
Rddi tional | ;?5 Bﬂ%&r"é‘? é‘?“é?fc‘%ef' Ba opisrthepital platq W%lm‘d@%idipfpvpﬁeﬁn%%@tﬁ

circui try 30@nadegadionpeanhbBento TRE Stisbiecidut 8D @LERASs XAl §e?&%bfc‘?:ﬁ fit

vol tage-to- current fgrrpl ifiers for an internal calibration. Further

preferably, SPGB esctestabiscuERnt sitks Bl § faprevide 6 wides dpnamic dange ifor thy der t o

al | ow measur@BHsvite URhskBfer@Nt A 485 r ‘ nge. irst

vol tage- to-curr e?ﬁ ?a ? i fi enr S égﬁg@?gg’hfgw%%% %géﬁﬁft’? %%iefaer%glélu?félnetﬁ?

potential (Z2BwrFwcwine30G ndase pparede triyodiiere nfyreanedrotageto didvoltage-to-

V°|tage't°'%h%ﬁ12bﬁn &1 er. renced to the power supply (228b in the
odi rént ksjfg* %?F}eﬁﬁcg%r& '

il{ustrated enb 'S &bot Went, the conmand interpreter 312

supplies a control si duahertpoeferblstwdraiingen-tlrntampli fdres % ard ?ro@iaedin
al ternativem_ odi of the voltage-to-current anplifiers

nent, one or both
.may be repl aced Wth %kuéﬂ%fi“gﬁy?r heyFiiTs BAWE SHRRLY Yelfage rangs: @.ﬁfﬁiu‘gﬁage-

Responsi ve tto-carremninplifiesiigatbhed i Riduad/ réfeRitd d8temPbiag: (iz?éaﬁh%aei ﬁr 3t1ﬁ
0 el er e

t he dat a OUt'ﬂI:JJt %%1 .ro t,ea t he nodul ated cdrrent _sign

top or bot t M SFRfLt 299 3 sgrond yglagertespaentiampfifier referanied folthemawet ed
enmbodi ment  isapyipi(Z38blif GreilR@atedRHoBintdlf). 1S i \EnRARRERTEL gglxt%%arpcf signal
plate, the data output nmux 314 routes the nodulated current signal to the
top power st‘ﬁTGTPZ?‘B‘af 12yprlies g Grairelsignel e selpgt beiwpsathe ammiifiagatesn stemmugive he
upper pl ate h84d j ace tin onput er
Yot em 470, i b B oL e R B2yt MR Bl e
preferred erffal@eredigital ¢paversdul at ed current signal can be toggled on and
of f by successive | ow data clock pulses input to the sensor I C 200. This
allows the current' sensing circuitry to performnore accurate nmeasurenent

of |ow | evelDajh @utpius

Responsive to a control signal supplied from the command interpreter 312,

-

the data output mux 314 routes the modulated current signal to either the top or bottom
power studs 228a or 228b, respectively. In the illustrated embodiment in whicﬁ the upper
plate 104 is the non-referencg'or signal plate, the data output mux 314 routes the
modulated current signal to the top power stud 228a. The modulating current signal
propagates along the upper plate 104 to an external interface 430 and connecting
computer system 470, further illustrated in Fig. 4A and described below.

In the preferred embodiment, the modulated current signal can be toggled
on and off by successive low data clock pulses input to the sensor IC 200. This allows
the current sensing circuitry to perform more accurate measurement of low level signals
by offsetting the no-signal current. If an analog-to-digital converter is nsed in placeofa .
voltage-to—current amplifier 316, a current sink output could be used to transmit high and
low data bits.



by offsetting the no-signal current. If an analog-to-digital converter is
used in place of a voltage-to-current anplifier 316, a curr8Mug4stRR0But put
could be used to transmt high and |ow data bits. 8 August 2003 14 As
descri bed above, the sensor IC 200 is operable to neasure the voltage

devel oped between a sensor stud 222 and 1t2[1t1e opposi ng pl ate when a const ant
current is provided to the sensor stud 222. The sensor ICis further
operabl e to perform ofdescrirehahure thetenseilClO0 ivdgepibnadiNlsireQhe v dlace

conbi nat i on Wi r.i bed urenent techpique in order to aSsess

the state of %‘%e{l}%eﬂ%ﬁ %ﬁlgﬁ?\nsgﬁ %“é?@[ﬁéhma%mwqum curtest sensor

vol tage pot prvided tethe seher BRARLDI Bk $8hdob 1@ iZ@FH A fB ?y%ﬁ&ﬁ( a%‘le{ It is
ectro i.e.

assunmed that the Cu ge erally operates as a reference e , ‘hot
bei ng at t ac REGSBENTCHRSE lteraatively on irospmbination withethe déstred insasufement

quant it at i vecRBaB&nTBAto Aseds B ﬁﬂPUPEhe%ndjegradat ion.. However, the signal
is lower than that neasured by the passing a constant current between a

sensing stud 222 and Bha aligtativemestzemept tlesqueltie se68rPhIe; e fpefentdl may
corrosion tgenshisll ( ' | round -1V orrespondi ng to no

cor r osi on) g?o pi nlgh?‘gt ¥ %&wd\lﬂh%létnsuﬁ@l gﬁhgﬁ?‘ﬂr‘ifﬂd(c‘g?trt%@‘éige@é@ eatestase
c;a‘-ndu_ct i Vi t9r¢£lvnmelm_$ﬁ§i@d npfhdmgaﬂ?aredsiygﬂaiobalmheff Ad ty‘h"ﬁhﬁf*’oigé&%e”cy :
of greater - | S tend to mitigate possible proble '
associ at ed \%mﬂtﬁ%t%%%ﬁaﬁﬁr@s‘f\%gheFEQPgtp?iﬁEg‘aé?ﬂ@h omgvem thealigratisiloges,
.giving a trth&mthmawmwe9&sﬁ@&%ﬁ&%ﬂ¥bﬁﬁeﬁggmggagé}gi esglgés?i%a. Er‘]’gﬁe o

potenti al thgtil |sta?ebn geasured i.n the sensor stud inc

the resi st aRte° ™4 RER: Faneramples farrAd semosienithe startinigpotenitiel mpevund Yt h | ong
measur enent (doh@BRnigE @he borkdifR) Hobbi aolarization, resistance
bui | ds 'up around the Al and Cu %Iugb%%ggﬁ%]gg)&'}%ﬁﬁd ﬁeoa ?Z‘YSPHB%E& etion of
ions close to the me¥gPndlytheeedupityimpydic measted et e REmalbidraail¢ t hese

probl ems. Col difrebRSA QRS Ter Y Q{?Ee | e.t han Cu. el ectrodes, and
woul d act as t-r_uq? )?%12 er encer%ﬁec r'o-gggg"%é%%ﬁgo Blénﬁi@é’l?s?@re Rrellembove
measur ement ssodipted withdhe pojwiratioresisenceni tin S and AN gurBidYs, $ivaRs 2 e CMOS
software dgsi Flol 1 | e Tanner FDA L-Edit' 'software). Tanner
EDA T- Spi ee?%ﬁpﬁ?‘? é/ar e df“%ﬁ’g%ﬁé‘%%?‘h SERBISe JSEP&PPBH that idpsimgmepsueadi t -
si mul ati on idhe semsen)stusbinclodesuba due tothergistiat LatISIA PRI G &irklEs BR'GQLLRNCE
of these Gvﬁé-eﬁéxry? W _lonlglnlléasusl%?lgr?trtiml\éts) ?értegtg trﬁgn 1?1¥1?ige%$1ds) a polarization

resistance builds up around the Al and Cu due to the accumulation or depletion of ions

close to the metal surface. AC signal measurements may mitigate these problems. Gold
electrodes which are more stable than Cu electrodes, and would 4ct as true reference

electrodes, could be used for the above measurements.

The CMOS layout may be designed using any standard CMOS sofiware
design package (for example Tanner EDA L-Edit® software). Tanner EDA T-Spice®
software (or any other implementation of SPICE circuit simulation software) can be used
to evaiuate and emulate the performance of these CMOS circuits. |

ITT. Sensor Monitoring System

Fig. 4A illustrates a sensor monitoring system 400 in accordance with one
embodiment of the present invention. As illuétrated, the sensor monitoring system 400
includes the bonded structure 110, an external interface 430, and a cdmputer system 460.
The bonded structure 110 includes the above-described upper plate 104 which is.
adhesively bonded to the lower plate 102. One or more sensor ICs 2d0 are preférably



Fig. 4Aillustrates a sensor nonitoring system 400 in accordance with one
enbodi ment of the present invention. As illustrated, the sen8éMOHBR003ri ng
system 400 includes the bonded structure 110, an external interface 430,
and a conputer system 460. The bonded structure 110 includes the
above-descri bed upper plate 104 which isl5adhesively bonded to the | ower

plate 102. r ensor | 200 a eferably 8 August 2003 .15
| ocated ar o% .te? ﬁreoggérﬁ}e}ﬁlej @er%f’ fz@ﬁ&}l’%gﬁe quafighol"@ 1 apg Wein an
al t er nat i ve embotioghtytetsensoh ECsx00 90ty Hel6ca0in ARYfen! QGaidRh pdked di f f erent

or random pattern tbtE}hgou Eout t he bonded area. The external interface 430
i s coupl ed tHYOPFUHER %‘Hi% f¥8cture 110 via two lines: a reference (or OV)

line 431a coupl ed to Theait@WahinBifaeS ' | ! l'i ne
431 b coupled to the uppe?g%l atuét 104. 3?(3&%(%2@9?? g%lﬁg?%{i&%%%%%%the

| ower pl at e lings: apeferepeafer 8Y) iteet 34 p cevniéd toghellowieuplatkef(2med atpheer ef er ence

potenti al of Str e . ive ogj nent. i ich the
upper plate /%Cf)nﬂ-gw(fs#}? gg&%‘%%brégp lgrggﬁogtlgg %E’Q%&)ia?{engfgﬁggi}e%gﬁt% %@Werﬁt’s made
under neat h ttheelowergjte idthe fiame of tha hiraradirand 48:s ldbfinetthélreffrende 9o nE ShS tkhe

external interface.430.is further,.coupled.to the copputer system 460 via a
| i'ne 431c \Aﬁﬁ-g%mrie's hb%’fltembmmﬁg%@e Ip % YRS PR cpaptifutes Gisrpistenceoner

and/.or ot hefor fisgned, vheherepar s b @feRichthd W) fiRaRet i ta 4303 BNdobiRe
conputer 47Q. The Sorrput er may be a conventional conputer nachine, further

. described i P°FPGE"4C and 4D. Fig. 4B illustrates a schematic bl-ock _
di agram of the extern@heéﬂérﬁﬂfiﬁceﬁaé?z@oiém&%hgga%ﬂi@c}a&a%?sﬁm??ddmm of

the present invention. The external interface 4 , Includes a conput er

i nterface 4332 2lneApahichispreferaidye busifop Forunspicaidny data, contradptovee asdior 435,
and a curre ' rs | ol theexternal

I nterface 4%#%%1@@%@%%@%{&(3 gluns1 ﬁé%ce%?ﬂ%n%gg%gﬁv@?ﬁé?gn ®432a and a
dat a si gnal . ceB@hicf maybe & eonyertipuelecongysr amackiag, fufther deserihed irsFignadC 43Pa i s
provided to gpwer up to all of the sensor ICs 200 |ocated in the bonded
structure 110. The data signal is provided to control and/or conmunicate
with one, several orFig #Ballustrites s sohemiati¢ Bloci2@idgant 6ff the themiiandgabesdzpuct ur e

e e O o R L et B B el BN e O i hcaBsb "

Jincludes a computer interface 432, a summer 433, a power amplifier 434, a current sensor

435, and a current level shift detector 438. .
During operation, the external interface 430 receiv.es, via the bus line 431c,

a power signal 432a and a data signal 432b from the computer system 460, The power
signal 432a is provided to power up to all of the sensor ICs 200 located in the bonded
structure 110. The data signal is provided to contro} and/or communicate with one,
several or all of the sensor ICs 200 within the bonded structure 110. The power and data
signals 432 are multiplexed together using the summer 433 and the multiplexed signal is
amplified by the power amplifier 434. A current sensor 435 coupled at the output of the
power amplifier provides little or not effect to the output multiplexed signal. In the
preferred embodiment, the inverting input on the power amplifier is coupled to the power
amplifier output in order to provide feedback control, A coupler or other device may be
coupled along the feedback path to sense thé‘amplitude, phase, frequency and/or other

signal jaarameters of the output multiplexed signal 436 in order to better control the
signal's characteristics, | |



anplified by the power anplifier 434. A current sensor 435 coupled at the
output of the power anplifier provides little or not effect8Aygus@083it put
nmul ti pl exed signal. In the preferred enbodi nent, the inverting input on
the power anplifier is coupled to the power anplifier output in order to.
provi de feedback control. A coupler or other device nmay be coupled al ong
the feedback path to sense the anplitude, phase, frequency and/or other

si gnal paraneters of tHee Mpmumulﬁplbtddmhgmed%%cﬁfh@ 01‘6’.'1%@0“’1@1 u@'%véfﬁ?lint?%d er
control the 11ﬁ1 1951?& 2?(15 él cs. 8 August 2003 16
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as descri bed na | rovided to the
uppér plate '{(H;éz)&l(;tﬁuttrﬁ%iﬁgi sgé’ﬁ 24 ![3%{% u% gé‘géﬁqgﬁl:wfg‘ﬂ?eﬁg lt(ﬁé}% thedogdesind or
ot her ref er eftEistuse gﬁd1n6|4§1lpam;d/a ghednd a dther refey@ike si@hﬁh@pﬂa@ﬂie@fo b Eovpé?nded

structure 104 4 ., the | ower ate 10

ext er nal mt% al?g OE%etboﬁéﬁa%WH 0'6 B &3 12 Faeisrb &@%ﬁ‘éﬂmlﬂeﬂﬂédhzto t he
same ground onemaitxherfaceailﬁ!lrﬁ@%dﬂiegﬂ&{ ter bPst&R B0 Gr il Gl .20Vl L onrent s
an optically tk‘sol ted conputer interface %}32 coul dﬂ%gggﬁaa@ nd or

ext ernal i nt CPFIEETHSEH S8R dn saverapicirigel envivgnments anjaptieadiyristdated ﬂ)‘mplﬁéﬂ at ed

. power supply teFHface 834 &ultts rable.to receive a
sensor | C S|gneal e437 \;\llm cehﬁgafi%ﬁ%ﬁlg%ﬁé I%I?%r?e t4|'a’8 @8%?1 MRS A&t s of a

modul at i ng cﬁﬁ?@ﬁ@e‘&r"gﬁ%ﬁtﬂd&@weﬂmw bed above. The current sensor 435 is

coupled to sensor’'s poOpRS ?F% t | ate, 102 and_t he

power / conmuni cation |ine 4 %tgr%%e:ﬁhéls @%oh\%r 331%{36)1 t@tr%"(?f"etaf?@m"ﬁ%ﬁ‘gml_' ng

current sigria7 whipl i dmﬂmtrammdnmnp&bhﬁcts 498 mvdulatif®surfint ¥R hsnO

mul tipl exed g9 e .current sensor 4 5 i's coupl ed

to a current | evelsdbéﬁ °§§$ g%tts ?soﬁégéj W?Pﬁﬁ%ffb?eé’ﬁ%@ PRy et HRdsci28 vidibe

‘modul at i ng cinpeeplatesliod mad tlteq:oa;er/dngmhﬁbatwmtmuuﬁg9m{dq§ oﬁe?iﬂ% pliga to the

conput er syst ey %g%gor anal 4C il lustrates on odi ment of the
urre}f'lts

conput er system con q“ﬁ‘“&%@@%%@%ﬂt@“@&é@ﬁﬁoﬂu@m of the
pr esent lnvenulmptexecmgnammnﬁrebexﬁ Sl t. 4 cubBhd d4d6s5 435 h%l%tq‘lagé' irgef " ©C"

462, cabi net 4. " A nmouse (not shown
i ncl uded f orl°‘be?89i?‘a‘%ﬁ°§‘°é%$f”%&g*aﬂpeﬁa#ﬁm Fesyepdhe m@dw*amgcmﬁammt toa

digital output 439 for communication to the computer system 460 for analysis.

Fig. 4C illustrates one embodiment of the computer system 460 configured

in accordance with one embodiment of the present invcntiqn. The computer system 460
includes a monitor 464, screen 462, cabinet 468 and a keyboard 484. A mouse (not
shown) may also be included for providing additional input/output commands. Cabinet
468 houses a mass storage device 466 such as a hard drjve operable to store data and
computer readable instructions which may be utilized to execute the processes of the
present invention, Alternatively the mass storage device 466 may be a fixed or
removable disk drive such as a floppy drive, 2 DVD or CD read only drive, or a writeable

~ orre-writable drive. In this instance, the disk drive 466 accepts a matching disk (not
shown) which stores the aforementioned data and computer-readable instructions.
Cabinet 468 also hogscs familiar computer cbmponents (not shown) such as a central
processor, memory, and the like.



468 houses a mass storage device 466 such as a hard drive operable to store
data and conputer readable instructions which nmay be utilizedugest@RBgut e
the processes of the present invention. Alternatively the nmass storage
device 466 may be a fined or renovable disk drive such as a floppy drive,
a DV/D or CDread only drive, or a witeapple or re-witable drive. Inthis

I nstance, the disk drli:ive%ﬁﬁg &cce ts a matchi ng di sk (not shown) which
stores the aforementiofed darsishde dyrpat ehifes |the ¢omputersystenshowrCabi net

468 al so hoirskg. 4QarThd @mmLEFRYER 460 FRAMRIE5i 4%, a central
processor, ang the I'ike. 8 August 20013 17b®%?}§g)s’ff%uiﬁlr6p§§rtrp%rtees t he

nor

i nternal ar |°t°5%‘?llff% b systram ssmont 470, Sysntealpeivessor 478, Biiegor e sfarers onput er
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controllers 474, system nenory a centra _
speake lr( s  48dditigng] spisyaisme mily Sk i_m;ﬁmedlﬁemﬁaizdr éﬁﬂmpgﬂ‘, im&d?ggﬁgsﬁﬁﬁb mi;gln d E
net wor k i nt .t} onal subsystens m e included as well. For
exanpl e, thg{ciugggaﬁgd%@g %h%t%a%@caa’é“&%’@co%@%%%w TeReRnt a math

co- pr ocessosignal fiowoang bes alehitea:tud O Quthepgemesiof sBilldR &le ok Aty a?gx@.cﬂhﬁh i
ar chi tecturg%l h those of sikl |l in_the art will appfeciate T hat

| £ ho )
ot‘her bus afChi uég{cgnﬁggturgf gepoedhlppewall. Fien sxampls; a dsdieastdbusanayddi cat ed bus

may .be est ednbilisitdbehedonaindsyiRe HMEHED; ldAnane .embodi nent )
and t he centraL%rBr ocess]or A?%B. (a Pe%@ﬁ%?fo#ﬁ%y%& oaﬁﬁr%ant). O her
. bus archi t etSREREOGHSPAT 47p b2 BensiamdN {l in ontiestendithedt). eQtherbus hechitediured Will Sensor

Fabri cat i onbd fppaReat BIREL kL GO ent, the sensor ICis fabricated using
a CMOS process using Silicon-On-Insulator (Sol) wafers, known in the art.

The SO wafers typically consist of a device layer (typically 15gm thi ck)
formed on tpp Qfnsét IBBLERRLL hi ck oxide layer (0.5 - 3.0gmavailable from
suppliers) formedonmtop of a Si handle wafer (typically 50011n).
Fabrication of all oflnitheprsfiredrmbodinieht, te s360r R0 & fibiRateARsHk d&Mbs pads may

be perfor L ng. t I ocesses, However, formation of the
pot fom i qiroies Bin SR 18 R0r QT waleos Raceinube o G SOhvaiag B
i |l ustrate twsally omestefa deyicediet (typioillyorssi GeckiNorRRd on tporfadh '

Pols
accordance \.: he.pr nt in tion. Fig. BAis illustrates a bottomside
Al pad fornat ?glﬁg%‘igge—gﬁf%lavg@{% ﬂ'om suppliers) fqrmed on top of a Si handle wafer

(typically 500pm), :

Fabrication of all of the sensor circuitry 300 and the top side Al pads may
be performed using a conventional CMOS processes. However, formation of the bottom
side Al pads are not conventional processes. Figs. 5A and 5B illustrate two processes by
which bottom side Al pads are formed in accordance with the present invention.

Fig. 5A is illustrates a bottom side Al pad formation process for SOI
sensors. Initially at 502, truncated pyramidal pits in the device layer are etched.
Preferably, the pits are gtched using Ammonium TetraMethyl-Hydroxide (TMAH) and an
oxide mask layer. Next at 504, an oxide (or nitride) layer is deposited (or grown) to

" electrically isolate the exposed Si in the etched pits. In the preferred embodiment, the
oxide (or nitride) layer is deposited on the top surface of the device layer, on the bottom
surface of the Si handle and on the insides of the etched pit.

Subsequently at 506, a center portion of the exposed buried thick oxide
layer is etched down to the Si handie. Next at 508, an Al pad at the bottom of the etch pit
is formed which is electrically connected to circuits on the top of the 15um device layer.

This process may be achieved with a combination of standard thickness (and extra thick,



sensors. Initially at 502, truncated pyramdal pits in the dgvi ce |ayer are

etched. Preferably, the pits are etched usi ng Amopni um August 2003
TetraMet hyl - Hydroxi de (TMAH) and an oxide nask | ayer. Next at 504, an
oxide (or nitride) layer is deposited (or grown) to electrically isolate

the exposed Si in the etched pits. In the -preferred enbodi nent, the oxide

(or nitride) layer is deposited on the t surface of the device |ayer, on

Lhe bottom fucéaeaypAl ddyosifion BRNGHemAid 198n LG ARR RN NG, Ehohed Pit.

Subsequent | y.at 506, a center portion of the expose TRY 8%i de
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necessary) I.1i.on . atterning. .In an-alternative enbodi nent,
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wafer is hel 851 ‘an ENERPAtadgnd Faedindhg preferred gmbpdineht withte extendsdgl ass
deposi tion fsihgle eided okh akif TM%@?&M‘ i 001i m handl.e waf er
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If a Cu la ' I 1 | L rather than A, undoped TMAH can be used
si nce attacﬂ? % @?ang%agerl%@@POWﬁ@%Pé?S%a}'ﬁmﬁﬁw doigk Ssribof a square

{rﬁsh QI t hi ciuﬁﬁm:[tin'ghimth?nmnmfe}xk?g thefthi n chihp sensors. Th;a for{nﬁtion of
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backsi de Al ‘Efa&i are fgr ned.on sensor abricate 8 fAIhfam begy
wafers are t1& a?“é‘f‘%‘hf" Pricetin prgeess-used. However, SO wafers are nore -

adv SR?géio,‘iSfjgr;:a;fde;nig‘f)‘:?iﬁ‘iiﬁgfﬁiﬂ‘ RN (s ark PR Gortos e 1 or

st andard Si wafers, wafers are the preferred substrate used. However, SOI
wafers are more expensive compared to standard silicon (Si) wafers. Therefore, it is
advantageous to present a backside Al pad formation process suitable for standard Si
wafers.

Fig. 5B illustrates a backside Al pad formation process for sensor ICs
formed on a standard Si wafer. Initially at 522, the top side of the Si device wafer, which
has undergone all of the required CMOS processing and sensor fabrication, is bonded to a
handle wafer.‘ In the preferred embodiment, the bonding method is compatible with all
etchants and processing conditions in the following processes.

Next at 524, the bottom side of the Si device wafer is mechanically-
chemically thipned to 'the required thickness. Subsequently at 526, the exposed bottom
surface of the Si device wafer is coated, patterned and etched through to make via holes
to previously fabricated structures on the top side of the Si device wafer. Next at 528, an
insulating layer is deposited on the exposed bottom surface of the Si device wafer. At

530, the insulating layer is patterned and etched to expose the areas which form the
electrical connection to the sensor circuitry 300, |



wafers. Fig. 5B |Ilustrates a backside Al pad formatlon procgi@ for ensor
R 28

ICs fornmed on a standard Si wafer. initially at 522, the to 3the
Si device wafer, which has undergone all of the reqU|red processi ng
and sensor fabrication, is bonded to a handl e wafer. In the preferred
enbodi ment, the bonding method is conpaﬂ?ble with all etchants and
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i s bonded twhitthare folhvir descriydin Fips. GA dndBetsiaw.l pl ating pads exposed. The
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_sides of the wafer. POV seator slugs g prefrably fahm Sftg pl ace
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conpl eted but prior to wafer dicin doubl’e- si ded sensor e bul k
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the sensor e’iﬁﬂ. VR s Shikdsste@nsi st of Cu studs el ectroplated onto exposed
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‘wafers for cﬁiqlgnt low cost and volume production. This process may be achieved in the following
way§£ (2) using an electroplating bus bar system that supplies different currents to the
different plating pads over the wﬁole wafer and/or (b) using on chil-n CMOS current
‘'sources which will only need power and an optional enable signal to be supplied over the
whole wafer. Either or both of these approaches may utilize an external electrical
connection to the wafer while it is immersed in the electroplating bath.

Fig. 6A illustrates a top view of a electroplating bus 610 constructed in
accordance with the one embodiment of the present invention. In this embodiment, the
bus 610 includes seven first metal layers 612 and seven second metal layers 614 located
around the periphery of a sensor IC 200. A second electroplating bus 613 is also formed
Just inside the periphery of the sensor IC 200 and interconnects the points at which the
power studs are to be formed. '

Connected to seven first metal layers are five plating pads 615, 616, 617,
and 618. Plating pads 615-618 are provided to form each of the four sensor studs 222a
1llustrated in Fig. 2C. By providing a separate plating connector to each sensor stud, each

sensor stud may be formed at different dimensions. Plating pads 619a-d are



efficient, |ow cost and vol unme production. This process nmay be achieved in
the followi ng ways: (a) using an el ectropl ating bus bar syst8Mughsii2003
supplies different currents to the different plating pads over the whole
waf er and/or (b) using on chip CMOS current sources which will only need.
power and an optional enable signal to b};o supplied over the whole wafer.
Either or both of these approaches may utilize an external electrical
connect i on tWerchmnepkst ara thfsdcend dledtoplarmebeesi 3 ad EREpBYRIGY tPRILALI.RY, bat h.

Fig. 6Aill S t view of. a electroplating bus 610 constructed in
accor dance \gﬁi%%iﬁée%ﬁéj?g%gﬁﬂ?ﬁﬂ?mof the present invention. In this
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are'to be formed. Connected to seven firs _ Querstedsi ng
pads 615, 6i%medon the eonnecing platimy pads 6®5~5M8Tﬁ5él.&1—ﬁlferéfe€trgﬁlgﬂﬁ ghp form
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each of the.f ‘ 222 illustrated in Fig. . roviding a
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formed at dsfcbed weistod GRtinsiupled to Pheabhd\rRAcE e 8931 ‘Pierle AAUS] 2003 20
interconnec}e%gtovsi% t he SE ond el ectropl ating bus 613 and are prd\fll ded to
form power ' Studs358%ICR! A KOTMOR qads WheTean Bipshenable wpltagBmiay be appliie dn one

. enbodi nent  tHe itistrated wafbedinRhe el A4 g&%,gggf,@g?m&% éﬁ%&f@ghconf igured in

accordance wt E} t he present invention. rop #%l circuit .
620 i s used“$BIEINHMEP2ER Reenil 616, sespesiveliofintobier spbsdimeandiieeuer st uds

fornmed on thefeemr Atg cBAR oL PERS -619. The on-wafer electroplating
control cirgcuit 62 inglcudes cag"%ll r'st esspglp'd)Pe‘égTeé?rm%P@Hngﬁadé &P st.

current driOkt Epdhepldhrrumrentsdrivorsh2s erti rsalied 624 bve Bt ERET Quieri GERRA CUT T ent

ot o an- oot 1 (R SRR TR SR o SRS, sy
enbodi nent ,Cif‘h‘éiCpnﬁmaténmdnmybomsbdduah@ﬂiﬁvdre}ﬁbgaﬁn&%za and 623b are coupled

to the plating pads 66;& d 616, respectively. In other enbodinents, the on
waf er el ectropl ati ng con ;Bgﬁmcg:i? &F %gvﬂﬁgegﬂmlydm@e it ofthercomtosle - -

pl ati ng padeir@its20adda rdsaitihg ofrénbis deliveraito 8L HiEs ’ liged as a
pse of ski I? i né?%é%éétaﬁe\n%ﬁ E%Bpreci ate

E ‘r’]‘gt dg;/ Ihg(l? %E%‘}rﬁﬁfr&%%%gﬁrgé glrrlrreéq gﬂ}vp@éﬂﬁ@g plating pad (and accordingly the

resulting element's dimensions) is determined by the value of the connecting resistor- and

. the connecting current driver. In the illustrated embodiment, the two plating pads 615
and 616 may be supplied different electroplating currents using the same enabling voltage
if the resistance values 621a and 621b are selected to be different and/or if the current

B drivers 623a and 623b are designed to deliver different amounts of current (e.g.,one
current driver employing transistors having a different gate periphery than the otht;:r
current dﬁyer). The circuit 620 is operational during the eiectropiating process to control
the height and other dimensions of the power and sensor studs formed from the plating
pads 615 and 616. '

In this embodiment, both plating techniques have been implemented with
five variable low current sinks used to control the current at each plating pad on some of
the die, with 2 maximum permissible average current of 650 pA/mm’. The remaining
two bus lines of 612 are used for on-chip CMOS current sinks on other die on the wafer.

One of these lines provides low voltage pov;ver and the other line is used to enable and



circuit configurations nmay be used in alternative enbodi nents. Durin
operation, an enabling voltage is applied to the input of t h& AdigHetr29P3
circuit 620 and a resulting current is delivered to the plating pads 615
and '616. The anount of electroplating current delivered to each plating
pad (and accordingly the resulting el ékent's dinensions) is determ ned by
the val ue défirchiee v clid GHOCHS SirfdnO&inay] L current driver. In
t he iIIustrqiﬁd e odinent,_tﬁe, tmo“%?g??%g*%ﬁﬂ@ggf?ﬂggﬁﬂmﬁiésWE9 be
suppl i ed dffft'8F BiR' CBITE i BpRikredigd setrte ensuse thet thy nidxémsameeenabticageyol t age

I f the resisytance 5; I re selected to be different and/or
if the current -d??@érs gz%gh'%ﬁgfggﬁgémg?ﬁm&&%ﬁé@ﬁ p GG aprercht er ent
amount s of laegehy @stcofres groplenmassociatadarith lﬂétia}l@tmgﬁmigﬂsﬂgantc% ag;lsﬂﬁi%gggigceh avi ng

. e

a differen . ri phe t han, the other current driver circuit 620
is operati {cl)lﬁgfatng%fgi?‘ﬁe ESH%YGEPE'E@ PY e Fpgo-seweraurany Iapof raisistoarhié23aeirght  and

ot her di me62dbons, iofn fleddpoM@a=d 30 eheS8A ' fromthe plating
pads 615 and. 61&2 In this entiod?nent,ﬁg%ﬁﬁgdéﬁzﬁeﬁéﬁ?%%ﬁﬁ%ggawg\‘?g&’ﬁeen

i pl ement etPSRIOT b1 2rar G218 comnegiing it to thecapableo noltagen Rhisuesistot 621@@RER Y cdnhe
current atbedebenith Abmitdifd Lhe di wi th ‘a maxi num perm ssi bl e
average current "of 850 tpA/ nﬁggﬁﬁﬁé@aggnn%%ags%aw%mslﬁ’ﬁgleﬁl.‘ﬁé’éesﬁfo%lz are
used for offAsisp Fariee peaferrasiapolysiidan resistotshey infhlémeted BHr@iEhinimRe Of

these |inegsph@ivdgs:d power and the other line is used to enable
..and 8 August 2003 o1 n%\&ol\é%léhtet e"val ue of the on-chi p current sinks. A

vari abl e enabl e’ vol tFag@Csllpgtiates hwmwweﬁﬂfkrfabéiﬂﬁkﬁldaﬁdéwiﬁmﬁei s moni tored
and set to rage DC current 1is less that 650

RS bR Sy TRELIU AV .
~LA/nTn2 in the preterrea- SADSHiGe s TestetedntheryafergdBineipdss e howtmr gel y
over cones ipteofates 680,casiopoved: éterfiict B40BoH AP VR oNd ﬁalf&qﬂg&g{éq%ari ations

si nce thealg,n%¥iLn%Pc .rent is _determ ned by the drain-to-sourc rrent
(1ds) of tTanerysgpodiments. g diffesen gumperofiinterfaces G magbensidned by t he
characteristics of Haeh povaRShtetbRE 680 tholda liu&iRf resi stor 62la or
621b c-onnect%'g'%ﬁﬁ@ﬂt to the enable voI-t_gge.es.%dg&}‘%sﬁn%ﬁ@?fug?f NEPL ¥R b can
be chosen H8°% RExfle* £#le, 08 gther eonBectivg davigesnan ste- illostrrdaimbedimhenr

net al - t 0- rsesdrSdoAtuctivd HHBE 642 ark Hlol 9 RoLysiLicon resistors are

i npl ement ed tg rovi de 21 ni N ?rkezjg?gﬁl%ggﬁc@& fodfr sen sleceeplatng st er . Fi g.
6C il | ust rIH’teél SShRMRR Figo 0Ar Sperificalincefiishconduaivéaniyesath plovae theembodi ment
of the pregsiiid (bAXEDhbtOAal Akebdnls WBhARNGE st BRAELSaeCR iG] Udes two pover

enable voltage,
each of four conductive strips 642¢ provides power to sensor stud plating pads 615-618,

and a seventh conductive strip 642d provides power to the power stud plating pads 619a-
d. Each conductive strip is prefgrably I mmx 10mm. The illustrated power interface
640 is but only one example of one possible structure and those of skill in the art will

*appreciate that power interface structures of differi.ng structure and/or dimensi;)ns may be
used as well, :

In the preferred embodiment, the final CMOS processing step involves
removing resist by ashing the resist in an oxygen plasma. This process grows an Al oxide
150-2004 thick on the sensor stud and power pads whiéh is preferably removed prior to
the electroplating process. While the sensor studs 222 in the preferred embodiment
consist of electroplated Cu over Al, those of skill will appfcciate that other base and
plating metals may be used alternatively.



I nterfaces 640, each power interface 640 providing power to one half of the
wafer. In alternative enbodiments, a different number of in®éHgusa80840
may be used. Each power interface 640 includes conductive strips 642 for
contact with probe needles, flex cable, or other connecting devices. In
the illustrated enbodi nent, seven conductlve strips 642 are provided
corresponding to the seven el ectropl ati ¢ bus lines 612 shown in Fig. 6A
Specifically, a flrsuagqndﬁqiﬂd“%h§&lmghg r round (or -Vs.)
potential, a second conductive strip 64 2@ hB %) qpﬂﬁﬁﬁ%S%WQHQ%ﬂkg@e

each of foangﬁﬁBﬁE?W?ém§$ﬂ?%§n@2%%MpﬁmuudesapnmEﬁméQuﬁ%ﬂ@&ﬁb&ﬁMQuBkat'”9
pads 615- 6XBe predti iveRENE t|v strl d provi des power to the
power stud pl oy nglpgds 62%%-&%99%% ‘ltoait %?@ql%Ztrpﬁléﬁ@ ably 1 mm x
10 nm The tmhnmers ased dvifiotivisk AIntIéms‘taﬂEuqxﬁ‘leér? ebfd&h\fé%)huﬂpﬁl \%@}”E %h"f one

possi bl e st se..0 in the art wl appr eci at
power |nter ru%?‘g 05193@1\!?(5%& PR Issisediandip éOfairﬂim)mmdb Taperds fmnﬁedray be
used as vveIBulklAfl eleh&omﬁtﬁfg&éﬂﬁﬂq&m%%%otlytagﬁh‘liahﬂ% thg\@s eﬁrfaﬁzm ng Tﬁf gp

i nvol ves WESI st by ashing the re

process groCWs Dperhe femﬂvcdtbmﬁletdhemnsafolﬁddud and power
pads which is pref er aggkiy an@‘ge 0 I Ng, process.
Wi le the sensor studs 2227 in 1 g%!rfcgflse&flﬁ ?#@%%Lf By%ﬂﬂ%qrsctactﬁffm _
el ectropl ataé’Hm@Hnﬁﬁ‘llé‘rlzﬁdsecorlﬂﬂ)@eembvesthe bkzdwférlrnaapmhﬁg t@r@snétfiﬁhngu}a@ s Pase

.and platingq ernativ 8 August 2003 . TAis
a flowchart i ﬁ&%&tlj’aﬁgpmmroc@%wﬁ% H@E%%F%éﬁwgatrme Gﬂelsehm and
pover st uddhowafenisdmppssediiea BOVim@tcdntrabSicOr HARCRIdNo} Ho QéEgn&”%P%Jﬂ%BE of |
ase

t he presen e_.net,hod i s based on zincating
el ectropl a??%%xg s¢ Om'é%&“ﬁ%egdnbﬁafcﬁ thick Al. This technique is very

ef fective on bul k AI Awhres eheawmt-ﬁﬁfnme?ﬁgrlﬁﬁ tﬁ?ate?lgﬂ U:gl{' droxi de ( NaOH)
etch is use dland %?od zi.nc, _oxj de | ayer orne "8 ¢ opl ati ng
t echni ques K&SoHPR far) @ %\“P@&Hh@ebsbfommgtmmdwdtwblzim&xfdeﬂdyad on CMOS

1C s si nce'lmbémmefsmman@aﬁw dBPERU R S dyvol v, Initially
at 702, the wafer gwﬁped ?{jrqt g@o Xl’tlyréeth%g}m%fjﬁ%ﬁbﬁlﬁ’ﬁ dﬁf‘“’d’I‘a feris

appr oxi mat éPliF et ¥é‘€' g wagerapifye t he OXI de formed during the resist .
ashing process and Nex{4tgfs The wafer is-then given
a thorough rinse. Nextxa 70’1&{3%% ersed %g‘é&cﬁdr@‘é@smmmewm
concent r at FEPDEs Hhis progess eperates to stip eﬁ'chmziﬁc oﬂeammoezg@nal surface clean.

The wafer is rinsed in water at 714 and subsequently immersed in the saturated zinc oxide

in ammonium hydroxide solution for 10-30 minutes once more to grow the zinc oxide
again at 716. A final quick rinse is performed at 718 and the wafer is quickly transferred
to the Cu electroplating solution with the electrical connections already applied and

. powered up 720. The maximum average plating current is set to 650 pA/mm?, Pulsed
plating may be performed with a 10% duty cycle at 1kHz. The Cu studs grow at roughly
1pm/minute at this current density. Those of skill in the art we appreciate that other
settings may be used as well.

_Fig. 7B is a flowchart illustrating a second method by which the
electroplated Cu sensor and power studs 222 and 228 may be formed in accordance with
the present invention. This method deposits a seed layer of Cu onto oxide free Al sensor
and power pads using a lift off process.

Initially at 722, photoresist is deposited and patterned to expose the Al
areas where Cu is to be deposited. Next at 724, the wafer is dipped in 50:1



the.wafer is thoroughly rinsed in water. At 708, the wafer ig imersed in a
saturated zinc oxide in amoni um hydroxide solution for 10-86Ugisi2Pes,
thereby form ng a conductive zinc oxide layer. The imersion time wll
vary dependi ng upon the thickness of the Al |ayer. The wafer is
subsequently rinsed in water at 710. Nex#3at 712, the wafer is I mersed in

70%nnitric aﬁtﬂ:lfydrofmr:ﬁb@éﬁikiﬁ&ta%bﬁbxﬁﬁat,e]%e[?@@gc%PdJJHdsalﬁ@{v?ggSSS Opz&éat es to

strip off the zjnc oxide and does a final surface c ear. - ¥ a{aprareh s
rinsed i n wat"8f ‘odrmpya thepyide fomead duning fhe msierasieidg processe Negtai 24, @k zi nc

oxi de in angpaed By ' lon.for . 10-30 m nutes once nore to grow
the zinc oxide a a?n&gz’;?é%gt.e?%éi%gggﬁdéa&%w the RuRe yangent Batige Cads 718 and
the wafer i slepppitekiny Nextat?28; méttouttintrdduein@uirehto €hd 2obedlih g GhaBblit i ON Wi th
the electri tions.already.applied and’' powered up 720. The maxi mum
a_ve]E age pl atccl ?%rgogfgrgg@grl\? 8} o %F%F%‘ysée‘ggwwpo%ﬁie@s apd phdtorgsista Peleat

per for med wi786, the B aha the eyebiveatu bddne H i rough 1

p. M m nute at_thi ent . densi tyl.1 T_hoISI% o?e%gilf{ﬁ%ﬁec?gegwggﬁhcv(\gu %b{%eci ate

S _cur
that other SSRFPT AgeS nid' BRer iR eectioplajiag the Engurfaes irs cleafiddaamdirovie any :
Il lustrati ngxi@esecond net hod by which the electroplated Cu sensor and
power studs .222 and 228 may be formed in accordance with the present

i nvention. Thi's nmethod deposits a seed 1ayer of Cu onto oxide free A
sensor and power padg, gsi | i f.t .of f ocess. . l.nitially at 722, '

. phot oresi st is deposi tegégg%ergeéitctn;ebrolqgﬂeqf%%éﬁ%‘fglapﬂ%‘S/He.rf"’a‘i‘f'é‘até’ where Cu is

to be deposieserring she wafei7@y C pletinghaal with eloRRRe ahd\p&%r%lrgad?légfﬁ&tctggqgs 23

wat er : hydr ogleUpys Ld.for approxi.mately 120 seconds and afterwards given.
a t hor ough rei.nselc‘:t'rgog ;“g‘rﬁ%‘\%‘érsi"ﬁé“ g&?i"g@-f A TAYREKe 28 Rlatingsment ds det tig

process. Ne%§O pA/idmb and plsedoz Okm R . I cleaned in
the same eqyipr th(—:@dﬁ?? deposi?%gﬁ?{l.%ﬂ é%?feéﬂkfg’s%% S

. . MR %ﬁ‘a& ; : . . .

i nt r oduci ng®a1 r i REY hemirBREst thigcusteandsority. SFhososd skit ialthe drt wen of Cu i s
deposi t ed oapirédate X068Rr MiAdsyHdspIRLPLESI St. Next at 730, the resist
‘and the excessive Cu covering thé resist 1s renoved, |eaving the Cu on the
exposed areas. Just pE?‘B‘rOfttBE@S@&eﬂmﬂmdisngayheﬁmpﬁuleﬁw&ﬁﬁmﬁ%u@foﬁnﬁ eaned to

renove any imeki . softra e di nt .. Cu.electroplating’is
per f or me dy b‘;‘a‘lﬂdﬁ'@ softWatel) BaldiWatcs f‘nfn‘?»%%,”&%% Colfbination 6f these. &n orPe embodgnem

of ;th;c_ present invention, the methods are implemented as software programs executable

ona computcr system, one embodiment of which is shown in Figs. 4C and 4D. In this
embodiment, the software program comprising the method is storéd either locéll_ly in
system memory 476,-or on a fixed disk 486. In another embodiment, the program is
stored on a removable ‘disk 482, such as a magnetic floppy disk, 2 CD or DVD disk.

. In a further embodiment, each method is implemented as a series of |
encoded electronic, electro-optic, or optical signals which are communicated to the

_ computer system 460 via the network interface 488. The encoded elcctronidsignals may

be communicated to the network interface 488 via a hard-wire line such as a fiber optic or
coaxial cable. Alternatively, the encoded signals may be communicated over free-space
to the network interface 488. The network interface 488 in this embodiment is
appropriately configured to receive and convert the encoded signals to computer-readable
instructions corresponding to the processes illustrated in each of the present methods.
The network interface rfzay include electronic, electro-optic, or optically-based

components such as an antenna or an electromagnetic lens, demodulation and/or



transferring the wafer to a Cu plating bath with el ectrodes and power ,
al ready connected to the wafer prior to imersion in the baP MUgYH&0RBxi num
average plating current is set to 650 FiAAm®2 and pul sed plating perfornmed
with a 10% duty cycle at 1kHz. The Cu studs grow at roughly I gm mnute at
this current density. Those of skill in the art we appreciate that other
settings maydbe ﬁslled. as,wel | Each of the described nethods may be

i npl ement ed TACVEPIESHE Citgyig and pthen sirilargompbiasss. eThehtdnliferthéd AYAr €, or a
conbi nat i on Afithehpskde tRiRPHE § | AR cof o LNe present invention,” the

met hods are %ggl enent ed a#sP soffgv%/g e pr%5?%%“38§églﬁ{a§ﬁ@cow&emmepf
system one’ Sdthegresenitmethddstio excodbtbsipnaly) Fi gs. 4C and 4D. In this :
enbodi ment, the software program conprising the method is stored either
locally in systemnenory 476, or on a fixed disk 486. |In another '
enbodi nent, Yh hegivasn is stored on a renovabl e di sk 482, such as a
magnetic fl oppy di sk, CD or .DVD disk. In a further enbodi nent, each
method is inplemented a¥ PAPSSUAPRStien is applicslilsdo elverbtyafiadhesiic@phiigp OPt i C, oOr
optical si grysemsthat hadfRrAOMIBLE . comput er system 460 via the
net wor k i nt fag:e 488. !ﬁ?e encodélg tg?g%sﬁl%ghggysgqraﬁngge%yom@mm cat ed
to the netwotlie 199ied mgtabcands twp metal bizmett-aniameotalishest Sugdbdasefa hichgr OPti C or
coaxi al cablineMohfy BRALiVE! tihe. encoded signal.s may be comunicated over
free-space to .tﬁhe aRte el ﬁ%aée’fﬁaufﬁ’g“eﬁé‘i%r“f@“ﬂ%‘PWM@iﬁ% inthis
. enbodi ment ilgcat’é?pﬁfﬁ}srsbmoew#himmh@uywhﬂmm@@éﬂéﬁa:ﬁg&la&&’@é@ﬁ?af he encoded
signals to %Hi?é&i‘éﬁic@%ﬁabé e nst{uct | ons corresponding to € processes
i1Tustrated in each of - tR&YSIBR ¥Rpldneed e desigaedmtarbe konditg pfoaeduramy

i ncl ude el ectronic, elThetpraempivieftionOdlscdRhy 5Addays c nents such as
an ant enna gﬁetgir}m(a)oggtrorragnetic | ens, dejnpdulaéte?gﬁle%r?}ﬁoggpgla%ﬁi} €d3903 24
demul ti pl eﬁjésr;g ci'r CurYPEOsKR Blatss RE honsyeaminwith dhegoelssios of ditier Aedder K

i nterface quéney ipoeer aricdorElfmi@EoR iRk L LCU] and/ o onent s
operabl e to covert the processes of eac cegt{‘) d‘f‘ﬁ%h{oeysggs h cFYGM‘)FSQ§1r‘i%'¢5se‘iﬁl'coded
signal s. V. %\%BT VEiRce thavonid produce mingnalidisruptionaip phe aHoRitd SrRnyar et y
of adhesi ve tlixolatderngse, 546 bafdre SARbL 1 rate.an electrically insulating
system between two mefallic Sartér.fdg%ﬁgﬂ%gﬁgé%&@flﬁw ongethe woreaeThe -
sheets or a'Wei"f® BitEate wohe implomentedeitet ad distroRethin MiublddUsid Bnd thgLhe

later case, sénsei®rhs & WifinSParbARbbsitl] UhdleBSd SAY L e, for

. thin flexible substrate such as a
polyimide sheet.

The driving factors behind aircraft structural xﬁaintenance are aircraft
safety and longevity. Structural maintenance of milita-ry and commercial aircraft takes
two forms: periodic replacement or inspect and repair. Sorme structural components of an
aircraft are periodically replaced based on the number of t:«ikeoff/landing cycles
expen'epced while other componénts are manually inspected and evaluated for repair or

replacement. The inspect and repair method is very labor intensive and based upon
arbitrary judgments, and both methods lead to cost inefficient maintenance.

Most commercial aircraft are manufactured using bonding technoiogy to
adhere certain external surfaces to their underlying structures. Typical components that
use bonding technology include the rudder, elevators, ailerons, wing

-to-fuselage fillet,
nacelles, engine cowling,

and rotors (helicopters). Newer aircraft use fiber reinforced



| ocati-on of the sensor within the honeyconb structure and an_isol ated

el ectrical connection to the honeyconb would need to be desﬁé‘HEHStiaqp% t he
bondi ng procedure. The present invention also may be adapted for conposite
pl ates bonded to netal and/or conposite plates or honeyconb with the
inclusion of either a radio frequency Power and conmmuni cations interface
to drive t % | A : -wre interface t.hat woul d
produce ni %ﬁa&?ﬂ%%}%ggfon tg%lf) tﬁ%ﬁ%%ﬁgﬁ%dg%gw}%aé%P%po%e?al[x%@aiegﬁ_ er case,
one or nor eOKeraisrall newdy kst thetallie magdrials iv ammeotitde edmetgetione Wi res. The
two wire interface C%elﬁ%ﬂice | ement ed her as .discrete, thin, insulated

i
wires bond to the sensors orPRpauR! e}z{f foggeral R R NRY of dhestvehed on a

thin flexi Hoadeldnstradse The edneapt ifito peduct Iﬁi"ﬁﬂaﬁhﬁ&tﬂ.alw%ﬁggtﬁ{gtofm,?n{ﬂ,@} ving
factors beh‘ig,nd @i.r raféF&str.u t ural rr%i ntenance are aircraft” safety and
SPdct fl

| ongevity. e B RERGRED AT Fah S B CRPmPeddeq witkén bearkestiedionddiner Blit t akes
two forms: Rekdasbhdialaah e eiRBte®ls ATTE Gl e of whe ghﬁ&@ﬁ g&e‘ér al

conponents of an aircraft are peri‘odically replaced based on nunber of
t akeof f / | arflrongh & gemelste tear dawn dnargthohife Extsnbion Poagrpon dnlbsgastennanual |y
i nspect ed hMates id Qb i ! nt. .The inspect and repair
nethod is v ?/ﬁ?/agor | nt eér%étfe\@z@?asngﬂ %rggér%?u%%ﬁg%g}vbﬁ]ﬁcf%?“f%&éﬁ%nts, and
bot h net hodduingavainienanss.tthé teefafti ndteids" e cineeaat®. a dathl aFIRmGIvllicii r cr af t

are manuf act LNg. . bendi ng,t nol o tq..adhere certain external
. surfaces toIEI %%rtﬂgh%g’FBy??aﬁBeg’Pﬁ?f??a?’&S. ‘ i’gﬁtgﬁﬁﬁﬁ%%‘i‘%’“ﬁgﬁ‘ét use
- bondi ng t echertibngyy i ncl ude the rudder, elevators, ailerons,
W ng-to-fuselage fill ine coming, and rotors

.@1&, nache,l es, .enﬁ | C )
(helicopters): Newer LS%PPRaeh Fllog/spirpraft siructural nspestion 1q brachicyed withent

material s fremovd)of RRBAVREHONE Bk Qirtah And kives mARES:Rle dTRL, 3bddcSs RE HPRFEt al i c
aircraft generally use netallic materials 1n a noholithic

materials. O der,
const ruct i ofire tﬁ‘?‘?i“ﬁﬁ‘?%@?v H%Wtcﬂﬁﬁlﬁtiﬂcb’e‘leé‘ﬁcéﬁmedaé%mf a¢quired inspecgipovi de NDI
of adhesi Vecquﬁ’:ﬂ;féﬂ_,dn@ﬁfoﬁﬁé&”%ﬁémlimgﬁfpéncﬂcﬁ [Raid .dH?eEiiagle"tssngor t

e of small, g P4 sensor

material " consisting of a nunber I dependent, “wre
| Cs enbedddrirtinl benddagradatiernweyld alsp inad 14 wider appllieationsofibondinp teehnalbgdy @dn be

retrofitteq,ﬁ?vgahﬁdggm- SfebME Ao | when an aircraft goes
through a conplete tear ﬁmﬂa&%frdl némtrﬁ%ﬁ%l’efée?{_atensi on Program A
| onger-term opportunity is also to enbed the "smart material™ during new
aircraft cq%&g[eyct I on.
The driving factors behind highway bridge maintenénce are safety and
highway maintenance budget allocation. The Federal Highway Administration (FHWA)
requires that each bridge in the United States be inspected every two years and rated on a

scale of 0 to 9. The coqdition rating assigned to'a bridge is based on 2 manual inspection '
of the bridge which is a time-consuming, labor intensive, and often arbitrary process.
Nonetheless, the decision for maintenance on a bridge is based largely upon the rating it
receives.

There are many bridge designs in exist_eﬂce today including prestressed
concrete multi-beam, girder floorbeam, slab span, concrete tee beaxﬁ, adjacent box beam,
steel box girder, reinforced concrete frame, deck truss, through truss, deck arch, through
arch, suspension, cable-stayed, bascule, steel culvert, and concrete box culvert. Many of
these bridge types involve encapsulating a steel superstructure in concrete, thereby

* eliminating the ability to determine the condition of the steel superstructure.



During mai ntenance, the "smart materials" are connected to a_central

control unit which indicates the status of each enbedded seféHPust@08aqd

identifies weak or damaged |ocations. .This approach allows aircraft

structural inspection to be achieved without Trenoval of assenblies from

the aircraft and saves nmi ntenance tine, s .educes the cost of structural

i nspection, provides consistency, reduces the variety of required

i nspection equi prent  Thamerrit onpmramityrfoeaidgeess (9FdVidhn@SmRANg Jegr adat i on.

A reliabl e tﬁéimétWeM&%(otding'ofBP%d degradation woul d al so [ead to w der

appl i cation prci)%t@bondi ng technol 0gy aHa" PRt ipridea stesteatsd Thg coficept is to

degr adat i on laanindes of Bniotg@EniTdieo eHosy Fpg; 5. hehi nd hi.ghway bridge

nai ntenanceﬁq{c@digf %ﬁﬁl and . hi ghway nai nter_llar{'ll"(%g[5 %@b@ﬁgglfrf%g&gﬁﬂ.cwﬁe

Federal "Hi ghway Admi b StYEERgstee cage.eYinctass serisat IGsaah bbpiad@rasian t he

Uni ted St at é'serber dinrsg@eah d rated on a scale of 0 to 9.

The ‘condi tion rafi ng assl:i)dg:gzjgntglcfl%g3 )g?ﬁlgﬂub%«%%gl (lﬁgbyblgge Loh SRR BRI WitigBect i on

of the bri dgEORHIERREr glugterintocornildiamgter haltodrillodt BRBEN the 1fAYe SflSht

arbitrary prmeesser ICNSHAE he decision fqr nmintenancé on a bridge

i s based largely upIon th{évm?lgg??%n % oIS }%e%'é‘iﬂ/ye§9ns1‘ﬂ%‘?tb” ardecasireffedtivelsige

desi gns in &kieaRian the oodsiyn statl at dichdoftidg bF ﬁ&ﬂﬁﬁge%ﬁﬁféﬁ?t%ﬁ%i - beam

girder fl oogﬁmﬁ@e gn_?gan éﬁoncrete tee beam adj acent box Bea st eel

box girder, reintorced ContrEiEIPR fabe achisyrd withont costly magtl inspsciondeck

. arch, throudiereasasche thorsghmrss 6fthe GRABE&I0R! st eel, culvert, and

concrete bo%g%iév&rﬁt . ?Igin%ﬁof, th(_—:-sg bro?i’ ggﬁ'{a}?%g@&%hg\?gfe&'éﬁsemﬁﬁlfati ng a

steel superstrict ura e BPeehon quinmpnt.and pragduces avegariiey vdnging b bridey t O

det er m ne t Qetedarmtlrd.i on of the steel superstructure. 8 August 2003 26 The

mar ket opportunity fo,i_ bridges is to provide automatic, Non Destructive

Moni tori ng of the cor fisiTeRNENeNtionds béenhicsditedebeventtems Urg pgéggfﬁﬁ,pt isto

pl ace a.nunpefen@ll eGRBERS {o5thH Lo . those for aircraft) within the

sur r oundi ng goncr ete pl acéeozdl%?edélﬁintdﬁlgm%] %"ﬁf’éi‘ﬁﬂ{@éeg{@é?me@am beeqyeeyed.

Wrel ess. sehiBF Aeciowaisn manp cankghration for' AN $REGLEBhehs Sﬂﬁ}kg‘g‘ bri dge
enbedde

col um over §artifcar i k a.concrete core wth an d sensor
cluster i nt%ﬁs mal I ﬁégfﬁiéﬁﬁgx%fe%%ﬁg@g}w °§Hlﬂtm?%9abwth@nbﬁ ppidicatde.cTient .  .The

sensor | Cs BIFFSWnYeHiRgchould desforeirnt Ge beeklay linfiRR% MeSAHlciar Bfodiments
cost - ef f ect jasghpeqg herein, but rather, it should be understood that the inventi i
present invention has wide

apphcabll_zty with respect to bond integrity sensing systems generally. All modifications,
vanations, or equivalent arrangements and implementations that are within the scope of

the attached claims should therefore be considered within the scope of the invention.

20



deternine the. corrosion state at each location of the bri dge elenment. This
approach allows bri dge corrosion evaluation to be achieved Wﬁ@ﬁﬁtzoﬁ%st |y
manual inspection, increases the thoroughness of the i'nspection, provides
consistent results, reduces the variety of required inspection equipnent,
and produces an earl ier warning of bridge -deterioration. The present

i nvention has been described above in £érns of a presently preferred
enbodi nent so that an understandi ng of the present invention can be
conveyed. ‘There are, however, many configurations for bond ‘
integrity-sensing systems not specifically described herein but wit h whi ch

t he presen@%mpl icable. The present invention should :

t herefore mted to the particul ar enbodi ménts described -
herein, but rather, it shoul'd be understood that the present invention has
w de appl icabili ty Wi t h A espeetectranibbomdl degtagdgtion sensoerompysHgst €ns
generally Al m)dlflcatlo s, 20 riati or _edl ui val ent arrangenents and
i npl ement ati-ons t hat? SEEPIRPFIHE (g%(ﬁhggg%gw%xfnaw{ ﬁlét cps[ -ached cl ai ms shoul d
therefore be consi dei%Wsﬁﬂl(ﬁzi)h:@teﬁﬁﬁ@&omfamkyer tmfaembfthﬂsen&r/kuﬂamte 2003 27 .
WHAT IS CLAIMED IS: 1. A nicro-el ectronic bond de ad%tf,fLC)n sensor :
conprising: - .a s ensHPONSTSSE(ZR8) extondiy. gﬁ%‘%‘laﬂ'ﬁal?ﬁl\ﬂ’g{?ﬁ? %fﬁnf%fcs&]%“trata sensor
stud (222) a{;\a(tendl ng froma maj or surface of the sensor substrate; a power
stud (228) extending from a: maj or surface of the' sensor substrate; and

. sensor ci rcw try (SWPSGI@HWU}’&QOMQT@F@Wémaicﬁ@éff%ﬂmtfﬁ@ SERSPE BHbsERBst 1 at e,

t he sensor ﬁagrqgll ng an

i nput couple '?é& E‘E‘%m sen [%tgh ‘gﬂtxgén{og%tﬁs{ljt efg%jVIt o} tlhféﬁt%gs\%?%gt ud the
vol t age- tottmmenanstué,rqnj qutpuetzouptadmb iywower atod &rgrw age—ta—ommtag?@hﬁbrgnal .
occurring o sensor stud to.a cur sing a
dat a extrat‘f?‘?ft P(??J[?vtm(a?,v(?% 295450 aﬁcéccz[i%ﬂl % %%ﬁoﬁﬁglgtég {1 S{ts £rp:Hdstud
and an out fstther aomﬂi-inﬁlgm dat0exdtaetixdor cgite (Mhhh\ui@amdpmwoupls@wstbq: pa¥ercl ai m-1,
wherein the.da %a extraction circuit is configured to a receive a o
‘mul ti pt exeamglaﬁ & OWBYprising a power signal and a data signal and to
output, i'n response; the data signal. 3. The micro-el ectronic bond -
degradati on sensor -0f. -cl altamicrostiestminit bond degradation sensor of claim 1, wherein

the data extracnon circuit 1s conﬁgured toa receive a multiplexed signal compnsmg a

power sxgnal and a data sugnal and to output n response, the data 51gna1

3. | The mlcro-electromc bond giegradatmn sensor of claim 2, Where_in‘ '
the sensor circuitzy. further comprises a shift register (306) having an input_coﬁpled to the
outbut of the data extraction circuipand anoufput, the shift register conﬁgg_red to store the.

 data signal. ‘ ' ' ;

. " 4, The roicro—electronio bond degradatioo oensor of claim'3, wherein
 the data signal comprisoé a received address word, the sensor circuitry further comprising
‘an-address comparator (308) having an input coupled to the output of the shift register,
the addross comparator configured to compare the received address word With a
" predefined address word. ' - '

5. The micro-electronic bond degradat:on sensor of cla.un 3, wherein
the data signal compnses a received command. word, the sensor cucmtry further -
comprising a command interpreter (312) having an input coupled to the output of the shlft

register and an output coupled to the voltage-to-current amplifier, the command



t he sensor circuitry further conprlses a shift reglster (306 haV|@% n
i nput coupled to.the output of the data extraction circuit Aokt Qgtput
the shift register configured to store the data signal. 4. The

m cro-el ectroni c bond degradation sensor of claim3, wherein ‘the data
signal conprises a received address word, the sensor circuitry further
conprising an address conparator (308)28havi ng an i nput coupled to the-

?Eteprtecgr Vér@&g%@#r géréﬁgqlgeds%%de'vteQEe I%th éls c?)l it e%ﬂ%qo%? géds m\%gﬂéln e pﬁ%%%econpar €

m cro- el ecvoitagedo-bument deptifierat i on sensor of claim3, wherein the data
S|gnal conprises a received’ ‘commend, - word, the sensor circuitry further

Ryl E N

vol t age-t oﬂeueni@ﬂt:uaﬁ@j/ fifriher coniReLCORRRAOsBredlgsB 1 203N 8 firktHoft! P eter
configured to recejve the received command word.and in response activate -.

the volt aGRPIGLIL iR RtOT s6I12RE 2 epcond port rRAsddP dhectoBurangrintepaeierd theegr adat i on -

sensor of  gh@dnMsGurcdMIRK BdrficutclSo SRRGHINIC] Hreddided cﬁx'r'ér.ﬁ R oS AP SR SR
current source/sink (318) having a first port -coupled to the sensor stud

and a. secoFijGERﬂﬂﬁe@ receivehizon dheneomamandtivtereieler ,  the - ' current’
sour-cel.si nk ‘confi gured to source/sink a predefined current. to/fromthe

sensor stud -in respgnse g icki Q@@&oﬂ@&ﬁ'ﬂ‘&%ﬁra&ﬁﬁﬁ‘s&ﬂgrGm\ﬁ]efe(ﬁ{ preter.

- 7. ..The mcro=el ectroni ¢ bond degradation sensor of claimbo rein the
sensor ‘ci r Ehgiserspr eigeuite furbiongsmipsises arefasense aesistor(824) soepleq ezthg cwrsnpl ed to

the Cu”e“quréé?éiﬁf%éfeEégencEPé’s s[o‘%f @9& % ?6&%1{:9 r&&@ﬁde% %&Jtlﬂ:lleﬁ%l “Ce a

reference voltage "at t I hput vol't age- o curren
m cr o- el ecvfaivoltigsrid- Cdsgmtatdmtlﬁm sensor enbedded within an adhe5| ve bo_nd
line formed bet vveen t he surfaces of a first conductive pI ate and a second

conductive plate, glgl A RSl sgﬂtc%oﬁea%gs%@g&ce A RERALIHARIRY | Sing:

a sensor- substrate ( aving a rirst-nmgjor sur a- second ngj or.
sur f ace; - aadhesiyebowd bimk 1‘(022@) betweenrioé wgfatcmﬁad'nei cohduckize plajeomd ssedoades * of

the Sensora d[ﬁgl?\%ﬂl?tgetheﬁcro%% omcﬁon de%toz;[dat(t:&nngea otrlcggpt he surface of
elther‘ con UC Ive pra

a sensor substrate {210) having a first maJ or surfaee and a seoond ma_]or |
. sutface; .
o * @& Sensor stud (222) extendmg from one of the major surfaces of the sensor .
substrate the sensor stud not eontactmg the surface of either conductive plate;
a first power stud (228a) extending from the ﬁrst major surface (210a) of
-the sensor substrate, the first power stud eontactmg the surface of the first conductive
 plate; : |
a second power stud (228b) extending from the second major surface
(210b) of the sensor substrate, the second power stud contacting the surface of the second
conductive plate; and |
sensor circuitry (300) formed on the first maj 'ot surface of the sensor
substrate, the sensor circuitry comprising a voltage-to-current amplifier (316) having an
input coupled to the sensor stud and an output coupled to the first power stud, the voltage-
- to-current amplifier conﬁgured to convert a voltege signal occurring' on the sensor studto
a current signal, and further comprising a data extraction circuit (304) having an input

coupled to the first power stud and an output.



a first power stud (228a) extending fromthe first nmgjor surE?ﬁ@ éZl%a) of
the sensor substrate, the first power stud contacting the su stV

first conductive plate;. a second power .stud (228b) extending fron1the j
second rmjor surface' (210b) of the segpsor substrate, the second power
stud contacti.ng the surface of the second conductive plate; and sensor .
circuitry (300) formed on the first major surface of the sensor substrate,
the sensor circuitry conprising a voltage-to-current anplifier (316) having

an input coupled togthe BRNSRI-SbUIRNnANeGHlRdh sedPbRaitg, thereld I St
power stud; the voltage- to-current anplifier conf%c?ur ed to convert a

vol t age si @rwaiatacﬁzccacrtmnwgc@hmtcn@ﬁaéw@rre@mdl rapltiglexed gy andpayieasigngng

further co S C circuit (304). having an input . coupled -
to the firdp {O& bh 3 S GREH LA lPt 8 August 2003 29 9. The- _'

m cr o- el ectronl C bond degradatl on sensor of clairm 8, wherein the data
extraction CI rcuit i%0. conThﬂgumadelp@TOmad@Indéeganﬂilomspﬂlsékeﬁpldm33Wimﬁltpower

i gnal  ang {0, O Pl hRLESARNRE: o QA S kvl mn ggﬁtmufeame&ectromc?.

bond degra sens cIr U|tr further
conpri ses au@bt dfithe dga @ttactxcéﬂﬂﬁ:)nthad/mngutaut,ihaphnt& regiatet mhﬁtgoredh@stomuhqout of
the data' extractjon circuit and an output, the shift .register configured
to store tRE2SHHE signal..-11. The nicro-el ectronic bond degradation sensor
of claim 10, wherein. the data ‘signal conprises a received address word,
-the sensor circuitryif, urtﬁ&rmmm#ﬂcctmnr@onddegddﬂmamnpﬁdmw @&e@)n havi’ ng

an i nput coup|ed.to.the output- of t regl st er e.address.

conpar at or HeneLEPPRISED AfRgrXed ?‘fg“fsé@’é?f‘{l&f stﬁrgggm\t% poppgising

pr edef.i ned aadddre@s;omomdtor 138) mengrnpmput&bmm anthe obipatofibgshaf adgistss, sensor
of claim 10, wherein the data si

rise cei ve mrand word,- o
t he sensor ngdégﬁsqugamt?wpﬁglgsﬁg}qong "'F?SFHfﬁ‘ﬁﬁ‘{dg ‘?E’i‘gﬁ (312) havijng. -

an i nput c?%gﬁﬁgdtﬁdfeg@w%t put of the.shift register and an out put coupled -
to the volfage-to-current anplifier, the command - |nterpreter configured to

\r/gﬁa ;\ég : (f)]e c L?? g In ;/ © g ﬁfﬂo lrr?%ge?rmvc\?g glcgt?o%c!, g‘onﬁ%%grggas,t?onas%}ls[o\{% Slaum ?0 wherein
the data signal compnscs areceived command word, the sensor circuitry further
comprising a command mtcrpreter (312) havmg an input coupled to the oufput of the sluft
register and an output coupled to the veltage—to-currcnt amplifier, the command

- interpreter conﬁ gﬁcd to receive the rcc_eived command word and in response activate the

voltage-to-current amplifier.

13. The mlcro-clectromc bond degradatlon sensor of clalm 12, wherein
. the sensor cucmu-y further compnses a curtent sou:cc/smk (31 8) havmg a first porc
coupled to the sensor stud and a second port coupled to the command interpreter, the
current source/smk configured to source/sink a predefined current to/from thc sensor stud

in response toa 31gnal received from the command interpreter.

14 The micro-electronic bond degradation sensor of claim 13, wherein
the sensor circuitry further comprises a reference resistor coupled to the current
source/sink, the reference resistor couﬁgured to produce a reference voltagc at the mput

of the voltage-to- ~current amplifier.



13. The mcro-electronic bond degradati on sensor of claim 12, wherein he
sensor circuitry further conprises a current source/sink (31%ﬁuﬂﬁﬁrﬁeg
first port coupled to the sensor stud and a second port coupled to-the
comand interpreter, the current sourcegpsink configured to source/sink a
predefined current tolfromthe sensor stud in response to a signal '
received fromthe command interpreter. 14. Tice micro-el ectronic bond
degradation sensor of claim 13, wherein the sensor circuitry further
conprises a ref erencels esist@koGRMRoRAS LREDS ﬁ&@étﬁ%tbonﬁﬁg%sﬂu Bap [ e
reference resistor configured to produce a re erence vo %lrnput
of the vol t ¥fesitebandrimsfermadeivacn the surfacesofafitst 20081 ple ande SRASD!

moni tori ng stk earadation of, an adhesive bond Iine
formed between t su??ﬁetc%ggéo?&nﬂg rggssg conguet Ve pl ate and a second: '
conductive plate, t hex s eectinit tont idagradayt®h @eAs60(IN0) Ghttdded WRithin the -

m cr o- el ect ation sensor. (200) enbedded within the.
adhesi ve b &%‘g 196 ec(n@ggﬁea%ﬁ%wsgg?ﬁ%f’ IEP)‘?FEJ‘?‘E('sr ng a sensor substrate (210)

having a first rraj or sur f aGensanshbdtrae EAOYhAM L fidinbRE Rirfake i?d“é&%
(222) extendi rom one of the major surfaces of the sensor s rate
t He sensor @?ﬂg B cont.acting the surface of either conductive pI ate, a -
first ‘pover stud (228a) ex 18Rt f8d fRME0RITH £&h ofBd e SY }%?306 the
sensor substrate, the-:first power stud contacting the s ace e first
. conduct i ve SCRIosgubsiratesiie sagoTBIkRot gtntt@l:t@nwlr%mcémdhwg:ohdme hiate; second
maj or surface of the sen stud ¢ nta |ng
the surface of the second§%% H@?’H/h?%?g )@teﬁggg;&glr’t@g\rl\%sr%l?ts
formed' on ttlﬁéeﬂﬁ‘i’frsslbsm tre- fsstrpbafcest(@acﬁma)chng thetshﬂ‘amﬁﬂmrﬁrswm&ﬂﬁoﬁwe, the :
sensor -ci rclﬂtgry conprising: a data extraction circuit havi.ng an |nput
coupled tothe first power stud and an output, the data extraction cirguit :
(304) configured to recei ueecandpmlvirlspide(zfesb)dﬁﬂeﬁdﬁ@&oﬂ&ﬂ@kcﬁhcﬂﬁ&j’oxand to
?ga g;'j t h ai/ In A 8&%%00:}%3 %egsocxl %\tlbasti%‘gcgtﬂea sécong gO\gerVSngtC%ggCtEI?g ﬂc‘xg gur.rfe'arc]:te Ofatr]:rlg ls!ccfo;n? '
conductive plate; and '

. sensor circuitry (300) formed on the first major surface (2102) of B
the sensor substrate, the sensor circuitry compnsmg ‘ '
a data extxact.ton circuit havmg an input coupled to the first
- power stud and an output, the data extraction circuit (304) configured to receivea
- muluplexcd data and power signal and to output, in response, a data signal; and
a voltage-to-current amphﬁer 3 16) having an input
coupled to the sensor stud.and an output, the voltage-to-cu:rcnt amphﬁer conﬁgured to
' convert a voltage signal occurring on the sensor stud to a current signal;
) .an external interface (430) having a first port coupled to the first
conductive plate for outputting the multiplexed data and power signal and for receiving
the current signal, and a second port coupled to the se_cond conductive plate for providing

areference signal

16.  The sensor monitoring system of claim 15, wherein the external
interface comprises:



coupled to the sensor stud -and an output t he vol tage-to-current anBIifier
configured to convert a voltage signal occurring on the sen8M94sti2§080 a
current signal; an external interface (430) having a first port coupled to
the first conductive plate for outputting the nultlplexed data and power
signal and for receiving the current slgnal and a.second port coupled to.
t he second conductive plate for providing a reference signal. 16. The
sensor non|tor|ng systemtﬁ

conprises: ' 8 Augusf %a(i:”“& ﬂﬁ#ﬁf&?tlvwh%ﬁ?‘ﬁasap ?%’tufﬂﬁ?ﬁmug E?oﬁé?CEUppl y -

i nput and &igndl tutpitemeaunuamgd@aﬁg@ud PUoimbideahs thFTedat L @A Hoguef Signdl nt6 @Ebi ne
t he i nput data and- Cfovver signal into the multiplexed data and power signal;

and a powdHRUIHRKKS aéar&“ﬁa’\?l"’ﬁbm&ﬁﬂ:laﬁﬁut -coupl ed to the nultiplexed output-

of the. sumer and an.QutRWifeP tlﬁ tfteuglutﬁ)tthgattft{ttéxweu@t@&f%ethe
power anplifier configuredto anpli %e signal level "of the multiplexed -

data and poWwemes pafhai outiy colffie tgéhﬂsf&;nst crmdmttopph@% hestomster wpplificai m 15;
wherein th I S 435) - haV|ng
a1 nput  conn aePE gl B oR6R GRTRE e B ek dhly S p3ERSRRal 11D Y
sensor configured to detect the current-si gnal and a current Ievel shift '
detector (438) havin ut coupled to t sensor
and -an out put, the cg?‘r entrﬂ‘%)%e@@qr cﬁ‘l‘tf’?n%@'ts &t clfad"gﬁfjl’a’ﬁ}?rgﬁng% rt the
current Si dnamtfadertom fpﬁs&enSOl’ out put digital word. - 18 The, sensor :

- nmonitoring system of cl ai m-16, rther conprisin ut er systen1(470)
having a first outpuf ®EH) F@Hmt%g? H@"H’&taani‘%ﬁ?upgﬁfd ﬁtrﬁ?Biiu"F‘H?Pate

provi ding the afehgus &&rtahemamsepaﬁﬂg%a R G et i c@ﬂ’eﬁﬂsl@ﬁl‘\@ﬁd supply i npu't'

for providing  the power suppl ¥us| gnal, and an input for _ receiving the . n
sensor output di gi t aP ciNeP levelshift deteqien (%) heying B ARFChepuptedde fhssmimeef copper

studs on 2 q&HEPOAME AN BB, B YING: B ePLEThAMI BhBkuba¥Slon b et Mod

conpri sing: di ppi ng the sem conductor -wafer into an subStanti a Iy
wat er : hyd}uoﬁmtu@lﬁbnwcaa@nsoroutpumtéwwgdthe sem conductor viafer in-
‘subst anti al I y 30%nitric acid;

18. The sensor momtonng system of claim 16, fuxther compnsmg a
computer system (470) having a first output coupled to the data input of the summer for
providing the data signal, a second output coupled o power supply input for provtd.mg :

- "the power supply s1gna1 and an input for recelvmg the sensor output digital word

19 A method for formmg electroplated copper studs on a
setmconductor wafer having an aluminum metal layer the method comprising:

-dipping the _sexmconductor wafer into an substat_lttally 50:1 water:
hydrofinoric acid; ' L

immersing the semiconduetor wafer in substantially 30% mtnc acid;

' 1mmer511tg the semiconductor wafer in a saturated zinc oxide in -

ammonium hydroxide solution to form a conductive zinc oxide layer; -

immersing the _semiconduoto_t' wafer in sub stanﬁaily 70% mitric acid;

immersing the semiconductor wafer-in a saturated zinc oxide in
ammomum hydroxide solution to further grow the conductive zinc oxide layer and

copper electroplatmg the fonned zinc ox1de 1ayer



I mrer si ng the 'sem conductor wafer in a saturated zinc oxide jn ammni um
hydr oxi de solution to forma conductive zinc oxide | ayer, nér@‘f“g'ﬂsﬁéo%e
sem conductor wafer in substantially 70% nnitric acid; inmersingthe

sem conductor wafer in a saturated zin 1%xi de ‘i n amoni um hydr oxi de
solution to further grow the conductive zinc oxide l-ayer; and copper

el ectroplating the formed zinc oxide |ayer. 8 August 2003 31A 20. The: _
met hod of claim 19, wherein copper electroplating the forned zinc, oxide

| ayer conprises providi ng maxi a_ver e el ectroplating current of :
substantially 650 .A/ ﬁﬁmﬁ’@%g QT heygip copperelaggtropbing the feyrade. . 21.
A et hod. f ofind @idd 1agereb@9ﬁ§e@@f@tcﬁgg &ﬁl@.ﬂ%{uﬁ&x%@efge%[bc&o 19610 GeRfugt or waf er
havi ng an al um .num net al t he met hod .conprisin exposi ng an al um num
pad area ofsuPﬁ@t’&ﬁHﬁ@lHMIﬁ@?%ﬂa fraqaymy of 1d{Hipwity atlb% &eniyeinduct or waf er
into an approximately 50:1 water: - hydrofluoric acid; 8 August 2003 32

cl eani ng the exposedal um tant 1 mcron of
copper the exposed alzgm n&%%g%ﬁ% {cﬂ%@@i&l@#{&glaﬂﬁ Ppefa So a : ' :
copper - el ecﬁﬁmm@béllthgwtftré‘lavmgan slmgnﬂdmme@ﬂaye@ﬂcéunétbdd swaieisingh a saturated
zinc oxide in ammoni ym }nﬁgrox de. solu ion fﬁ‘ rma co%ﬁihjctlve zi nc oxi de -

. layer: -.i mersing t hé Sentcon fr&p © §{;IB§‘E%P}6 0% nitric acid;
i nmer si ng the sem codippiigthe mﬁﬁfnducﬁoxawsiai mcaairﬂ@pfdxﬂﬁataylsdel Wite@MToni um
hydr oxi de I on to further grow the conductive zinc- oxide |ayer, -and
copper ele F%' PEES 89%t he fored zi'nc oxi de. layér. 22. The method of ‘claim
21, wherein copper el ectropl at’i ng the formed * zinc oxi de | ayer conprises
provi ding a maxi mum average el ectroplating current of substantially 650, -

A2 at a frequency of- IKHz with a 10% duty cycle. .23. On a silicon on
i nsul ator wafer having.a top device |ayer, an




I nternmedi ate buried oxide |ayer, and a bottomsilicon handle fer, a

nmet hod for fabricating alum num pads on the bottom surface gpﬁ@ngﬁggice
| ayer, the nethod conprising: etching pits in the device |ayer to expose
silicon in the etched pits, the etched S&gs extending to expose a portion
of the internedi ate buried oxide |ayer; depositing an oxide |ayer to
electrically isolate the exposed silicon in the etched pits; etching a

center portion of the ggg{;&%gﬁgyﬁ&ég&ja%ﬁi&dﬂ%é@ger to the bottom silicon

handl e wafer; form ng al umhum pads a tomof the etched pit; and

removi ng the bottom siddpositing auldtaatisiif Emicroéf copPerahSédpbsQmigian fer
havi ng a preﬂ_{e?e%&ifgat.ed t8p surface and a bottgﬁq surfgct;)e, a rretuﬁgpcf\&?or
a

fabrication um nunnl%uﬁ%i(fg on the bottom surface of the silicon device

waf er, conpri sing: bo”ﬁﬂp@ar;&l@ﬁrdp%ngfthetiﬂﬁnééiﬁé&g@eﬂf%@cﬁlt%ho% .to a handl e

f
waf er; 8 August 2003 33.fhinning the bottom surface o e "SiTi't8n device
wafer to a preyarf Zig oxidsie emeesiung bydsaxide snjutiom to e atdndgetiaysic @@ t he
exposed bottpgesurface of the silicon device |ayer; exposing, in
predefined areas, the bottomsurface of the silicon device wafer;
~ depositing alum num i r#mlh%fSngéI@beameddmtmfenmeu&tdﬁtihlh},ﬂ@)%l%ﬁﬁi:fa@iﬁ;
al um num forns el eC”qprE'@érLiggt eags.forr%dé%? t.he bottom surface of the
silicon device wafer. 25 ERACRAUCIT HAIST IR R AR MR d iR 9%ade 18 rcui t for
control I'i ng ahmoniuor Iairédde sflution te fiatic BRWAheSomubive A Coxidd By@Naef er
- electroplating control circ*it conpri si ng: an on-wafer resi o1 of aving a
first port and a secondPBErFecURRltmg, the fomged ainc oxidedsiter.dr i ver having a first -
port coupled to the second port of the on-wafer resistor and a second port * -
coupled to a plating 2, tTe methobdRilaimP] &hérein copper electroplating the formed

zinc oxide layer comprises providing a maximum averagé electroplating éurrent of

substantially 650 pA/mm? at a frequency of 1KHz with a 10% duty cycle.

. .23.  On asilicon on insulator wafer'having a top device layer, an
intermediate buried oxide layer, and a bottom silicon handle wafer, a'method for
fabricating aluminum pads on the bottom surface of the device layer, the method
comprising: .

etching pits in the device layer to expose silicon in the etched pits, the
etched pits extending to expose a portion of the intermediate buried oxide layer;
depositing an oxide layer to electrically isolate the exposed silicon in the
- etched pits; |
etching a center portion of the exposed buried oxide layer to the bottom
silicon handle wafer; :
forming aluminum pads at the bottom of the etched pit; and

removing the bottom silicon handle wafer..

24. Ona s_;ilicon device wafer having a pre-fabricated top surface and a
bottom surface, a method for fabrication aluminum pads on the bottom surface of the

silicon device wafer, comprising:

bonding the top of the silicon device wafer to a handle wafer;



driver configured to provide a predefined current to thehpl?%pggu ad »
responsive to the application of an enable voltage at the rot par Rt
the on-wafer resistor. 26. The on-wafer electrpplatlng cont{p Ci Lo
claim 25, wherein the on-wafer resistor38onprises a polysilicon res27 e
and wherein the current driverI cpnpr!fesfacf:?nrgg C?Li?ﬂgrnhggg;ising' n

- | ati ng control circuit o , ( X
ggc\gﬁrﬂ e{) n ?1/\/21(‘: 2‘ ; 0Pes i stiBimingthakptienf surfdte gfdhe sibaupleeide Waférhea Fid’d%ﬁneg(r)reat of
the on-waf efickgsistor and a second port; and a second on%waher gggnd
driver having a 'first port coupled to the second port of the s

: . . , At a the
-wa resi stor and depsdtemah iparitingGaiel e¢br iR GpsRE BBHR sgxtf A%t
ggcon](cje(r)n-wasf-ﬁ LTSNt driver configured to provide a pre e‘ifl ne cglrrent
to the secon OBI atllcngayﬁﬁd responsive to the application of the enable

vol tage at the first papbsigd, in srdgefBd WREE thetBRbA A face of the silicon device

wafer;

depositing aluminum in the predefined arcas, wherein the deposited

aluminum forms electroplating pads formed on the bottom surface of ihe silicon device
wafer, |

25.  Anon-wafer electroplating control circuit for controliing the
formation of an electroplated structure, the on-wafer electroplating control circuit
comprising:

an on-wafer reéistor having a first port and a second port; and

an on-wafer current driver having a first port coupled to the second port of
the on-wafer resistorﬁn& a second port coupled to a plating pad, the on-wafer cument
driver conﬁgﬁre'd to provide a predefined current to the plating pad responsive to the
application of an enable voltage at the first port of the on-wafer resistor.

26.  The on-wafer electroplating control circuit of claim 25, wherein the
on-wafer resistor comprises a polysilicon resistor and whereis the current driver

comprises a two FET curment mirror.

27.  The on-wafer electroplating control circuit of claim 25, further
compriéing:
a second on-wafer resistor having a first port coupled to the ﬁrst port of the
- on-wafer resistor and a second port; and
a second on-wafer current driver having a first port coupled to the second
port of the second on-wafer resistor and a second port coupled io a second plating pad,
the second on-wafer current driver conﬁgured to provide a predefined current to the

second plating pad responsive to the applicati'on of the enable voltage at the first port of
the on-wafer resistor.



