23 February 2005 PRECI SI ON H GH FREQUENCY CAPACI TOR FORVED ON
SEM CONDUCTOR SUBSTRATE FI ELD OF THE | NVENTI ON Thi s i nvengireprubgi Afogs to
sem conductor technology and in particular to the formati on of a
hi gh-frequency capacitor on a sem conductor substrate. BACKGROUND OF THE
| NVENTI ON Hi gher frequencies are increasingly being used in comunications
technol ogy. For exanple, frequencies in the range of 450 MHz to 3 GHz are
used in cellular co i i i i e range of 10 GHz to
- 18 GHz are used in gg?@*ﬁé#%8gﬁﬂggﬂg%ﬁé§®¥gﬂf¢§Eéﬁ?g§ﬁon. These
applications require FORMEDWIN¢SEMICONIANITOR SUBYMIRIATH ayer ceramic
capacitors have been enployed for this purpose, but they tend to be
| acking in precision and performance. Thin film capacitors have inproved
preci sion and perfornmance but they are expensive. Accordingly, there is a
need for a precision high-frequency capacitor that can be manufactured at
a reasdhBbD &b WEINIIBRY OF THE | NVENTI ON According to one aspect of the
present invention, there is provided a precision high- frequency capacitor
conprising: a heavily-doped sem conductor substrate having first and second
princi pal suhisfaentiomratited tecémiconduapetechimidpgdnd in panscular ke the Pormatompel a
surface, the substrate;, a nmi el ectrode | ayer on the dielectric |ayer;
a condg‘tﬁqi'wuf’w&?pqc&?wwl‘f UAASERE S i nci pal surface of the
substrate; a via extending the substrate, the via containing a conductive
material; a second electrode |ayer formed over the first principal surface
of t he BASCGRUND O EaBWaNEIQet r ode being electrically connected to the
conductive |layer by means of the conductive material in the via. According
to anot her aspect of the present invention, there is provided a precision
hi gh- frequdligher Gapaocicoare demasingly bging asddan epinudioptanhs ssshialegyd Bert or

substrate having first_.and se rincipal surfaces; a dielectric |ayer
For med SR sk 3t R gmsg T 2OyERat B Pke Sidhf Clbler SopRipfEftohL i Y O
| ayer ffeqi@dies m thbengdé 6f HOGHE @ 18agH? agndedineatetitcdtido/anddataltanheadisfisrom t he

substrate; and a -1 23 February, 2005 second e trode | ayer farned on the
first princilh&te apphqetegs fS‘H“lfeiféﬂaQng‘{li‘%aB?CltPﬁe@BE{%ﬁ cgragYs papgeitors have

been employed for this purpose, but they tend to be lacking in precision and performance. Thin

2SS

film capacitors have improved precision and performance but they are expensive.
Accordingly, there is a need for a precision high-frequency capacitor that can be

manufactured at a reasonable cost.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, there is provided a precision high-
frequency capacitor comprising: a heavily-doped semiconductor substrate having first and second
principal surfaces; a dielectric layer formed on the first principal surface of the substrate; a main
electrode layer on the dielectric layer; a conductive layer formed on the second principal surface
of the substrate; a via extending the substrate, the via containing a condl_lctive material; a second
electrode layer formed over the first principal surface of the substrate, the second electrode being
electrically connected to the conductive layer by means of the conductive material in the via.

According to another aspect of the present invention, there is provided a precision high-
frequency capacitor comprising: a heavily-doped semiconductor substrate having first and second
principal surfaces; a dielectric layer formed on the first principal surface of the substrate; a first

electrode layer formed on the dielectric layer and electrically insulated from the substrate; and a
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| ayer being in electrical contact wth the substrate. According to another
aspect of the present invention, there is provided a pregg$ebmahi 2005
frequency capacitor conprising: a heavily-doped sem conductor substrate
having first and second principal surfaces; a first dielectric |ayer
portion formed on the first principal surface of the substrate; a first
el ectrode | ayer forned on the first dielectric layer portion and

e o lect B8 2 Sl R BRI E A Fiac Lo ARG el G1ckBYES

st princi surtiace strate;
second leya(bemgdeelhay&i chrsicredtholre suhgrasecond di el ectric | ayer portion, the
second el ectrode Ia eing electrically insul ated fr the substrate and
The Tiret ol MEPHIBEIOgBR SAELBE OF o e Poiz bRt o6 & PReSighatdhy

i nvent | RdyueddyRaacitdr SUnprisHE T BealBf-Befkd @émicbadiicios ailisitgle Bai PRSI dndiseddhda

sem conduct or substrate havi n? first and second princi pal urf&i\
conpr i siTiiPal wirkipesge Hrstiflielegteie laver paayen fogned enuthe first pripgipdh S1Thise OLF £ ace of

the Subs%i,%@a&@a Q% Ipc&&dquy& RS bh YR ﬂrexa?eﬁec% 15%& tp%ﬁﬁ)ﬁ@ﬁd Beih&dipal surface

of the substrate; cut a via through the rate fromthe first
pri nci pasulged framehet substinge; e@msmdﬂlelﬁenica%er portiep fgined ﬂ@th& fiepoioapdlverkaegt er i al

into t h éﬁ/e! sf%lb%tr 8 9:&0.f i:lﬁ&rode Paérc 110 (f MARL sctc?§d %wl fa&g ;?0(1\‘5" O{het he

subst ral APef A ng orm second
portio rmgortd}maecﬁbdieslhy@cbehg eltcﬂmeall},gpsm(:d ﬁhmdha‘ mbmdtdrmad tlsmﬁxst erlamedd:);ayem e

dielectric | thescond ortion being in ectr conat with the
conducti ve ‘ﬁéﬂﬂ“il%'io ainﬂt PSP &l?ﬂreé‘i‘?t %ﬂ"?‘g ’(?éS%r {h 8f’flue viais
oni t t edgpb@dadng Beapasiesisla eénes&ﬂdq&er duB¥ifite havﬂlg%’étrdnﬁ @kdoyid pmaammcésr om t he
first electrode layer, is formed over the first principal surface of the

subst r somprisgokEmine Agicdeiria laxer op dhsrirstarisgipplovefasesf sharabytaiss frming a he
substr af 8;0¥ivt MGetthé Q&Bﬁ(fpndcﬂ%éﬁgu%‘lﬁgé m@e O strdle; Rl gs 3 nttﬂl%'uéh

series- connec%ﬁgecapam tors e substrate repr I ng tﬁlfe conmon

t er m nadublietadeen thdfesmmaxpaltsurfsce tb theanoodurtive lam:rs epositingre cosluctivg madiered r ode
is in elec t he substrate r.eat S le. citor.
Each of MLE B oErPaan FRyEME et oY e dae: sariacs o M s ol MERu T D1
f i nger sel@@ioBglaly &t fethOfirbiedng decoRd portibg, ﬂiétﬂrst(}mftﬁmﬁfemg@ﬁshlamda‘bnoﬁbde may be
t hi nner under, t he ]‘i ngers t han under theb pal m' portions qf tﬁ% | ect rode

| ayer s TpgisIn thr dickestricrlaysg dhcssepprdtnopiing. betngim eleptiFal cpmfact fty UHYEh this
i nvent i Qg fetinuner ous advantages as conmpared with prior art
capacitors. They can be fabricated at a wafer level with a very | ow
effective sdniapsligmaireRetodizrent, #@0% is omitted, and the second electrode layer,

electrically insulated from the first electrode layer, is formed over the first principal surface of the
substrate. In one version, the second electrode is separated from the substrate by the dielectric
layer, creating in effect a pair of series-connected capacitors, with the substrate representing the
common terminal between the capacitors. In another version, the second electrode is in electrical
contact with the substrate, creating a single capacitor. Each of the electrode layers may include a

* plurality of fingers, with the fingers being interdigitated. The dielectric layer, ofien an oxide, may
be thinner under the fingers than under the “palm” portions of the electrode layers from which the
fingers protrude.

Capacitors in accordance with this invention exhibit numerous advantages as compared

with prior art capacitors. They can be fabricated at a wafer level with a very low effective series




resi stance (ESR). They can function at very tight tolerances (e.g <2%

t hroughout their operational range and can operate at véB)FehrL@WZOOS

frequencies (e.g., up to 5 GHz and higher). They can have a quality (Q

factor, for exanple, that is nuch higher than 1000 at 1 MHz. BRI EF

. DESCRI PTI ON OF THE DRAW NGS This invention will be best understood by

reference to the followng drawi ngs, in which I|ike corrponents have t he

sane referenc he Wi_Ngs not. pece to scale.

Fro. 1 e RSl Tha cop Rt BB el BRET R s betthEt U The

i nve nt | spiarationd! @dnge Agd cad dpblatetaltl vay gfghtﬂ‘equwirs {(¢.21 wp tof GHz bl liighes). heph

show ng t of _.a acit i n accordance w,th, thj i.e t he

ratio cﬂan?‘ﬂ%"%%fyr{ @acfﬂi’r r ?F‘e A5 S (lgégh%h?thOSOrO X%t of the

i npedance, as a function of frequency. Figs. 2A-2J illustrate the steps of

a process t hat can be used to fabricate the capacitor of Fig. 1. 23
RIEFIREICRIPTHON OFTHE PRAWRNGS onal vi ew of a capacitor in accordance

with this invention contai ni ng two el ectrodes on the sanme surface of the

substrate. Fig. 4 is a cross-sectional view of a capacitor with trenches

f or med underTléamhemibnwibbe bé¢seundersthed byfFéfgrens: tosheafollowing dewangsomavhich ew of a

capacit rsiml a capacitor sho xce t_one of the

o oot r dthesrBoisPlsifs 1o FrORRTeE uBORD Tok Dbl a EREER N PR® O e

of a capae,ltor wherein the el ectrodes have fingers |nterd| gitated with

each ot her. gl 7 1S a cross-sectional view of the cg}ﬁamtor shown in Fig.

6 showi ng ¢ i rind oregr- ety vigw|od g gppacEor i etk teprvepit inipg g g

is a CigGiitrothaty {ike. an ESD- prot ected capaci tor containing a pair of

oppositely- directed diodes. Fig. 9 is a cross-sectional view of an

ESD- pr ot ect dig-ddpiaeigraph shewiag thsiafreeapasiton it dpcerdancq yaththis fnveptigs ic.1ha and

100 ar &, SRNS iSRS F T i E8knBE RAKARMLLENGRCHBEAREL GF 2 Rlnchbn E5D-

frequency.

Figs. 2A-2]J illustrate the steps of a process that can be used to fabricate the capacitor of
Fig. 1.
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protected capacitor of the kind shown in Fig. 9. Fig. 11 is a graph show ng
the sinmulated effective capacitance of the ESD-protected23@paait 2005

DESCRI PTI ON OF THE | NVENTI ON The principles of this invention will be
described by reference to the follow ng enbodinents, which are
illustrative only Fig. 1 shows a cross-sectional view of a first enbodi nent
according to the invention. Capacitor 10 is formed on an N+ silicon
substrate 102. Substrate 102 nay be doped to a concentration of 3 to 4 X

1019 cm 3, for 3 ang: -have a resi.stivi of. about 2. mQcm and as
hi gh as about g@(ngér@ c%ssig‘giog% e(l:etvf?fga ﬁa%afg?r ‘."Lﬁ‘ifofd'%x‘?eo‘?"ﬂ’etg's YERUPR front

surf ace ofcomtebingtee electi@zs orDihe bat surface ciiersulis@die] s fornmed of 5102, which
may be thermally grown or deposited by chem cal vapor deposition (CVD).

Al ternatively, Figa§ era aes-seuivhd vizev dfarapditafwidnedbies fehinel @gder b2h oSHEN as a
nitride or.a coobination of an oxide and a nitride. A thermally-grown oxide
is reliabl'e "and reproduci ble and can withstand electric fields up to 4

M/ cm wi t hout glegt rdoration. Ihe 3a variabi I_jlt f the thickness of a

t her mal | y- gr own'=oxi de T hi cKer? tHARC! G cEPasHeT sunilar agtae £4pagito] shoygn 1 Kigp3

Febr uary - 20@5t tha dnopf thé elditeldect kictiritaly@bndddd tcth@sdBirdle €l ectrode 106 and a
second el ectrode 108. Electrodes 106 and 108 can be a 'single- or

nul ti -l ayer stFigcé isragop eind oeaaaplaeitdmdlereg.fm@a&%ddesnﬁbyﬁﬁ%e}sq%,dig?ta{eﬁ(»litﬁct ory
netal, a re%rg]ct ory netal silicide, an alum num based all oy, copper or
conbi nat i §¥ 8 he foregoing materials. If they are formed of netal,

el ectrode 106 y.include a "seed" or "barrier" |ayer of a nmetal (e.g.,

Ta/ Cu) deposi tg'%‘ D aSisEs5eipes! 115y ghthesppactienshonp wFis.dshpoimathaote overl ai n
by a pl at eﬁzeh@y%yergm&m&é%gé}gd 108 are covered by an insulating
passivation |ayer 110. Openings are forned in passivation |ayer 110, and
sol der balls 182 9Rd cirddifdi : &b ¢ i | | ow-el ectrical
contact to be mgde to the e gﬂg? rﬁggggﬂ)?Q)(Bééﬂgr?%%@éd&gﬁ%{é%ggt%gtoﬁgppgse%@ﬁ

el ect r odeda®#d diodgs-a or t hrough-hole 116 is forned through N+ substrate
102. A conductive material 118 such as al um num or copper fills the via
116. The condfiét? isa crags-eqctional 1it® of emESR psotatacianphetivd iu ecdoadaade WitOhishi ch i s
formed on;] %ﬁ-og_ack side of substrate 102. Conductive |ayer 120 may incl ude
a netal see 1ayer deposited on substrate 102

Figs. 10a and 10b are graphs showing simulated breakdown characteristics of an ESD-
protected capacitor of the kind shown in Fig. 9.

Fig. 11 is a graph showing the simulated effective capacitance of the ESD-protected

capacitor.

DESCRIPTION OF THE INVENTION

The principles of this invention will be described by reference to the following

embodiments, which are illustrative only.

Fig. 1 shows a cross-sectional view of a first embodiment according to the invention.

Capacitor 10 is formed on an N+ silicon substrate 102. Substrate 102 may be dopedtoa
- concentration of 3 to 4 x 10" em™, for example, and may have a resistivity of about 2 mQ-cm

and as high as about 3 mQ-cm. A dielectric layer 104 is formed on the front surface of substrate
102. Dielectric layer 104 is formed of SiOs, which may be thermally grown or deposited by
chemical vapor deposition (CVD). Alternatively, layer 104 could be formed of another dielectric
such as a nitride or a combination of an oxide and a nitride. A thermally-grown oxide is reliable
and reproducible and can withstand electric fields up to 4 MV/cm without deterioration. The 36

variability of the thickness of a thermally-grown oxide thicker than 0.1 pm is less than 1.5%.
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by sputtering or evaporation, overlain by a plated netal |ayer. Capacit.or
10 thus includes a first "plate" represented by main el e@3rRebaiydB)05whi ch
is contacted via solder ball 112; and a second "plate" represented by N+
substrate 102, which is contacted via solder ball 114, second el ectrode
108, conductive material |- 1 S and conductive |ayer 120. The "pl ates" are
separated by dielectric layer 104. The thickness of dielectric |ayer 104
can be in the range of 50 AL to 2 m The thinner dielectric layer 104 is,

the hi gher the oaRporkRRER: 0% 1% ANATLIADE 1 of 0% 1 L anet i glpet i c | aver

104 is, gﬁgl ower the maximum voltage that capacitot afis posed to
wi t hout daFleradgs 196 2 d 88 eandbelazipgte- Qronnluﬂmer ammpd end &dh blinallesftdop& | ayer

capaci t anc oot Gy AEBR R iyl of P OB E R SoReror

t hi ckness @mz@Rionpbthe FageingDogvérialy. sfthest ar@foemdddal rhal felet@BC BN ALih G gher
than | x L ‘ £ he ect eries resjstance (ESR) at a | ow

| evel andQ:'%{%/ﬂoF;(l}j/ls‘t-)a?lﬁé< F 3 el |"5’§af[ E)e‘f a—[l”}ég‘éﬁﬁf"is'&ii qnyrestraten] 02 R spipréneraat e.  For
exanpl e, teh'echsﬁbnt Werlalnsljylalmmw layerlDISTed RS WBRAG 1 6Pard cGRRAGY LA %ﬁl of 2 X

1019 cm 3 In addition, it is desirableée that e Q

factor of Hfé v lgggagﬁ ‘érong’é?efﬁ?@r?éer foppegyin pEOUation layeni), andméie@aﬂlaétbm s

defined by l'ﬂhﬁe depbdieMtir@patirtatié Alow ele%élcgﬁ:gﬁﬁ@tr b 102 W}ﬁg e?ecé?des%Oé he
i npedance 1% d Rs is the series resistance of e capacit |cuI ar

frequency. 1A is a plot of Xc and Rs as a functl on of frequency for
capaci tor 10 descri bed above, wherein the thickness of the oxide
dielectric | ay&erepdyihs secondielgsiradalid, 2 Yieonbrosigh-holen 16 Slihmedﬂfr@igiljS\fﬂOped to 2

X 1019 cms3bstiAs 1900 capacitor n 100 up
to a frequenscy olf@ Qalgganaﬁﬁve%&@&gl?lfssﬁgﬁesa ErYRERC %%ﬁgtd‘e’%ﬁﬁ ]l\ﬁt1 i | e

capaci t or owlvgtye wetefiad B ectaet alscyn@cmﬂnm 1 20F whitio R €65 on Fle®sick R3]

illustrat e cess t rra be use As shown in Fig. 2A
the pr ocegggsggtgllﬁg %%Gﬁr:tfﬁq@’eﬂ ok Lpepst laysy g?@ﬁ‘éﬁéloysumg%é?% ate

102 is onéydpléteuﬁgarmvajﬁceanohhcaterlﬂinb& blateamaaﬁ&fy@d fromthe other dice at the
conpl etion of the process. Substrate 102 may or nay not include an

|ep| t ax |t ﬁl | ay e€apabitel] malursumddaysﬁrsﬂ‘%té”&egr&re%&i bPYnall QHE BB, IXLPR (S O2)
ayer er
y m?:acté’d via sotlé]er bal Plr} and a second “plate” represented by N+ substrate 102, which is

contacted via solder ball 114, second electrode 108, conductive material 118 and conductive

layer 120. The “plates” are separated by dielectric layer 104.

The thickness of dielectric layer 104 can be in the range of 50 A to 2 um. The thinner
dielectric layer 104 is, the higher the capacitance. On the other hand, the thinner dielectric layer
104 1s, the lower the maximum voltage that capacitor 10 can be exposed to without damaging
dielectric layer 104. For example, if diclectric layer 104 is an oxide having a thickness of 0.1
pm, capacitor 10 would have a capacitance of roughly 350 pF/mm?.

Silicon substrate 102 can have a thickness of 200 pm or less. Doping substrate 102 to a
concentration higher than 1 x 10" ¢cm™ keeps the effective scries resistance (ESR) at a low level

and avoids the formation of a depletion layer in the substrate. For example, the ESR for a silicon

substrate doped to a concentration of 2 x 10 cm™ was only 2.4 mQmm?.

In addition, it is desirable that the Q factor of the capacitor be higher than 1000 at | MHz.
-The Q factor is defined by the following equation:




(top) surface of substrate 102. For exanple, a 0.2 pmthick oxide |ayer can
be grown by heating the substrate to 1100 C for 6 m nut @3 ReBruary&i0s
atnosphere. Referring to Fig. 2B, a barrier layer 202 of Ta/Cu is sputtered
over the entire surface of oxide |ayer 104. Layer 202 can be 0.5 to 1.0 m
thick, for exanple. A photoresist layer 204 is deposited and patterned as
shown in Fig. 2B to define where the main electrode will be located. A -
copper layer 206 is plated onto the exposed portions of Ta/Cu |ayer 202,
and photoresigt. |ﬁl er 204 is renoved, |leaving the structure shown in Fig.

- 2C. The fPVJ‘r?fe)g?Hé %‘F“p:‘?%%?i”}i’tpé 19 the sgrigs fesistnecefdbe @pacgets pwieulauppor t ed,
and subst mateentP2 is thinned fromthe back side- Substrate 102 may be
thinned by grinding its back side. Alternatively, other thinning

t echni ques suclFi@3AeE pRE 6HK NEd RIS Y BEHELR #f%ﬁﬂ&cﬂo?@i Gt ) RE&nYsed to

thin substrate 102, Another possibility is the atnospheric downstream

pl asma ( ABRyve. phersmahethickpesy obthseddn didedtialole 04 . Mpw 28 thFdghilabogi es,

Inc. of S |- [forpiba, 3 strate ich can.pitially he in
the rangeg%r}%‘g%%%g%orﬁg?m %g,mcgﬁ 'bgy Oi"vﬁlneaQtlfggtgrmec‘i?ﬂae@t ris E‘ﬁg?ré ltoaé.‘ﬁ 200
m for exiémpfrequepdyt efrabbine GHt adiingeperabasobasidoaal. conpl et ed, the tape or
ot her support is renoved- A |ayer 208 of Ta/Cu is sputtered or evaporated
over the entir WHigckpsitael 03:un bafabricafed by b stumdéeof plessesafigs. 2 ACTDPe ity er 210
is plat edstgnst Tg/g:u I?{agr 2%?, | eavi ng the structure shown in Fig. 2D
Copper | ay £8° BB B MY BE ¥ilck, for exanple. -5 23 February 2005 As
shown in Fig. 2E,, a phqtoresist |ayer 212 is deposited on the front side of
silicon subst‘%%?léoufﬁﬁ%@ﬁgt be 8@??%/%?%%?@?’1%‘2 siigonbiteinldd Bsfradvhed to
produce asibep&ail 0isdhé dichf a GARY 2R WANRsepiBlic B&H tHRIBRESS: £ Re i or f O
exanpl e. ﬁigl icon >sstslgstrate 102 is etched through opening 214 tg forma via

216 and t HEPESTSSexyBetets Hig mayor aerngingiuderanspitixigl ayer208.  As shown in  Fig.

2E, via 216 is_conical in shape because silicon etches al ong oblique

pl anes. DependPisebis [axrd04smedby gpwierng cxids (SiPpdart temeliy gnites famy  shape.
As shown ganEl Sy [ I en renpved, an seed

| ayer 218(%%) Sh%g(;e?éjﬁ’s}l%ﬁg%g'p f?'elLEOZEXA(SIﬁ%,% atoﬁzéaglr@?ér%l rl%yr? caélﬁ)ﬁé”ms‘m &S the
st ruct ur ethe Fals@ateltay £00° T1Br 6 aiinubee irfda et AmOspheret hi ck, for exanple. As shown
in Fig. 2G a photoresist layer 220 is deposited and patterned, |eaving a

portion Referring to Fig. 2B, a barrier layer 202 of Ta/Cu is sputtered over the entire surface of
oxide layer 104. Layer 202 can be 0.5 to 1.0 um thick, for example. A photoresist layer 204 is

deposited and patterned as shown in Fig. 2B to define where the main electrode will be located.

A copper layer 206 is plated onto the exposed portions of Ta/Cu layer 202, and
photoresist layer 204 is removed, leaving the structure shown in Fig. 2C.

The front side of substrate 102 is then taped or otherwise supported, and subsﬁate 102 is
thinned from the back side. Substrate 102 may be thinned by grinding its back side.
Alternatively, other thinning techniques such as wet etching and vacuum plasma etching can be
used fo thin substrate 102. Another possibility is the atmospheric downstream plasma (ADP)
plasma etching system availébl_e from Tru-Si Technologies, Inc. of Sunnyvale, California.
Substrate 102, which can initially be in the range of 625 pm thick, can be thinned to a thickness

of less than 200 pm, for example.

After the thinning process has been completed, the tape or other support is removed. A
layer 208 of Ta/Cu is sputtered or evaporated over the entire back side surface of substrate 102,
and a copper layer 210 is plated onto Ta/Cu layer 208, leaving the structure shown in Fig. 2D.
Copper layer 210 can be 2-3 pm thick, for example. '
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of the Ta/Cu layer 218 in the vicinity of the via 216 exposed. As shown in
Fig. 2H a copper layer 222 is plated onto the exposed pddtiebamrp2006a/ Cu
| ayer 218, filling via 216 and overflowi ng onto the surface of substrate
102. As shown in Fig. 21, photoresist |ayer 220 is renoved and Ta/Cu | ayer
218 is etched, :-leaving the copper layer 222 in place. As shown in Fig. 2J,
a passivation layer 224 is fornmed and patterned over the surface of the
structure by screen printing, wth openings that expose portions of copper
llayers 206 and ,222. So#dgé%bu s 226 and 228 are formed on the exposed

et PRyt s Zoé PAviaresigidayer s denogited opdhelzgmh aifle efisilicon shown i n

portions of coppe

Fig. 1, whiublravarzhePhowtssiseldyddDl s PictoriedAndbibitditd pa@@edn ofpBi)218r A0t her
nount i ng techni ques. tionall a second

structure, usin Hk%g-c@ip - ‘ E“

passi vat | o‘i‘?“"‘f’ﬁ‘\?‘a‘? BiCR BiRCtsecan bF wesds 1R cxample Sdlicos sehstratt: 100his etshed sbrougte.

Capaci t or ckaning 2104 &f B RN 2 @ hiBfleray oééﬁuﬁé‘s_uﬂ%&%?b%hm A rz@@p@scghg%s on a
e C

single wafer. 1f so, followi ng the fabrication o pacitors, he die
which contBEEnE: vipdl6iis enicebiniskape besarsgtsaigon ¢itlemabohgoldigue plaisc Bepandinpenvaf er

by saw ng thdgWehesneain@B Y L& 1864 [ .. Fig. 3 shows a cross-sectiona
vi ew of an alfggnaﬁﬁvggenﬁodineﬁ%#?%%%ggﬁlﬁr 30 is actually a pair of

capaci tors conngch E D i - dj ri¢c layer 302 is r on N+
silicon substrat e%%ﬁ%ﬁ%ﬂé F]?O g}trégém?@Lr%gllsd&%%r\%’méedgg& ansée%%%egg% Pgt i on of

2 x 1019 c#fGu istsputtessdamisl ¢ entiamftiont sifle surBoRofbeidtohefag:. tTadCuaYdr V1 YE0Wa 0Bxi de

with a thhq¥q$§ﬁcgg.qm%n m A netal layer is deposited on dielectric |ayer
302 and is'p% terﬂeﬁf ustng normal photolithographic processes, to forma
first electrodgk3g4 anqﬁa cogg eLe?trode_SOG._A passi vation |ayer 308 is
deposi ted on - 6237 FRHY %33?§ OTEHY 1952 DUt fepedted pnd pritegied. deaving@-potiseni ngs

are formedf iR Twcs layatdl®h theyiehipOfhe #9168l deds bal I's 310 and 312 are
formed as descri bed above. Wil e capacitor §b is sinpler and | ess expensive

to fabricate tRaaRhod®n 18Xk oppsdl I i i 1S: ib.ance is
ow®in 8K ppt %Qﬁ?fs pladdd dnfd e ?T)%%rsee,d p%)ﬁlgﬁ%@%é(%@

| ower and its_series resistance is greater. For exa Ive
capaci t and¥epets. fiHing vig &8 apd oysflominglonto the suréava of wbstrateal02t hat of a verti cal
structure. The series. resistance increases with the square of the lateral
di nensi on of t K shewn wdliz. Zhohelaissistilaven g0 pemaynd tndiF2Qu bier@aP ascitdhod, 40,

shown i n Fa@ing4he doop&i 1Rl $3-GAOLLY 1 ncreased by the formation of trenches
406 under e|§§tﬁ%é§§ 3%% agﬁ g%%f Dielectric |ayer 402 extends into

As shown in Fig. 2J, a passivation layer 224 is formed and patterned over the surface of
the structure by screen printing, with openings that expose portions of copper layers 206 and
222. Solder bumps 226 and 228 are formed on the exposed portions of copper layers 206 and
222. The result is capacitor 10 shown in Fig. 1, which can be mounted on a printed circuit board
(PCB) or other structure, using flip-chip mounting techniques. Optionally, a second passivation -
layer 230 can be formed on the back side of the structure.

Capacitor 10 is preferably formed along with other similar capacitors on a single wafer.
If so, following the fabrication of the capacitors, the die which contains capacitor 10 is separated

from the other dice in the wafer by sawing the wafer along the scribe lines.

Fig. 3 shows a cross-sectional view of an alternative embodiment. Capacitor 30 is
~ actually a pair of capacitors connected in series. A dielectric layer 302 is formed on N+ silicon
substrate 102. Substrate 102 could have a doping concentration of 2 x 10" ecm™, for example,
and layer 302 could be thermally-grown oxide with a thickness of 0.1 pm. A metal layer is
deposited on dielectric layer 302 and is patterned, using normal photolithographic processes, to

form a ﬁr_st electrode 304 and a second electrode 306. A passivation layer 308 is deposited on
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trenches 304 and 306 and lines the walls thereof in the manner of a nornal
trench-gated MOSFET. Trenches 304 and 306 are filled w t23 Iebamndrugsi ve
mat eri al 404, such as polysilicon, which is in electrical contact with

el ectrodes 304 and 306. The net result is to increase the effective area
of the interface between the "plates" and the dielectric |ayer of the
capacitor. Fig. 5 shows a cross-sectional view of a capacitor 50 which is
simlar to capacitor 30 shown in Fig. 3 except that the el ectrode 504 is

in electrigal,GaRt& he N+ subst 102. ctrode 502 is
separated from subsﬁfgitgétrgﬁ%e Opcm%ﬁsé’fe %d" P%f?é‘?“"@ &hih Y saldaerdlned

t hi ckness. 31@aipéé|12®llcf@@le&asdeacrdaaqbalmmance val ue per unit area simlar to
~that of capacitor 10 shown in Fig. 1. However, the |ateral placenent of
el ect rodes 502 Whie @thbe%(bis mmpleaaxluiaibgeet{penefvf: &ﬁfabﬁ/o@te&ﬂa[d £ eXBplStAGHR ( ESR)

which is teral,.di mension of the device. Fig. is atop
vi ew of aaica(‘ggtl Cl&aﬂgﬁ/\ﬁl(’é’ﬁr & SFRSEeRIREE PeFatesoboraamle. HepeafiectoG2a-

602c. t hat capaantamtteqxedmgl atreatleﬁb i 4t thndsisRERT Shad AR 0BG A sthfrs 6629g;.8! ect rode
604. Fig. 7.i.S a.cross- tional view taken at cross-section 7-7 shown in

Fig. 6 (nor?SéSttlﬁﬁtmct“T?éesé’ﬂ I qagdre pf e lategal diraerpion af e dovice he sane). In an
active region 6, where the fingers are interdigitated, a thin dielectric
layer 618 is forsdPasiaare Q%B“%ﬂﬁ%‘tfrcaﬁ’élmwos dioamiin Blgy4.tinfighkficindy ctended | ayer

614 separ atyeke foRfiatiohONBEAthETI05 Iﬂﬁdé%le&ﬁfdteé o 2 366 Jefe%ji‘é g)a%grzctofz 2Tt 1

substrate lozimand a relatively thick diel ectrlc ayer

pal m por t i"6R° 38t ek 308 g lya the s thetsof indbeom 4@2r ofﬁhmnnaimmht@twe of

capaci t or MsFsTd i nensi ons, ,of fingers. As
indicated in Fig. ?ﬁe,ﬁéﬂg}, ztg%?gggé%ggncan e%;“gb‘% Palee” ‘?‘P@ﬁt P aspebstisetr at e

by a di eMbéshri & ¢legricel contaetawilrdectrofaidnd aid 3Bp Thé hakSnlt @to idcraanthde i n
direct el N+, sybstrate (in_ the manner of
el ect rode%%(%iv?%}eﬁ%?ﬁlte%%ﬁac? Eé%t”“ﬁ‘ghc PRy Ia’é‘} @aﬂ*&@rgtlﬁﬂayet?f%;)acﬂor

enbodi nments, t Iy " fin out will bhe less than 300 m
For exanpl e, ahf‘gcgpfa@l’@t oroséﬁec\tl\ﬂéah °H O F@WF%‘HQOB@P hiigsinflardp eapgsitosPlct r i cal

cont act wshdwit indfig.Buxtepathet tamdednlﬁee ﬂ(Mt i§ Ih eldetrdd] FoRREURHY the RuRkrate H?z
er wiwdth of 200 pm spacing o

i nterdigi E;?tg_d féq} ers is §50 m
and the tATHTO g%tep?réc‘ti gasu tel 2 By g diglegtrigdayh 106 hoyipgle défaper | has a
capaci t andgckdbss]1 SRpRitoFIThas A apAfabaR alff ellﬁm@% W ar td G &f%ﬁp@cﬁorqbem ric

| ayers used in precision capacitors nak ese devices very ‘susceptible to
damage f r 3" 18415 ds Hepererdhaiaiseal glecenerspipjcctrpdes SQXatqﬁOé,leaEﬁa& la:@er be

gener at edef@ttive series resistance (ESR) which is a function of the lateral dimension of the device.

Fig. 6 is a top view of a capacitor 60 in which the first electrode 602 has fingers 602a-
602c that are interdigitated with fingers 604a-604d of the second electrode 604. F ig. 7 1s a cross-
sectional view taken at cross-section 7—7 shown in Fig. 6 (note that the scales of Figs. 6 and 7 |
are not the same). In an active region 606, where the fingers are interdigitated, a thin dielectric
layer 618 is formed over the substrate. A relatively thick dielectric layer 614 separates the
remaining “palm” portion of electrode 602 from N+ substrate 102, and a relatively thick
dielectric layer 616 separates the palm portion of electrode 604 from substrate 102.

The capacitance of capacitor 60 is determined by the number and dimensions of the
fingers. As indicated in Fig. 6, electrode 604 can be separated from the N+ substrate by a

dielectric layer, creating a pair of capacitors, or it can be in direct electrical contact with the N+

substrate (in the manner of electrode 504 in Fig. 5), creating a single capacitor. In many
embodiments, the pitch “p” of the finger layout will be less than 300 pm. For example, a

capacitor 60 wherein electrode 604 is in direct electrical contact with the substrate and the pitch
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handl i ng during the assenbly process. One way to protect against ESDs is to
connect a pair of oppositely-directed Zener di odes D1, D3 FRehrupsrZ005el with
the capacitor, as shown in the circuit diagramof Fig. 8. \Wen an ESD
vol t age spi ke occurs, one of the diodes conducts in the forward direction
and the other diode breaks down at a predeterm ned voltage and conducts in
the reverse direction, thereby providing a current path around the
capacitor. The voltage at which current flows in the protective path is
equal to the reverse breakdown voltage of one diode plus the voltage at

whi ch t heefdbhiaferdipitaied fingarg i nom(finper vidthwa 26D gins eatingol 0ty iasdihk yhiabout

0.5 .V). & : el the. term 'oppositely-directed' nmeans that the

di odes ar elég(gﬁﬁgaggre(ﬂ%ilsngi@’e et IC\;XAOF‘H}‘ laé%}t'i?f’éta? i‘"?“céﬁghsé)s!’}cf“éfﬁi“l‘i‘daég@ﬁ ot her
or their &fdthadesnt aci ng each other, such that any current in the series
path flows through one of the diodes in the forward direction and through

the other di ode thif dieft@uic@¥REsS8eddh hRETioR Bapacitdls ﬂﬁﬁ%gﬁ%‘éﬁce‘é’i\r&ﬂ s@ge[ﬂﬁeem of
f the substrate

this invention, the protective diodes can be forned In (

i tsel f, d89aHan{rom clereosktrdisshatess (ESBs): divacxample, &5Danygdremateraéd 15 g. 9. An
N+ 1 egi 0nandfd: dlinP iSRRI . Lon.9 e farmed in substrate
102 beneat h glggect_'Pgdg 106. Y%i' ee?spg)él?g’r?glfoaérggﬁoa%#g %ss'?’%sﬁ“f)ﬁ% e(gﬁlé)f”éo s a
first PN gpapEtchofirasied weean divdey ol iDgnn podlleh mdth Fher @gacitor, aO@dwh hahe cigpitesent s

one of t | . c BN junction bet n.P.regi pn 904 and N+

regi on Qggagtqé{gtg ??g;a)?g\é@%lf% l?%tseiv%lt\laﬁ‘lés G EE: Ofﬁ\é\ﬁg‘?)ﬂioﬂﬁg Cg ‘ﬁ'&téh‘l ﬁhﬁ?‘?r&ﬁ@ of

regi ons SURcti@0Ad drdthed BDdabralselbws tctprédedmin@ vERlgh: BMCoh@QRS D IHRAK QW i N

t he reverse di rglc;te' on at.a desired voltage. The breakdown voltage depends
C

on the doPiRy e BINEEAPIRIIER SHeY Rt Aorad The Grracyiory d peueleeed whkch cupentpy

j uncti on fng iotheiotédiot Pith istdaad] (Ptherctikd brkAAWAR ivBiideR 8f @d’etdiodt?gﬁls tHeO"
exanpl e, Slze, Physics of Sem conductor Devices, 2nd Ed:, John Wley & Sons
(1981), PP easst yiysh hgntaes djode pendustpia tan forvard direstian fypisadly ebauh 8.6 V)Thés second
N+ 1 egi Ons@DRreiMhEREX SRR AcBiel OB 4 i 280085
subst.rateLS isreuised to prﬁgvi de)J a S;ﬁ%arﬁls@g?&g?xgggﬁ‘%ﬁi@lﬁ%‘%ﬁdﬁ%&?g}% of the
di ode  paicttber|theinanedesdpdinsiani ther, or Kieircathpden f20 eaelyothe, sunh thttedy cheeneii nt ai n

t he hi gh {RF.pel {90 FRNCS i ldaties of the capacit.or e i.npedance of the
Zener di oqless? ca%a(age Set 0%?9 grpeidéc\lt/ﬁeeld%t%ﬁ%’tnﬂims OWadﬁgVec}‘ﬁ%?Pdttﬂré’“%n%% or by a
fact or ofdidd@@dthorevese directi®n.23 February 2005 Processes for forming the
diodes in the substrate are well known to those skilled in the

In accordance with an aspect of this invention, the protective diodes can be formed in the
| substrate itself, as shown in the ESD-protected capacitor arrangement of Fig. 9. An N+ region
902, a P region 904 and an N+ region 906 are formed in substrate 102 beneath electrode 106.
The regions are formed such that there is a first PN junction between N+ region 902 and P region
904 that represents one of the diodes and a second PN junction between P region 904 and N+
region 906 that represents the other diode. The doping concentrations of regions 902, 904 and
906 are set such that the PN junctions break down in the reverse direction at a desired voltage.
The breakdown voltage depends on the doping concentration on the more lightly doped side of
the PN junction and other factors that are well-known in the art. See, for example, Sze, Physics

of Semiconductor Devices, 2™ Ed., John Wiley & Sons (1981), pp. 99-108, which is incorporated

herein by reference.

The second N+ region 906, which extends into the P region 904 as well as the N+
substrate, is used to provide a symmetrical breakdown characteristic of the diode pair. In some

embodiments, N+ region 906 may be omitted.

To maintain the high RF performance capabilities of the capacitor, the impedance of the

Zener diodes can be set at a level that is higher than the capacitor by a factor of 1000 or more.
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art. One such process is as follows: 1. Initially, an N-type epitaxial
(epi) layer that is 2.5 pmthick is fornmed on the top su2sfRebmanf2Glse
-substrate- The doping concentration of the epi layer is | x 1016 em 3, far
| ess than that of the underlying portion of the substrate. 2. A first
phot oresi st mask with an opening defining the active area where the
capacitor will be located is forned over the epi |ayer, and phosphorus is
i npl anted through the opening in the mask at a dose of 8 x 1015 cm 2 and

an energy of 80 keV to set the doping concentration of the epi layer to
approxi mat el y trosesefer foapiag thedliqdgpin thesmbsirate ae wilk kanymse theseskilleddi@ecm 3) .

The first aB6le kchiheRsdi§AOMAGW3. After the phosphorus inplant into the
active area through the first nmask, another nask is forned over the

substrate withyan oR&HAIN%LAEfLOLNL : I wi | | ocat ed.
Boron is inplanted thr og’gh twg Jpen%lfﬁ?ﬁ\tﬁag 1%%@9.‘1]?%& {Sg&%ﬁg%&eé‘f‘)a dose
of 2 x 10%8Tacapf the awhjtraten Terdapgy coficeBation Wf tht: epiflayemisR x HYi @, #04ess than The

substrate ﬂa??@ﬂgﬁ’%eﬁgﬁ%{pﬂ i%r‘?gf f%@rgtra%é) m nutes to drive the phosphorus and

bor on inpfan rou e epi ‘5. The oxide dielectric layer 104 is

thermally gro as ri bed .above.. 6. After the oxide, |ayer has been
grown, a thi r\é\@'phot‘g?’%sgpféﬁom Sglglaflgwﬂbwnglﬁ dﬂt‘]l‘é“g PEEepEy &hes b pat t er ned
- to creat ecappeinirivgH bedticathd b otdieheNpi Fag@| @APhIPRo@OTE iPRnicd thiheh &l de

| ayer is garti al l!ﬁ/ et heddt hrﬁpggh i he,openings in the third photoresist
mask to avSTHeALIGTREE 2 4hBl Bhi0 qepantd anfuswy Rt 80 ke wieidhs drpimei | m 8.

Phosphor ugoricénttafieR of P kFiMdyRFotppokdghtcly e SRENENYSs thl rdst T N+ diviBek and the
t hi nned oxi de I%yer at, for exanple, a dose of 3 x 1015 cm 2 and an energy
K

of 60 keWlfo ®ypmifetirst matkonthenpmoned 906. 9. The third photoresist mask is
renoved, and a bl anket boron inplant is performed through the oxide |ayer
to set a surfate dopiishgheqhospharupimplqnt intoihe gctivanrdsdhraeghehe fiymaskaanother at a
dose of 33Xl tnfelofer ARduBi NG : . [ t ,can be
activated by annealing  at Jef e h?%r"géﬂ‘@%?%’ %ﬁ%&s@% Ig%gl(é)g i9§4|9§rﬁﬁ;c rti%ent . 23
Febr uary Boos istiplantdddhmongh thtopeoing $i this mask kot exafupicyadh dasdofat 108t aaetangi t h an
openi ng oye e er e, cont is to be made to the N+ region 902.
The oxi degq %‘feé}qf?b% cht}eelgarfnﬁl?rgﬁﬁﬁgﬁle openi ng

4 The substrate is annealed at 1150° C for 30 minutes to drive the phosphorus and

boron implants through the epi layer.
5. The oxide diclectric layer 104 is thermally grown as described above.

6. After the oxide layer has been grown, a third photoresist mask is formed on the

oxide layer and patterned to create openings which define the N+ regions 902 and 906.

7. The oxide layer is partially etched through the openings in the third photoresist
mask to avoid the need to implant dopant through a thick oxide film.

8. Phosphorus is then implanted through the openings in the third mask and the
thinned oxide layer at, for example, a dose of 3 x 10"° cm™ and an energy. of 60 keV to form N+

regions 902 and 906.

9. The third photoresist mask is removed, and a blanket boron implant is performed
through the oxide layer to set a surface doping of the P-well. This can be done, for example, at a
dose of 3 x 10" ¢cm™ and.an energy of 60 keV. The boron dopant can be activated by annealing

at 950° C for 30 minutes in an oxidizing ambient.




to expose N+ region 902. The fourth mask is then renoved. Follow ng this,
the process described above continues with the fornmati on28fFebhvary Blogct r odes
106 and 108_ Nunerical simulations were done to cal cul ate the performance
of the ESD-protection structure shown in Fig. 9. The dinensions of the
structure were as follows: Wdth (W1) of P region 904: 5 um Wdth (W) of
N+ region 902: 3 um Length of structure: 100 um Fig. 10a shows the |V
characteristic of the structure with electrode 106 biased positive wth
respect to el ectrode 1141&"accunulation bias'), and Fig. 10b shows the IV
characteristicl®f AHeutdiphoiorcaistenaskiihfoshaivind pditerdddovith aaspehinggeat theareai t h
respect t " i hAS - As, 1 ndi cat t he, di ode pair
br caks. donmeion T e r e 4B 8 rGRoRd @ mhe o P OB Hlralehine gl
that the &féxposdNeé regaudt Amclourf mhskas deninmedd.capaci t or and ESD-structure
remains quite constant at about 0.15 pF throughout the frequency range
fromO0.1 to 10Fdpvingthes, depodissdercsbafabbie @niimeenith die folescon betle above are
only illu i ot limting. Nunerous alternative enbodi nents wll
be appareﬁ E@%k%z9%%ﬁ@0gkilled in the art fromthe above description. 23

February 2005 LA 1. .preci sion high-frequency capagi conprising: a
heavi | y- doped senlggasﬁ%églmgﬁﬂ%(Fﬁf “%ﬁWWﬁ@cPPﬁg%m%ﬁ&?gﬁggﬁhmﬁF?ﬁ%ipal

sur f aces; stactire blestr in ®ig. 8y Ehe dimensishs i the R@udnire Serel ifiwRal surface of the
substrate; a main electrode layer fornmed on the dielectric layer; a
conductive layer formed widtht(hg)see efthbnmioinci pals gyyrface of the substrate; a
via extendi ng through the substrate, the via containing a conductive
material ; and a second &Yidd(Mgdel Nayegionf®¥Rned dven the first principa
surface of the substra t second el ectro being electrically
connected to the conduc??@%ﬁ? yer e ﬂﬁhﬁg conductive material in

ayer by neans o
t he vi a. . e . : . -
Fig. 10a shows the IV characteristic of the structure with electrode 106 biased positive
~with respect to electrode 114 (“accumulation bias™), and Fig. 10b shows the IV characteristic of
the structure with electrode 106 biased negative with respect to electrode 114 (“depletion bias™).
As indicated, the diode pair breaks down in the range of 16-19 V in either direction. Fig. 11
shows that the effective capacitance of the combined capacit.or and ESD-structure remains quite

constant at about 0.15 pF throughout the frequency range from 0.1 to 10 GHz.

The embodiments of this invention described above are only iHlustrative, and not limiting.

Numerous alternative embodiments will be apparent to persons skilled in the art from the above

description.
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2. A precision high-frequency capacitor conprising: a heavily-doped

sem conductor substrate having first and second princi pak3 Febituba2895 a
dielectric layer formed on the first principal surface of the substrate; a
first electrode layer formed on the dielectric layer and electrically
insulated fromthe substrate; and a second el ectrode | ayer forned on the
first principal, surface of the substrate, the second el ectrode | ayer being
in electr ontact with the substrate. 3. The capacitor of Claiml or 2
wherein the dopi ng concentration of the sem conductor substrate is greater
than | x 1019 cm 3. 4. The capacitor of Claim1l or 2 wherein the thickness
- of the séntcodﬂpmmunmlsﬂbﬁﬁ@ameypqmm@yymmummngoo ntcrons 5. The capacitor

of any one of t.he cedi n e the |eI conpri ses
an oxi de. %‘E’F g e% SE%B%O rr&sl;h\/\/q) éatgcrat"&g B‘If"&%{ﬁarl precedi ng
cl ai s Wrgeff@(te@ t he thr ckness of the di eI ectric Iayer |s great er than or
equal to O. 005 i cran, preci si on high-frequeng acitor conprising:
a heavil y- dopé‘dil%lé?WﬁﬂY%@P@Pd ey e firgk reineipl sgtace pk éxe gs‘%aéf‘eond princi pal

surfaces; a firsti, diLLEsik &é‘rfbﬁﬂéﬁro [SH 0N gfmo,]r d on the first principal

surface of thé substrate; ITst ectro yér formed on the first
dielectric | apeonhative tayeafotimee be the sccald gmncqmukmfaed of therubdtmtesubst rate. a
second dielectric |ayer n for d on the, first. |ncr I surface of
the substrat & Vangkt é‘dg&gﬁ é’t frafca e Vido PoRie ?@

di el ectriggsbayemgrortion, the second el ectrode | ayer ber ng el ect rically

insulated fromthe substrate and the first electrode |ayer.
a second electrode layer formed over the first principal surface of the

substrate, the second electrode being electrically connected to the conductive layer

by means of the conductive material in the via.

2. A precision high-frequency capacitor comprising:

a heavily-doped semiconductor substrate having first and second principal
surfaces;

a dielectric layer formed on the first principal surface of the substrate;

a first electrode layer formed on the dielectric layer and electrically
insulated from the substrate; and

a second electrode layer formed on the first principal surface of the

substrate, the second electrode layer being in electrical contact with the substrate.

3. The capacitor of Claim 1 or 2 wherein the doping concentration of the

semiconductor substrate is greater than 1 x 10 em™.

4. The capacitor of Claim 1 or 2 wherein the thickness of the semiconductor

substrate is less than 200 microns.

5. The capacitor of any one of the preceding claims wherein the dielectric

layer comprises an oxide.
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8. The capacitor of Claim?7 wherein the doping concentration of the

sem conductor substrate is greater than 1 x 1019 cm 3. 923 Felerues206t or of
Claim7 or 8 wherein the dielectric |layer portions conprise an oxide. 10.
The capacitor of Caim?7, 8 or 9 wherein the thickness of the dielectric

| ayer portions is greater than or equal to 0.005 mcron. 11. The capacitor
‘of any ong of ains .7 to 10 conprising.,a trench in t sybstrate beneath
Che 1 r at6.a el EhaPReifonsd any afie ob e Triebdfer LG wh e e HRAR Fort 1 on

- ext endi nghaliRMEtiNByHas gﬁaﬁ&tﬂah%rte%ﬁmﬁm.p@miérbﬁnph contai ning a conductive
material, the conductive material being in electrical contact with the
first electrode. 12. The capacitor of Claim 11l wherein the conductive

mat eri al .conprjses... VSidl | -12. F uary 2005 13. The capacitor of
any one d? théAgpggggﬂ%éﬁf#ﬂﬁ%@yf@%ﬁﬁé&“%@%%@&éing a passivation |ayer
overlying the {hésilyadoged sanioondicRe isustias, havidgd fist andestond phiacipg fornmed in
the passivation |ayer over the first electrode and a second openi ng bei ng
formed i rsUHeespassi vati on over the second el ectrode. 14. The capacitor of

Claim 13 conprj gihoq: I 3 Qﬁhﬁ ' ecfl LSt gﬁ&@ a second
metal ball in %Egﬁgg%%%gggégﬁﬁﬁg?nt e ?1gépﬂh%%gPﬁhg?P elﬁaogpgztrically
connect edsubstrdtéte mai n el ectrode | ayer, the second netal ball being
electrically caqnnected to the_.secqond el ectro | ayer. 15. .The capacitor of
any one of thé %céﬂ?tf?élecllaé?rnﬁowgr% ﬁhet ﬁéﬁfﬁgg@{’ﬁél %é’?rr BYfHON | ey

Conpr i sese|gfiddginldePfrbinthOfubkitger s and the second el ectrode | ayer
conprises a second plurality of the fingers, the first and second
pluralities ofadecogbdislepwicigyeripattmmndognedencthe firg, pringwat syskese vbtheof C ai m 15
wher ei n thgffi rst plurality of fingers extend from a first pal mportion of

the firstSBFGA8%e | ayer portion, the first dielectric |ayer portion

be: ng thinner yadend tleerdde [8ertbinicd o theGbcdrdndielestrichayer pogtin, thee fir st
alm portion.
P P second electrode layer being electrically insulated from the substrate and the first

clectrode layer.

8. The capacitor of Claim 7 wherein the doping concentration of the

semiconductor substrate is greater than 1 x 10" em™.

9. The capacitor of Claim 7 or 8 wherein the dielectric layer portions

comprise an oxide.

10.  The capacitor of Claim 7, 8, or 9 wherein the thickness of the dielectric

layer portions is greater than or equal to 0.005 micron.

11.  The capacitor of any one of Claims 7 to 10 comprising a trench in the
substrate beneath the first dielectric layer portion, the first dielectric layer portion
extending along the walls of the trench, the trench containing a conductive

material, the conductive material being in electrical contact with the first electrode.

12.  The capacitor of Claim 11 wherein the conductive material comprises

polysilicon.
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17. The capacitor of Claim115 or 16 wherein the second plurality of fingers
extend froma second pal mportion of the second el ectrode3/Fey@bryX@0si on

the second dielectric |ayer portion being thinner under the second
plurality of fingers than under the second pal mportion. 18. An

ESD- prot ect ed capaci tor arrangenent conprising the capacitor of any one of

t he precedi ng ai s .in conbinati W th i,r. of .oppositely-directed

di odes, tHe optBerRARIR Rl atk o of RoRreeling CumRCR Bl FOMBET Pel i th the
capaci t orp,3d¢htidf lﬁﬁerfcﬁfeﬁ?%‘g'tﬁe e SHDSESRE Sectdodies, N ArsEdPeRhobemged
capacitor_ arrangenent of Caim 18 wherein the substrate is doped with

mat eri al formed injthe passbyatiors tayer aver thepfarskeldctrade apdiaseesinddipeaiag bewgnpri se: 13
23 Febru 2005 a first regign of the first conductivity type in

el ectri cgfg’%%%‘%é%?pﬁsltvﬁn?%% rﬁg"lsﬁc%deei S 88%‘ | ayer; and a second region of a
second conductivity type adjacent to the first region and formng a first

PN junctijan witHe dapseifor b5 C1diRA3UMbmptRing D BrsERlPboll @CfRGirSiARRAINEOr

arrangenent of Claim19 conprising a third region the first conductivity
type adj a@dntseeandithetalddion the seginshonentngs Berfirsignetal balldsie qeetjiedlat i on wi th
t he seco eqion. .21 fabri i i ton J0
sem condlr}gf’%ercgésdﬁg)s ra 8&%\%%%3@ 18 {"?rs{ﬁ? ea?]%%}él%glger@ %@?ﬁgﬂhga{ledgﬂ? ces,

conpri si n@hndctdd ol Secohdtlegttodetaepyer on the first principal surface of
the substrate; formng a conductive |ayer on the second principal surface
of the substrate; cutting a via through the substrate fromthe first

princi pal{ssurf : a'ﬁﬁﬂ’ Y aifERAR &l QBdHR ve
mat eri al %Shtolﬁ-ﬁgcaézl%étfop?f(‘)r 'nglbgtrtlﬁeepﬁ‘g%:{a}tf dcelal ayer %%éﬁ%i?ﬁfe: Irst surface of
t he substiayr eomarisks afatt gonlitypfitheesl aadtthosbeohdglectrdde liyer vomprists and second

8iore|t Ieg? ?I’ acsteptg@c{eiofu?%lﬁg %gé]%%ﬁggeggltﬂg ﬁlrsrt] Salljlldastegoqldf Igllcl)ra i%igseof Hggéré %tei%gby the

interdigitated.

16.  The capacitor of Claim 15 wherein the first plurality of fingers extend from
a first palm portion of the first electrode layer portion, the first dielectric layer
portion being thinner under the first plurality of fingers than under the first palm

portion.

17.  The capacitor of Claim 15 or 16 wherein the second plurality of fingers
extend from a second palm portion of the second electrode layer portion, the
second dielectric layer portion being thinner under the second plurality of fingers

than under the second palm portion.

| 18.  An ESD-protected capacitor arrangement comprising the capacitor of any
one of the preceding Claims in combination with a pair of oppositely-directed
diodes, the oppositely-directed diodes being connected in parallel with the

capacitor and being formed in the substrate.

19. The ESD-protected capacitor arrangement of Claim 18 wherein the
substrate is doped with material of a first conductivity type and the pair of diodes

comprise:
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portion being in electrical contact with the conductive material in the
via. 22. The capacitor of any one of clains 1 through 5 wWitFé&irmryB80Second
el ectrode is electrically insulated fromthe first or main el ectrode. 23.
The net hod of claim 21 wherein the second portion is electrically insul ated
fromthe first portion. 23 February 2005 PRECI SI ON H GH FREQUENCY CAPACI TOR
FORVMED ON SEM g)?;lglgg;n T TF A.precision high-1reguency
‘capacitor includes a g?e§g§‘?-rﬁ$§ %&%&%ﬁ&g?ﬂ ngr??etc e F%rh?&s‘?ﬂ e%haesurface of
a sem congiditdectoddbifyentd and a first el ectrode on top of the dielectric

| ayer- The sem conductor Eubstrate i.s heavily doped and therefore has a

| ow Iresi fsti Vi EZ.SGCRH EBBPRI© Pé&%?"éo‘?}ldu‘?l"h%’db’iaﬁ é‘é!%%ﬁ)ihjgﬁﬂ E“ﬂmtalhect rodeEj
is al so r n one enbodi nent, e secon
el ectrodeafd;%coﬁggcf%rg b!/ﬂng{}&r’r%tﬁgﬁ%?ﬁse%%\?ﬁné to a layer of conductive
material on the back side of the substrate- In alternative enbodi nents,
the via is,omtte nd the.second electrode.is.either in. electrjcal

contact. vith e Exfgtied GRocEOr rmEOR Sl 10O RBIGt i | ayer

yi el di ng @opal ﬁheq{rstsédﬂdﬁéﬁ\ﬁaﬂf}%ﬁtﬁjhc%ﬁﬂoﬁﬁtHeOgeféondE—ﬁ%icﬁ{ Qﬁ@%ﬁxﬁﬁgfaor the
capacitor can be provided by a £alr of oppositely-directed diodes forned
in the suissondlM junetion vrthdbe sagondirqgaomal | el  with the capacitor. To i-ncrease
t he capacitance of the capacitor while maintaining a low effective series
resi stance, each of the electrodes may include a plurality of fingers,

whi ch ar e21.i nt ardéthod of brishfidy & REpdditdged 8 Rmidddua@bhsibsehRage. The
capacitor _is preferably fabricated in a wafer-scale process concurrently
wi t h' nuneitstandsesnd remsiel sustases, 6pmpRENgaf er, and the capacitors are then

separated fr Or@oﬂﬁfh@ a%agcftrip}'ay@r W&%%gtip%@fpapgu%aggof fhé gﬁ‘t&s%%; Figure 1

forming a conductive layer on the second principal surface of the substrate;

cutting a via through the substrate from the first principal surface to the
conductive layer;

depositing a conductive material into the via;

forming an electrode layer over the first surface of the substrate; and

patterning the electrode layer to form first and second portions, the first
portion being insulated from the substrate by the dielectric layer, the second

portion being in electrical contact with the conductive material in the via.

22.  The capacitor of any one of claims 1 through 5 wherein the second

electrode is electrically insulated from the first or main electrode.

23.  The method of claim 21 wherein the second portion is electrically insulated

from the first portion.
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