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 nvengireprukl Zi08s t o
sem conduct or technology and in particular to the formation 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

157G are used i n sat CRECRION R ER O LR QRS “These T O

applications require FORMEDMNSEMICONPANTOR SUBYIRIATH ayer ceranic
capacitors have been enployed for this purpose, but they tend to be

| acking in precision and performance. Thin film capacitors have inproved
precision and performance but they are expensive. Accordingly, there is a
need for a preC|S|on hi gh-frequency capacitor that can be manufactured at
a r easdhabb &cbd Y OF THE | NVENTI ON According to one aspect of the
pr esent |nvent|on there is provided a precision high- frequency capacitor
conprising: a heaV|Iy doped sem conduct or substrate having first and second
princi pal sUhissestiomretited te@émkmduarperecﬁrmmﬁgdnd)mpdmculainusﬂle fsrinatopal a

surfac f _the substrate; a el ectrode |layer on the dielectric layer;

a condg‘&?ﬁ @@uf"&?’éﬁp&\cww ﬁ?ﬁ“‘f U affrl nci pal surface of the
substrate; a via extending the substrate, the via containing a conductive
material; a second el ectrode | ayer fornmed over the first principal surface
of the BASER D OHd I BNMENEIQI t r ode bei ng electrically connected to the
conductive Iayer by neans of the conductive material in the via. According
to anot her aspect of the present invention, there is provided a precision
“hi gh- frequéﬁﬁwrﬁa@&m¢k@me@@mymhg@hgmgaﬁweavbmmmdbﬁ@msQEthqdeenor

substrate first.and se surfaces; a dlele fric Iayer
f or med BN ﬁ’eéelqﬂ?nﬂesbrf hﬁé?‘ﬁsr)ggw‘%“ gﬁ e ihs ?eauleaf CATTTSTOM Fli ectrode
| ayer ffegi@dies m theangdé of BOGHE @ 18agHE alenﬁecﬁheaﬁeniw:aﬂéwandmﬁultahaﬁﬁssfwm m t he

Substrate; and a -1
These applications require small, precise capacitors. Multi-layer ceramic capacitors have

been employed for this purpose, but they tend to be lacking in precision and performance. Thin
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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23 February 2005 second el ectrode | ayer formed on the first principal
surface of the substrate, the second el ectrode |ayer bei28Februasl BESri ca
contact with the substrate. According to another aspect of the present
invention, there is provided a precision high- frequency capacitor
conprising: a heavily-doped sem conductor substrate having first and second
principal surfaces; a first dielectric Iayer portion formed on the first
_principal s C f the .s t Lon the

Prror ORepRitiooRate e o U G ineal iy R G Y ont it
substraMﬁxbmngagdadndﬂemaatmmhﬂkﬂmhﬂnmnrt|on forned on the first principa
surface of ubstr at e; second, electr

S etond di ol ANy ByphE IO Ar thE RESHL ST e e BHgedd BEcsien g™

el ect r i G@ubdcyl capaditdt @hprisRE 4 mvﬁyb@eaa&ﬁwamcfoh Subsirits hawheGist dacdarger .
Accordi ng to_ another aspect of the present invention, there is t%row ded a

met hod Bmciprhywiaeest # At alebatﬂaéqymo iop formedhorethp it paRciral pEface PEMRavi ng
first RioHahPelBctliglvect ric

| ayer PRl Aty lecRdcntor ARG B Ak AT, ik phfiolapdcl il
conductmmémﬁhﬁanﬂunwbﬁnﬂ$e@@mudpmkntmpa&rgmﬁﬂmﬁamodOmﬁﬁﬁ@ﬁbgmmHﬂQWﬁwﬁtt|ng
aviat u e ubstr at.e fro st ne

conduct(i’ry\’}ﬁ)c ﬁq'afltéart aa@%%%“f’ (?%lawé) d‘(3:0 ér é\’/déonntg éércf’adr Eglwﬁg %%pe&) \?{1 6'311 h{;éor m ng
an el ecdet@diccldcays lagardeing REclricalbt inauatédftemalie dubsrasehrltthafist elemddphytrer ni ng

the electrode |ayer to formfirst and second port.ions he flrs portion
bei ng i nsul a‘%‘é‘&r‘f Sih appiBer aspRst 9{@? BEpRAt BRI nEEHT Pr(?v‘fiﬁ‘i/%?’ethf’ﬂ & second

port i ongbgdafifg h Bapabiesitin b ShicGRINEBES bYW dtdThdvide oG GédoM@ prifbipae urfilced, N t he
via. In an al%ernatlve enbodinent, the viais omtted, and the second

el ect r owenprisipey formiak @ dislyctig lpxﬁr op el firstaingipglyautfage offthespbsirates foraing 3 ayer, is
f or med

the sec it d By dyithe BebBEMRRIoaE i BE 6 e sdbSforecMRRE b Shdtprll 807 Y27 81 O

| ayer, sbsgmtdignite fesfemripal efhce tothesnendwnghmered@peeitmapamdum majgridh t he
substrate re em in t

2not hermpdERbr g sknf-dRRLvroIE 1Y Tl et BRARRRO R (e

subst r afl@tro8¢ Rgérit6 Gor Hrst@H Sec0ad poiitibay, theEagﬂpoﬁfontHeagexhsamerddﬂm ihayers may

i nclude a pIurallt of f|n ers, with the fingers aelng &&@ i.tafed. The
di el ectebetrateRpethe distecksic layer, dbg geondpeytiondesingrip Rlggipic ct g ?‘Pg;‘é?‘g“’?han
under t angqﬁﬁkvgprtlons of the electrode |ayers fronlmhlch the fingers
protrude.

In an alternative embodiment, the via 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




Capacitors in accordance with this invention exhibit nunmerous advantages as
conpared with prior art capacitors. They can be fabri cat2ddchtuagy er

| evel with a very |low effective series 2 23 February 2005 resistance (ESR).
They can function at very tight tolerances (e.g., <2% throughout their

. operational range and can operate at very high frequencies (e.g., upto 5
GHz and higher). They can have a quality (Q factor, for exanple, that is
much hi gl L0900, Al b W o B B, PESCRLT ONCE JHEDRALIGS Thi s

i nventi erenc oW ng draw ngs,
i n whi cdperatibkad mxgapmh@mt@eﬂaa\aevérpm@eﬁmuemieer(eglc@ oUnE&EH2ahnd Iigkaer)jrraw ngs are

Capac 155 HPYe b L et Bh R ok semish st SEnIA0 = A0 {iv ough ¢ he

substrate. Fig. 1A is a graph show ng the Q of a capacitor in accordance
with thIS |nvent|on i.e., the ratio of the imaginary part of the

i e SION L THEDRAWINGS edance, as a function of frequency.
Fi gs. 2A—2J |IIustrate t he steps of a process that can be used to fabricate
the capacitor of Fig. 1. 23 February 2005 Fig. 3 is a cross-sectional view
of a capaci tBis innemiow«rilﬂhmb@tuﬁdetstctoldibsrrbﬁamamﬁoalm fotlmminaidrﬁwiggﬂ movlatlect r odes
on the1 ane surf% e o%‘ t he lggbgritc umeral: sare sscesssec nal tOVI ew of a
capaci tor W PR Eehggs?%?eé URAEPEac 8’fa “F?e Fodes. ‘?fvg 5is a
Ccross- seglkj onal view of a capacitor simlar to the capam tor shown in Fig.
3 except that one of the electrodes is el ectrl cal | onnect.ed to. the
substrate. Mgl igajcwosssecpnal viey off capachpR peeordaproVEh hedMEntoneanfatils have
finger s, Jinhesidhdhd AbsthieM th each other. Fig. 7 is a cross-sectional view

of the capacitor shown in Fig. 6 showi ng that the
Fig. 1A is a graph showing the Q of a capacitor in accordance with this invention, i.e., the

ratio of the imaginary part of the impedance to the real part of the impedance, as a function of
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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dielectric layer is thinner under the fingers. Fig. 8 is a circuit diagram
of an ESD-protected capacitor containing a pair of opposi2B@epruagi 2085t ed
diodes. Fig. 9 is a cross-sectional view of an ESD-protected capacitor in
accordance with this invention. Figs. 10a and 10b are graphs show ng

si mul ated breakdown characteristics of an ESD- protected capacitor of the
kind showmn in Fig. 9. Fig. 11 is a graph show ng the sinmulated effective
capaci tance of the ESD protected capacitor. DESCRI PTI ON OF THE | NVENTI ON
The principles N Sader Q. wWd | be.described by reference to the

Tol 1 bui ng. " enphi wu dols KRR o ERGER Sicorfibes P T eiitts o

cr 0ss- sectpepaingvepledfodas én the banendocfaderad iite salpgaedi Ng to the invention.
Capacitor 10 is formed on an N+ silicon substrate 102. Substrate 102 may be
doped to a coRigehivadrosmeaiond view of acafR k8 vaith tBncked forta lideeeacRBhARY have
a resistiyty.f about 2 nQcm and as high as about 3 nmP2-cm A dielectric
| ayer 104 1s tornmed on the front surface of substrate 102. D electric

| ayer 104 is f of 5102, ich be thermal |y grown or deposited by
cheni cal vapor?%%ﬁ r?sgﬁe%@\%;‘]’fewﬁ#t%??étt?r\f@ riq ‘g%@a‘i‘éﬁs%ﬁllﬁlglﬁef‘for med
of anot heexapethatahe bfthe sleatfodasis@leBiitaliydented @ORibI@E on of an oxide and a
nitride. Athermally-grown oxide is reliable and reproducible and can

wi t hstand el ecFigi €isfatap diswitPa tapaditdMheminth Heod 81a8¢ i QeRlih@Rigike8 waR
vari abi | i t%cg()f t he thickness of a thermally-grown oxide thicker than 0.1 pm

is .less f r?ﬂT?'S% -3 23 February 2005 On top of dielectric layer 104 is a
mai n el ectrode106. and a second el ectrode 108. FEl ectrodes 106 and 108 can

be a 'single- ¥ FifATOSFaSrEPIa viewf thesapasiter shawn inFigefrbowing dopthd

pol ysi | i camlec@iclBler BHifteY uhRE Ble finferb €f ractory metal silicide, an

al um num based all oy, copper or conbination of the foregoing materials. If

t hey are fornegisof i it di ( o " [ rrier”
Iay)e/r of g_ g?td%ﬁoj(les-ﬁgi@ !r%/g%%?t"gg‘g‘gssl?g g’é&%ﬁ %%%#%%@%ﬁ%g%%&%%ﬁ ng or
wecLe 104€s. -

Fig. 9 is a cross-sectional view of an ESD-protected capacitor in accordance with this

invention.

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%.

23




evaporation, overlain by a plated | ayer. Electrodes 106 and 108 are covered
by an insulating passivation |ayer 110. Openings are forR8ddbivary2®s$i vation
| ayer 110, and solder balls 112 and 114 are deposited the openings to
allow electrical contact to be nade to the electrodes 1 06 and 108.
Beneath the second el ectrode 108, a via or through-hole 116 is forned

t hrough N+ substrate 102. A conductive material 118 such as al um num or
copper fills the via 116. The conductive material 118 contacts a

ot ve | Y e0n L uhicelic el QU TBAGN clOfodi AL o8] 2.0 o SUBRYRRL & 102

Conducti ve_| ayer i ncl'ude a netal see ayer 'substrate
102 by s pE'F?té‘?qeﬁ bOG(ﬂﬂdéO&ﬁ@rfmal smgle- oveultidayer hyncargbat €6l beetadd ofldayer .

Capac Lor § s {RELUd S ko PBLLiEPLESEILED B D el el ode

106, which is  contacted via 'so
r epr esent etpriynaten oliths faregome bkRsrialshifaheyi Be forned GAh@Al, dlédtrodO] 088KkayhAlIhde 14,

second el e “gp%!,, ond ctl 1 S and conducti ve | ayer 120.
The "pl at egg&gg’g separg e g“?& cﬁ@"ﬁd?wé?d opgybstrpied 02 Ry éﬂ%‘ﬁéf%%f

di el ectri cevlaayetnonla‘thrlamrbyb@latw e FIi@8e0f06204 fos Jr@c@vef@d bTQx‘?l i
t he hi gher t he capacitance. e nh and t he

dlelectrlc
t hi nner dik e ’lpfliayfer t}@r Opgryngsiate fogmed ip B%@Wﬂttqqéamki%ﬁmd Sdbbiet @@elthm:i
capaci tor 110 aﬁmepb@reem @paads G dobARIriHARRALNG be Bl B3 I ubAY The %%41 o

exanpl e, 'If dielectric Iayer 104 is an oxide having ness

capaci tor P& woul d have a capaci tance of roughly 350 pF/ m®. Silicon
substrate 102 can have a thickness of 200 mor |ess. Doping substrate 102
to a concentrgiﬂp‘?ﬁ’%b‘ﬁ?%@‘ffd@%ﬁdqmﬁ amagrtmwugﬂhkleéﬂ)@mtfhmaéﬂfrmghmﬂe series

resi st anceuis&R)108t ARoh@MiteEYBbrial ?fkdsuglhg 8 of QSR kiRl Prll SR LT O

| ayer in the substrate. For exanple te doped
to a concéﬁ*ﬁquﬁtli’fb"natelﬁalzl&comlm acradBctivedayent 30 \ﬂhléh Rl on R baddidd N, it s
i gher than 1000 at | MHz.

desi r abl e gt .t h he ¢ itor

The Q factor ﬁ%ts? lggf ??f{eog‘g%% l%yﬁrel 6?51}'69&?‘?% éﬁ‘iﬁ%{ts? ayer depopigion A¥RpUpi 82 wher e
Xc is thebvnpétstangercarapbxﬁﬁmj@«eﬂﬂﬁbﬁeplaﬁan{e%la%xance of the capacitor at a
particul ar frequency.

Capacitor 10 thus includes a first “plate” represented by main electrode 106, which is
contacted via solder ball 112; 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:




Fig. 1Ais a plot of Xc and Rs as a function of frequency for capacitor 10,
descri bed above, wherein the thickness of the oxide diel2ddebivary 2006r 104
is 0.1 p.mand the N+ silicon substrate is doped to 2 x 1019 cm 3. As
shown, the Q factor of the capacitor is higher than 100 up to a frequency
of about 2 Giz and is greater than 1000 at 100 Mz. While capacitor 10 can
be fabricated by a number of processes, Figs. 2A-2J illustrate the steps
of one process that may be used. As shown in Fig. 2A, the process begins
with N+ si Iicol?csugs.trate 102. Preferably, substrate 102 is one die of a
“wafer that"ii9Fc babsimpsfance andRsdnibe prates fisistanen efdhegapadiier atapptiedlion of  t he
process. $uhsdncate 102 may or may not include an epitaxial |ayer.
Dielectric layer 104 is formed by growing an oxide (SiQ2) layer thernally

on the front S bhloas . . t hi ck
Fi o) isaploasex. dml@ﬁﬁﬁ%t%é&%eq&&l@ﬁff@éﬂ%}%al%d?%cﬁb%n

oxi de layer can be grown by heati I’_l(% the substrate to m nut es
in a wet aPNsphere theibickpiss pithe exid eleqd; lagerddd is &F phayéthe 2B2ilgbn Ta/ Cu i s

sputtered - i wrfac f oxide.|la 104. . Layer. 202 can be 0.5
P01 0 m Th CRe i rRa £ bR Bt e (B webiero N B ud Mg
pat t er ned tasirshoney ofmbFitg. GRBartdos greftémbante et tdoevmai n el ectrode wil | be
| ocated. A copper |ayer 206 is plated onto the exposed portions of Ta/Cu
| ayer 202, andWhiketmcitsi Stcab byfabrici4 biy & nuebBvE@rockLay Mg 2ARET iftisiied (e e
shown in EL 'ofzo%' IThe E%a?nt Ei de of substrate 102 is then taped or
ot herwi se” Siipport 8PS 83BLEP%fe 102 is thinned fromthe back side-
Al ternatively,

Substrate 102 pay, be thinned. b ripdi.ng its back side.
ot her thi nni ng’t é‘&%w 1&&'&Q§U@ﬁ¥lg§’es§\£@gu&\@m N slifien aRwintOp Befpsatdy.chi ng can
be used t subkshata 162B30E aletr 4 Odfer ROk sBRSSEDEbh 1 okivr «fli@@at%ﬁé&%&h%%ﬁ Gf

-S|

downst ream pl asma ( ADP) | asma et chi.ng system avail able from

Technol ogH&E$OFc. “B?tf%’fﬁ%ywwasnamwim wdsian epitmig et e 102, which can
initially be i ,Ehe_range of 625 pmthick, can be thinned to a thickness

of | ess than 2BESHricHlayer i frmed by grepingtaa oxitetHiOngayst Seawly lvashefeen

conpl et edy I ved- . | ayer, 208 aof Ta/lCu is
Sputt ered(t%é)ggﬁ(%ggg%ﬁeg% %ﬁg&gﬁl‘?’ﬁ ?’%%3%@?0 é‘fésla r ‘Yéaé]eb e(%fo“érholyslfe? e 102,
and a coptiesubsaygerto 2 1 iGfopb afietks @04 @efbahédphéayer 208, |eaving the
structure shown in Fig. 2D. Copper |ayer 210 can be 2-3 mthick, for

exanpl e. 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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-5 23 February 2005 As shown in Fig. 2E, a photoresist layer 212 is
deposited on the front side of silicon substrate 102. PHatitnbausrg20Q3yer
212 is patterned and etched to produce an opening 214. A conventional wet
etch process can be used, for exanple. Silicon substrate 102 is etched
t hrough opening 214 to forma via 216 and thereby expose the surface of
barrier layer 208. As shown in Fig. 2E, via 216 is conical in shape
because silicon etches al ong oblique planes. Depending on the shape of
openi ng 214, vi 16 copl d, be any shape. As shown in Fig. 2F, photoresist
|l ayer 212 is th’ielsn&?‘e”ﬁﬁlg‘& 2'gﬁd’g%’gr§§§‘daﬂeé§gr‘5 depgsigsrl OHW‘%QT“ pide %‘%ﬂt‘?@%r ed onto
the enti r esubstoind 163, Rhomesiseiager 0F2 it PRictiedUid sbid J froftelaA%pnimab34Can be 0. 5-
1.0 gmthick, for exag{g l?r.oéAs shown in Fig. 2G a photoresist |ayer 220 is
P

deposi t ed CREPRPF e SV PR Ge #55dotor pxpmplepfSitiqen sabstrag 102ip eichallifrongh t he

Vi Cinity afpehing 20k & i 034296 Bk thsh V@ or Ak r [.222 is

pl at ed ont é_)etlhg ex os_edapor_ti onst of y_sl%%ﬂﬁe[kwuﬁg%oﬁ%?eﬁaf#?% Q/Jlsgix%ﬂgj and

over f | ow ngeoteota 1%_%9“!"&6@ skppe Beppusersiicen dORs alasg sllmwn planesFiDgpendihg on

phot or esi she gmggf%gin@lgﬁmgg%ﬁpﬁe E\-‘,\F}%/S%j{’el ayer 218 is etched, |eaving
shown i

t he copper |ayer 2 In place. Fig. 2J, a passivation |ayer 224
is formed and patdELASHRQVAT of of . the structure een
printing, with openings that p_e()%%szsgfa %r &ndeny mg‘éef)ip%rfdtﬁ %ﬁ%lggerégéognd 222.
Sol der burFsCBEPUrgeX2® the entiroirone dideo surfaheofahipasetire AarGlager 018 CAPROTS-

| ayers 20¢ @nnqﬂﬁ%lg%b The result is capacitor 10 shown in Fig. 1, which can

be nounte "o a prin f@(amelie‘rcuit board (PCB) or other structure, using

flip-chip nounting techni S. ti.onal | .a_second passivation layer 230
can be formed &8 Sﬁ%‘@” B';kg%qlsqe’ th"(CS@estl?’iéayﬂ %Ijl.?d% trresitedapdipatiened. 1epving apogioar abl y
formed al efitheWarGu Rivken 8 & dik VighitF SRRE1IR Q1 Seqdscd. S ngl e wafer. If so,
followng the fabrication of the capacitors, the die which contains

capaci tor 10 i a\sskpai atragl ZH,E@él?pEﬂ@ye?Qf@fs pliQRntdthd BoVRIBEiRYoSAYEN the
wafer along the scribe |lines. Fig. 3 shows a cross-séctional view of an
al ternati \;%’eé?‘w%éiuﬁ’@ﬁ”ﬁ@ZIééiB‘éEYeff&mwrﬂ@thea@faﬁabf spbstrageal 2. of capacit ors
connected in series. Adielectric layer 302 is fornmed on N+ silicon

As shown in Fig. 21, photoresist layer 220 is removed and Ta/Cu layer 218 is etched,

' 'Icaving the copper layer 222 in place.

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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substrate 102. Substrate 102 coul d have a doping concentration of 2 x 1019
cm 3, for exanple, and layer 302 coul d be thermally-grows Fekiaey ¥05h a
thickness of 0.1 gm A netal layer is deposited on dielectric |ayer 302
and is patterned, using nornmal photolithographic processes, to forma
first electrode 304 and a second el ectrode 306. A passivation layer 308 is
deposited on -6 23 February 2005 the top surface of the structure- Openings
are formed in passivation |layer 308, and solder balls 310 and 312 are

formed as rd \, i capacitor 30 is. sinpler_and | ess expensive
to fabri Catflg&tﬁ)h%ﬁ?&f(g?ges%cn%% 'e%)g %nérbéglgfet%?mdibp?sf—‘i" for'T‘%Xer ?@sm@éﬁﬁéﬁ Yallmce is
| oner and 3105nd 312 ars forewil 8¢ dmoibed sbayeeat er. For exanple, the effective
~capacitance per unit area is up to 4 tinmes smaller than that of a vertical
structure. The Whil§ @gacitoed] s tiamplee ahdiesseap@sivivtd fabddae (Bl fr Bxaafpld, Badigfer al

di mensi on @f I The, capacj.tance per unit area_of capacitor 40,
shown in Fi g(F Eéﬂl?) ?tg&spﬁglr‘ﬁ" £4 12 M ?’4 lifcgfﬂé‘?ﬁ langg sieffatef-oF ohgkaeme. dlie affeetinshes

406 under @pmitncesuBOdeaintp B0GimdisthRG tidnGhd: 85 SYerdQPstithfN 8% e k19
trenches 304 .and.306 andgllﬁhnes the walls thereof in the manner of a nornal

t r ench- gat'ed° NOEEEFSes Pl ihe pquare glithe Jiteral dgnepsien pf the devigs t h a conduct i ve
mat eri al 404, S@Ch as. polysilicon, which is in electrical contact with
el ectrodes 304 ARG *P3GETooE UHkiret capacitpstOy dopmdn Bigsd is Hignifiehfipiriesedar ea

of the i ntgnhaRanehweatnch&e06 Rhdt eRctr B3N 9b&! §SELisG liy?ytﬁb ok, .Qe .
capacitor. Fig. 3 shows a cross-sectional view of a capacrtor 50 Whith is
similar t&eRdpaddt g 396 andlinspheivallsihgreoBingberapinet dfatnotihal tehdbadatedde 504 i s
in el ectriN@SFEPMRE LV (4 e 102, | ectr,ode 502 is.
separated from substrate %8%hg@&gﬁﬁ%ﬁ@???nguggﬁg}a%ﬁg(ﬁawaﬁs %?l%fi‘FP‘hed

t hi ckness Whida &1 elentrigbeontast vaithodqeiroilds804¢ end/HI6U Th Rt résitis ARSI thE | ar to

that of c 1 ] in_Fi L. However, the |ateral placenent of

el ect rodegﬁg%g,%g%g %gglﬁﬁf%@%b%‘geeé’%%rp&é‘?s a’é%/&EE‘Ffeﬁté‘cé”é/ﬂ ddhg@pactipmnce (ESR)
which is a fungtl t he | at.eral. di mension of the _device. Fig. 6 is ato
view of a capaglgéfgg b %Cﬁos\%ﬁ?cilﬂna?ﬁlgwﬂg%ﬁpa@it%é? l”"é&g lﬁwlﬁrégc&na%gw@ 602a- P

602c t hat stver indRig3dixgipt tibetle Mbdtladé 5006 [Sel&Q4aT &RAe: Win &Qﬂwt%ﬁﬁs‘ﬁ@g lg%_ect rode
604. Fig. r.oSs- S gtional vi ew taken at cross-section /-7 shown in

Fig. 6 (nBles PO EDuaEt Cemaniskeigdts by adalemnc e Sbibavinga defimed. | n_an
active regiickhe&0CapN6r 50 Habl & cdpaiBRESvatleet MESS HhiAtEfhar & hfdlitdbe! ectric

- shown in Fig. 1. However, the lateral placement of electrodes 502 and 504 leads to a larger

effective 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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| ayer 618 is fornmed over the substrate. Arelatively thick dielectric |ayer
614 separates the remaining "paln portion of electrode2802bifuatmids
substrate 102, and a relatively thick dielectric |layer 616 separates the
pal m portion of electrode 604 from substrate 102. The capacitance of
capacitor 60 is determ ned by the nunber and di nensions of the fingers. As
indicated in Fig. 6, electrode 604 can be separated fromthe 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

el ect r odecf8brinterdigitaied f?ﬁerseﬁ'wtnﬂn@naerwd!gl()é 2e(hpacspmng ofl 50 ywayd the thin

enbodi ne of ..t you than_300 m
For exanpl e 1§lect¥1@fa g.lléégl aé)lgﬁ'_tv\ﬁg%'idﬁgg Fcfa%acéﬁlfePglqorPFgT‘Fe*E‘fjaé%&rl cal
cont act vwﬂmrﬁshemﬁhbstrate and t he pi tch 7 23 February 2005 of the
interdigitated fingers is 250 m(finger width of 200 pm spacing of 50 p.m

and the thin Theehigalcldcgiclaparusélig i,egﬁ@ o <
capaci t ance of fSO1 F/rm!g %ﬁ u(jm Eg “ot ap%c r%&&%ﬂg‘l"QQVé@ﬁ&chpﬁ Cic

| ayers us8dampgsiue P@?t&ﬁtﬁé‘é@é@f’{g@? @Sﬁé)(@)[ h@s@I@&D@e@ hﬁ@elyﬁrmclslm)ept ible to

Gonor at e By B A S SR A2 e D SR 1 5 3B el

agai nst E&D@Sliekf @W‘@é%ﬁ%ﬂ!ﬂwéeqﬁl D20h par@lqumm&l cyxpmtmeai ﬁdwieﬂads cieiupdes D1,
6. vihen anerinellers MRS APAS e BTI00 Rt iF st Sebtmner Eicmere | o
f or war d dxlnepfefmtand Iﬁlescmhr tiivde bichiardodh @a‘.dﬂ)t&fe&?ﬁl}ﬁﬁled amgatan@coa@@d;qﬁ et eed

vol t age e}{ld con S in.the revers‘g (il ction, therebéil provi ding a current

path ar odhd“tHe gre % RioVigpoe agyEen CRRACKOTC U he ¥olfage 2tk curfenthe

protect i \tb“pah hle'pﬁoteﬁuabath & dghe tJ BY RVESe @%ﬁ@mﬁ%iﬁg@ bof §R%iRL pRAHdI 0de plus
the vol ta \Q,ghch t he ot her diode conducts in the forward direction

(typi cal I‘S? ghe offjer diogg condugsinpes ferward ﬂﬁ@tm@aﬁmwadim plri 0.61\)- Ghs ect ed”
means t hagked ﬁk@eiﬂ'tﬂéil%ﬁn 8B oaRINERERE r#x&m? 8l §8 dﬁﬂd&% gdn}l&?edﬁﬁ ? 3 wit wﬁﬁ'Odes

faci ng each other or their cathodes facing eac suc
current iciherithir anedesdacingganh pthenes thelrcatbortes favingaacht dtbergiudiibst anp cﬂidmm imr war d

d t d h dj
accor dancs o o1 ae Qb bR e U R e B RR o B e Can e

f or med i wliqdeen the reverse direction.)

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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substrate itself, as shown in the ESD protected capacitor arrangenent of
Fig. 9. An N+ region 902, a P region 904 and an N+ regi @3 Rbfaasgy H050r ned
-in substrate 102 beneath el ectrode 106. The regions are fornmed 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
br eakdown vol t RtfEeEeenPanng thesiodgopithrpubsrmicant weall kenynga thoseskiftsdan thieght | y

doped si dertObne t® JbdebUnsd fo@sw@nd ot her factors that are well-known in the
art. See, for exanple, Sze, Physics of Sem conductor Devices, 2nd Ed.,

John Wley & Spns (d98#) . anfP = , ' LS:] r erein by
reference. The second apggtlyg%gpé%l%gl\?\%Y?%:aﬁg}edﬁégnigg&ﬁjn lgétsﬁe Qr‘“ég‘.eg?i’ 904 as
wel | as t Rafage of dglsehstratee The dopingedndentratioo of the epi Isyenisdtyr 10¢Sdm T e adse ian

char act er}F‘%E&ng[-‘n&e}ﬂ?}“giggﬁ%?&ﬁ%&&l@n sonme enbodi ments, N+.regi on 906 may be

omtted. To nalntalin f%r mance capabilities of the capacitor,
the i npedance of thgﬁrs.%e r _diod syg%m be set evel thalth?is hi gher

t. a,l
than the capacitor By aPTActdr "6f 6‘“5%3“}?5@8&“‘9%&’53"@56‘?%5“ 3505
- Pr ocessescdpatitdroviltiba ipcatheisdborante svirithel dpElagetPaidiphbghaie iswRblantkd @¥dhch thel hOSE
skilled in the. art. ge uch {ﬁr%@ss_zis as follows: 1. Injtially, an
N-type epf’lfeéfﬂga{f‘%tee‘ﬂ?s a?ﬂa@‘&ffo'i %07 em?and anpnergy ok 80 ket 9rspidbe dwinghe t op
surface oforcheratiohsf hatF1aylh® HRBkiRGteHONE M 184 M nOfest T slbdyfL s | X
1016 em 3, far Jess than that of the underlying portion of the substrate.

2. A firstiOpHdt or db¢ st waskuds ther fPmeredopeni ng defi ning the active area where
the capacitor_will be located is forned over the epi |ayer, and phosphorus
i s inplanted throughfter fie Phespbpiupimplant intethragive ateaghraemighofirsgnask 1@dtec m 2 -
and an enghaVis Brrfed o8 Yhd RS Sk Wi Is ' i layer to
appr oxi mat el yl?t_he sgrre I eveﬁ%%é:s l?ﬁ@%@%@%@?ﬁwﬁﬁg@ﬁ@gﬁ%ﬁ ilgTéede 3).
The fi r st Bamsls implastedrihroeghtbe opeding Af thisrmaskgfophasipleoatiasiobaqfi2ant0' an darddhe

active ar Slaentemyoo%t} kH?,eto ffci)r{nslg reEi%ﬁ l§04. anot her

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.




mask is fornmed over the substrate with an opening defining where P region
904 will be located. Boron is inplanted through the openBmwgbfuart005 nask,
for exanple, at a dose of 2 x 1013 cm-2 and an energy of 80 keV, to form
P region 904. 4. The substrate is annealed at 1150 C for 30 mnutes to

- drive the phosphorus and boron inplants through the.epi layer. 5. The
oxide dielectric layer 104 is thermally grown as descri bed above. 6. After
t he oxi de | ayer has been grown, a third photoresist nask is forned on the
oxi de layer and patterned to create openings which define the N+ regions
902 and 906 7- I%he 6fpwd phapesismashas toia¢d and phitned withrapuwgbnibfeveo fenkdags i n
the third t P t i L0, 1 nmpl ant .dopant . t hrough a
R i T s R e o
the t hir dihedkseaiNt regiem S0 hilmnfedrtiomiskas thay esmaved. f or exanpl e, a dose of 3 x
1015 cm 2 and an energy of 60 keV to form N+ regions 902 and 906. 9. The

t hi rd phot or esFeffowmgthis, e peoey debcribaichbavendoaties with fiefoinpbmet the s per f or med

t hrough t i et O set a surface doping of the P-well. This can be
done, forggﬁtgar%gz?é%iaelg& dose of 3 x 1012 em 2 and an energy of 60 keV. The

boron dopant c e _actiyvated annealin at 950 C far m nutes in an

oxi di zi ng anbi gﬁ?.%nﬁmﬁlg%ﬁ My Wgt‘lﬁﬁlw}i‘% e P ”ﬁﬁ‘&f%’?g@i PRALKES f or med
and pat t esmedraslidwiain Ry @niThgdigeasiodshe the kedcrurdherts gaRivact is to be made to
the N+ region 902. The oxide layer is etched through the opening to expose

N+ regi on 902.. The four tWidiE9K ) bSP tdpein dogmoved.s zgl | owi ng this, the process
descri bed above continues with the formation of the electrodes 106 and
108_ Numeri cal sinul ati &YigthBraotidheegian 931 cul atent he performance of the
ESD- protection structu hovwn | Q:e'-:i g. 9. Th? di mensi ons of the structure
were as follows: Wdth }g{)g% or "BW%gi on 904: WM Wdth (W) of N+ region
902: 3 um  Lenglhy @ 3t HE WM ESiactk AP ihe structure with electiode 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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Fig. 10a shows the IV characteristic of the structure with el ectrode 106

bi ased positive wth respect to electrode 114 ("accunul aBiFebrubiye®j0p, and
Fig. 10b shows the IV characteristic of the structure with el ectrode 106
bi ased negative with respect to electrode 114 ("depletion bias"). As

i ndi cated, the diode pair breaks down in the range of 16-19 V in either
directi ongaghﬂg 11 shows that the effective capacitance of the conbi ned
capaci t or SD-structure remains quite constant at about 0.15 pF

t hroughout the frequency range from0.1 to 10 GHz. The enbodi nents of this
i nvention described above are only illustrative, and not limting.

- Nuner ous lal t erdaprecisendngloieqrency cafiacitornemppisagent to persons skilled in the

oo e St R e ISR 08, S i

substr at guffasesng first and second principal surfaces; a dielectric |ayer
formed on the first principal surface of the substrate; a nain electrode

| ayer formed d@rfiglpdrieayertormpd on tedirst princimabispstace ef theyubstls ned on t he
second princi Rahyif U A6%: Bfer Bt AShE Aldctd 1l &; extendi ng through the
substrate, the via contalining a conductive natefial; and a second

el ect r ode | ayearcohduatigd layeeforibé of ithestecqrd priaiciyal stafact af theahibdtiaee; substrat e,
t he second el ectrode being electricglly connected to.the conductive |ayer
by means of t feVidorisRdkng dufate the, Silsiriten e, via Sontaiging & qogghugive

hi gh-f r equeney. fApPaci tor conprising: a heavily-doped sem conduct or
substrate having first and second principal surfaces; a dielectric |ayer
formed on t he af sacend gidctredpddyes fommamleowdr thidirsupaneipalesurfackiafstheel ect r ode

| ayer Torpdpnythe. O ELECl bl Gl Rl 2L EELAS8 elconkle ALY 17 om the

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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a second el ectrode |layer fornmed on the first principal surface of the
substrate, the second el ectrode |ayer being in el ectricak3Febmast2086t h t he
substrate. 3. The capacitor of Claim1 or 2 wherein the doping
concentration of the sem conductor substrate is greater than I x 1019 cm
3. 4. The capacitor of Claiml or 2 wherein the thickness of the

one of "t He. pr GTBRIARGE B R ARY ARERL I R de B Vs RS Ses an

- oxi de, 1%@3}&&%6&@%&1@ te@tha}m?eﬁ.\?hﬂ)ﬁ%.b@inﬁkfroﬁny one of the preceding
cl aims wherein the thickness of dielectric layer is greater than or

equal to 0.005 mcron. 7. A precision high- frequency capaci tor conpri sing:

a heavil ys dop ‘gé’ S 1011%%‘] eg{l?ncg%%b{c% q%]d first and second princi pal

surfaces; ‘a fi por d on the first principal

surface of the héd#ﬂ?—tdbpéd?serﬂicémduﬁtor@hmfateommgﬁﬁﬂt ahdsevedd erintibal fir st
dielectric |ayer portion and electrically insulated fromthe substrate. a
second di®@e¥Ssic | ayer portion formed on the first principal surface of

the substrateaﬁ?s@%e@ec%ﬁ&m;ﬁeﬁbﬁ%r 131?6 &Y fle dféf gﬁﬂc@a dGcSBF aRd

dielectric |ayer portion, secon ectro bel ng electrlcally
i nsul at edsubsteate;t he substrate and the first el ectrode | ayer. 8 The

o O O e 0 0 OPL . BIRSILLBLEOR, & o ST 9" eoL"
wherein té}@ctgéaglyqﬁstuthgd fr8M8he AP&ichteNS conprise an oxi de.
a second dielectric layer portion formed on the first principal surface of the
substrate; and
a second electrode layer formed on the second dielectric layer portion, the
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
3

semiconductor substrate is greater than 1 x 10" cm

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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10. The capacitor of Caim?7, 8 or 9 wherein the thickness of the
dielectric layer portions is greater than or equal to 020Fsbriksr2005 11.
The capacitor of any one of Clains 7 to 10 conprising a trench in the
substrate beneath the first dielectric layer portion, the first dielectric
| ayer portion extending along the walls of the trench, the trench

cont ai ni a nducti.ye t | . .th | b
“electri cgll% co c?%?sf%ﬁ P y]? frnl?egf’ the g’feg ’ég %\&%Tﬁg[h%;b%@’?%‘%‘gn rC]:I aim 11

wher ei n tﬂagslcﬁmqsyérvcﬁ;eﬁ?ing&h@Iﬁrﬁ%ﬁ%é&ﬁi elB@loass,| d GAR operig %3m§ebr uary
2005 13. 'The capacitor of any one of the precedi ng Clains further

conpri si rgraed lpatb%pwamabm laamveoﬂ@rﬁtyi ¢lectrade angd psecand Pperiag heing| ect r odes,

a first i or e nth assi.vation | ayer over the first
el ectrodéqFB dpgt %‘Ha%pne%‘feﬁéhebsgcoﬁlg e??c 0|5‘1r‘vléd in the passivation over the

second el ectrode. 14 The capacitor of Claim13 conprising a first netal

ball in te f'“l"lﬁ:tca?ﬂﬁﬂ%k BYClad 32confiRME dBisBnelbhll intheMstsarAmMg openi ng,
the first netal being electrically connected to the main_electrode

| ayer, th?@ d aseemd m@tnld?allbalthe sseomppenisg: ﬁled"mtlryetaldnﬂrb@mgef&ewaﬂ Ne second
el ectrode, | a ‘%‘erd g} %%&?q‘"de l?if,'erofth Qé(:oﬁ@‘?n&%]l rsfh&ﬁug ‘%Hluﬁ‘&i | ai ms

wher ei n tcﬁ |rs (‘:orrprlses a f fingers

and the &ﬁﬁmmbdetbenége@dmélauﬁrdemrl ses a second pl uraI ity of t he
fingers, the first and second pluralities of fingers being interdigitated.
16. The capacitor of Caim15 wherei nthe first plurality of fingers extend

from a f| 5t st mlﬁ?ﬁom oﬁ;ﬂgo({ ek t ﬁrééédlf?n‘gﬁh{s %1&\?1?6&@?51&& e the first

dlelectrlc | ayer I'nner er t Irst plura ty of
fingers tligen comgasestahferst plomtitypef] fmgeamtlitasecdnd eFEbtmdcdwlcbmpnsn‘s Cl aim 15

or 16 et e SESoRPh AL B CABELs L e Sstagond Pl m
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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second dielectric layer portion being thinner under the second plurality of
fingers than under the second pal mportion. 18. An ESD ptlFehrted20@pacit or
arrangenent conprising the capacitor of any one of the preceding Clains in
conbination with a pair of oppositely-directed diodes, the

oppositel y-directed di odes being connected in parallel wth the capacitor
and being for i ] te. 1o SD-protecte apaciqt or
‘arr angenent opgér%ir}ﬁ‘élﬁg Omgégr% %lg&aisvﬁ%gﬁpgtl%e?egpnd:(%ggoqeﬁ%t‘ﬁ&né %rial of a
first congaiidlsttiode taype aadid t he pair of di odes conprise: 13 23 February
2005 a first region_of the first conductivity type in electrical contact
with the main®&nd regien phpsecondrronductivity fibe adpesmt & the 4wt sigon

conduct i vé&dyﬁ?h%{ﬁgaqﬁg@q@ cﬁgn;vlﬂgéﬁéqﬁ{erer ion and formng a first PN

junction wt first tegion “prot ected capacitor arrangenent
of Caim19 conprising a third region the first conductivity type adjacent

egion. o10 a T RSH-BPrd e B G Ry
subst r at ercBryi g firkd E(ﬁ{du@t'f'&qtysﬁ}?grﬁﬂljafb‘éﬁﬂ“ﬁi. pR! scebd ?€§(§n af®Tomhip 9. form ng
a dielectric layer on the firs mgrl nci pal surface of the substrate;

forni ng asceombRid junction stbrthesecomdregiamond princi pal surface of the

substrate;. cutting a via through the substrate fromthe first principal
surface to the conductive |ayer; depositing a conductive material into the

via; forming am eéthed b Gbricaimes a @dpicitohen bi sefificondidtae SutRfrafeN@vaigost r at e;
and patterning the electrode layer tg formfirst and second portions, the

first poﬁ‘ﬂ@r‘i‘ﬂ?’é‘?“{‘i‘@’ﬁnﬁﬁlﬁl eSS COMPHSBESUbst rate by the dielectric |ayer,

the second forming a dielectric layer on the first principal surface of the substrate;

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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portion being in electrical contact with the conductive material in the
via. 22. The capacitor of any one of clains 1 through 5 widiebruary #¥5second
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
FORVED ON SEM CONDUCTOR SUBSTRATE ABSTRACT A precision high-frequency
capacitor includes a dielectric |ayer forned on the front side surface of
a sem conductor substrate and a first electrode on top of the dielectric

| ayer- The sem conductor substrate is heavily doped and therefore has a

|l ow resistivity. A second electrode, 'insulated fromthe first el ectrode,

is also formed over thephEedéign U ﬁ%ﬁ j,ment, the second
el ectrode is connected by a net aﬁ??lﬁlwlge @Pﬁ%%q?g@gf&gf conducti ve
materi al on the back sFORMIID ORSKMBSONRUECTOR SUBSIRATEVe enbodi nent s,
the via is omtted and the second electrode is either in electrical

contact wyphThkiag~pubstrate or is forned on top of the dielectric |ayer,
yi el ding @ pair of series-connected capacitors. ESD protection for the

capacitor can vi-ded by a pair of oppositely-directed di odes forned
in the subst ral?gregﬁg)%\éﬁo%ng%c{%%y icﬁpﬁ%?ré‘?q]‘é‘gga fictastrialayes fymed eothe frput sidecr ease
the capaciutfagref ofentidvadeapahstor ad fif ABILRHALA idHhiand qq;xvecu?&gfeg.t e series

resistanc% he_ el ﬁfctrodes may include a'plurality o i ngers,

.each of
whi ch ar e ?r'icr?tn é?%?rgﬁu%’%‘ia?ds a_f"HY Haned pndigereradiaseHewaesitivite] 4 stcontidectBe,
capaci t ofindufatd £b@ i ARRLIC AAY tbihed ov eefréét%?c{e%gq%coc oo %B@gé{r rently

with nuneyrous other capacitors. on the wafer, an Apatif 2FBL t hen
separ at ed?¥ y6aRdeleqirode ieemispicd by o metatfillaheih toi Liyagoficondikiigtaterl it 1

back side of the substrate. In alternative embodiments, the via is omitted and the second

electrode is either in electrical contact with the substrate or is formed on top of the dielectric
layer, yielding a pair of series-connecied capaciters. ESD protection for the capacitor can be
provided by a pair of oppositely-direcied diodes formed in the substrate and connected in parallel
with the capacitor. To increase the capacitance of the capacitor while maintaining a low
effective series resistance, each of the electrodes may include a plurality of fingers, which are

| JInterdigitated with the fingers of the other electrode. The capacitor is preferably fabricated ina -
wafer-scale process concurrently with numerous other capacitors on the wafer, and the capacitors

are then separated from cach other by a conventional dicing technique,

Figure 1
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