LARGE TUNING RANGE JUNCTION VARACTOR FIELD OF THE
INVENTION 100011 The present invention relates generally to integrated
circuits, and more particularly to junction varactors. BACKGROUND OF

THE INVENTION [00021 Integrated circuits (ICs) have numerous circuit
components interconnected to provide the desired functions. One type of
circuit component is a voltage dependent capacitor, referred to as a
varactor. Varactors are commonly used in radio frequency (RF) ICs, for
example, formigRGEIHENENIGRANGE SIINOR QRO ACTIORS. Fig. |
shows a conventional varactor 100 having a structure of a capacitor 110.
The capacitor includes a fliStdReeiFddEEINY F4ate) and a second

wooﬂectr g‘e 118 F(;anode). A first terminal 160 is coupled to the cathode and
alsecond RERHTR AN TP TSEBiRsIetheE thdo AHegatetsucaifsdadmare aastearly to

juncfbg §;£35§ged by a dielectric region 114. The width of the dielectric region
determines the capacitance of the varactor. In general, the wider the

dielectric region, the jovwer e YalrecH Hha:GRRASIRSK: Additionally, the
larger the electrode area, the higher the capacitance value. The anode

[0002nd cattegeiee0tihaivaIasita tanuRR IR B RpIRR OMRRPRAEH RRbvide the
with'the depletion region at thejunction serving as a dielectric region.

desiff@0DB4!iPigs Oe Wpsiidwictdsssspotiont iHaWs! Gl RPBVEMNIORAL 1B TBNPIo as a
junction varactor 100. The junction varactor is formed on a substrate 205.
varacfpfe Yarstratameoneenty ysgin2adio Shattmay (RINJAisbintions|S Tdshdgoltage

define first and second regions 162 and 172a-b. A heavily doped n-type
COHt?Oeﬁj%ﬂSFél‘ﬁF%R?ié‘é‘d‘?ﬁ) et rdigoh shewadgrsienpl Mars PP attnge structure

oo T SRR ORISR e o HauIC e el 1

serves as the ca e ontac

(anomaﬂlﬁxgﬂgﬁﬁiirﬁltyg@ig%gméd% EH? C%Hgﬁg %.n%fat I‘s]eec TR pr%iﬁ%? l%lsT CQ)% led to the
input and bias voltages are applied to the cathode and anode terminais
anodeeSpeetiv®I¥ind cathode are separated by a dielectric region 114. The width of the dielectric
region determines th.e capacitance of the varactor. In general, the wider the dielectric region, the
lower the value of the capacitance. Additionally, the larger the electrode area, the higher the
capacitance value. The anode and cathode of the varactor can be formed at a p-on-n or n-on-p
junction, with the depletion region at the junction serving as a dielectric region.
[0003] Figs. 2a-b show cross-section views of a coméentional n-on-p (NP) junction varactor 100.
The junction varactor is formed on a substrate 205. The substrate includes a p-well 218. Shallow
trench isolations (STIs) 280 define first and second regions 162 and 172a-b. A heavily doped n-type
region is provided in the first region, creating an NP junction 214 with the p-well. The n-doped
region serves as the anode 118 while the p-well serves as the cathode 112. Contact to the p-well is

achieved through heavily doped p-type regions at the surface of the second region. The input and

bias voltages are applied to the cathode and anode terminals respectively.
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- e e e e [00041 A depletion region, indicated by dotted lines
216a-b, occurs at the NP junction. The capacitance of the varactor
corresponds to the width of the depletion region, which can be varied by
adjusting the voltages at the terminals. When the NP junction is at zero
bias (i.e., V;1, - Vb"x), the depletion width is at its minimum,
corresponding to a maximum capacitance (C".x), as indicated in Fig. 2a.
The width of the depletion region widens as the reverse bias across the
[000itInctioh dsplsicne segih, Widteiin b thiettdpletion segion clestraseNtenction. The
capacitance of the varactor. When the maximum reverse voltage is
capagipfirepitihe vispTo sATeiaEnds Withe widibof vkidtptstime sprimaisvisich can be varied by
di minimum capacitance (Cm;,,), as shown in Fig. 2b. 100051 An important
a J“?3%‘#‘?3”8%’%&%6’?&?{5@%‘&h@k&%ﬂ&&&f,’ WRRIPE A SPORIZS-ehein = Vbias), the
acitance e in which the varactor operates and is defined by the )
e e Ml Forresmanding o s AT AR R e Birgicated i
Fig. S4NIRTRRAR PRI AYAG e ties dHnsionallty Furthermore, partioularly with
mobile products, a high quality factor Is desirable smce this cort sponds
incre3dOWWRENBI; CRNSEIRALR %ﬁéﬂ@é%ﬂ%@%@ﬂé@fé&é%f%%ﬁ%ﬁf When the

linearity compared to MOS-type varactors, they suffer from a smaller
maxyuningerarge o[G0 6)ppiind the tepdening discyssienyitistdastabiedshonds to a
_provide a junction varactor with a large tuning range and high quality
MNP LA AR YD Fs ThoRNDEN PEON [00071 The present invention
relates tqQ ICs. In gne aspect of the invention, a junction varactor with high

(000, ing e RGO St v Fsng aees 04 P teraststh pY el estresthands to the
Capac(i%%acitor havingic & first and second (Iﬁtes formed by the first and

second doped wellsth A U8 AR e RASf einse 4y WA rtia GugCeiw&eagrally, it

is deﬁrﬁs%-ypaem@tmms@Q%Pg%ns&ﬁgg, ﬁgrgoaﬂ-‘tyes- ermore,

Il i dorgeq ellofas
The varactor also includes a seco acnﬁga%ﬁorvﬁf\\l/\%ﬁ%et%@? and four

partiqiRiSS MR iRy plogusRCamthh quality factor is desirable since this corresponds to low
power consumption. Although junction varactors have better linearity compared to MOS-type
varactors, they suffer from a smaller tuning range.
[0006] From the foregoing discussion, it is desirable to provide a junction varactor with a large
tuning range and high quality factor.

SUMMARY OF THE INVENTION
[0007] The present invention relates to ICs. In one aspect of the invention, a junction varactor
with high tuning range is disclosed. The junction Varacfor comprises of a first capacitor having the
first and second plates formed by the first and second doped wells in a substrate. The first doped
well is a doped well of a first-type and the second doped well is a doped well of a second-type. The
varactor also includes a second capacitor having the third and fourth plates formed by the second

and third doped wells in the substrate. The third doped well is a doped well of the first-type. A first
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and third doped wells in the substrate. The third doped well is a doped

well of the first-type. A first 2 varactor terminal is coupled to the first and

third doped wells and a second varactor terminal is coupled to the second

doped well. As such, the capacitors are coupled in parallel between the

varactor terminals. [00081 In another aspect of the invention, a junction

varactor comprises of N capacitors coupled in parallel, wherein N is a

whole number greater than or equal to 2. A capacitor includes first and
varagfec mukiptdie sodpiell altdrnfitsngnfirgti@indbpaetanilstyes dapad wellscaterminal is

formed in a substrate arranged in which a doped well is disposed within a
coupiié it tpeRgetorRge IV efih sutha tee rapizritefo prsc-ovelks! Hopardildtbatyken the

second plates of the capacitors. A first varactor terminal is coupled to the
varagiar SIS of the first-type and a second varactor terminal is coupled to

e dgped wells of the.second-type. .100091 In yet another aspect of the

000 Rl SR o e L O O AT T pRBgTaGh Cepor coupled

cr €C
venton, a meaﬁﬁ’o

in paBLD QeI idi Wi fineq varactor regiqn.
P first dopedmﬁl%%%éﬁggﬁg}%ﬁ%e glrhot Qﬂ%ﬁ%tﬂr’a?éﬁﬁpﬁ%o\fé?g%d%ers trst and

secofi@@lards fallowatk Ry R it &%@9@@?@@ REFWRHIR RI8RABIDPEHIAE arranged
first doped well and a third doped well of the first-type in the second

in witlcipedapell weltst dispbserwithiier priraling eotpdnad, Wherein therfisshg doped wells
terminal commonly couples the first and third doped wells and the second

formfirshndisies emsLipiites 1f thecspavtedsd dpBcstvethctfd0dbiifahésenaplddothie doped wells
objects, along with advantages and features of the present invention

of the, BrhiVRRIB Sete Wl B h s apak i owrisd ¢h the et s widtoresmargype.
wooﬂescr{gti%{} ant(gtethg :aLC(%c?rtli\1 ?r%yin drawings. Furthermore, it is to b%ct iy

nderstod that therfeatires Y REVanSHE" EhGmERaE HaS L mggactor is
T
doped well of a first-type is formed in the substrate in the varactor region, followed by forming a
second doped well of a second-type in the first doped well and a third doped well'of the first-type in
the second doped well. First and second terminals are formed, wherein the first terminal commonly
couples the first and third doped wells and the second terminal is coupled to the second doped well.
[0010] These and other objects, along with advantages and features of the present invention
herein disclosed, will become apparent through reference to the following description and the
accompanying drawings. Furthermore, it is to be understood that the features of the various
embodiments described herein are not mutually exclusive and can exist in various combinations and
permutations.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] In the drawings, like reference characters generally refer to the same parts throughout the

different views. Also, the drawings are not necessarily to scale, emphasis instead generally being
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[0011] In the drawings, like reference characters generally refer to the
same parts throughout the different views. Also, the drawings are not
necessarily to scale, emphasis instead generally being 3 placed upon
illustrating the principles of the invention. In the following description,
various embodiments of the present invention are described with
reference to the following drawings, in which: [0012) Fig. | shows a
conventional capacitor structure representing ajunction varactor; [0013)
placggpop dltsshiong thossmsadtontthvienstba dotheehtionaldulstitptivareatols
[0014] Fig. 3 shows ajunction varactor in accordance with one
emb%(?ﬁ%tﬂ?rﬂ?e'hﬁ BrEFrE AR BN 2T HReRB b b rsdch yotihe fodpadidsawings, in
whi %anected in parallel; [0015[ Figs. 4a-b show cross-sectional views of
1ch; . . . . . L
ajunction varactor in accordance with one embodiment of the invention;

016H:i s..ba-c show a process for forming a varactor in accordance
001 . .
o e R e B Lo St

with oné embodiment of the invention;

[0o1§prves;ef %3-9@H@Q@S@lJéeﬁ%ﬂgﬁv}’eﬁx@fi&rc%ﬂ%%&ﬁ%&oﬁ&&@%@&‘? with

an embodiment of the invention for a standard CMOS process; an

[001#901 81 £y sHosRaVyEnSibwiA@Et sHURHBL SRR GHIN 88 LE AL AIYER WP AR invention
junction varactor and of one in accordance with an embodiment of the

whicinisgrpicreitsdbgtomtcaph OMOSroceise. pHEEAILED DESCRIPTION OF
THE INVENTION [0019] The present invention relates to junction
(0019 actigs. 4rHeshave smssvisrhionsis s bea inedipovateddnimakCerdance with one
rticular, the junction varactors can be easily incorporated into ICs using
emb ‘%ﬁ%f’(ﬁfé‘iﬁ@'@b‘f’d‘éessing'technologies. The ICs can be any type of IC,

001" AL dypamic ot Jiafic fandom access memoar

prqcesggrs, or system on chip devices, Mixed SigisarT ;%ﬁzd%%a(l’ne embodiment of
the invention;
[0017] Fig. 6 shows simulated CV curves of a conventional junction varactor and of one in
accordance with an embodiment of the inveﬁtion for a standard CMOS process; and
[0018] Fig. 7 shows simulated quality factor curves of a conventional junction varactor and of
one in accordance with an embodiment of the invention for a standard CMOS process.

DETAILED DESCRIPTION OF THE INVENTION
[0019] The present invention relates to junction varactors. The junction varactors can be
incorporated into ICs. In particular, the junction varactors can be easily incorporated into ICs using
standard CMOS processing technologies. The ICs can be any type of IC, for example dynamic or
static random access memories, signal processors, or system on chip devices, mixed signal or analog
devices such as A/D converters and switched capacitor filters. Other types of ICs are also useful.

Such ICs are incorporated in, for example, communication systems and various types of consumer

products.




devices such as A/D converters and switched capacitor filters. Other types
of ICs are also useful. Such ICs are incorporated in, for example,
communication systems and various types of consumer products. 4 -
-------------------------- 100201 Fig. 3 shows a varactor 300 in accordance

with one embodiment of the invention. The varactor includes first and
second capacitors 320 and 330 coupled in parallel. The capacitors' first
electrodes 322 and 332 are commonly coupled to a first terminal 360 and

(00X conbig|dctrodes B28 @ndiBBaie akmanlyroseditea 5e€@N8vention. The
terminal 370. The first electrodes comprise a first polarity and the second

varagleicielides Envhirkeecradennciioppdtitnd pilaritplid onertebotimentadies’ first
first polarity is a p-type polarity and the second polarity is a n-type

elechodesity 281 A3aATDROMAS TGO Ulsd o Adissh fermarnbHidsnthsperadstessrades 328 and

electrodes are anodes. An input voltage V.a is provided to one of the )
338 e Pl o n el e FeS HEcHes sompege fst polariy
d AecersinUy.iha Cj cross terminals 360 and 370 is equa
= to the sum c(;f thg%%%%%%g%c%ggﬁ (ti(egp Otzsal%igﬁr/%b%l cgﬁggi%nrg(."fﬁﬁ ’(lwC %rSt

polafitg$s #p-Rp PGPS SRCHRDAI BisIWROE 3 MB%%MQ@CMr éQ&ME‘le, the first

accordance with one embodiment of the invention. Thé junction varactor
elecimdesare datindesutibthatednl EoecubsEade. BXaMMLRMBNISRDRvided to
silicon. The substrate, for example, comprises of a lightly doped p-type
one eflthp Fermius aypedios volbie Mes ispoividedsitidonetrrirsniatdr ASEkdatgly, the total
epitaxially grown silicon layers, are also useful. [00221 The varactor is

CapapiARRCASHPSS (IrHerdt F60 A AU ritiemabte dhe thensefishererpacidmieriofthe two

... regions gn?t shown) are provided to separate the varactor region from
individda cag cifors, . . . ) .
other device regions. The isolation regions comprise, for example,

[002§Pall%g&%Q@s%WQ&—@J&JﬁQ&Q% -JX?L%%&%&Q&%TO} 400 in accordance with one
embodiment of the invention. The junction varactor is formed on a substrate 405. The substrate, for
examble, comprises of silicon. The substrate, for example, comprises of a lightly doped p-type
silicon. Other types of substrates, such as silicon-on-insulator (SOI) or epitaxially grown silicon
layers, are also useful.

[0022] The varactor is formed in a varactor region 407 defined on the substrate. Isolation
regions (not shown) are provided to separate the varactor region from other device regions. The
isolation regions comprise, for example, shallow trench isolation (STI) regions. Typically, the STI
regions comprise of a trench filled with silicon oxide. Other types of isolation regions are also
useful. Three sub-regions 440, 444 and 448 are provided in the varactor region. In one
embodiment, the sub-regions comprise of alternating types of doped regions formed beneath the

surface of the substrate in the varactor region. The odd numbered doped regions (e.g., first and




regions comprise of a trench filled with silicon oxide. Other types of
isolation regions are also useful. Three sub-regions 440, 444 and 448 are
provided in the varactor region. In one embodiment, the sub-regions
comprise of alternating types of doped regions formed beneath the
surface of the substrate in the varactor region. The odd numbered doped
regions (e.g., first and 5 third) comprise of first-type doped regions while
the even numbered doped regions (e.g., second) comprise of
thirdyeompdstydidoped degtdnsgiars inhdlathtatien canteecd sepktorégionsttieg., second)
doped region. [0023] The doped regions, in one embodiment, are
compyise ARSI VRN APRs A BigientydRnd raplpaian withinuacdriededingaded region.
ell. IIIus%Dativer,, the second doped region located within the first do

[ d
B IR P OB S FE5Bl AEATEFA Heb B hlpergpue] s isposed

100231 ior 3
... region. Such, a configuratio rqduces first.and second PN junctions 324
e R e VA e doped

egl - g 1 . QA4 i t c- %rf uration
e B e A o

prodiiegi GRS MR HAPRIAHIR6nE MRS TANRRE IRAHIPRS ARBBGORMIE by the
surface of the substrate for respective doped regions. In one

inter@petad thntst afolr sbatber dopid myiynef thiasing A0 joaciasty égiass Beithesrface of
side of 408c are provided for the first and the second doped regions and
the segqadoand:itd-depet ragRass Prolruadréopioadifgrdopebedioagivithi®ternother
configurations of contact regions are also useful. The contact regions
providgs saniaetLeainns A¥8rtnR WESUE6s ot aiiviatr il iesarrlitraloncsitgioss. Inone
In one embodiment, the first and third contact regions are common|
e e s e ey SR FCRCO L g DR e are
QOB AR YURIGH Qe Yont AGSEANE ! Goupleds
prOVIVb;,s. Oth(lar arranaemgrﬁtgéi{% alsgg(%%sqé{%glg%qég%fcfn%(gﬁeg g}gn%é% r%g}%t?g for the
third Esiadi 93600 0ffAIeh BERYHHRHs DR IRUSHRIR RIS ARHAN TROIQMAS:Ct regions

isolate the contact regions on the surface of the substrate. In one
serveaisotimalsrivr the vsclethio foregieing input and bias voltages. In one embodiment, the
first and third contact regions are commonly coupled. In one embodiment, the first and third contact
regions are commonly coupled to Vi, and the second contact regions are coupled to Vs Other
arrangements are also useful.
[0024] In one embodiment, isolation regions are provided in the substrate. The isolation regions
isolate the contact regions on the surface of the substrate. In one embodiment, the isolation regions
comprise STI regions. Typically, the STI regions have a depth of about 3000 - 4000 A below the
substrate surface. Other depths are also useful. In one embodiment, the third doped region is less
than the depth of the STI regions, confining it to within the contact region 408c. The second doped

region has a depth greater than the depth of the STI regions and extends to an area between the STI

regions separating the first and second contact regions. This ensures that the second doped region is
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comprise STI regions. Typically, the STI regions have a depth of about
3000 - 4000 A below the substrate surface. Other depths are also useful.
In one embodiment, the third doped region is less than the depth of the
STI regions, confining it to within the contact region 408c. The second
doped region has a depth greater than the depth of the STI regions and
extends to an area between the STI regions separating the first and
second contact regions. This ensures that the second doped region is 6
coupled-te-the-secauppladctadfiorseadnthdari@eing givh o ubhmarfering WiE for the
the first contact regions. As for the first doped region, it has a depth which
first foped aeeiothairhahe dwth mdidh fregredgi tmnvwicheimdlbepgteegem, thhistthealso greater
depth of the STI regions to ensure coupling to contact regions 408a.
than e Septh o€ the § T resiensitmesiriscuniaperrsntastiesioneti8eed by lines
002 Ga'Eo%Qtdd?’ﬁ%g'F{‘ The width, of the depletion r,egion, which determines

SF tHR°VBPala b REH B HEBoABILHER dip bR e o0 The

€ capacitance o

widtl{ QEARCBHRSR %t'&ﬁg%:&ﬂ%' e OGN r%:hgé;;\[?gqtgn%g '9&:%@ 189190 1% 01 e

Inversely relate e capacitance o ractor. The minimum width of

accothlisiaR %Siqajﬁgﬂig'&l&%rﬁ?%&@%t{ﬁé‘i@ﬁlm&@ @ﬂ@%gﬁml{&ie})%@r@ﬁm is

maximum width of the depletion region corresponds to minimum

inversalyaeltanin (2 picildfRal i meoneRmhoinaninbe edamunikedesdoreshion
regions comprise n-type doped regions and the second doped regions

corregpongsi senprtypemticiped tragio(i.Orebiin thamiRMunstidth vatactiepletion region
Providing p-type as the first type doped regions and n-type as the second

corregRaadidp BHNENIE FERY BRSEEeid: PNP junction varactor is also useful.

027! The va agtor operates from about zero bias to full reverse bias.

(0021 e ne AP HBISIRAZY: St SALTURPSHS JeRRaeIMS MBS i@ S aps regions and
the Sgéerg(li:ia gy\?o llé)%sv 9(%%@&5%3)%?&% g‘(galeed’ r\e/gq.tigsis r%Jtlélg? I\\/Igﬁlaﬁgc 1cpni|\§a>é;dfoirs.

ge. Other configurations®are also useful, such as varying
Provmﬁg p-type as the first type doped regions and n-type as the second type doped regions to
produce a PNP function varactor is also useful. |
[0027] The varactor operates from about zero bias to full reverse bias. Generally, the voltage at
one terminal is fixed while the voltage at the other terminal is varied. For example, Vy;,s is a fixed
voltage while Vi, is a variable voltage. Other configurations are also useful, such as varying both
voltages. In one embodiment, Vi is equal to 0 V and Vi, is varied from 0 V to [Vpp]. Providing
other input voltage ranges, such as greater than Vpp is also useful. Depending on the configuration,
Vpp is either +Vpp or -Vpp. The range of Vi, from 0 V to [Vpp| corresponds to zero bias to full
reverse bias. For example, at Vi, = 0 V, the varactor is operating in zero bias. As Vj, increases, the
varactor is operating in increasing reverse bias. The varactor is in full reverse bias when Vi, reaches

[Vop|. At zero bias, the width of the depletion regions is at their minimum, as shown in Fig. 4a.

This corresponds to Cmax. The depletion regions become wider with increasing reverse bias
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voltages. In one embodiment, Vbias is equal to 0 V and Vi" is varied from

0 V to IVDDI. Providing other input voltage ranges, such as greater than

VDD is also useful. Depending on the configuration, VDD is either +VDD

or -VDD. The range of Vu, from 0 V to IVDDI corresponds to zero bias to

full reverse bias. For example, at Vi~ = 0 V, the varactor is operating in

zero bias. As Vin increases, the varactor is operating in increasing

reverse bias. The varactor is in full reverse bias when V;. reaches IVDDI.
conditioreroAbiRg, ihvervdidils ob Hagedegletioreqagi s buaiinpirtndiabpeidndsgions are at

shown in Fig. 4a. This corresponds to C. The depletion regions become
theinwidiestywithishoreasingdeioefsa. bias 7 conditions. At full reverse bias

voltage (e.g., Vu, equal to about IVooD), the depletion regions are at their
[002§]idestn #rsRIdansEreshong s @imenfeu 28] inyensons damdervdtisoers arc configured

embodiment of the invention, the doped regions are confiFg%Jred such that

such thaj Aharnr frl VRYRsaies, Hrdgristiandseaniah ds fibanrstespriduegiogs merge, as

ShO\'{;flleni{? %?n% m f%i?(%%B?h%Vgr‘l,équl ¢ %Panc':: Ogeﬁ\%(ge%mg ﬁ%?te a}llg &técc:g | (9 lﬁtacplgr?s should

€ Ca
ween the Second junctions sho e surmciently clo o

be sUBRWLIN lisss10lng ﬁftﬁa%&q#ﬁ%t;%}ffi{igéggm{,%giaﬁéﬁtf&"J&Y%ﬁ%ﬁ@& bias.

Additionally, the lower portion o pletion region 326b at fu

AddIRMHRIEE ek Wespifitaiimyvitbinidpr{b et BN IR ¥RKIIRCGEMR ently
punch through. [0029] In accordance with one embodiment of the

withinvienfion dépebocgidihe araid dtak (g aeponbiajougiequal to the sum of the
first and second depletion regions. Comparing with conventional junction
[0029hraclorseradinecorith ansipghodiarsietioftheigicntitte Gakadtie oftErop fesene bias)
. invention with double depletion regions has a greater C. Furthermore,
is eqiiatioi s euminghe fercnd sseord deRls e FemRy of GHBPAERRER seBHiong dunction
varactor of tt‘\e pres er_lé invention cantgave a stilﬁor}jﬂlcantlgl reduced

varactors ha 1r}$con elple 1? region ?varac e present mvex;[lilon with double
capacitarice drea. IS results Irvatactors o e present invention havmg

dépléi§mgﬁfngﬂ9§§ Qi”e@&‘? @rea ﬁ&@ﬁ@ﬁ%ﬂé@%ﬁh‘?ﬂ@%@aﬁﬁi&%@é 89@%&9 trltéemerging of
area contributing to Cmax. The combination of increasing
the depletion regions, the varactor of the present invention can have a significantly reduced
capacitance area. This results in varactors of the present invention having a smaller capacitance area
contributing to Cyin as compared with the area contributing to Cyax. The combination of increasing
Cuax and decreasing Cpin increases the tuning range of the varactor.
[0030] In alternative embodiments, the depletion regions of the varactor do not merge when at
full reverse bias. For such applications, the overall tuning range may still be improved, although
with both Crax and Cps being higher than conventional configuration due to double capacitor
design. In one embodiment, the increase in Cpay is greater than the increase in Cyyg, resulting in an
improved tuning range over conventional varactors.

[0031] In yet another embodiment, the varactor comprises a plurality of N capacitors coupled in

parallel. N+1 alternating types of doped wells are provided in the varactor region. For example,
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Cmax and decreasing Cmi, increases the tuning range of the varactor.
[0030] In alternative embodiments, the depletion regions of the varactor
do not merge when at full reverse bias. For such applications, the overall
tuning range may still be improved, although with both C. and Cmi, being
higher than conventional configuration due to double capacitor design. In
one embodiment, the increase in C. is greater than the increase in Cm;,,,
resulting in an improved tuning range over conventional varactors. [0031]
odd nonyeiranetIBerphesidestd thelyanaeerapnmpibsrs & alvity-9hNdoped wells.
capacitors coupled in parallel. N+l alternating types of doped wells are
Provighiogiatéxpendtiped/ardstior pddiombaedwalispied B-gge dupadbesisl forel@n@mbered
p-type doped wells while even numbered wells are n-type doped wells.
wellppaiaaivig il sopabediamishoderadimtibrad fvetiedarithin & preagdipadioped well,
wells for even numbered wells is also useful. In one embodiment, the

with FSpEH S are TR RIS A ML pT SE e s asHE e monith reiggs i dsolated from
coptact r |ons 9 urface,of the bsirate. The contact re s are
oneaso at;bal from ot e@ﬁerﬁz‘y e e%em% e} THRLSR C%""% cﬂ‘%ed toa

termmalNP- WA afe MQ Ié’oﬁgllé@ It%@i t@r& téﬁmﬁlﬂ%f n W/%Iﬁ a5 8%19&? %}ed toa

coupled to a first terminal and n-wells are commonly coupled toa seco
secorti@epi@hl [0032[ In the case where N = 3 (3 capacitors coupled in parallel),
4 doped wells are provided. Similar to the junction varactor of Figs. 4a-b,
[0032Uinctibnbeacastomnae Mit=th 3indpatioes ebipledingachi\aig] s ddr s uelis Bke provided.
junctions are formed from N+1 doped wells. The width of the junctions can
Similgpto theigmenona djuatiegthii s tageinestessthre femsihal sheantesfasbidswindoped
junction width is at its narrowest, corresponding to Cmax. Since the total
wel cAbRItAnRE BEfRES AR Ry th dARedutAlr The Wiqtiriitunctions can be

3%2 |ta ces, V?lxcan be increased by N tim sco aredt
varied Shae tlon 1jGnctoR” %%{?g%f%?steWﬂ%lmc%é%ﬁ% régnﬁ lon width is at its

narrou}‘@s@J B&QQRHME% B,[S(femé/ tHGtA" §8£Qﬁf'a9<t Ia?the varactor is equal to the sum of

the N junction capacitances, Cyax can be increased by N times compared to conventional junction
varactors. With increasing reverse bias, the junctions widen. Preferably, one or some of the
Junctions merge at or near full reverse bias. More preferably, all of the junctions merge at or near
full reverse bias. With the merging of the junctions, the junction width can be increased. Asa
result, Cp, can be reduced.

[0033] Figs. 5a-c show a process for forming a NPN varactor 500 in accordance with one
embodiment of the invention. Referring to Fig. 5a, a semiconductor substrate 405, such as a p-type
silicon substrate is provided. Other types of substrates, such as SOI, epitaxial silicon layers, may
also be used. The substrate is prepared with a first well 440. The first well comprises n-type well
(n-well). The first n-well defines a varactor region 407 on the substrate. A second well 444 is

provided within the first well. The second well comprises a p-type well (p-well).
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junctions merge at or near full reverse bias. More preferably, all of the

junctions merge at or near full reverse bias. With the merging of the

junctions, the junction width can be increased. As a result, Cm;,, can be

reduced. [0033) Figs. 5a-c show a process for forming a NPN varactor

500 in accordance with one embodiment of the invention. Referring to

Fig. 5a, a semiconductor substrate 405, such as a p-type silicon substrate

is provided. Other types of substrates, such as SOI, epitaxial silicon
[00318YErSpdMaYn SR/ DR UsRdent B SURSEa R R6aRAISHNA Adirst Well Afon with a

The first well comprises n-type well (n-well). The first n-well defines a
maskvedinbtarsedgibrodO dndiodiireat bgisaie. ifnSegtadavial pddddsespiieisettor different

within the first well. The second well comprises a p-type well (p-well). 9
well§0§8ublptidomediveclvisiiplantsofarEdiON porcassplanbatibared chfiqudlss siets

as implantation with a mask can be used. In one embodiment, separate
PrefoeilimiBrarells sandre Euasdsratho vidhel vesr of Addiionalmnskss Fiesskamplsr g p-well of

well implants.of a CMOS process can be shared to form the wells. .
the Vﬁﬁ%f&épafr@%ﬁw&@%e&%‘ée% S aey e B LoBrabitiingar fggdgplant

lfo/{lgxa 94? me‘g- e}lo the varactor can be forme hen p-wells, fo
s CMOeén évi(,yés greepc%rr%ret euvs%aéqt rse%%ﬁ%%ﬁ%%ﬁ%’ﬁfatr%%\ﬁg R%‘r%é’#\?% y{:MOS

devidble WS HHHE VAR A RIRINeiSePAE IRV alls At s EMOS

devices, using additional masks. This allows wells to be optimized for the
[0035Rractesg G038 B Mard formdds RBQinse sarped dalinisl-cQAtACI KRGINST the
408a-c on the surface of the substrate as well as isolating the varactor
substratgienvrtims asbletivieiliceardionsgibh & @il Isteaddyicfongieos. UBNe$ Variaude formed
_ conventional processes. For example, the substrate can be etched using
using iR FORYINERER! At ataskiecerimplesths fubsirate aahbe dighrehuaies rayentional
filled wijth dielectric material such as_silicon oxide. Chemical mechanical -

ctoh BHERIY CCRBS B D Jriinat el Asmiben ek eliok e Uifd sy =
SiliC(;f%ll %Q%%S%gr@ctgl ;[r?g:ga%@ifgol?;ﬂleng ?@yﬁ’?]::gg%es ;-)I;alr%olrsmrégtt(? ?e%%gg ea)'c%ésr;%xide and
Irst and secon
provide a planar substrate top surface. The depth of the STIs is not as deep as the first and second
wells. As such, the PN junction 324 along with its depletion region is located below the STIs.
Contact regions 408a are in communication with the first well and contact regions 408b are in
communication with the second well. As described, STIs are formed after the first and second
doped wells are formed. Alternatively, the STIs can be formed prior to the formation of the first or
both doped wells.
[0036] Referring to Fig. 5c, a third doped well 448 is formed in the third contact region. The
third doped well comprises a n-well. In one embodiment, the n-well comprises a heavily doped n-
well, for example, about 3el5/cc. The interface of the second doped well and third doped well

forms a NP junction 334. In one embodiment, the heavily doped well can also serve as a contact for

the third contact region. During the formation of the third well, contacts for the first contact regions
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wells. As such, the PN junction 324 along with its depletion region is
located below the STIs. Contact regions 408a are in communication with
the first well and contact regions 4086 are in communication with the
second well. As described, STIs are formed after the first and second
doped wells are formed. Alternatively, the STIs can be formed prior to the
formation of the first or both doped wells. [0036) Referring to Fig. 5c, a
third doped well 448 is formed in the third contact region. The third doped
can altelbedorpEse 8-8/p\v&lladt eRaRIBRMMENhLBE SVEILCRMBSISRSIRa separate
heavily doped n- well, for example, about 3el5/cc. The interface of the
procgecdhicfadpediwelimadsthicdanpe th welbafospo e B iuoeing Sodted @M mplants
embodiment, the heavily doped well can also serve as a contact for the
of CMP§ %‘?ﬁ’&é‘ﬁ@@%@uring the formation of the third well, contacts for the
[0039 st cpﬁgltact regions to can also be formed. P-type contacts are also

rmed HARECS LU eSO reigistianncatioap &t she vprsttrsonts ity to provide

he_contacts gre formed in ame process for forming source/drain
e I S B ks T e S R RSB BRI ey ot

implants™ of
be thiOHMINEHROMNG LRSI YRrGEIRr foniact tedions 1o provide the i
and input voltages, as desired.’Thl(Ea ré(ﬁené 8%:%1?156 e(fwlfﬁeeﬁl}%sg‘rsit
procd:@é/&iﬂﬁlﬁ_la NRY Qirdtay. nﬂie brdbe saree é?éiﬁﬂ_ﬂlggi'ﬁ\éﬁ REENA] ¥R Setor. For
depending of design requirements. As described, the process forms a
exaniiRNhednactod thire rpeessisanhgrieasilysmodifiRdioomiasPdPwell comprises a
varactor. For example, the first and third doped wells comprise p-wells
n-welyhile the second doped well comprises a n-well. [00381 As described,
the varactor of the present invention can be easily integrated into

(0038, eAtidFSTEIRAS prectatdhnRrsertinscnseotaarhy gy mastetisrinto

convém[%lﬁﬂtéﬂ%‘s Trhge Srgssslrggoiq\{ ntion can also be easily integrated into
convention BiPoIar processes NEBF Rl dpraUiHaaTiciokdmplantation. The present

invention can also be easily integrated into convention bipolar processes. For example, the masks

e%cpl@esd, the

can be modified to include implants for the varactors. By sharing of masks with other devices, no

~ additional steps are required, thus reducing manufacturing cost.

[0039] A simulation was conducted to compare the tuning range of a NPN junction varactor in
accordance with an embodiment of the invention and a conventional NP junction varactor. The
parameters of the varactors were simulated using a standard 1.8 V, 0.18 pm process. The simulation
includes applying an input voltage to the n-type electrode of the NP varactor and to the p-type
electrode of the NPN varactor. The input voltage was swept from zero bias to full reverse bias. For
the NP junction varactor, the input voltage was swept from 0 to 1.8 V, whereas the input voltage
was swept from 0 to -1.8 V for the NPN junction varactor.

[0040] Fig. 6 shows the capacitance-voltage (CV) curves of the varactors from the simulation.

CV curve 610 corresponds to the conventional NP junction varactor and CV curve 620 corresponds
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tuning range of a NPN junction varactor in accordance with an
embodiment of the invention and a conventional NP junction varactor. The
parameters of the varactors were simulated using a standard 1.8 V, 0.18
m process. The simulation includes applying an input voltage to the

to tha-iyine jeleerda-atsheANRvanagi 8 de e Ritvps alealraR 9hiiGnum

NPN varactor. The input voltage was swept from zero bias to full reverse
capdoitecE 01 fhef bR yunetion e aton, ki npuinviali ageavias @apt fegabouta .8 x 107
1.8 V, whereas the input voltage was swept from 0 to -1.8 V for the NPN
F/unynbhio iwiagense 0P iectioshowtohe dap aobareto\adgeQ@M} about 1.45.
curves of the varactors from the simulation. CV curve 610 corresponds to
The NENCBAGEAR SHAPRIPIH i dradtbran ok e BRss FlspaifaBout .9 x 107
T ey e — - t0.the Ngé:‘ju c&i!r((‘f)n varactor, As shown in Fig. 6, the '
HIR B U SV S8 7 RAL - Ami ARt A pA &t od ®m: wFUBR{masunipg range of
aboulgglé Eﬂ@l&{‘%@r@?ﬁlf‘ HLE @Qr%gf(t)?g?%g: 8%’é$gr)1(t orfvaggg{t}_ll]iég %&é’c%%gjlzt{rrr?és the

The tuning range of the NP junction varactor, whic eratl

tunifePASCof 4 cdivaREH P Rinclibg MRNJLNction varactor, on the other hand,
has a minimum capacitance C2,,, , of about 0.9 x 1015 F/m and a

[004i]axinTinasp Reitbq e 20aX deHab0 bt A YedithRcE ARG apalliRg dV Aues of these
tuning range of about 3.6. Clearly, the NPN junction varactor of the

two gesiganwiiveltichmutated| nibstv2lBetinfepuhty fagmn(prasbenchaubitmrgistide) as a
NP junction varactor. [00411 The associated quality factor derived from

function pL euveliaghare afpsieddn ey AUesruriisand i) desiemendarepedtvely to the

Si ed. The values of gualjty factor (based on an arbitrary scale) as a
NP %%n’%‘ﬁ%%’h‘fa\%‘ﬁ%ﬁe éc%e%%ft&%i Y IR Cyreu e Witiopogractor, has a

lowe?%%ﬁﬁ??&%F%?R)%&Vrg%rts% Bl?e?s conditions, for example, below about -0.9 V while at

higher reverse bias conditions, above -0.9 V, the NPN Jjunction has a higher quality factor than the
NP junction varactor. As such, the NPN junction varactor consumes less power in high bias
conditions than the NP junction varactor. Since a relatively larger amount of power is consumed in
high bias conditions than in low bias conditions, the ability to reduce power consumption under such
conditions has a greater impact and thus is more desirable.

[0042] The invention may be embodied in other specific forms without departing from the spirit
or essential characteristics thereof. The foregoing embodiments, therefbre, are to be considered in
all respects illustrative rather than limiting the invention described herein. Scope of the invention is
thus indicated by the appended claims, rather than by the foregoing description, and all changes that
come within the meaning and range of equivalency of the claims are intended to be embraced

therein.
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conditions, above -0.9 V, the NPN junction has a higher quality factor than
the NP junction varactor. As such, the NPN junction varactor consumes
Wh tles;ﬁ&gw J in high bias conditions than the NP junction varactor. Since a
atRf; ?)‘)ellérger amount of power is consumed in high bias conditions
than in low bias conditions, the abilitg/f&j) reduce power consumption under
such conditions has a greater imp hus is more desirable. [0042]
The invention may be embodied in other specific forms without departing
from the spirit or essential characteristics thereof. The foregoing
embodiments, therefore, are to be considered in all respects illustrative
L. réatherctianvimitiogcthepnsiegidn described herein. Scope of the invention
is thus indicated by the appended claims, rather than by the foregoing
deovtiphianicard @it ichanyasthist auhsecaithpiathe forerdibg frsd mahge@id doped
equivalency of the claims are intended to be embraced therein. 12 What
wells iisaciabneddshe EAMNSpel. wejloskipr srasagto fieampiésing @t @dusd Wopdionell
capacitor having first and second plates formed by first and second doped

compridiglioimacyhatiate; the first doped well comprising of a first-type and the
second doped well comprising of a second-type; a second junction

cRRAGHALHRYIDE IRRRhIOH rﬁ{ﬂtﬁ‘@fﬁfﬁ?ﬁﬁ%ﬁ%ﬂ@d%é@éfﬁ’d%ﬁ“t‘ﬁﬁrd doped
wells in the substrate, the third"doped well comprising of the first-type; a
wells ('SR RIRERE BRI SosRIReIPHIg s 2o dird dapgd wells; and
a first varactor terminal coupled to the first and third doped wells; and

a second varactor terminal coupled to the second doped well, wherein the first and second

junction capacitors are coupled in parallel between the varactor terminals.

2. The junction varactor of claim 1 wherein the first-type comprises of n-type and the second-

type comprises of p-type.

3. The junction varactor of claim 1 wherein the first-type comprises of p-type and the second-

type comprises of n-type.
4. The junction varactor of claim 1 wherein the doped wells are formed in a varactor region

defined in the substrate, the varactor region isolated from other device region by shallow trench

isolation regions.
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first-type comprises of n-type and the second- type comprises of p-type. 3.
The junction varactor of claim 1 wherein the first-type comprises of p-type

d the second- type cqmprises of n- . 4. The junction varactor of
5 R RE A A BT SR T e AR G G bty second.
in the substrate, the varactor region isolated from other device region by
type CIRR{idRY HeibPSisolation regions. 13 5. The junction varactor of claim 4
wherein the first-type comprises of n-type and the second- type comprises
of p-type. 6. The junction varactor of claim 4 wherein the first-type
comprises of p-type and the second- type comprises of n-type. 7. The
6.  jlhetionctigravtocti sibiaimvhdreisintibeffiss|-georananidethifceiype ang éils second-
are formed in which a doped well is located within a preceding doped well
type campiessdd figtpesecond and third contact regions for the first, second and
third doped wells on a surface of the substrate. 8. The junction varactor of
claim 7 wherein a first junction having a first depletion region is formed at
an interface of the first and second doped wells and a second junction

7. hﬁ%@ﬁp@tﬁﬁﬁ@ﬂﬁct@?@i‘%@ﬁﬁl rF@H&éﬁl'ﬁf@i‘ﬁﬁ,%@éhH‘ﬁﬁﬁ ﬂﬁ?deJIB}é%i Své‘élgrlge formed
and third doped wells. 9. The junction varactor of claim 8 wherein the first

in whi@Dd REeancAepIsiARs %Qiﬁfﬁsa‘ﬁ&é@ﬁg%%eﬁ%&[‘F?J;b%@fh@f‘fr%lt%%ond and third

potential applied across the varactor t als from about zero bias to full

contacl Er"é/gelg)‘cfl% %ra the first, second and third doped wells on a surface of the substrate.

8. The junction varactor of claim 7 wherein a first junction having a first depletion region is
formed at an interface of the first and second doped wells and a second junction having a second

depletion region is located at an interface of the second and third doped wells.

9. The junction varactor of claim 8 wherein the first and second depletion regions vary in width
depending on a voltage potential applied across the varactor terminals from about zero bias to full

reverse bias.

10.  The junction varactor of claim 8 wherein the first and second depletion regions merge when

the junction varactor is operating at or near full reverse bias.

11.  The junction varactor of claim 7 wherein the contact regions are isolated by shallow trench

isolation regions.
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regions are isolated by shallow trench isolation regions. 14 12. The
junction varactor of claim 11 wherein a first junction having a first

S RS A e
at an interface qf the second and third doped wells. 13. The junction

formed af apigfesremthtio i ansdiesrndidansavels shd s REG R ViA. 4 jecond

width depending on a voltage potential applied across the varactor
depletigay Fsiansi friowiisE dten dptsBass &b thgipeedid sadibisd fepahesllhction
varactor of claim 12 wherein the first and second depletion regions merge
when the junction varactor is operating at or near full reverse bias. 15.
The junction varactor of claim 11 wherein a depth of the third doped well is
13.  |8%s jhactiandepiotoidhd stal DwHeetio hhis tlatiandregianbdepit tieptbgi @fsthary in
first and second doped wells are deeper than the depth of the shallow

width deppadiisadatiovoregiopsicAGal HppljbdatieRvaeiic@retaifinkh Wberebd@ zero bias to
first junction having a first depletion region is formed at an interface of the

full reviist and second doped wells and a second junction having a second
depletion region is located at an interface of the second and third doped
wells. 17. The junction varactor of claim 16 wherein the first and second
depletion regions vary in width depending on a voltage potential applied

14, AFROSRNR Y FRLR) S IINAT 'O ARCHEFRLL DAl SR 2l is Rerge when

the junction varactor is operating at or near full reverse bias.

15.  The junction varactor of claim 11 wherein a depth of the third doped well is less than a depth
of the shallow trench isolation regions and depths of the first and second doped wells are deeper

than the depth of the shallow trench isolation regions.

16.  The junction varactor of claim 15 wherein a first junction having a first depletion region is
formed at an interface of the first and second doped wells and a second junction having a second

depletion region is located at an interface of the second and third doped wells.
17.  The junction varactor of claim 16 wherein the first and second depletion regions vary in

width depending on a voltage potential applied across the varactor terminals from about zero bias to

full reverse bias.
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coupled in parallel, wherein N is a whole number greater than or equal to
2, wherein a capacitor includes first and second plates; N+1 alternating

B RS B 3 B B SR e e D g vhen

doped wells forming the first and second plates of the capacitors; a first

the jungHeR YARRPHIMANBHPIH 85 BAr SBDEY FHRAIRIBY the first-type; and a

19.

second varactor terminal coupled to the doped wells of the second-type.

20. A method for forming a junction varactor comprising of: providing a
substrate with a defined varactor region; forming a first doped well of a
filsiungswinytiecsutsompasingtog: varactor region; forming a second doped

well of a second-type in the first doped well and a third doped well of the
fixstaypetinstbenpdang aapeld wieltefio tnisng ahiois tridrmbén gt eateicthan or equal to 2,
commonly couples the first and third doped wells; and forming a second

whereiteirvapativon iglelaaepiast nthe aerebpidieoped well. 16

N+1 alternating first and second-type doped wells in a substrate arranged in which a doped

well is disposed within a preceding doped well, the N+1 alternating doped wells forming the first

and second plates of the capacitors;

20.

a first varactor terminal coupled to the doped wells of the first-type; and

a second varactor terminal coupled to the doped wells of the second-type.

A method for forming a junction varactor comprising of:

providing a substrate with a defined varactor region;

forming a first doped well of a first-type in the substrate in the varactor region;

forming a second doped well of a second-type in the first doped well and a third doped well
of the first-type in the second doped well;

forming a first terminal which commonly couples the first and third doped wells; and

forming a second terminal which couples to the second doped well.
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