MOS VARACTORS WITH LARGE TUNING RANGE FIELD OF THE
INVENTION [0001] The present invention relates generally to integrated
circuits, with larger tuning range and higher quality factor. BACKGROUND
OF THE INVENTION [0002] In integrated circuits (ICs), various components
such as transistors, resistors, inductors, capacitors and varactors are

configured to M EMRAGIBS NALEDRARGECISINING BANGHally
capacitors where the capac‘rit%%g vlglﬁﬁélﬁ\rﬁ% Witléthe voltage applied. One
common type of varactors idtherdo Bdndlictor (MOS) varactors.
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p-type silicon substrate 105. The varactor includes a gate structure 140

disposed on a surface Qe REinesNDstateHENs gaterstsNcture includes a
heavily n-doped (n") polysilicon layer 142 over a dielectric layer such as an
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148a-b. Typically spacers (not shown) are provided on the sides of the gate
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varying an input voltage. The input voltage can be varied or swept between
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or to the n-well. When the voltage on the polysilicon gate is positive with
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type MOS varactor is formed on an n-well 114 of a p-type silicon substrate 105. The varactor
includes a gate structure 140 disposed on a surface 106 of the substrate. The gate structure
includes a heavily n-doped (n") polysilicon layer 142 over a dielectric layer such as an oxide
layer 144. Contacts to the n-well are provided by n* doped regions 148a-b. Typically spacers
(not shown) are provided on the sides of the gate structure.

[0004] The capacitance of the varactor can be changed or tuned by varying an input voltage.
The input voltage can be varied or swept between -Vqqto Vgg. This input voltage can be applied
either to the polysilicon gate or to the n-well. When the voltage on the polysilicon gate is
positive with respect to the n-well, negatively charged carriers accumulate in the substrate region
under the gate. This causes the capacitance of the varactor to be at the maximum capacitance
(Cmax)- As the positive voltage on the polysilicon gate decreases and become negative with
respect to n-well, negatively charged carriers in the substrate region under the gate migrate away,

forming a depletion region, as indicated by dotted line 126. As width of the depletion region

increases, the capacitance of the varactor progressively decreases. The depletion region reaches
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forming a depletion region, as indicated by dotted line 126. As width of the
depletion region increases, the capacitance of the varactor progressively
decreases. The depletion region reaches 1 its maximum width when the gate
is at the most negative voltage with respect to the n-well, which corresponds
to the minimum capacitance (Cn) of the varactor. [0005] An important factor

iSRG SAnYReB iR 8RRt WRASESHESHIRES toheseagy s hswell

ange in which the varactor operates and js defined by ratio Cmax/Cn;,,.
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provide a MOS varactor with a larger tuning range and a higher quality
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to MOS varactors. In one aspect of the invention, a MOS varactor comprises
ciefuae MQshtiansisteaieunes enlanvehaciRodegion ikh quibsiraieoA Sdstirned igce

located in the varactor region, wherein the first well comprises of a first
thpotarigjatyp e lawseoond dunedtwell is located in the varactor region, wherein

the second buried well comprises of a second polarity type. The first well and
[0ftop dirtie the teiseobi Eiscwielpto s dg sl IPRVifaricHisIS beresios wogh a larger

surface of the substrate. In the depletion mode of operation, the depletion
WURERFIANSARABY i LSt ABR, BSWith the depletion region of the shallow PN

junction. This creates a ﬁgﬂﬁ%%gg?d%hrﬂ/ﬁdﬁm%z\fonventional one,

thereby further reducingC,,;,.,. n another-aspect of the invention, a
o S SN MBS S RO, TSR PP
MOS varactor comprises of a MOS transistor formed on a varactor region of a substrate. A first
well is located in the varactor region, wherein the first well comprises of a first polarity type. A
second buried well is located in the varactor region, wherein the second buried well comprises of
a second polarity type. The first well and the top of the second buried well forms a shallow PN
junction below a top surface of the substrate. In the depletion mode of operation, the depletion
region under the gate merges with the depletion region of the shallow PN junction. This creates
a depletion width wider than the conventional one, thereby further reducing Cpy.

[0008] In another aspect of the invention, a method for forming a MOS varactor is provided.
The process comprises of providing a substrate prepared with a first well in a varactor region. A
second buried well is formed in the varactor region. The second buried well and the first well
forms a shallow PN junction in the varactor region. In depletion mode, a depletion region under
the gate merges with the depletion region of the shallow PN junction.

[0009] 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
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second buried well is formed in the varactor region. The second buried well
and the first well forms a shallow PN junction in the varactor region. In
depletion mode, a depletion region under the gate merges with the depletion
region of the shallow PN junction. [0009] These and other objects, along with
advantages and features of the present invention herein disclosed, will

A4SQEHIE A FEHN R r R FORIFe Hda ODhEASIEARA ke Bt apld tnaasious

accompanying drawings. Furthermore, it is to_be understood that the features
R AT BETHES GULHBAN Fas A& AP SENOITey i S ions

a‘%an exist in various combinations and permutations. BRIEF DESCRIPTION
FFHEBHAWINGS [0010] In the drawings, like reference characters

generally refer to thgygameRatRIPraLBNER TiRE giffeieptiews. Also, the

drawings are not necessarily to scale, emphasis instead generally being

[odtened Upane inshiatingitledpivsiplemnekbthe sauentione i thenfollavipgs throughout
description, various embodiments of the present invention are described with

theedefferae ieviRe Aolawiagravawings nin webiskir[B0bkEHig ethshioivsndtead generally
conventional MOS varactor; [0012] Fig. 2 shows a MOS varactor in

batg ptdadomvitit wretmmhedirmentof dheénveation; [00k3oFigsindaesiponna
process for forming a MOS varactor in accordance with one embodiment of

VaHeUh¢RREGMIT0 QA hE pis sad 15 \sHEan 218 idpetidioh Rl st shee do theciolionang
MQOS varactor and a MOS varactor in accordance with one embodiment of

digreingveRtiiicespectively; [0015] Figs. 5-6 show simulated CV curves of

w:éﬁrll us %1%/ e &c‘%yénf%lg&%}r}ol\l/llg%&rg%%rt'gr;and p-type accumulation MOS
aractors,¥espectively; an

[0012] Fig. 2 shows a MOS varactor in accordance with one embodiment of the invention;

[0013] Figs. 3a-e show a process for forming a MOS varactor in accordance with one

embodiment of the invention;

[0014] Figs. 4a-b show 2-dimensional plots of a conventional MOS varactor and a MOS

varactor in accordance with one embodiment of the invention, respectively;

[0015] Figs. 5-6 show simulated CV curves of various n-type accumulation MOS varactors

and p-type accumulation MOS varactors, respectively; and

[0016] Figs. 7-8 show simulated quality factor data measurements of various n-type

accumulation MOS varactors and p-type accumulation MOS varactors, respectively.
DETAILED DESCRIPTION OF THE INVENTION

[0017] The present invention relates to MOS varactors. The MOS varactors can be

incorporated into ICs. In particular, the MOS 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
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[0016] Figs. 7-8 show simulated quality factor data measurements of various

n-type accumulation MOS varactors and p-type accumulation MOS

varactors, respectively. DETAILED DESCRIPTION OF THE INVENTION

[0017] The present invention relates to MOS varactors. The MOS varactors

can be incorporated into ICs. In particular, the MOS varactors can be easily
“ﬁﬁ%rﬁ&@té@l%li’@s%ﬂﬁﬁd %aﬁ?&%ﬁ@ﬁ@gnﬁ%%mgsﬁﬁ&%ﬁ%lﬁl%éy pes of

ICs can be any type of IC, for example dynamic or static random access
“MBINSTES! gfégrqal processors or system on chip devices, mixed signal or
[0‘3?@ og V|(‘2es1suc as A %8 pverters a nd sw ched ca g.lcnor f| rs. O
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types of ICs"are also 3 use uch 1Cs are incorpora e in, for example
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2 shows a varactor 200 in accordance with one embodiment of the invention.

sthRenNARatohNElyPe s _MERiSH HIIWE € 24Q50rmerLan asuQHaie: 20Rplikes of a

one embodiment, the structure forms an n-type accumulation mode varactor.
lidhtpicaibyd theypebisicate aampeiseshef g pligbtlyntdapae préypeositican Jhasiae.
Other types of substrates are also useful. The MOS varactor region 208 is
vatefinedt gnntB6Ssiulstiate ois dlatiorsregiohslition skgwn)(nahibhwor, ekiainfolie
comprise of shallow trench isolation regions, are provided to isolate the
expapaleepragit b OrHEM gtk tieg isaionyyisiArtedod tadtolate o Ma dfirsgion
well 214 of a first-type (n-type). A second well 216 of a second-type (p-type)
ff%%’&%%ﬂ?‘ﬁ%’@%if’é“ﬁw [ G B odiraiant sthdrgeedhal d el ac%ﬁfﬁ?@%é“&l‘/l’e)
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structure is formed. For applications using a light ope p-type substrate€,
f(ﬁfﬂlh‘é:MaﬁgW %&ﬁ%ﬂﬁ@ﬁ' K e hw ?élglon 238 of the first-type is located between

the shallow PN junction and the substrate surface. Thus an NPN structure is formed. For
applications using a lightly doped p-type substrate, an NPNP structure is formed. If the p-well
implants are able to fully compensate the lower part of the n-well, the MOS structure is formed
of only an NP junction near the surface.

[0019] The MOS transistor comprises of a gate stack 241 formed on the substrate surface.
The gate stack includes, for example, a gate dielectric 242 and gate electrode 244. Typically, the
gate dielectric comprises of oxide and the gate electrode comprises of polysilicon. Other types
of materials can also be used for the gate stack. On the sides of the gate stack are dielectric
spacers 250. The spacers, for example, comprise of oxide and/or nitride. Located adjacent to the
gates beneath the substrate surface are first and second contact regions 248a-b. The contact
regions, in one embodiment, comprise of heavily doped first-type (n*) regions. The contact
regions are electrically coupled to the channel region between the substrate surface and the

shallow PN junction. In one embodiment, the n* regions have a depth between the shallow
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implants are able to fully compensate the lower part of the n-well, the MOS
structure is formed of only an NP junction near the surface. [0019] The MOS
transistor comprises of a gate stack 241 formed on the substrate surface.
The gate stack includes, for example, a gate dielectric 242 and gate

_electrode 244. Typically, the %Cate dielectric comprises of oxide and the aﬁate
JuaRiarcid BePpiERSidRparsSHtBrrid el nises dienatefiars danH<thsedsatty

for the gate stack. On the sides of the gate stack are dielectric spacers 250.
S e T N e T R Py
o V&rrlz‘))easglglete e&)grne?stg utsheiﬁubstrate surface are first and second contact

region a-b. The contact regions, in one embodiment, comprise of

[0088Y11Y 4RRRA HSEIRELNMESAIR0R: LhR GG i IFA RN AL &IRATICRMe cate

coupled to the channel region between the substrate surface and the shallow

cIBNdunetiaR Moya fnbodimentithe Nihedifnshaviia et Retwesniheontact

shallow 4 junction and the bottom of the second buried well. Providing n°
re@@Ho RS thawr@sothasde pth, igithaaghallppesdhamdhepshatom L NTjuncihan,

is also useful. Additional well contacts (not shown) as needed are also
valsefutaf0g20iredonéemb odanagnbathenyarpletonc e priseisrainom pat danhinar to
coupled to the gate electrode of the MOS varactor. Alternatively, the input
depletipianedn e esupnbadiongié Bsnacrtiembinsstah@aMoms yalaseds. iramimYut to
voltage is applied to the input terminal. The input voltage can be varied
+Withih "M S HIENAPPANGLAS5 518G tHEY A ot S faE eXRLFsatsT than Vadl.
depletign mode. In one embodjment, the operational range of the input . :
A TSR3 e G5l 0 g RO e TReD gL UBADE Vgl YRy gy
oS REENBMME RIS MANINERL, s reverse bias voliage V. may be
applied to the p-region, to further increase the depletion width of the shallow
[d‘)’fﬁt'on Eﬂﬁetﬁé‘cfﬁm{liﬂ&hﬁfo@’\(%?wn: Vaa applied at the gate), negatively charged
carriers accumulate under the gate structure (channel region). The capacitance of the varactor
operating in the accumulation mode is determined by the thickness of the gate dielectric layer
and its dielectric constant value. This corresponds to the maximum capacitance (Cyax) of the
varactor, which is the same as that of the conventional designs. As the varactor shifts from the
accumulation mode to the depletion mode by adjusting Vi, (e.g., Vin = < V4q to —V4q), charge
carriers migrate away from the channel region and a depletion region starts to form. The
depletion region formed in the channel region decreases the capacitance of the varactor. The
capacitance decreases as the width of the depletion region increases. When the width of the
depletion region reaches its widest, the capacitance of the varactor is at its minimum (Cp;p)-
[0022] In accordance with one embodiment of the invention, in the depletion mode, the

depletion region under the channel merges with the depletion region formed around the shallow

PN junction. Merging of the depletion regions effectively increases the width of the channel



[0021] In the accumulation mode (e.g., Vi, = Vdd applied at the gate),
negatively charged carriers accumulate under the gate structure (channel
region). The capacitance of the varactor operating in the accumulation mode
is determined by the thickness of the gate dielectric layer and its dielectric
constant value. This corresponds to the maximum capacitance (Cm.) of the

d‘?Pé?B@Po‘i‘?%}\ﬂ‘?iWi@tﬁé"é‘éﬁ‘i’eaggrwﬁtd@?’f??éec’&ﬁ%ﬁﬂBﬁ’&l’Hé‘%@ﬁ%@‘Ng m of the
varactor shifts from the %ccumulation ode to the depletion mode by
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region formed in the channel region ecreases the cgpam ance of the
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increases. When the width of the depletion region reaches its widest, th

dsaRaciiange Ltha-¥araekar ismpits SINHMNE dSpant): 1QQ2AL N KACSOILAES, the
with one embodiment of the invention, in the depletion mode, the depletion

opeginalnaertbetlehpmmebmatges withihe\de pletion seiaside theedakaundtpe-
shallow PN junction. Merging of the depletion regions effectively increases

cliheelidiibothth€hetiap palhBraepietiom iatio N wHich hesul ts- wel fredbsl deltreasbe
in the minimum capacitance C,,,;,, of the varactor, as compared to that of a

captsbtBnlrdesipnsgOep 3 e anvinel lagssoatieknit thh ealaear toreepHiphices for
of a p-MOS accumulation mode varactor. For p-MOS accumulation mode

deprHetonatie fireY 08 A MBHIBRS¥YST p-type dopants and the second-type
comprises of p-type dopants. Like the n-MOS varactor, the operational
A o TS SR A T S (bR L) BASIRETHRE R Bt
- .or both. The top p- nel is dto V. The ied n-wel
o eI B SRR S Gl R LRI st o

vARALE IR Ie 9N SWEER: I A iBE dRPIBHAN RIS SQyEEdifRbn substrate

accumulation mode.
is provided. Other types of substrates, such as SOI, epitaxial silicon layers, may also be used.

The substrate is prepared with a first well 314 with a first polarity type. In one embodiment, the
first well comprises of an n-type well (n-well). The n-well defines a varactor region 308 in the
substrate.

[0025] The process continues by forming a second well 316 having a second polarity type, as
shown in Fig. 3b. The second well comprises a p-type well (p-well). In one embodiment, the p-
well comprises of a buried p-well, formed beneath the surface of the substrate. The buried p-
well is located between first and second portions 314a-b of the first n-well. The first portion and
the top of the second well form a shallow PN junction 334 and the second portion and the bottom
of the second well form a second PN junction 336. In accordance with one embodiment of the
invention, the depth of the shallow PN junction is positioned such that the depletion region
around the PN junction merges with the depletion region of the varactor in depletion mode. This

results in a wider depletion region which reduces Cy,;, of the varactor.
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[0024] Figs. 3a-e show a process for forming a varactor 300 in accordance
with one embodiment of the invention. As shown, the process forms an
n-type accumulation mode MOS varactor. Referring to Fig. 3a, a
semiconductor substrate 305, such as a p-type silicon substrate is provided.
Other types of substrates, such as SOI, epitaxial silicon layers, may also be

[0938h. THhe QuiBshatels mrepardietilira nrRbpaRIC ta-hntAvSsHrst hatdmplagiEon

In one embodiment, the first we|| comprises of an n-type well (n-well). The
RSB oo P oM T H Ut B DG B prSCigahed for

digﬁerr‘éin %e?Ebyglglé%.nQaﬁosrg W WYéeﬁla%%SGOP%%% f?&%@é’cﬁﬁ(’ \%”stﬁ?%‘éﬁ% fotm the

own In Fig. e secon comprises a p-type well (p-well). In one

wEMPAERT the RreHELEPIRIEES AlARHARAR WelidauRadRgneai) Nemple,

surface of the substrate. The buried p- well is located between first and

thegLeRf Harions.3dtaal of thenfitst Rewp!vdiRgdiretrostian iaach the dariafsthe te

second well form a shallow PN junction 334 and the second portion and the
sdnattorplaaf thelseatatmedjome agBdonthPMjiiciion33onda @panitdBeem wells
with one embodiment of the invention, the depth of the shallow PN junction
ofishedSMioNeld \soh uhag thididepletiosksedibn adiroundelhadid pptictioedfierthes
with the depletion region of the varactor in depletion mode. This results in a
vafadeFdepletion region which reduces C,,;,, of the varactor. 6 [0026] To form
the wells, conventional ion implantation techniques, such as implantation
(A% a missleiemmbaPsdBOl NS S BEmstbin SEiate 451 PhTBINteR other
rocesses are used for different wells. Suitably tailored well implants of a
e D TR S T RE: AT Breraaly, AR BMLeteh (2
refRemed i GeLte.ag ALAAATIONAl mAskR, COL AR p B LA PG e he
aractor can be formed when p-we [sFor CMOS devices gre ormed using the

sFRME FRIBNL IR EKs AL RUIRENE M IRE WIS FRLRE NAREQEHE IRIPRL which are
separately from wells

then filled with dielectric material such as silicon oxide. Chemical mechanical polishing (CMP)
can be performed to remove excess oxide and provide a planar substrate top surface. The STI
regions can be formed, for example, prior to or after the formation of the doped wells.

[0028] Referring to Fig. 3c, the process continues to form the gate layers on the substrate.
For example, forming the gate layers comprises of sequentially forming a gate dielectric layer
344 and a gate electrode layer 342 on the substrate surface. In one embodiment, the gate
dielectric layer comprises of thermal oxide. Other types of gate dielectrics are also useful. The
gate electrode layer, for example, comprises of polysilicon. In one embodiment, the gate layer
comprises of a heavily doped polysilicon layer of the first polarity type (e.g., n-type). The
polysilicon can be in-situ doped or doped by ion implantation after deposition.

[0029] As shown in Fig. 3d, the layers are then patterned using conventional mask and etch
techniques to form a gate structure 340. Typically, sidewall spacers 350 are formed on the gate

structure. The sidewall spacers 350 comprise of a dielectric material such as oxide and/or
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of the CMOS devices, using additional masks. This allows wells to be

optimized for the varactors. [0027] Isolation regions (not shown) are formed

to isolate the varactor region from other device regions. The isolation

regions, for example, comprise of shallow trench isolation (STI) regions. The

STI regions can be formed using various conventional processes. For
nigidn [t%gllée iﬂ@e%%@ﬁﬁﬁbﬁlweﬁgm&@ﬁ%rﬁ%%ﬁﬁdq%ﬂf fisaanting a
blteigniqu s to form trenches which are then filled wit%qielec,tri material such

iy b
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remo xcess oxide.and provide a planar substrate top surface. The STI
gl AT DR RN Tor Exaimile, BRor 3 or GHer he Farmatio i e
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gate layers on the substrate. For example, forming the gate layers comprises
eihsadueRtally farming puepte Alalartiedrvek 3dhandy3dataalieatRurilayRe
342 on the substrate surface. In one embodiment, the gate dielectric layer
caapipeisesnolyeelspahoxite: Ethar ixpranirgatendie l@cthicsuatie alsahasabdtrate
The gate electrode layer, for example, comprises of polysilicon. In one
admbudntengathegatedaye oreampridesof echeavisetopedimoiysbicodektiortofh is
the first polarity type (e.g., n-type). The polysilicon can be in-situ doped or
desppedranthe shishprakitien Goter @BsbeMmEh SPOb 29 pixdleneitn i ghaip vriaN
_layers are then patterned using conventional mask and etch techniques to
JuRsiAn g tsetriditlre S48 Ypieailpcsieiv irasd Sty ossdhg sl aa birined PN
. %atte strjljﬁtu e. The sidewa(I]Ls acergé%S.O comPri%et-.of anlielectlrictmat rial I
JUGARNS s XTSI P S PHE g A 8P R B A Bty (B can be se
conventional spac Qcesses, suc iti et oxide layer on
R S L U, DA ERRESRG o AL B R e o
athe,fgpizontal portions, leaving the spacers on sidewalls of the gate structure.

[0031] The process continues by forming interconnections to the contacts of the varactor to
provide input and bias voltages. For example, a dielectric is deposited and patterned to create
vias and trenches, which are then filled with conductive material, such as copper, to form
interconnects. Additional processes are performed to complete the IC, for example, additional
interconnect levels, final passivation, dicing, and packaging.

[0032] The process as described produces an n-type MOS varactor. A p-type MOS varactor
can also be produced by, for example, providing a first-type as p-type and a second-type as n-
type. The varactor of the present invention can be easily integrated into conventional CMOS
processes. Existing implant masks can be used to execute any additional ion implant steps
required. This eliminates the need for additional masks, which reduces cost.

[0033] Fig. 4a shows a simulated 2-dimensional plot of a conventional n-type MOS varactor
100 and Fig. 4b shows a simulated 2-dimensional plot of an n-type MOS varactor 200 in

accordance with one embodiment of the invention. The simulation applied an input voltage Vi,
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[0030] Referring to Fig. 3e, contact regions 348a-b are formed. The contact
regions, for example, comprise of heavily doped regions of the first polarity
type. The first polarity type comprises of n-type dopants. The contact regions
are formed on the surface of the substrate adjacent to the gate structure. In
one embodiment, contact regions comprise of a depth which is deeper than

torHs SRISHBH P AP jdrﬁ:f‘i'o ﬁa‘@ﬂ%?“ﬁéﬁﬁ?ft%rﬁéﬁ RsftalloisBlctipRMPls sHaRMMENR Fig-
unction, are also useful. As shown, the ju nctlon is located between the
s B ffé}?&%?nvﬁefwé%b%a AISHE B }ﬁn{é%y%ﬁs

im lantatio Th elf- aligned a ed ysjng an impla
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a0 7 AL RIGGGER GRNUPHRS Y IAEIRY P}B‘%ﬁﬁﬂgk‘?&ﬁ%a NG COMAF R Qrdance

the varactor to provide input and bias voltages. For example, a dielectric is

wilg pRsitednod &aﬁi@nﬁgmsf@eﬁ@etwﬁk@ga&ltmmrm icth ate dhaaitiladode.

with conductive material, such as copper, to form interconnects. Additional
TRikoGeESPsHka e sfaimed o, comyl eteuthdan @ wideexamplengslditional

interconnect levels, final passivation, dicing, and packaging. [0032] The
[00Rdidess Sisdesonibetiverods pesmmd typephDSSvanactors Weps peudas In

varactor can also be produced by, for example, providing a first-type as
PatigHar e anadateis- fprs HedHUNRR T EROf AreRiBe oo Yarasen andvewiiers with a

can be easily integrated into conventional CMOS processes. Existing implant
shalleskd @dﬁ%g%‘@m@ék@&ﬁg SKya&aliBRArTEA MsPtant steps required.

OE? eI| the eedfgl d|t|onal mask ngegreduce ca%t 003
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ulat
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ance with one embo ent of the invention. The

Nﬁﬂ@k}!ﬁ‘y&&%ﬂp}lﬁd @y ipkd y@i@&ﬁsé{mn@s to the n-type MOS varactor having a shallow

PN junction without a bias to the buried well (NV2), while CV curve 594 corresponds to the n-
type MOS varactor having a shallow PN junction with a reverse bias to the buried well (NV3).
As shown in Fig. 5, the maximum capacitance of the NV1 (CN1,x), NV2 (CN2,,) and NV3
(CN3,,ax) are about the same at 0.87 x 10 F/um. The minimum capacitance for NV1 (CN1,)
is about 0.14 x 10™* F/um, for NV2 (CN2,,) is about 0.09 x 10™* F/um, and for NV3 (CN3 i)
is about 0.077 x 10™* F/um.

[0036] As shown in Fig. 5, n-MOS varactors having shallow PN junction produce a lower
minimum capacitances, resulting in wider tuning ranges, as defined by Cp.x/Cnin. Specifically,
NV1 has a tuning range of 6.2, NV2 has a tuning range of 9.6 and NV3 has a tuning range of
11.35. This corresponds to an increase in tuning range of about 55% for NV2 and about 83% for
NV3.

[0037] Fig. 6 shows the capacitance-voltage (CV) curve for the various simulated p-MOS

varators. CV curve 691 corresponds to the conventional p-type MOS varactor (PV1). CV curve
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to the gate, equal to -1.8 V, causing the varactors to operate in depletion
mode. As shown in Fig. 4a, the width of the depletion region of the
conventional varactor is about 0.1. However, as shown in Fig. 4b, with a
shallow PN junction 235, the width of the depletion region increases to about
0.17. The simulations clearly evidence that providing a shallow PN junction in

6%teorasNRegs fithaRa iRy MHlS Y rasintdaiaadishallon) @{M%dﬁtﬁ%ﬁ bias to the
operating.in the depletion made. This corresponds to a ller C,,,:,,, which
O R B AP T PTG U ST LU BrS MO g € Satios
Pl RS MO araciors ere goRducled. i pRarioklan e SIIRiaNSy imum
asured tlunlng range of a conventional varactor and Varactors with &
cHBHAMLN ISHPRAMEN 3NpyIHeeML DiAsIRg 0t m&mgx;%qevxsﬁum%%& £25 x
shows the simulated capamtance-voTtage (CV) curves for the various n-MOS
1y8ragtars Mthdn nk8m LM RRBIREess: Y 1GUIME A0eRIrespONds 10 thepv2
conventional n-type MOS varactor (NV1). CV curve 592 corresponds to the
(CPRype iMbaEVarrRctar haying anghallbws RIYjunctianitbaut-albidstpithe
buried well (NV2), while CV curve 594 corresponds to the n- type MOS
[0p3fd ctor Arasting rais e swpPNIQS netianowith e viesrbenbids jto ¢ Henproidd svelb wer
(NV3). As shown in Fig. 5, the maximum capacitance of the NV 1 (CNImax),
MANRUET RRPASH) S AT IV ONBHPA XY THRE HBett HRecsasndyal ¥ B a@mug range of
m. The minimum capacitance for NV1 (CN1,,) is about 0.14 x 10-14

F/
487502 1 Ri{poine Rppga Of A {ab BYE g 0 HRgp AT SahdTios RAPFSRERES £ an
. ,,) is about 0.077 0-14 F 0 As sh i i -MOS t
mﬁkea{? ?nsou%lrwaﬁﬁ%})]f about %g&[r 036103 a%o%t.wg}rg/? 1903 " varactors

aving uriction ce & lower minimum ca;;’acitances,
Itingin, wide ing ranges., . fined b /Cmin, cifically, . N\l
LR L
bIYRINGIIARES OfuddoRd- This corresponds to an increase in tuning range of

about 55% for NV2 and about 83% for NV3.

[0040] Q = 1/2*IT*F*Ce*Re), where

[0041] F is the RF signal frequency;

[0042] Ce is the effective gate to silicon capacitance; and
[0043] Re is the effective channel resistance.

[0044] Fig. 7 plots the quality factors for NV1, NV2 and NV3 while Fig. 8 plots the quality
factors for PV1, PV2 and PV3. As evidenced from Figs. 7-8, varactors in accordance with the
invention (NV2, NV3, PV2, and PV3) have higher Q values in the depletion mode than
conventional varactors (NV1 and PV1) while the Q values are about the same in accumulation
mode.

[0045] 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 rather than limiting the invention described herein. Scope

of the invention is thus indicated by the appended claims, rather than by the foregoing
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[0037] Fig. 6 shows the capacitance-voltage (CV) curve for the various
simulated p-MOS varators. CV curve 691 corresponds to the conventional
p-type MOS varactor (PV 1). CV curve 9 693 corresponds to the p-type MOS
varactor having a shallow PN junction without a bias to the buried well (PV2)
while CV curve 695 corresponds to the p-type MOS varactor having a

deqERERP- P ﬁ]h@i%ﬁ%ﬁﬁ%?@iﬁ‘eﬁ@lﬂlé@ {BHANS e dPRAs IO(st’%)’a}@‘%‘BW?? in

6, the maximum capacit nce of the PV1 (CPImax), PV2 (CP2max) and

Clﬁ{%ﬁ %Eﬁ%ﬁ?ﬂaé BeAY f‘?ﬁ% S8 at 4.25 x 10-15 F/pm. The minimum
capacitance for PV | (CP111,,;,,) is about 0.9 x 10-15 F/m, for PV2 (CP2mi")
is about 0.6 x 10-15 F/pm, and for PV3 (CP3,,,4") is about 0.51 x 10-15 F/m.
[0038] As shown in Fig. 6, p-MOS varactors having shallow PN junction
produce a lower minimum capacitances, resulting in wider tuning range.
Specifically, PV | has a tuning range of 4.5, PV2 has a tuning range of 7.1
and PV3 has a tuning range of 8.3. This corresponds to an increase in tuning
range of about 58% for PV2 and about 85% for PV3. [0039] The simulations
also determine the quality factor Q of the varactors which is defined by the
following equation: [0040] Q = 1/(2*H*F*Ce*Re), where [0041] F is the RF
signal frequency; [0042] Cc is the effective gate to silicon capacitance; and
[0043] Re is the effective channel resistance. [0044] Fig. 7 plots the quality
factors for NV 1, NV2 and NV3 while Fig. 8 plots the quality factors for PV 1,
PV2 and PV3. As evidenced from Figs. 7-8, varactors in accordance with the
invention (NV2, NV3, PV2, and PV3) have higher Q values in the depletion
mode than conventional varactors (NV 1 and PV 1) while the Q values are
about the same in accumulation
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mode. [0045] 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
rather than limiting the invention described herein. Scope of the invention is
thus indicated by the appended clairksAB¥er than by the foregoing 10
descrlptlon and all changes that come within the meaning and range of
Wegtivsl %‘HE’;%? the claims are intended to be embraced therein. 11 CLAIMS
What is claimed is: 1. A method of forming a varactor comprising: providing a
substrate prepared with a first well of a first polarity type, wherein the first

weII fln S a vgractor regal1 tPEOfI'IESt well comprising a lower first well
boun ary oca(t?ed0 above a orm SUrace of the substrate; forming a second

well ip SR VRIRCIRLHERIBRy Qf‘@d%ﬁ?@f’u‘éﬁ”e‘ff’@9%?&%8‘19}{9%%3"%%9;&1 the first

second polarity type havmg an upper second well boundary disposed below

wall d4pRes POsiRRoPte i fitigt Ml AR HAREk islevellbRrngan et scated above
upper second well boundary and a lower second well boundary disposed

a Bboe shedaweify suweltboundary, wherein an interface of the second well
and the upper portion of the first well forms a shallow PN junction in the
varadtomiregicacanidvidimi iy sgatestreiciurddndhmd ardttonagion boeed well of a
upper portion of the first well beneath the gate structure forms a channel
saesgibpobirityel XRerhettg hatesnsereipreaibprrndealey, disdegsiélielew an upper portion of

the first well from an upper first well boundary to the upper second well boundary and a lower
second well boundary disposed above the lower first well boundary, wherein an interface of the
second well and the upper portion of the first well forms a shallow PN junction in the varactor
region; and

forming a gate structure in the varactor region, the upper portion of the first well beneath
the gate structure forms a channel region of the varactor, wherein in depletion mode, a depletion
region under the gate structure in the channel region merges with a depletion region of the

shallow PN junction.

2. The method of claim 1 wherein:

the first polarity type comprises n-type, the second polarity type comprises p-type, and
the varactor comprises an n-MOS varactor; or

the first polarity type comprises p-type, the second polarity type comprises n-type, and

the varactor comprises a p-type MOS varactor.
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region under the gate structure in the channel region merges with a depletion
region of the shallow PN junction. 2. The method of claim 1 wherein: the first
polarity type comprises n-type, the second polarity type comprises p-type,
and the varactor comprises an n-MOS varactor; or the first polarity type
3.comprhsasqshprhel dlhensécomarpsidittyniypewbnipriseanthypackide heaeily doped
varactor comprises a p-type MOS varactor. 12 3. The method of claim 1 .
regimhPises Frhmplgr iy MYAEIRARTCHESHHAE iINERIaR HisAARFbIs8IPrefottass thie first
first g)ol rity type in the substrate, wherein the contact regions are adjacent to
FeaMud8e edsélﬁfﬁgﬂ? §tieSIFtNE gate structure. 4. The method of claim
3 wherein the contact regions are electrically coupled to the upper portion of
the first well above the second well. 5. The method of claim 3 comprises

4 coupliig 2 a5 IRRALIRHNGI A ARUAGHIRYR0RHG LIRS AEITY 18RI Dpper

to a bias voltage. 6. The method of claim 1 wherein the gate structure
p&ABHMISES A-gateidislreltic baloy agate electrode. 7. The method of claim 6
comprises of forming sidewall spacers on first and second opposite sidewalls
of the gate structure. 8. The method of claim 6 wherein: the first polarity type
comprises n-type, the second polarity type comprises p-type, and the
5.varactbe certhpdiséslami3-MOF vearactptingrathafirghpolarityhtypenconpegises the bias

p-type, the second polarity type comprises n-type, and
terminal is coupled to a bias voltage.

6. The method of claim 1 wherein the gate structure comprises a gate dielectric below a gate
electrode.
7. The method of claim 6 comprises of forming sidewall spacers on first and second

opposite sidewalls of the gate structure.

8. The method of claim 6 wherein:

the first polarity type comprises n-type, the second polarity type comprises p-type, and
the varactor comprises an n-MOS varactor; or

the first polarity type comprises p-type, the second polarity type comprises n-type, and

the varactor comprises a p-type MOS varactor.

9. The method of claim 6 comprises coupling an input terminal to the gate electrode,
wherein the input terminal is coupled to an input voltage comprising a range from depletion to

accumulation input voltages.
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the varactor comprises a p-type MOS varactor. 9. The method of claim 6
comprises coupling an input terminal to the gate electrode, wherein the input
terminal is coupled to an input voltage comprising a range from depletion to
accumulation input voltages. 13 10. A method of forming an integrated circuit
comprising: providing a substrate prepared with a first well, the first well
defining a varactor region, the first well comprises a first polarity type, the
1irst weMebiHRidivmg 4 sothdn Rrst GrbsisBliaRRT Y8&ated above a bottom
surface of the substrate; forming a second %/ell in the V?ﬁC or.region, the

secoRtPWEREA SRS BERIFRLTRIR O3 et ity 5108 Hab g aier reeion.

upper second well baunda gis ased below an upper portion of the first well
A L BPHrS Bl oA T 15 et SECoRd W BOUrdary Sy e

loanarssconshwell berndarydisnased.above the lower first well boundary,

wherein an interface of the second well and the upper portion of the first well

formsansiallow BN Waetiomin the varReta, dRaiQdnandt farsiipesdMeried well of a
structure in the varactor region, the upper portion of the first well beneath the

segahd phldatygfonmsng ehappelsegiowelitbeurasactompovbiebeiowntleppetiportion of
mode, a depletion region under the gate structure in the channel region

thmérgesilitiora demetiofirsegidhbofitikderysieaiewppi jervetione]Lhounideryrrekhadbwer
of claim 10 wherein: the first polarity type comprises n-type, the second

sqgenr i e sy shisesqd-appee edowses Mestarebbesndprisadiensin ay @Srface of the
varactor; or the first polarity type comprises p-type, the second polaritﬁ type

seeaﬂqﬁyglégnﬁ_%gp%aomon of the first well forms™a shallow PN junction in the varactor

region; and

forming a gate structure in the varactor region, the upper portion of the first well beneath
the gate structure forms a channel region of the varactor, wherein in depletion mode, a depletion
region under the gate structure in the channel region merges with a depletion region of the

shallow PN junction.

11. The method of claim 10 wherein:

the first polarity type comprises n-type, the second polarity type comprises p-type, and
the varactor comprises an n-MOS varactor; or

the first polarity type comprises p-type, the second polarity type comprises n-type, and

the varactor comprises a p-type MOS varactor.

12. The method of claim 10 wherein the gate structure comprises a gate dielectric below a

gate electrode.

14



the varactor comprises a p-type MOS varactor. 12. The method of claim 10

wherein the gate structure comprises a gate dielectric below a gate

electrode. 14 13. The method of claim 12 comprises of forming contact

regions that includes heavily doped regions of the first polarity type in the
15ubstrheengihrst ofrr e darampregion Soandnedjaciept e it thg inekdenbiavily doped

opposite sidewalls of the gate structure. 14. The method of claim 13

regiimpPiss EBYBAHG AYPHLY ferHivARte teeiatd s cen Bt dceiine rET RIS GADIGH TSt

terminal is coupled to an input voltage comprising of a range from depletion
allg SH& rﬂmgfﬂé%sfﬁﬁﬁ?ﬂfo?ﬂ%%8§af§.t%\“ﬁté“ﬁﬁethod of claim 12 comprises

coupling an input terminal to the contact regions, wherein the input terminal
is coupled to an input voltage comprising a range from depletion to

1 ACCURIEHAR INBELYAIAY RS0 A BIEHIAE A IS eARINIGErAIST GG e,

comprising: providing a substrate prepared with a first well, the first well
wH&tnRBeanpar At AR HRVupRE firsh el GRMRERMA S RO IFNYREM B letion to

first well comprising a lower first well boundary located above a bottom
acurfaceiof theusuisigate; forming a second well in the varactor region, the

second well comprises a buried well of a second polarity type having an

upper second well boundary disposed below an upper portion of the first well

from an upper first well boundary to the upper second well boundary and a
LoweT ksepshgdvd|tbonddagmipkpsetrdibeva thieufdoayistoikdicopaadgajons,

wherein an interface of the second well and the upper portion of the first well
WHSFRIR @%HBWPN%‘I%GQBHI?H fﬂé‘\/‘&%fﬁ#@%@?@ﬁ}l’éﬁﬂlg a range from depletion to

accumulation input voltages.

16. A method of forming an integrated circuit comprising:

providing a substrate prepared with a first well, the first well defining a varactor region,
the first well comprises a first polarity type, the first well comprising a lower first well boundary
located above a bottom surface of the substrate;

forming a second well in the varactor region, the second well comprises a buried well of a
second polarity type having an upper second well boundary disposed below an upper portion of
the first well from an upper first well boundary to the upper second well boundary and a lower
second well boundary disposed above the lower first well boundary, wherein an interface of the
second well and the upper portion of the first well forms a shallow PN junction in the varactor
region; and

forming a gate structure and contact regions in the varactor region, the contact regions are
adjacent to first and second opposite sidewalls of the gate structure, the upper portion of the first

well beneath the gate structure forms a channel region of the varactor, wherein in depletion
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forming a gate structure and contact regions in the varactor region, the
contact regions are adjacent to first and second opposite sidewalls of the
gate structure, the upper portion of the first well beneath the gate structure
forms a channel region of the varactor, wherein in depletion 15 mode, a
mgéy|ewoplregfiongiterddiehgariestiveture inthektnaphek ey ioer seergdsawipleiion
depletion region of the shallow PN junction. 17. The method of claim 16
regjRR i oﬁl??ﬁ loy the BBEHAR well comprises implanting ions of the second
polarity type into the varactor region. 18. The method of claim 16 wherein the
contact regions include heavily doped regions of the first polarity type in the
§Ub8:fg ]lf% JhFCEnEthgw gr(e:llq r18 W erel(l?ot & ClP&nnE' {gegll%:t{an l'lé ons of
couple e contac reglons Hﬁ% lethod of claim 10 comprises 6f
th@o&:@lﬁg |§ ﬁgggﬁgmgﬁﬂg%gg&q&h&@vny doped regions of the first polarity
type in the substrate, wherein the contact regions are adjacent to first and
second opposite sidewalls of the gate structure. 21. The method of claim 20
wherein the channel is electrically coupled to the contact regions. 16
18. The method of claim 16 wherein the contact regions include heavily doped regions of the

first polarity type in the substrate.

19. The method of claim 18 wherein the channel is electrically coupled to the contact regions.
20.  The method of claim 10 comprises of forming contact regions that include heavily doped
regions of the first polarity type in the substrate, wherein the contact regions are adjacent to first

and second opposite sidewalls of the gate structure.

21. The method of claim 20 wherein the channel is electrically coupled to the contact regions.
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