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DOUBLE GATED TRANSI STOR AND METHOD BACKGROUND OF TH
| NVENTI ON 1. TECHNI CAL FI ELD The pr a on rel ates general | 7tBE&ﬂm5

field of s&mFRIMCt Or nanufacturlng ang, re specifically, to a method
for formng double gated field effect tr. n5|stors 2. BACKGIERIHO6ART The

need to remain cost and perfornance conpetltlve in the production of
sem conductor devices has caused continually increasing device density in
integrated circuits. To facilitate the increase in device density, new

technol ogies are constantly needed to allow the feature si
sem conductor devices to be reduced. The push for ever incrg@mmhytmﬁ@ﬁce
densities is particularly & ®ofgCiR tBchnbl ogi es, suc

design and fabrication of field effect transistors (FETs). FETs are used
in alnost all _t es of integrated circuit design (i.e., mcroprocessors,
menory, etc.)PPHPLF tFATERD: | SASTERsAND METHQR QFc FABRYCAMIGNOS FET of t en
results in degradation of perfornance and/or reliability. One type of FET

that has been proposed to facilitate increased device density is a double

gat ed fiRACKGROUYNBt OF r BHE | BVENTIONoubl e gated FETs use two gates, one on
each side of the body, to facilitate scaling of CMOS di nensions while

mai ntai ni ng an acceptable performance. In particular, the use of the
doubl e 1. TECENICAL FIELD

The present invention relates generally to the field of
semicohdugtor mahufacturing and, more specifically, to a
method for forming double gated field effect transistors.

2. BACKGROUND ART

The need to remain cost and performance competitive in the
production of semiconductor devices has caused céntinually
increasing device density in integrated circuits. To
facilitate the increase in device density, new technologies
are constantly needed to allow the feature size of these

semiconductor devices to be reduced.

The push for ever increasing device densities is particularly
strong in CMOS technologies, such as the in the design and
fabrication of field effect transistors (FETs) . FETs are
used in almost all types of integrated circuit design (i.e.,
lmicroprocessors, memory, etc.) Unfortunately, increased
device density in CMOS FET often results in degradation of

performance and/or reliability.

One type of FET that has been proposed to facilitate increased
device den51ty is a double gated field effect trans1stor

- Double gated FETs use two gates, one on each side of the body,
to facilitate scaling of CMOS dimensions while maintaining an

acceptable performance. In particular, the use of the double



21 DEC 2005 2 gate increases the gate area, which allows the transistor to
have better current control, wthout increasing the gate |length ofl 1t B&EE 2005
device. As such, the double gated FET is able to have the current control
of a larger transistor without requiring the device space of the |arger
transistor. Unfortunately, several difficufties arise in the design and
fabrication of double gated CMOS transistors. First, the relative

di mensi ons ofgage HREHAL& &é‘t%”afé ﬁljé@n\%lll%ﬂ %‘Ilo@ﬁ &hS Hﬁﬁb&&gﬁo hive ?&teg'chﬁkﬁuéo%trgp

reliably fabrlcate one that has a performance and m nimum feature size
Second, the tWithoyh mC@easmgtth@gat@iengﬂmfubd: devjext & such;rthe dovﬂﬂe igateti |F@m ig able to

d d dfor t he two.gat p. cul ar, en
f:g(raln c:'? ;[ oﬁp?{eac%m ques h igé@mlgenae]raégelr)’rapggtﬂfté op%regund b‘ﬁg Xicg gpace Cof he™

transi stor tHajgehtaansistdrher too high a threshold voltage, or too |ow of a
threshol d voltage. For exanple, if the gates are doped the sane polarity as
the source, the threshold voltage will generally be near zero. Conversely,

if the gates [ﬁff@l’cuﬂ@él?dsév@?al RPREIHE aHQé 3 ithey dQ{ %ﬁ Qﬁ%%ﬁﬁ’i&%ont&e@&bﬁe gated

threshold volta proxi mately one vo resul
desirable inGM t@wstoamﬂmswhq 1ghpsive tltm@swmef e dpybla gateddransistor m:ermuhzdlat

bl t ed ces
Crat e ovi de it feBRAf JRUBBS nBHCAPORL G0 hLR pBlrorn iR oo HRb R B e e

wi t hout over ISgcontk tleagiresholdamltagabf amloub)lmga&)dl ttansns{iidlvb/lh@ﬁly ﬁsmﬁé%ltﬁ%oh%é
met hod for

first aspect of the pre di scl osur t her rovi

f or mi ng g fi gr&eréaflf%sgg frra & W0 gatef. hE‘ ety r’cﬁ ?’i‘tsfag?éjci‘t@ dechipigues -hayg
providing a gexhars;lwrdmhddnw @uBle garkastdndtsr thdd Basit He?%b B h'afl Eﬁél@rvgstage
substrate corrprl sing .a silicon layer on a buried dielect ayer

formi ng a mafb %’IIOY"aﬁfé‘rth{?ﬁh‘?lﬁémB@Ser E‘éfrﬁ’qaﬁl}b@r if thegates hﬁer@ppﬁ&mmnmﬂaﬂt}ayer
to define a ymprir&! tﬂ%hﬁg%ltﬁ%wﬁ% faﬂ 2 dele, 5 b&%%roﬁl df ggpe‘starf%t

mandrel |ayer edge, the patterni I"I"con ayer
body edge; dyopask rﬂlﬁgolamﬁlltﬁr snola;ayeoﬁlthd: esxmmec thent the fthmsitolcﬂ)odg{t@dgamll ebe

roviding a t flrst Lerm t the first

Body edge ongéé{&m@élgf fié %jl? I‘?d‘”ﬁ‘F et“? is defiyabls a%‘a?ﬁﬁ%ﬁbﬁ P%I | ayer to

expose a first edge of the first gate structure; [R\LIBQ 2795.doc: MC
Thus, there is a need for improved device structures and methods of fabrications of
double gated CMOS devices that provide improved threshold voltage of the resulting

double gated CMOS without overly increasing fabrication complexity.

SUMMARY

According to a first aspect of the present disclosure, there is provided a method for
forming a field effect transistor, the method corriprising the steps of:
a) providing a silicon-on-insulator substrate, the silicon-on-insulator substrate comprising
a silicon layer on a buried dielectric layer;

. b) forming a mandrel layer on the silicon layer; patterning the mandrel layer to define a
mandrel layer edge;
c) patterning the silicon layer with the mandrel layer edge, the patterning of the silicon
layer providing a first body edge;
d) forming a first gate dielectric on the first body edge;

e) providing a first gate structure of a first fermi level adjacent the first body edge on the
first gate dielectric;

f) patterning the mandrel layer to expose a first edge of the first gate structure;

[RALIBQ]2795.doc:MIC



21 DEC 2005 3 g) formng a sidewall spacer adjacent the first edge of the
first gate structure, the sidewall spacer having a first edge and q%ijgond
edge; h) patterning the silicon |ayer with the second edge of the si { 1005
spacer, the patterning of the silicon |layer providing a second body edge,
where the first and second body edges of gthe patterned silicon |ayer

define a transistor body; i) providing a second gate dielectric on the
second body edge; and j) providing a second gate structure of a second

ferm |evel gdpemiagta sidesvadlespaced abijadsnt die filshedgeotonsifigapste direbtR] tHeGidewall
According to_a s?ﬁond as ect of the Bre ent disclosure, there is provided a
met hod for YPEFFHIAYNG rirsl seprde pecopdfdsSst or, the nethod conprising the

steps of: a)h)Rfa@¥inthgGie &ilfoh 1£RP wiih-thd S&HoRl RhgS b 1"crsﬁfe@walltsggcer, the patterning
silicon-on-insul ator substrat€ conprisin a Silicon layer on a BOFIed :
di el ectric |%fybe silisgn fayenpreyidingamsreond bocgwedgeowh@mhs first @od stcpdbody edges

patterning t : ¢ i . el layer edge; c) patterning
the silicon algléerﬁﬁ\%hﬁq %lﬂcéﬁ%%ﬁeggg@% a{;@aeﬂr%lséégég,g&’t he patterning of the
silicon | ayigpraviding asevgnd ghtierddledndelyn tdgecond)bolipedpei@na first gate
dielectric an_the,.fiirst bady edge; e) .providing a first gate structure of a
1 rst ter i 0 BUSIINA SR EHCSTUCHLE ofBa5cademBmeyadiacPriche geaond body on
dielectric; the sfehd gsaBidigdedii® nmandrel |ayer to expose a first edge of the

first gate structure; g) patterning of the silicon |layer providing a second
body edge, where the first and second body edges of the patterned silicon

| ayer define : i gt ody.: el el ectric, on
t he second b%%ykg 26 §asﬁgorfa) gé?%@féﬁig}{éég%tg‘g%ﬁ%ﬁgﬁﬁ géjrg g ?&Jsﬁqvﬁ!}eed %Tmeéhosde ®nd
ferm |evel fadpiagarficld bifect dansision duymethod térepsengthd sgat ef:di el ectri c.

R \LIBQ 2795. =M C 21 DEC.2005 ing. t third t of th
Lr esent qdi scasggch)vﬁ(g,ngtaﬁﬁfcgnioél'lﬂf%é%%ﬁ’ég&gtglffigﬁ’é;f)g‘rog'lﬁ%{%?’i §'l pégteggmansﬁg

transi stor haodlycondaysednarbusics diesdctrdd layert he transi stor body having a first
vertical edgb? forming a mandrel layer on the silicon layer; patterning the mandrel layer to define a
mandrel layer edge;
¢) patterning the silicon layer with the mandrel layer edge, the patterning of the silicon
layer providing a first body edge;
d) forming a first gate dielectric on the first body edge;
e) providing a first gate structure of a first fermi level adjacent the first body edge on the
first gate dielectric;
f) patterning the mandrel layer to expose a first edge of the first gate structure;
g) patterning of the silicon layer providing a second body edge, where the first and second
body edges of the patterned silicon layer define a transistor body;
h) providing a second gate dielectric on the second body edge; and
i) providing a second gate structure of a second fermi level adjacent the second body on

the second gate dielectric.

[RALIBQ]2795.doc:MIC



and a second vertical edge; b) a first gate structure adjacent the

transi stor body first vertical edge, the first gate structure having a
first ferm level; and c) a second gate structure adjacent the trangic}spg; 5
body second vertical edge, the second ga?g structure having a secon Wp
| evel that differs fromsaid first ferm level. According to a fourth
aspect of th resent di.ssclosure, .there is provided_a double, ed field
effect tr ans‘fgcsc?)(r)‘ﬁn% g?rpa} it}gfan §§pe§§e of tp? Rk 5150]88159’, thepe 18 rpé%vs}&‘g{ 8r U HSHer
formed froma@nfrisingen | ayer formed above an insulator |ayer, the

transi stor body having a first vertical edge and a vertical second edge,
wherein the at)raatmwtog%owé@mreidma sbglatarttic transistpmbaed yshavinga fiyst vertwabedzd ge

are opposit ther and substantially perpendicular to the insul ator
| ayer; b) a%flﬁﬁgst%p%n;ﬁt%%la&%%eﬂi c layer formed on the transistor body first

edge; c) a sycofigstgaie stu@hRChdjhdent BLirahsiioRBodBN fikdl S clticiN 2dgs, Ofhe DALY gate
second edge; d) a first gate structure fornmed on the first gate diel egtrlc
| ayer adj aceSHUCHuES haying ¢ Brss fesmblevebaad first edge, the first gate structure
conprising p-type polysilicon; and e) a second gate structure forned on the
second gat e cdidefecend gatestyeureatjamenthet transistor bodgsscsidoverticad yedge ahadecdaide,

the second e.struciure conprising,n- e..polysilicon. Disclosed herein
are a doubl %%{geastt@la{utr? andist 8%%3% ierglg WPL%% 4@%511%1‘%5%@ %lrﬂge%r]rﬁv ‘hat

results in inproved device perfornmance and density. One enbodi ment of the
present i nvagebidify R @ \oElES agheblostohe paRbaddibdensd, ThAE iWbidliARYAEEIHIE gatg@t e
dopi ng, where one of the double gatées is doped degenerately n-type and the

ot her ~ degendicid efifset fransjsier comyprisigi ng one of the gates n-type, and the

' par i cur 4 & S TRES, Puc Rl NG Ry’ i T Queot S estped hgee a0
transi stor Gavulatov layerpdheqiiabistod 8pdyBaviie 4 Figst Redital WY ANA atVRkEah Hcdnd elgeage
in a range that . enabl es | ow vol tage CI\%DS operation.” For exanple, a

transi stor CUKTHR e Bansivion bedy fiest edge ang s Hrangisips body scdsatsgn a@®/opprditd. Sv
for nFETs a ng. r JRALEBOL.2795. doc: MC 3b 2 1
DEC 2005 mgg%lﬁ@%%ﬁtg b%?rq{a%lgpg%‘égé@lﬁ'td&rﬁﬁ%P{Sgﬁ}qlréaxgﬁpI enented using a fin

type doubl e byatfiest satstdieledttic tayel forraed bmtHe)tp@sistor bedywfigt eddee doubl e gates are
formed on eagh Si dg 0 with the body being disposed horizontally

f t b )
bet ween t he SYAFEON ¢AE %ngftlé?f%ar feEnsben thertrangigioprpady sasprd edabl e gat ed
transistor ahhaws: $Aesoksre! BAM 0Pl IS SRY ifcfochft RUEdTAIM W e transistor

body first edge, the first gate structure comprising p-type polysilicon; and

. ¢) a second gate structure formed on the second gate dielectric layer adjacent to the

transistor body second edge, the second gate structure comprising n-type polysilicon.

Disclosed herein are a double gated transistor and a method for forming the same that
results in improved device performance and density. One embodiment of the present
invention provides a double gated transistor with asymmetric gate doping, where one of
the double gates is doped degenerately n-type and the other degenerately p-type. By
doping one of the gates n-type, and the other p-type, the threshold voltage of the resulting
device is improved. In particular, by asymmetrically doping the two gates, the resulting
transistor can, with adequate doping of the body, have a threshold voltage in a range that
enables low-voltage CMOS operation. For example, a transistor can be created that has a
threshold voltage between 0V and 0.5v for nFETs and between 0 and -0.5V for pFETs.

[RALIBQJ2795.doc:MIC



feature size, while allow ng the thickness of the body to be nuch smaller
than the gate length. This inproves control of the threshold voltage of
the resulting device. The preferred net h%% for formng the doubl eZghtDE@IZU[)5
transi stor acconplishes by using an i mage ““enhancenent techni que, sidewal |
i mage transfer, to define the thickness of the transistor body, allow ng

It to be rel oablembo@i&f oFithd Hfé}@éﬂt%%ﬁbﬁ §& ﬂg[.'r;]lgmﬁllﬁtrz,& usi gea oy rﬁfb"@&%l@&fzﬁ%

ot her advantages and features of the I nventi are rom

fol | owi ng nosteugbiaret Irx:allfmrtygestructprte; the dfuble gatest mrfeﬂnahtmdaammtle of thesody,

i nvention, a ted cO awi BRI SCRI PT| O\I
OF DRAW NGS W té? Bpay 38‘&g Zé’ﬁgaﬁﬁn%é‘ﬁ?eno‘&l e ais pﬂ%% B el?“r[f)i/E thog rfor

will herei nafdrmungo«ms cﬂﬂlﬁwgdb&ﬁtmﬂmw&rwlu%%hd)ghté/\lehﬁthwif@h@cw}ﬂt@ql & AhiREc,
where |ike d naf i Onﬁ’é ote li ke  elenents, and [R\LIBQ 2795. doc: MC

21 DEC 2005 84£0Y OWWgF‘hfrﬂEﬁg@ﬁ-‘é)eéﬁrz todg, to pej rguch sm@u@rdhagﬂ@ngate
illustrati ngleﬁgtfh' MHis uﬁpfdv%@tdoﬁ 1 B0 threfiofdPvoRtage é? i ?e@ﬁtﬁ%s fi%'

side views of an exenplary fe gat ed transi Star

FIGS. 11 - 1pcaredpee «p;béqrufvenmgéh@dmﬂaleagatwemimcdmmsmes beueidg an image
transistor d 16 i.s a.flo a |IIust n
second fabri caaﬁ%ﬁlg%@ﬁ]?‘%ﬁug’l imagg fragster, tP\(,)Hfg g'tett?lﬁ]f&f’sssq e\fﬁgﬂg(”bf
a second exisotl amwldgmﬂabe)egemmy formes asdubrmidithim dedtarsizat i on;, and FIG 25

is a graph of threshold voltage versus body thickness. BEST MODE FOR
CARRYI NG QUT THE | NVENTI ON Accordi ngly, the present invention provides a

doubl e gat edThd forésuind @fd athér advamtdpes aﬁ@feaﬁﬁ’é%%e nll"\eenﬁﬁ 11135% m&‘; # Ecr%P#e

i nproved devi ce%]EPerfornance and densjty. The preferred
present i nv elBe ifs W}gggnq;p@@nu:@gargemgp@ of a preferred embodlment of the invention, as

illustrated in the accompanying drawings.

BRIEF DESCRIPTION OF DRAWINGS

The preferred exemplary embodiment of the present invention will hereinafter be

described in conjunction with the appended drawings, where like designations denote like

elements, and

[RALIBQ)2795.doc:MIC



gated transistor with asymetric gate dopi ng, where one of the double

gates i s doped degenerately n-type and the other degenerately p-type %y N
dopi ng one of the gates n-type, and the other p-type, the threshold 21 EC 2005 .
voltage of _the resulting device is inproved. In particular, by
asymet ri cAAY Y ng the two gates, the resulting transPGEBRO26202 Wit h
adequate doping of the body, have a threshold voltage in a range that

enabl es | ow vol tage CMOS operation. For exanple, a transistor can be

created that has a threshold voltage petween OV and 0.5V for nFETs and
between 0 and -0.5V for pFETs. 21 DEC 2005 WO 03/001604 PCT/ EP02/ 06202 5

The preferred enbodi nent of the present invention is inplenented using a

fin typgdoull esgat edowtd ik rie.111sd rht ingt ¥ peisdt utthriesatiibe doubl e gates
are formed on each side of the body, with the body bei ng di sposed

hori zontgthpdiet ween the gates. The preferred nethod for forming this
double gated transistors allows the gate length of the device to have

m ni mum f eature size, while allow.n he,t hi ckness of t to be nuch
smal | er Bli§#n the égt%r?e%&ﬁ?ﬁ"sﬁﬂgié%ﬁér868? VLNt 1o ?ﬂr%%égggéfgshold

vol t age Rfurfile gesy! tiags tevé caluring gabtecaedomet hod for forming the
doubl e gated transi stor acconplishes by using an i mage enhancenent

techni que, sidewall image transfer, to define the thickness of the

transi st@igs bady - abl ont@gpétspartdiee elieabl y£f annexerplanb deukileum f eat ure

size. Various eIectricaII% conqu}LQ% qa%erials have associated with them
a bui | t-93Fed &ePPLaFOpot Rt Al LR e P8ferred to as a fernm |evel,

which, along with externally applied voltage, determnes the relative

ffinit ft , duct f | : I HpeeY! he f i
eI AL, 0 Son LTl Bt SR8 obEsing o e Term

a sem conductor, such as

s

method;

FIGS. 17 - 24 are cross-sectional side views of a second

exemplary double gated transistor during fabrication; and

FIG. 25 is a graph of threshold voltage versus body thickness.

BEST MODE FOR CARRYING OUT THE INVENTION

Accordingly, the present invention provides a double gated
transistor and a method for fqrming the same that results in
improved device performance and density. The preferred (
embodiment of the present invention uses provides a double
gated transistor with asymmetric gate doping, where one of the
double gates is doped degenerately n-type and the other
degenerately p-type. By doping one of the gates n-type, and
the other p-type, the threshold voltage of the resulting
device is improved. In particular, by asymmetrically doping
the two gates, the resulting transistor can, with adequate
doping of the body, have a threshold voltage in a range that
enables low-voltage CMOS operation. For example, a transistor
can be created that has a threshold voltage between 0V and

0.5V for nFETs and between 0 and -0.5V for pFETs.



silkcon, this ferm I|evel can be adjusted to val ues between the val ence

band and conduction band by introduction of inpurities which suppl yﬂ%@ﬁﬁﬂﬂ‘i
hol es or electrons. In the asymretric double gated FET of the prefe LU

enbodi ment ., { gate el ectrodes are doped with opposite polarity, with
one gate gé)ldr%gm(fg%gd n-type and the other gate being dop®d/BRRY$E2 ~ Thus,
the two gate el ectrodes have different ferm Ievels and hence one gate

el ectrode (the strong gate, the n-gatg for nFETs) has a greater affinity
for the inversion carriers while the“other electrode (the weak gate, the
p-gate for nFETs) has a lesser affinity for the inversion carriers. As a
result the _inversi ormin the sem conductor body at a

n channel wl] f '
| ocati on hedrs etrﬁé‘%‘ §F‘E8Hbme@5t%% %Wﬁﬁ?"_}:eém’?@tb@? higate el ectrodes
cont ri buiniprignten tiekle ubtivgr 8i 6tn pofRNtdoib1keadi B §0rdde BEC 2GQ5 - \WO,
03/ 001604, PCT/ EPO%/ 0620% 6 reJIt atively |ow_threshold voltage (e.g, between
0 and 0.5PXAEE T F6r nFRG %‘6%’ D FBeS Preafperaddonoergivrsidsr witng a doubl e

gat ed ttrendioslyor wiinhacnferld@dﬂpeoe\éﬂ@ldtiﬁpogégf ?Mﬁﬁ'@@%@ﬂi} nrﬂ%'ghe;'?;xy hat
illustrated. t hod 100 forns_a, doubl e gate ransi stor i
: rrplrjzv:aghteehgalt}{%rséshgfl’ﬁ 95?%%5%’3%’“% Q% %855?%?‘8%?9 ki 3 davlbilet spkrdg

f abri cattiremsieitioabi bilywanthsiggdd gjetny_;tthe the Sﬁe@%&ﬁ tjdt):hanE met hod 180 is
to provi . appropriate. waf.er, osi,t various, etch sto ayers, an
depgsi t mg%rlrgﬁﬁlr ggagﬁ’é?/e%%z?’n "f}}feleprazﬁé’w@a @Fr%o PSS 1 kRrePod¥ed
conpri sé® &e gilchcemabher nshdrattdre @SEk) Laafel . A&F}?ﬁséqhnpﬁo%sw?f er c?hrrprlssdes
a burie L y b S | ayer. W e come . clear, e |
| ayer igoﬁggggt é%f g&?n fﬁ%@%@oy o gttﬁged%b}:@es IR AevVicsr . As such, it
(i s genefdr| prefereedbhethed Ul far8Ohgl tgerdolisle hpserl priaypestbor NFETS) g
dopi ng @depsmbYishest B SHNUF A 1RaYelBhfaMacht A &rhilQ $Mye3,1p provide
r
Prope image transfer, to define the thickness of the transistor
body, allowing it to be reliably formed at sub minimum feature

size.

Various electrically conducting materials have associated with
them a built-in electrical potential, often referred to as a
fermi level, which, along with externally applied voltage,
determines the relative affinity of the conductor for
electrons (or holes); In a metal, the fermi level is
intrinsic to the material, while in a semiconductor, such as
silicon, this fermi level can be adjusted to values between
the valence band and conduction band by introduction of
impurities which supply excess holes or electrons. In the
asymmetric double gated FET of the preferred embodiment, the
two gate electrodes are doped with opposite polarity, with one
gate being doped n-type and the other gate being doped p-type.
Thus, the two gate electrodes have different fermi levels and
hence one gate electrode (the strong gate, the n-gate for
nFETs) has a greater affinity for the inversion carriers while
the other electrode (the weak gate, the p-gate for nFETs) has
a lesser affinity for the inversion carriers. As a result the
inversion channel will form in the semiconductor body at a
location nearer the ‘strong’ gate, and thus results both gate

electrodes contributing to the inversion potential leading to



centering and control of the threshold voltage of the transistor. However,
i n anot her enbodi nent to be described |later, the doping of the SA' Ib&é{cqmg
done with an angled inplant to facilitate the achi evenent of a uniform

concentrat ty throughout the body. However, non-SO wafers can be
used. Wen a ﬁ%ﬁﬂéi] wafer is used, the processing, renmalGEENRAE0} se

identical to those of the SO wafer case, except as noted. Wth a SO

waf er provided, three etch stop Iayef%sq!e formed on the wafer, preferably
conprising a silicon dioxide layer, a “silicon nitride |layer, and a second

silicon oxide |ayer. These etch stop layers will be used throughout t he

fabricati o1y r,0 ate ch stop i S needed. 1 DEC 2005
WO 03/ 00%685119{ ‘?%%‘r/ % fggengQt‘ta%ené dtelPetagen Psaf%r@re%l The
mandrel Vvayes) preferably conprises a |ayer of oxide or other suitable
material. As w Il be explained in greater detail later, the nandrel |ayer
is as part of a sidewall image transfer which is used to define the body

of the d'buum.mrgatoad tior 1. Stlor a vﬁstsmmm Imgrd ﬂ&ﬁﬂddhE| al a?ﬁﬂslét alt%‘dit to
forma s er., his turn u to defilne e Lransi stor
body. . | tpﬁ pre e?%%&ccg%gg ¥ w t?ﬂ? ST FBPORLEERE (Hi ckness of
bet ween 1Lyt radegl. 1oaemnpdh¢mVéormsmm@uny qlemeaswausm@@geud%oendl ng

U 1 st AR e e SN U o o Fhgct st Brmnar el
| ayer . thi%ﬂﬂﬁhﬂﬁﬁedlagbédbnsnatdeerehxnﬁuhimyZQBdcaﬂmplSéityin Sa  wafer,

and as such includes an SO |ayer 202 and a buried oxide |ayer 204. On top

of the SO layer is forned a oxide layer 206, a nitride |ayer 208, and a
oxi de |é§@ﬁ st phepel0l of method 100 is to provide an appropriate

wafer, deposit various etch stop layers, and deposit a mandrel
layer. In the preferred embodiment, the wafer used comprises a
silicon on insulator (SOI) wafer. As such, the wafer comprises
a buried oxide layer beneath an SOI layer. As will be come
clear, the SOI layer is used to form the body of the double
gated transistor. As such, it is generally preferable to use
a SOI layer that has a p-type (for NFETs) doping density in
the raﬁge of 3 x 10 cm™to 8 x 10 cm™® to provide proper
centering and control of the threshold voltage of the
transistor. However, in another embodiment to be described
later, the doping of the SOI" layer is done with an angled
implant to facilitate the achievement of a uniform

concentration density throughout the body.

However, non-SOI wafers can be used. When a non-SO0I wafer is
used, the processing remains otherwise identical to those of

the SOI wafer case, except as noted.

With a SOI wafer provided, three etch stop layers are formed
on the wafer, preferably comprising a silicon dioxide layer, a
silicon nitride layer, and a second silicon oxide layer.

These etch stop layers will be used throughout the fabrication

process when an appropriate etch stop is needed.



| ayers serve as etch stop layers. On top of oxide layer 210 is forned a
mandrel |ayer 212. Returning to FIG 1, the next step 102 is to pattef DECH,
mandrel |ayer, form sidewall spacers, and pattern the etch stop |ayers.
The mandre| layer is pattered to open that area in which the one of the
doubl e gatgg)? 018¢ red. The si dewal | spacer is preferabl JCTEPR@RERIYSI ng a
deposition of silicon nitride, followed by a suitable directional etch. As
will be shown |ater, the thickness of sidewall spacer will define the

body region of the double gated transilstor using sidewall inage transfer.
Turning to FIG 3, the wafer portion 200 is illustrated after the nmandrel

| ayer 212 has been patterned, a sidewal 'l spacer 214 has been forned, and
t he exposett pot triadisellhtageéchist bprmddiyeTheaventieeh IayeweankefZrabE€ 2005 WO
03/ 001604 PCT/ EP02/ Q6202 8_Returning t.o FIG . t he . step 04 is to
pattern THEPSE®S Pa @Veﬁs?ﬁggfh%es? eﬂéhﬁr g%éééPign%Q?%%%f%Tné&handrel

mat eri al wiBs Be naglaiand Lo §oeatgatdetexildéasrrt hehexpaosdcksildyesf the SO
| ayer. This_is preferably.done,usin [ l e, ceact LV, i etch. The
gate oxite 3% Rt é’%aﬁl ?Y?%"rqa b b@aﬁgtrrnastfagxﬁaggﬁo%% ?/ep(? cally at 750-800
C. Al so,definagehicodyt ef tha dogpbbntgrtiesh tiraneisher bodys ofuathe theansi st or
can be done Thi |.d f conary n dj t. i;At 0 t he
exposed %?%Eﬁ%ﬁiléifw?ﬁé §§§S|§§2f%%ﬁg%§ﬂb§?§%§ fﬁgg%gfﬁggﬁgﬂijﬁathe gate
oxi de. Thisn widd tsededine pheperanysidope tiedy-body bhetpeefernesd stor. As

w il be ' i r d I Wyt A g | t

perfor rre%%?%%rpe\?\gcy Eﬁgt ﬁggg ?évggs%%i%gs'r% ggtﬁ%gﬁfggt#ggb%%sﬁx}ofgmhel p
conpensatrd f HI0 nnhr doWENErvobralyed vidiidmesss "aYuFRRAGS ndePeF 9GO, t he

waf er pogfi ofe 2004 $olh! HELERRESS .

Turning now to FIG. 2, a wafer portion 200 is illustrated
after the formation of etch stop layers and a mandrel layer.
The preferred embodiment wafer portion 200 comprises an SOI
wafer, and as such includes an SOI layer 202 and a buried
oxide layer 204. On top of the SOI layer is formed a oxide
layer 206, a nitride layer 208, and a oxide layer 210. These
layers serve as etch stop layers. On top of oxide layer 210

is formed a mandrel layer 212.

Returning to FIG. 1, the next step 102 is to pattern the
mandrel layer, form sidewall spacers, and pattern the etch
stop layers. The mandrel layer is pattered to open that area
in which the one of the double gates is formed. The sidewall
spacer is preferably formed using a deposition of silicon
nitride, followed by a suitable directional etch. As will be
shown later, the thickness of sidewall spacer will define the
body region of the double gated transistor using sidewall

image transfer.

Turning to FIG. 3, the wafer portion 200 is illustrated after
the mandrel layer 212 has been patterned, a sidewall spacer
214 has been formed, and the exposed portions the etch stop

layer have been removed.



after the SO |ayer 202 has been patterned and gate oxide 216 has been
formed on the side of the SO | ayer 202. Again, an angled body inp%aqgj%ﬁﬁ
al so be perforned before the formation of the gate oxide. Returning't C 2005
FIG- 1, the next step 106 is to deposit and planerize the gate material. -
As descri b@P W88 in the preferred enbodi ment, the douBFEEBR{06202

transi stor has one gate fornmed n+ and another gate fornmed p+. In the
illustrated inplantation, the n+ gate is formed first. Turning to FIG 5,
the wafer portion 200 is illustrat ed after n+ pol ysilicon 218 has been
deposited and pl anarized. As will becone clear, n+ polysilicon 218 w |

be- used gotfornlone of(%hgﬁga es in the preferred enbodi mrent doubl e gated
transi st 6FFUFRENAek? Step lrodhies nestsafert + Vb5 téhmad tera £BRRBAT ng

mandrel lLayek. udbhg tise priefevaahl ¥pdese B¥d PESALIIINY dindredChhVeri o etch
of the mandrel selective to the nitride sidewall spacer, the nitride etch

stop | ay8f anf2fke &2 £OBEC IG5 O HEF D 39D ot £ApCHeEPeRe620 2t he 9

pol ysi | | 60D. 1Then. anhiiy ersmpdiedeeaBXi deoh@yediis 4 RELI8 rbher pal ysilicon
gate materi al ¢ }gr efer ablé/ by gr.ow gvg thermal — oxide on the polysilicon '
gate. TurRPngtRow t oH8 @3t oFige darRFehoratioh txowecs byl thetpat ed after

the mandoeldhbyen, Xlbidaad baen76erByedec OXi dalebghdstk9Rg! ees L) has been
been formed on the gate

renoved, naild @athernal.o§id% Iaéer 229'ﬂ§$
pol ysi | | B3nBREMFEG 18 thEyRPABOBE tHE ti S O&t Fahhke @M ni ng
nmandr el Thyerwosldtpdese radllgctbmpkysé oan hehgdaden@di@ntf ohtewege by a bri ef
"HF etch i enoyes .t.he r i pLhg, oxi de  layer 206 i ch was beneath the
renai ni né\mﬁr%n%(? T TR ofhgg%egb?s{'%eﬁ’lcfiqrfyg’@félrght Ref8Xpask sa
| ayer. Thfsthe gamreeferialel.y dBhésbyousd ngpmve eacipiropeirh @bpd that et ches
the SOpbdyess SHORYMG188EN RUTL LM B R JURLy TR 5 Sorpl etes
detail below, this angled implant can performed in a way that
achieves uniform concentration density to help compensate for

threshold voltage variations.

Turning now to FIG. 4, the wafer portion 200 is illustrated
after the SOI layer 202 has been patterned and gate oxide 216
has been formed on the side of the SOI layer 202. Again, an
angled body implant can also be performed before the formation

of the gate oxide.

Returning to FIG. 1, the next step 106 is to deposit and
planerize the gate material.. As described above, in the
preferred embodiment, the double gated transistor has one gate
formed n+ and another gate formed p+. In the illustrated
implantation, the n+ gate is formed first. Turning to FIG. 5,
the wafer portion 200 is illustrated after n+ polysilicon 218
has been deposited and planarized. As will become clear, n+
polysilicon 218 will be,used to form one of the gates in the
preferred embodiment double gated transistor. |

The next step 108 is to selectively remove the remaining
mandrel layer. This is preferably done by performing a
reactive ion etch of the mandrel selective to the nitride

sidewall spacer, the nitride etch stop layer and the gate



the patterning of the SO |ayer to defines the thickness of the body of
the double gated transistor. Then a gate oxide is forned on the exq?fqﬁc7m
side of the transistor body. Also, during this step another inplantatioh** b
into the body of the transistor can be performed. This would again

pr ef er abl yWOd3iH6¥4se an angl ed i npl ant into the exposed Ficiapa/vc2ef the

SA | ayer, done before the formation of the gate oxide. Turning to FIG 7,
the wafer portion 200 is illustrated after the patterning of the SO |ayer
202. The remaining portion of SO Fafer 202 conprises the body of the
doubl e gated transistor. Gate oxide 221 is formed on the exposed SO |ayer
202 usi'ng a thernmal oxidation or by depositing a dielectric film Wen a
non- SO Re¥¥siliisopsedThen tar iHemiddiete Pkhde alayertichddmedt bne to the
desi red depth 1. i I : Q ,n he original silicon surface)
a deposi ?/?ﬁt%hlytgii%g% Cy%%gggatl%q%slégbtrg%%g%%g/?bbgiqrg%cwcﬁgdiscéff gT

excl usi vetideen: fhe potydid Henl gateal Surhacesnof tdd k.cléedtsil i con of

thi cknesg frl JIEEi 830500 VR %l%%ﬁe?CZégg Zéﬁégg%&re#&}aggw 9xhmat el y

one-quarter the height of the etche ins. Th doped with
boron i MahdeeasEeBpvatETaxisle giitdssltopusaiert hd dmwse hefenpEEMsvedd some

portion &g thendepant ox il wifflses ﬁlﬁggbégxﬁ,Sz%ﬁ%& NS Haf 3%'88 fins

i mredi ately adjacent to the doped oxide. is serves to sudppress | eakage
in what RA4YSiddcGRgat®d sUriadddrédet payer nd08 fhhmh swsr benesthdehg n.

Ret ur ni n@ranting MEhaesbodiyantis el chbaubdl e RLRA d@het BRigR3 3T Ni ng of
the SO yer Bag defined the body of the double "gated transistor. It is
gener al I{P By o2 t RE ¥R it 1€ BodPichhreraeas the Ingsediaded axidel, narrow

when corpatead 206 wheciaiss Yeangith. th¥premhiying harkedy thivekness shoul d be
| ess t han one
The next step 110 is to etch the exposed SOI layer. This is
preferably done by using a reactive ion etch that etches the
SOI layer, stopping on the buried oxide layer. This completes
the patterning of the SOI layer to defines the thickness of
the body of the double gated transistor. Then a gate oxide is

formed on the exposed side of the transistor body.

Also, during this step another implantation into the body of
the transistor can be performed. This would again preferably
comprise an angled implant into the exposed sidewall of the

SOI layer, done before the formation of the gate oxide.

Turning to FIG. 7, the wafer portion 200 is illustrated after
the patterning of the SOI layer 202. The remaining portion of
SOI layer 202 comprises the body of the double gated
transistor. Gate oxide 221 is formed on the exposed SOI layer
202 using a thermal oxidation or by depositing a dielectric
£ilm.

When a non-~S0OI wafer is used, after the silicon fins are
etched by time to the desired depth (typically 100 - 200 nm
below the original silicon surface) a deposit/etch oxide
process is used to deposit silicon dioxide exclusively on the

bottom horizontal surfaces of the etched silicon of thickness



gquarter of the gate length to give good threshold voltage control. Al so,

it is generally desirable that the body thickness should be great n_’
2.5 nn?to avoi d degraded nobility. due to quantum confinenment |ssgégb?&ﬂm5

the gate i s generally made to mninum feature size, sidewall imge
trangf er 'ﬁ%&@l@g achi eve the subnininumfeature size BCT/@H@/%%ﬂiy Thus,
as illustrated and descri bed above, the w dth of the sidewall spacer

determ nes the body thickness. The Qeﬁ@ step 112 is to deposit and
pl anerize the gate material for the sé€cond gate. As discussed. above, the

preferred enbodi nent uses gate material of opposite doping to formthe two"
ponS|I|con to form

fe adi uses._ p pe
?ﬁéezecoﬁgﬁrgkpﬁ%P%f L %(%yan$ Faﬂ%f?Q%IQQNﬁhﬁ & ep+ LABRysi Theon gate
naterlalosudpsm@m bémﬁaﬂaﬂwwakhybgtomnlmxtmke¢g§ykgy%wET§obged on the n+
p+ polysilicon, a second

h
pol ysil | Eﬂﬁepgg#?fl QEZWL E)h:asﬁgl ?ga%f%;%r%_l%ﬁt rPS)rﬁé\R/“ £5 Ehe d@pante waf er

| ayer of
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tQ rmthe segond Thermal |y grown oxi de 228
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- 11 PCinEPo2t 06523012 bEheingexedstepfddds i of tther @TBe FhemSkdemed It spacer,

and f"'dré?ﬁ si dewal | spacer opening with intrinsic polysilicon, to
maxim ze silicide formation in this region later on in the process.
Optionally, the sidewall spacer may be left in place if the separate,

d tract r t i nsi silicon is then
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gated transistor. It is generally desirable to have the body
thickness, illustrated as Ts:» narrow when compared to the gate
length. Typically, the'body thickness should be less than one
quarter of the gate length to give good threshold voltage
control. Also, it is generally desirable that the body
thickness should be greater than 2.5 nm to avoid degraded
mobility due to quantum confinement issues. As the gate
length is generally made to minimum feature size, sidewall
image transfer is used to achieve the subminimum feature size
of the body. Thus, as illustrated and described above, the
width of the sidewall spacer determines the body thickness.

The next step 112 is to deposit and planerize the gate
material for the second gate. As discussed above, the
preferred embodiment uses gate material of opposite doping to
form the two gates. Thus, the preferred embodiment uses p+
doped polysilicon to form the second of the two gates. The
planarization of the p+ polysilicon gate material stops on the
thermally grown oxide previously formed on the n+ polysilicon
gate. After the planarization of the p+ polysilicon, a
second layer of thermally grown oxide is formed. Turning now
to FIG. 8, the wafer portion 202 is illustrated after the
deposition and planarization of p+ doped polysilicon 226 to
form the second gate. Thermally grown oxide 228 is then formed
on the deposited polysilicon 226.



because there is very little excess intrinsic polysilicon to renove. The
exposed thermally grown oxide on the two gates is then renoved using a :
simlar planarization process. Again, high selectivity is not r equl 1 eXECTI0M
this processing step.- Turning nowto FIG 9, the wafer portion 200 is ‘
i I1ustrat 4O OYFY&M t he remaining portion of the sidewal | PEFEPEH06224 has
‘been renoved, and then the space is filled with intrinsic polysilicon 230.
FIG 10 then illustrates the wafer portion 200 after the excess
polysilicon 230 and thermally grows a%ide 220 and 228 have been renoved by
CWP process. This leaves only a small portion of the intrinsic polysilicon
230 in the place of the originally forned sidewall spacer. This portion of
intrinsmaepabkysi stepn PBA snmtlol rbrousethe os xldwad It spakcermatndnfibl a

silicide bridge copnecting the.pt and n#+ polysilicaon._. | ater in the
process%PFoﬁﬂgﬁﬁ?iﬁnﬁQﬂf%()qgﬁpﬁ g ﬂbg? %?é?#ﬁ%(c §ngsi%gE§§’tgépattern t he
gat es. Fhksﬁﬁﬁuoby35cinﬁ etrmaelipnr énovhig tdvel orliaitens oof ihhehe gat e
material s that exist in.adj nt .t.he u i_n gi on t he
transi stp5P.ce?ﬁ'rsé?§l?ﬂag‘flé/r’a%ﬁ;\% é%ﬁgwﬁ§?n£ ae% agnc?g;r 4 ilteﬁgg%gp %égée
techniqugsEhéaeepﬁemmsjtﬁnﬁyp@ndenpaQBEen¢¢@ﬁ&pﬁsam¢wagh§iaauleheﬁTmsing t he
patterne ardmas as. t K I t.chi ng e

mat er i allgfcrﬁ'ﬂalch%?]d%s;ls]iiqiog %Ee?éggbf’gggéﬁﬁﬁ gs'lﬁl?r gmca:gk bg(g-c?%at is the
sane ashthesabpeady flor e degkrst op thgonally tdrewbodyide. 1 DEG 2005 WO

200 1’5 PHFIEEHGHBaT i ass s doet Bt oPelonte e e et Ee b T 052" s been
formed begtuadi hgereriosatye linslgaessessni v igwhsr Podyailgaee ol ysilicon
(218 and pf.gate pglké(sé)lﬂc?s@?i 228 rmd Y Pi BBV L Rle BNGehé2ewbhgak@d er portion

200 is illustrated after gate
is then removed using a similar planarization process. Again,
high selectivity is not required for this processing step.
Turning now to FIG. 9, the wafer portion 200 is illustrated
after the remaining portion of the sidewall spacer 214 has
been removed, and then the space is filled with intrinsic
polysilicon 230. FIG. 10 then illustrates the wafer portion
200 after the excess polysilicon 230 and thermally grown oxide
220 and 228 have been removed by CMP process. This leaves only
a small portion of the intrinsic polysilicon 230 in the place
of the originally formed sidewall spacer. This portion of
intrinsic polysilicon 230 will be used to allow the formation
of a silicide bridge connecting the p+ and n+ polysilicon

gates later in the process flow.

Returning to method 100, the next step 116 is to pattern the
gates. This involves selectively removing the portions of the
gate materials that exist in adjacent the source and drain
regions of the transistor. This is preferably done using
standard lithographic techniques, i.e, depositing and
patterning a hardmask, and then using the patterned hardmask
as an etch block during an etching of the gate materials. The
hardmask is preferably a nitride hardmask, as that is the same

as the already formed etch stop layer on the body.



pol ysilicon 218 and gate polysilicon 226 have been patterned wusin n etch
sel ective to the hardmask. The patterning preferably renoves all ?%i[Eéﬂwﬁ
polysilicon down to the buried oxide |ayer 204. The patterning of the
gates is preferab&y done using a directional etch that is selective to
nitride. YRIFIEY: patterning does not renove the porti JHE/ER2/06262 SO

body 202 that are protected by the previously forned nitride etch stop

| ayer 208. The patterning | eaves a portion of n+ polysilicon 218 and p+
pol ysilicon 226, which defines the-tw® -gates of the doubl e gated
transistor. . In the preferred enbodi nrent a buffered HF clean up is
performed, followed by a thermal reoxidation designed to grow oxide on al
the expesedifyl hewntswicacas, Theswaref epabtion f200me sa ithusts@tadgst rom

filmof oxide that provides good interface the gate he body.
The nexﬂ“s?@ﬁsﬁﬁ%t+$%r£§qﬂmj 061F§l$8 ?%ﬁéﬁ%%ﬁﬁiﬁi mﬁﬁa%ﬁfnggggaﬁélo o
:crfpl ag_t %xt@palﬂﬁgt?@f@ééigﬂig tReefatab| ywh hets econpliaet a+tagatemade into al |
our directions o e body, to ensure that a i form.inplant,is made into
both si 884Y8tlthen b%ﬂ%/.aq%%J’p&FFFcB?gY?lﬂb??{‘ t%?;g]‘sgrﬁfgéngnaoar 5Pn inpl ants
are Had@jttfmn,b@m@ wd fles pofrtibr 800r e Ahrhisinaitedparftiean gatet he body. Then
anot her i ant is e, wth a different i nt__ener gi ngles, to
forn1th8°ﬂ§F6T?ﬁ%Ta£ﬁ£i?ﬁ%ﬂaFﬁpP8 gsi%b?QDG%Q% qve 8 F%b%%?gggge al o
|nplantﬁsah@haﬁrétwmmxbkﬁcdﬂvgheb eher lga edma sind Tite pRGtesnipge acute with
respect to_the fin_in'order r I TeNt t o] t
further pﬁﬁESFaPiﬁé 6%’?%vesela§ét %g eggfﬁaﬁoﬁ%%cg%ﬁopjcg%gpa?% gg%aﬁgggé or
NFETs, byptealbyer a2@knithe pattedning ¢hethbdgade=dris priefsirably in the

‘range of 005, / 604 PCILEPO Q25 vb3 ol nli@ eV and a
dose ofdggé ?ggagt% %gggéﬁ}ﬁggénggcmﬁtﬁggng%gggqﬁéfﬁééﬁo7§6 523580 W th
r espect Thost hthé | pat terringodessi ot remove the portions of the SOI

body 202 that are protected by the previously formed nitride
etch stop layer 208. The patterning leaves a portion of n+t
polysilicon 218 and p+ polysilicon 226, which defines the two
gates of the double gated transistor.

In the preferred embodiment a buffered HF clean up 1is
performed, followed by a thermal reoxidation designed to grow
oxide on all the exposed silicon surfaces. This preferably
forms a thin 50 angstrom film of oxide that provides good

interface when the gate meets the body.

The next step 118 in method 100 is to form source, drain, and
halo implants in the transistor. Preferably these implants are
made into all four directions of the body, to ensure that a
uniform implant is made into both sides of the body. In
particular, both the source and drain implants are made from
both sides of the source and drain portion of the body. Then
another implant is made, with a different implant energies and
angles, to form the halo implants that improve short channel
effects. The halo implants are performed at higher energies
and at angles more acute with respect to the fin in order to
assure placement of the halo dopant further under the gate
electrodes than the source/drain dopants. For nFETs, typically

arsenic is used for the source/drain implants in the range of



used for the halo inplants with energies in the range of 5 to 15 keV and a
dose of 1 x 1013 to 8 x 1013 CM -3 wth the halo oriented between 20 and
30 with respect to the fins. Simlarly, for pFETs, typically bororl | DEGSE
for the source/drain inplants in the range of 0.5 to 3 keV and dose of 5
X 1014 toWOR3/80864 cm 3 with angl es between 750 and 80 wWPCIVEPesmBpECt toO the
fins, and arsenic used for the halos, with energies from20 to 45 keV and
dose of 1 x 1013 to 8 x 1013 cm 3 with the hal o oriented between 20 and 30
with respect to the fins. Furthermpidé, -all of the above inplants nust be
suitable angles fromthe azimuth of the wafer, typically between 7 to 30
from azi muth. The next step 120 is to deposit dielectric of thickness
gr eat er 1t KanSt keV e dsiset lod 60ﬂbil&’édtga2exel@éta:mfaeuahdanbaédnask above

Lhe BOXpcEOUEH! 76 Wi 91 [£cLEELACH00RS 400, oxposed, Lins,. ol anerize

and partially recess until I on (typ| ca t he
har dmasks&fdigat ghe dladst rl(m?éanbat whob emsr gifest h@ $dmr mehde abh §itoregion,

is expgsedevAs é[\/lA|dcpb%C 1chkeqps thi g Stepsi g,P the ,formtion of
si dewal | spgcer% at g(rfees o?bt htégtra}?lsf@t o?m aw%th tlthe Gr\’(ﬁll &l ectric used
prefer aBFyeEBﬁ‘ﬁ)rb%féSe%m?@e aphi 36° widim l@@seechedos‘elhecﬁmfe to the nitride

har dmasks; gl (gatl, A0 BarsTURYLOG0PW A & Go L3e! B8, VEer portion 200 is

illustrated after dielec been deposited, surroundlngthe
transi sﬁ@Pr@ﬁf@ae’iréclt“\Pd@@tspllanéhé zeahgmeb i H)erfi toedess@dand il elctric is

pref er ably foueesesl ksing Gy disartianal gheless! o6 ing beethe previously

provided nitride hardnask 23 he next ste orm SI dewal |
spacer sT5PE Rk %gté‘se dfinsy hé“@a@é%en%dls@tdc och&hpr bl osis| Wi tdeposi t ed

_di-el ect ehergilde Strdns 2or ebengbkyy done dssen@ra 1cqnigrmgl, gepospii ggsof a 2 1
DEC 2005 WP Q§/q1%§04 PCT/EPO%/O6202 o
ith € O oriented between 20° and 30° with respect to the
fins. Furthermore, all of the above implants must be
suitable angles from the azimuth of the wafer, typically

between 7° to 30° from azimuth.

The next step 120 is to deposit dielectric of thickness
greater than the height of the combined gate electrode and
hardmask above the BOX, covering the entire gate electrodes
and exposed fins, planerize and partially recess until a
portion (typically 10 to 50 nm) of the hardmask and gate
electrode, but not any of the source/drain fin region, is
exposed. As will become clear, this step is part of the
formation of sidewall spacers at the edges of the transistor
gate. The dielectric used preferably comprises oxide, which
can be etched selective to the nitride hardmask already
formed. Turning now to FIG. 13, the wafer portion 200 is
illustrated after dielectric 240 has been deposited,
surrounding the transistor gate electrode, planarized and then
recessed. The dielectric is preferably recessed using a

~directional etch selective to the previously provided nitride
hardmask 232.

The next step 122 is to form sidewall spacers on the edges of
the gates, and etch the previously deposited dielectric. This

is preferably done using a conformal deposition of a



14 dielectric material, followed by a directional etch. The sidewall

spacers are preferably forned of nitride. The nitride sidewall sp@qega}z :
together with the nitride hardnask, can then be used to nmask a direc IOR®|
.etch and therebx renove  the oxide except adjacent to the gates. Turning
now to FI GVOW/O06AE wafer portion 200 is illustrated aft BET/EPA2106203
sidewal | spacers 242 have been formed, and the dielectric 240 etched away,
| eavi ng only. sidewal| portions 244 adjacent the transistor gates. The

har dmask 232, the sidewal | spacers™242 ~and the sidewal | portions 244
conbine to effectively isolate the gate fromthe source and drain
contacts,,m@ich are formed next. The next step 124 is to form source and
drai n coRt8¢EStryhiRaten s efoddprgddare? bieqtianglt lescpr.eFheusl y renoved

areas WstiHen QD] a6pad@mierd @l -przherssﬂ)?]aﬁénﬁ@& i i 1GaQebe. gfu%e' ective

deposi tion _of silicon, tungsten or other conductive materi whi ch makes
| owr esi Bt hAERS coHlReNa s Paserandregethesivitdorthe nitréidei bendingsksed, it

i s dopedcargenes ase!ysdu t&f Bk Q1 a1 REETS Y1 REERS ’anﬁe%ﬂggﬁbyeh%(mog e
material can be deposited until it covers the wafer to a heig above the

hei ght ofPEHR*14R (FXRPthAIREER ah EeP3fiaari zed by RIE and/ or chenical -
mechani cal polish until the nitride hardmask is conpletely exposed. Next,
as iIIustrated in FI e wafer is patterned with a mask which is

G 15, t
used to etER ARSI & Fdfi &gs the vhesqnttdogr 200 éontaévshareedal to

bot h i sodfiter snitncele foidewdnai Bpadshrs @45 Mlaate aepl ¥bahbly hqasush FETs
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or ot herdjé?fg%cfkhfglct ezlc niSGGRE IS BERY ast §H h SO HosiLE sl 4, POBREORS 44l such

“as cobal adpaceantt axeumrdepasidbedgatek SiThHee heddmak kappRp PXt Hat &l ye/PPC to form -
net al sié'é:é&% v, t te,. andwien t he cas f si]icon contacts, over N
t he souré% an gﬁ%ﬁnango% Scrsdgiaifeportions 249" combine o

effectively isolate the gate from the source and drain

contacts, which are formed next.

The next step 124 is to form source and drain contacts. This
is preferably done by filling the previously removed areas
with contact material. The contact material can be a selective
deposition of silicon, tungsten or other conductive material
which makes low-resistance contacts to n+ and/or pt+ silicon.
-If silicon is used, it is doped degenerately n+ or p+ for
nFETs or pFETs, respectively. The material can be deposited
until it covers the wafer to a height above the height of the
- nitride hardmask and then planarized by RIE and/or chemical-
mechanical polish until the nitride hardmask is completely
exposed. Next, as illustrated in FIG. 15, the wafer is
patterned with a mask which is used to etch unwanted portions
of the source/drain contact material to both isolate source
from drain and to isolate a plurality of such FETs from each
other. Finally, the hardmask may be selectively removed by
RIE or other etching techniques such as hot phosphoric acid,
and a metal such as cobalt or titanium deposited and sintered
at approximately 700°C to form metal silicide over the gate,
and in the case of silicon contacts, over the source and drain

contacts as well.



21 DEC 2005 WO 03/001604 PCT/ EP02/06202 - 15 Turning nowto FIG 16, a
alternative preferred enbodi mnent nethod 300 is illustrated. This nﬁzmQECZM5
has the advantage of resulting in mninmal erosion of the sidewall spacer

used to he transistor body since the spacer is now exposed to
reactive |§Iﬁ§@ﬁgﬁo g only once. Consequently the silicon BETEPO286%2i | es

achieved with this enbodinent are very well controlled. In step 301, the
wafer is prepared, etch stop |ayers and a mandrel layer is formed in as in
step 101 of the nethod 100 describedlabove. . Then in step 302, the mandrel
|l ayer is patterned and the etch stop layers are directly etched. This
differs fromnethod 100 in that no sidewall spacer is forned on the
mandr el F35RINBETVT &Q Fd et dR- sBoplternatiivears sfsrrednedbodimentig to FI G

17, the wetiesd U i10N 11308 tirstkhl UK { atrd Rfd 8 st *ege ﬁao@aw Qg the etch
stop Ia\gers the mandrel | ayer, and the etching mandrel | ayer and

etch st opSPRYEMY dity &%tnll?"alTﬁéoﬁé‘R‘f‘ af éﬁ‘l%@é\tdﬁé’aﬂé pRécer nusérk 1O | ayer

usi ng t heef i sraina ftg:almli@t@'r bayer s ffcé twks,pa%@@ &9 BQ&”&Q&S&&@&'G on
t he exposed sjde of the SO layer. This is preferabl gedone using a

sui t abl er?%%fc’t‘f%/elqnoﬁt&fléﬁg PBIY OWRRE | b)ﬁ%steﬁélleﬁﬁlly bRe dai 1 been tatsilcal |y at
bet ween FHOL ke a&me@edombh avDy éi%?ﬁ'rﬁe'n@na% @e?%rg\bei( material such as

al um num oxi d I durln this ste an inplantation into the body of
t he traﬁ%?tslfcglvl éj: Be S§6Re 3 gfhl"sh%\diﬁ 1ot @F&BP'}?G@O@W‘%@@P angl ed
i npl ant layersIaade&pmsadra&dem@éi of ﬁdﬁhe@ohn|§¥ein stope Pefer &

t d Thi | ant serves_to properly dope the body
o tho. Onrlleﬁ% qtsq‘g)rog% ecgn)l(lofagbé O%I%SICT% Ped™ StePealer Hee twandisd ow, this

of the tra
i hpl ant tayeibes petterned andatmwﬁdlﬁtsta@huey%suélté adiR&@nGent ration

density .¢9.hel An9QTRRIELE FO0n LUSROLYovOLt 2Re, vari atjang hat would
spacer is formed on the mandrel layer before the etch stop
layers are patterned. Turning to FIG. 17, the wafer portion
200 is illustrated after the formation of theé etch stop
layers, the mandrel layer, and the etching of the mandrel

layer and etch stop layers directly.

The next step 304 is to pattern the SOI layer using the
remaining mandrel layer as a mask, and to form gate oxide on
the exposed side of the SOI layer. This is preferably done
using a suitable reactive ion etch, followed by a thermal
oxidation, typically at between 750°C and 800 °C, or by CVD
deposition of'a high-k material such as aluminum oxide.

Also, during this step, an implantation into the body of the
transistor can be done. This would preferably comprise an
angled implant into the exposed sidewall of the SOI layer,
done before the formation of the gate oxide. This implant
serves to properly dope the body of the transistor. As will be
described in greater detail below, this implant can be
performed in a way that achieves uniform concentration density
to help compensate for threshold voltage variations that would
otherwise result from variations in body thickness.

Turning now to FIG. 18, the wafer portion 200 is illustrated
after the SOI layer 202 has been patterned and gate oxide 216



otherw se result fromvariations in body thickness.' Turning nowto FIG

18, the wafer portion 200 is illustrated after the SO |ayer 202 hai been -
patterned and gate oxide 216 21 DEC 2005 WO 03/ 001604 PCT/ EP02/ 06202 -1 BieC 2005
has been forned on the side of the SO |ayer 202. Again, an angled body

i mpl ant cA¥C4VWIWe performed before the formation of tHRETRRODIG de.
Returning to FIG 16, the next step 306 is to deposit and planerize the
gate material. As described above, in the preferred enbodinment, the double
gated transistor has one gate forrmedf+ and the other gate for med p+. In

t he iIIustrated enbodi nment, the gate n+ gate is fornmed first. Turning to
FI G the wafer portion 200 is illustrated after n+ polysilicon 218
has beeﬁ“ﬁbﬁ@§ﬂté9r§ﬁ€ PP ahle i Acte ofs thiel FOBetayer c2@2r, Ageirmpolaysilicon

wi 11 be dieaddl Bohigr ThoNenol it 08 g8 b@r‘fBFme@rg%ﬁéfee%heéT%cy Ffdoubl e

gat ed tran5|stor The next step 308 is to reno e T enal ni ng e,

mat er i al°f PSrﬁﬁéesPﬁéﬁﬁll spacer along the edge of the remaining first
gate material, and forman internedi ate oxide |ayer on the polysilicon
gate material ., The intermediate oxide layer is forned by grow ng thernal
oxi de oREEHEPPBEYEP| FEan Hert &he Nexfi AECROM ¢ ol FI11@ Jupostite awaf er portion

200 is plllauétiaéeﬂhe&%é@é e ryandr gk aéa;@fl@é@ {@évebe ' fggoved, the
si dewal | %gacer 302 tornmed on the sidewall of t fi'r st gate naterlal

and a t REFRBFTBRi TRPPIARGN D2 igaslopben gk ea obranel yaze hasobysi baten 218.

The mtlfbdmeaaxyerar&’@&ﬁélattwas Begeab Pmdfiep+ I e ayer is
et ched se §8t|vely to the OXIdg 220 follgae ﬂHéT%%?ﬂyqﬁﬁgth whi ch

r enoves SPRBIFBRRT ni M FJatde N4 49&F 2865 owmed Jf/%)a’f‘sserrﬁ“e‘,ﬂet’cnrirntghéOr E&Ei ni ng

mandr el 1Bayehe ﬂ'dﬂﬁeflEpdrtSlIcﬁp 2@@01bsllpu§tﬁﬁé'téd1%ﬁ>&0%ﬂdp§ sH@X@Bn This is
pr ef eragw tng) uc§ reactlv«f on, etdch t hat, etches t {
n ed and planarize As will become clear,
n+ polysilicon will be used to form one of the gates in the

preferred embodiment double gated transistor.

The next step 308 is to remove the remaining mandrel matefial,
form a sidewall spacer along the edge of the remaining first
gate material, and form an intermediate oxide layer on the

~ polysilicon gate material. The intermediate oxide layer is
formed by growing thermal oxide on the polysilicon gate.
Turning now to FIG. 20, the wafer portion 200 is illustrated
after the mandrel layer 212 has been removed, the sidewall
spacer 302 formed on the sidewall of the first gate material,
and a thermal oxide layer 220 has been form on the gate
polysilicon 218. The nitride layer 208 that was beneath the
remaining mandrel layer is etched selectively to the oxide 220
followed by a brief HF etch which removes the remaining oxide

layer 206 which was beneath the remaining mandrel layer.

The next step 310 is to etch the exposed SOI layer. This is
preferably done by using a reactive ion etch that etches the
SOI layer, stopping on the buried oxide layer. This completes
the patterning of the SOI layer to define the thickness of the
body of the double gated transistor. Gate oxide is then
formed on the exposed side of the transistor body. Again,

during this step a implantation into the body of the



SA layer, stopping on the buried oxide |ayer. This conpletes the
patterning of the SO |ayer to define the thickness of the body ofsztﬂi r
doubl e gated transistor. Gate oxide is then fornmed on the exposed si E 2005
the transistor body. Again, during this step a inplantation into the body
of the i 2¥OREWHH5 WO 03/ 001604 PCT/ EP02/ 06202 - 17 t rRGBERRO602an be
performed. This would again preferably conprise an angled inplant into the
exposed sidewall of the SO I|ayer, done before the formation of the gate
oxide. Turning nowto FIG 21, the Watér-portion 200 is illustrated after
the patterning of the SO |ayer 202. The remaining portion of the SO

| ayer 202 conprises the body of the doubled gated transistor. Gate oxide
221, is FHRRABLSTRF 193¢ EgpBsédormsd. | aljurs 202 1ldspagia phefewdblxi dation or

by dep%bbth?@i@e &H engebhi ¢mpihm & nad e%b%@eélgi!i%wéi)l depasid and
planerize the gate material for the second gate. As discussed above, the
pref err ed®t TreflongsBefgae et hart E2mAt ism @%p@bf—’t@a‘é@p@ngdeto formthe two
gates. Thus, the preferred enbodi nent uses p+ doped polysilicon to form
the second of the two gates, The planarization of the p+ polysilicon gate

mat er i al TSYHHY diPw ke EREr ndli yERE of o ipgstpravRBlisty Fblumiradied he n+

pol ysi | i goer geee pablbenihfeopl e@rdaatiagR obobherps pahysidigfon, a second
| ayer of thernall rown_oxide is fornmed. Turning nowto FIG~ 22, the
waf er po??’ftoJrP”ZO%Iitg‘ei PPOst Bt & (MPrHEe8epbli PPN Chnheldavdliedat i on of

p+ dopedgPpodysiddnzaBtd26 taté osmddersgcardrgghes dhernadldypHMeaexi de 228
is then é)reneﬁo%g t he deggs%{l%d qpo,ldysi,l icon 226. The next step 314 is to
remove the s detalS 8faBet’® f9449atiRe oF dRNafFPPHEEI Gheni ng wit h
intrinsidigdatsiild ¢dap. t o

The next step 312 is to deposit and planerize the gate
material for the second gate. As discussed above, the
preferred embodiment uses gate material of opposite doping to
form the two gates. Thus, the preferred embodiment uses pt
doped polysilicon to form the second of tﬁe two gates. The
planarization of the p+ polysilicon gate material stops on the
thermally grown oxide previously formed on the n+ polysilicon
gate. After the planarization of the p+ polysilicon, a second
layer of thermally grown oxide is formed. Turning now to FIG.
22, the wafer portion 202 is illustrated after the deposition
and planarization of p+ doped polysilicon 226 to form the _
second gate. Thermally grown oxide 228 is then formed on the

deposited polysilicon 226.

The next step 314 is to remove the sidewall spacer, and fill
the sidewall spacer opening with intrinsic polysilicon, to
maximize silicide formation in this region later on in the
process. Optionally, thg sidewall spacer may be left in place
if the separate, independent gate contacts are desirable. The
intrinsic polysilicon is then planarized using a CMP process
that stops on the two layers of thermally grown oxide. This
planarization process does not require high selectivity
because there is very little excess intrinsic poiysilicon to

remove. The exposed thermally grown oxide on the two gates is



maxim ze silicide formation in this region later on in the process.
Optionally, the sidewall spacer may be left in place if the separate, B
i ndependent gate contacts are desirable. The intrinsic polysilicopjigqiﬁ@n
pl anari zed using a CVMP process that stops on the two |ayers of thermally”
grown oxi d¥0 03891604 p| anari zati on process does not requi r PCIVERI2Z8@DECE i Vity
because there is very little excess intrinsic polysilicon to renpbve. The
exposed thermally grown oxide on the two gates is 2 1 DEC 2005 WO 03/ 001604
PCT/ EPO2/ 06202 - 18 then renoved usijpg-a simlar planarization process.
Again, high selectivity is not required for this processing step. Turning

now to FIG 23, the wafer portion 200 is illustrated after the remaining
portion ofs { he 3deVel | ngPACSIn 302 RAsnabeest [6MathestNd gagn, t he space is
filled w intrinsic polysilicon 230. FIG 24 then illustrates the wafer

port i on hizd0 sgfleetivhey ek® Rt gApdirrrc AL 28 ARFAFRFTAY y¥E§Pown oxi de

220 and q%f:%' veoheen peaoves bh MR rR-0p886iod M0 | ieavies witlruted snal |
portion o fﬁ% Sﬁtr?nsic pol ysi|icon 2309in t he, ace Q*the originally
(o

S1 . pl
fornmed sifiewalthespapeinimhiROPoran &F &he PhEeYHst SRS 5230 will be
used to ald WG HOr fRY T Ofen Ofned sPaldeClderbriggesr canniantdingiche p+ and n+
polysilicon. gates later_in the process flow Returni to netgod 300, the
remai ni replstsdds cane286- 3BEC ared qQﬁﬂﬂﬁléﬁthﬁt§?€§EEfi o PP35288scri bed in

met hod 100 @3 RheNBLBOSs 3991 st itdhe advashagehefmaEsuldhiony orideni mal
erosion of the sidewall sgacer used %p gﬁEine t he tgﬂ?si%k%&esbgqx si nce
the spack0 ianch@RBeRpBechced TaMRMsd, &Yi GHPePERTRES : only® once -~ Scohséquent |y

the siligamAatchorE9bhl 65 axdi avednstict bollhssl patwdt 3enin dihe wdageve| |
controlled. \In an additiopal embodieny Qhatbe. PRESSYoddiiintieon, steps
intrinsic polysilicon 230 will be used to allow the. formation
of a silicide bridge connecting the p+ and n+ polysilicon.

gates later in the process flow7

Returning to method 300, the remaining steps 316 to 326 are
identical to steps 116 to 126 described in method 100.
Again, method 300 has the advantage of resulting in minimal
erosion of the sidewall spacer used to define the transistor
body since the spacer is now exposed to reactive ion etching
only once. Consequently the silicon etch profiles achieved

with this embodiment are very well controlled.

Tn an additional embodiment of the present invention, steps
are taken to compensate for threshold voltage variations that
would normally arise due to variations in body thickness. In
particular, the threshold voltage is at least partially
dependent upon the thickness of the body. As described above,
the thickness of the body is mostly determined by the
thickness of the sidewall spacer used to define the body
during sidewall image transfer. Generally, the process for
forming sidewall spacers can result in some variation in the
thickness of the sidewall spacer. As such, there can be some
variation in the threshold voltage of the resulting device.

In many cases, this threshold voltage variation will be within



are .taken to conpensate for threshold voltage variations that would
normally arise due to variations in body thickness. In particular, ihe
threshold voltage is at |east partially dependent upon the thickné% D&E 2005
t he body. As described above, the thickness of the body is nostly

determ nedwl%“”ﬂ@o“thi ckness of the sidewall spacer used RE/ER206202t he body
during sidewall inmage transfer. Generally, the process for formng
sidewal | spacers can result in some variation in the thickness of the

si dewal | spacer. As such, there can he sone variation in the threshold

vol tage of the resulting device. In many cases, this threshold voltage
variation will be within 21 DEC 2005 WD 03/001604 - 19 PCT/ EP02/ 06202

t ol er ablig1leirgbl s. 1 HRWEY EMHoWdVeIQNMENCasRS ¢dsdmyi thenagedier dbkerabbe conpensat e
for these variations. In this enbodinent, a uniformdoping of the body is
per f or m&® COBPEBRPERSsHRE TS NATEAFLRM®ss differences. It is generally
desirable in this enbodi nent to nake the doping uniformin the three

di mensi on sense, as opposed to,

Ol o SIS BESe LB PR RS R A Byl SR Bl Bl 0T
by maki ng aBnbERkafé thatthe esdlcksesd aiEpnsdrts. Uni fier gedepahly
cever al HTEARIS] Rl S TREGIPRE 50y aFe AN G SPIERETobEy TS
exposed.thrieel denafnpien sdhdeiplaanoppasedetsredelophory sobesiedéhas exposed (as
11 ustr Gy apandiofectE Ao LS R B R e nt e D eved
by i npl adqttiingotifetbkplrses . dihdewdlsl dooé lsy Imadomg mrFi@planfushaprior to
0o TN, 0 RIS Tl LR R s tsBsc b Ly ar e

the body. Preferably this is done by making several angled

implants into the body when the side of the body is exposed.

For example, an implant.can be made when one side is exposed

(as illustrated in FIG. 4) and second implant made when the

other side is (as illustrated in FIG. 7) For, example, a

uniform fin doping can be achieved by implanting the exposed

sidewalls of silicon in FIG. 4 just prior to gate oxidation

with an ion implant tilted 45° with respect to the wafer

surface and thus inclined 40° to the vertical fin. A series of

energies would be used with varying dose in a manner which

combines to make a uniform distribution of dopant atoms

through the extent of the fin (as shown in FIG. 25) where

boron energies of 0.6 kev, 1.2 keV, 2.4 keV and 9.6 keV was

implanted into a silicon sidewall with respective doses of

2.1, 4.4, 9.3, 19.5 and 40.8 x 10'? atoms/cm?, respectively.

In another method, this uniform concentration is made by
performing a perpendicular implant prior to the formation of
the etch stop layers and the mandrel layers. When such an
implant is made, followed by an extensive anneal,
substantially uniform doping concentration is achieved.
Additionally, multiple perpendicular implants can be used to

achieve this uniformity.



energi es woul d be used with varying dose in a manner which conbines to
make a uniformdistribution of dopant atons through the extent of Zq @%}MB
(as shown in FIG 25) where boron energies of 0.6 keV, 1.2 keV, 2.

and 9.6 ke |anted into a silicon sidewall with respecti ve doses of
2.1, 4.4, g('d,%%fbﬁlogpand 40.8 x 1012 atons/cn®2, respecti ve?ﬂ}f) PR/05303t her

nmet hod, this uniformconcentration is made by perform ng a perpendicul ar
inmplant prior to the formation of foetch stop |layers and the mandrel

| ayers. Whaen such an inplant is made?”foll owed by an extensive anneal,
substantially uniform dopi ng concent rat| on i s achieved. ﬁ\ddl ti oPaI I yE

mul tipl e.pe |clar rrplan sed to achieve this uniformty.
21, DEC Y00 &EPO@ > DFETS KO beet@msvd ments,
pFETs anslepﬁﬁl’csehyoMaﬂsla‘eelednthUbﬁlame@;a,r agletlgypmg agralg;cégrj_- r@}sﬁﬁl@t hWI th
hosphor ars ed for FETs oron tor n s. Since e _
ltohregholga?/&(; OJ ep%ly\;tps) afn§ ggﬁo’&sg ¢ -doubl e gate FET with body dopi ng
Na is given apprOX| mately by: WVt Toxs+A Eg + (nms + ToxsQe NAT,i Toxs +

Toxw - wher Si sthe ermttivity of silicon, Eg
is the bi#\rbpeg;tg{% (caé)rfllé:reﬁ’)gg%g g?ﬁac%eh tzef ot Bl’&“m‘?gr%%ed%;ﬁ Gitékness, A
is the ERSptwitdf body chaige Kents Cgldfemf atpmokmmetslprbyayer in the silicon
body beneath the surface adj acent to the strong gate (zlnnm), Q is the
char ge of thq, el ectronTONa'F t he d@gl ngm ddogist ¢.ofN 4 Ha: body (or fin),
cpmsisthefé | evel of thg ¥ ode. relrafi eTotha%% t he

i nversion | ayer, Mrﬂmf‘fowmmd——-&nd ox is the f&Fnittivity of t gat e
dielectric, Toxs is the thickfiess of the insulator with the gate el ectrode

;

where €, is the permittivity of silicon, Eg is the band-gap
energy of silicon (=1.1 eV), Tsi is the body thickness, A is
the depth of the charge centroid of the inversion layer in the
silicon body beneath the surface adjacent to the strong gate
(#1nm), Q. is the charge of the electron, N, is the doping
density of the body (or fin), ems is the fermi level of the
gate electrode relative to that of the inversion layer, when
formed, and e, is the permittivity of the gate dielectric,
Toxs is the thickness of the insulator with the gate electrode
of the fermi level more attractive to the inversion channel
carriers (the n+ electrode in an nFET, the p+ electrode in a
PFET) and Toxw is the insulator thickness of the insulator
with the gate electrode of the fermi level less attractive to
the inversion channel carriers (the p+ electrode for an nFET
and the n+ electrode of a pFET). It can be mathematically
shown from this equation that a choice of dbping, Na given
differentiating the equation with respect to Na solving for
the condition that this derivative vanishes gives Vt which is
relatively insensitive to doping. Explicitly, when the body

doping Na, is chosen to be approximately as in equation 2:

2exEg (Toxs+ A)

Toxs Eox Eq. 2
(Toxs)+ Toxw + Tsi-—

Esi

Ni=



of the ferm level nore attractive to the inversion channel carriers (the
n+ el ectrode in an nFET, the p+ electrode in a PpFET) and Toxw is the

i nsul at or thickness of the insulator with the gate el ectrode of th#1fBECT;
| evel less_attractive to the inversion channel carriers (the p+ el ectrode
for an nFETOYN#he n+ el ectrode of a pFET). It can be nRETERMO502I |y
shown fromthis equation that a choice of doping, Na given differentiating
the equation with respect to Na solving for the condition that this
derivative vani shes gives Vt which4d 91 relatively insensitive to doping.
Explicitly, when the body doping Na, is chosen to be approximately as in
equation 2: NA= 2 oxEg (Toxs + A) Toxs ox 2 Eq. 2 (Toxs) + Toxw + Tsi Si

21 DEC 2Q{% VWO Q31008604 PG RGR/1082081tidd td dhemtMond lilh kaerel atively

insensitive to variations in the silicon body thickness. By performng
several %riglcea PﬁﬁVah?éC¥?ﬁ%F1he body, perform ng several perpendicul ar
I npl ants, or using extensive annealing, a nore uniform dopant

concentration density is achieved. Haying a, uni form de S|ty regardl ess of
body tkﬁYcIPﬁé§§rF‘é§@I?%"?ﬁa]dlq’\‘gelreélntlmﬁ’gf‘ag S dbpt hg- PN f er ent

t hi cknessa¥orh@hgesavdtLl ﬁ@ﬁﬁbﬁﬁﬂ@ﬂ&%@rmmﬁD@mﬂg,QﬂﬂQﬁnkmﬁbmmansuSecreated

a thicker body has greater t ping than a thin % Thi s change
in doplrﬁfﬁfﬁéﬁpgty cBAPe NSt %<ﬂopaPﬁeC8P??%ﬁEﬁﬁlqﬂxﬁ%%ﬁﬁ gyﬁésses and
resul ts ddnilgss.t hreshgl 8 uviddmgaenat t gt rogatdbéssvaid boaayr nal |y occur as a
result %%1ckness results in different total doping for different
thicknesses. For example, when a uniform doping concentration
is created, a thicker body has greater total doping than a
thinner body. This change in doping_quantity compensates for
the different body thicknesses, and results in less threshold
voltage variation that would normally occur as a result of
body thickness variation. Turning to FIG. 25, a graph is
illustrating the threshold voltage (V;) plotted against body
thickness (Ts;) for a regular, uncompensated double gated
transistor and a for a double gated transistor that has been
compensated for threshold voltage variations by providing a

more uniform doping concentration.

As illustrated, the threshold voltage of a double gated
transistor where the body has been doped uniformly exhibits
less variation as a function of body thickness. Thus, the
uniform concentration density doping of the body helps
compensate for body thickness variations that would normally

greatly affect the threshold voltage.

Thus, the present invention provides a double gated transistor
and a method for forming the same that results in improved
device performance and density. The preferred embodiment of
the present invention uses provides a double gated transistor
with asymmetric gate doping, where one of the double gates is
doped degenerately n-type and the other degenerately p-type.
By doping one of the gates n-type, and the other p-type, the
threshold voltage of the resulting device is improved. In



body thickness variation. Turning to FIG 25, a graph is iIIustrating t he
threshol d voltage (VT) plotted agai nst body thickness (TSI) for qgkg
unconpensat ed doubl e gated transistor and a for a double gated tran5|

t hat has bﬁﬁ? f ensated for threshold voltage variations by providing a
more unifo 3@%‘ﬁg concentration. As illustrated, the t hPEEEBI2P6303] t age of
a double gated transistor where the body has been doped uniformy exhibits
| ess variation as a function of body thickness. Thus, the wuniform
concentration density doping of the‘b%ay‘helps conpensate for body

t hi ckness variations that would normally greatly affect the threshold

vol tage. Thus, the present invention provides a double gated transistor

and a nePHOH O %ol R§YFRECEARRL L nadoRingItthe itwo gptesedtheevi ce

per f or Manesu fthdl sy s t BRS oBh f £ 16 b RIOHSTRR 10 oENEROMEsEAt 1 nvent i on
uses prOV|des a dougtoi§l ated transistor Wwth asy tric gate d%plng, wher e

one of th YUY Ve 1ltagpeth degeigaattdias ﬁnﬁpéésah@WtYmﬂtnqﬁw
degenerammﬂs/dpdndﬂion By doping one of the gates n-type, and the ot her
p-type, the threshold voltage of the resulting device is inproved. In 2 1
DEC 2005 WD 03/ 001604 PCT/ EP02/ 06202 - 22 particular, by asymretrically

dopi ng tirei fevxhgatieventhen hesUbddMpA tARISEAY, SBBwn ALY 3ty dopi ng
of the b ve a threshold voltage in a range that enables om#voltage

CMOS opeta &ﬁ SAAPFE FﬂeaPn%%ﬁﬁ?%ﬂFﬂHQFQQSéWeﬁérPPéDga@I@1%Hbmn3and

descri betbubdiet yatetiereate &oredt e@&%mzdl%rtbrenbﬁ@*s@ﬁghy%@guﬁ B‘He'”' ar36pe
doubl e qﬂhtd fleld eff?g?F anS|st those skilled in the art
at e

recogni ze 81pFe %ﬁﬁﬂg ERR°B&MEPhI Tl ?%)aRﬁhﬂﬁd ﬁ@pes of
doubl e gthed ttrya>|35| stfodsubheldgaﬁﬁa:t tehargesors, ARl eREOtAldMedatails my
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(e.g., LOCOS, recessed oxide (ROX), etc.), well and substrate
technologies, dopant types, energies and species. It will also
be unde;stood that the spirit of the invention ‘is applicable
to other semiconductor technologies (é.g., BiCMOS, bipolar,

silicon on insulator (SOI), silicon germanium (SiGe).
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Claim 1. A nmethod for forming a field effect transistor, the nethod
conprising the steps of: a) providing a silicon-on-insulator substrate,
the silicon-on-insylator substrate gconprising .a silicon |ayer on a buried
dielectric | gyer : )m?tgPﬁin§9fgfso5an§rﬂjﬁ@Hqu biransistem, thesmpthed somayising the steps
patterning tbe nmandrel |ayer to define a mandrel |ayer edge; c) patterning
the silicon layer with the mandrel |ayer edge, the patterning of the
silicon | ay®rPpYigingd siicen-en-insulatas pybsteate thaiiliéamron-ingulatdrisnisstratgadeenprising

diel ectric oRgiiiRgn fak&Sdn & Mt oviding a first gate structure of a
first ferm Izlvlel gjéacnen?lﬂ?%dgﬂ ??tg?laﬁ}ggy edge on the first gate

di el ectric; ¥)fopainges mandret lyemem trecdilidcaylayer pateerping eh@mbhdre! 1§60 @ffinkhe
first gate Srrn'éﬁ'frgf‘lﬁ ére%% formng a sidewall spacer adjacent the first edge
of the first gate struc Ure, the sidewall spacer having a first edge and a

second edge; c)fpatteaiingthai sifcdnhiay&i Witk @t hay@el vaiy&hedge,et&%%ﬁuﬁgﬂBPth%fsiﬁébgl
si dewal | spacer, the, pattj; erning of the silicon |ayer providing a secon
body edge, wWAEFPTPHENS{Est bodyedg®ond body edges of the patterned silicon

| ayer defi neg)aothiaB%ifitkiatd@8Mctric) L gcond gate dielectric on
t he second bo)dy edge; at(r%1 1) p?ggiogﬁﬁgﬁgsggé@oﬁdﬁgate structure of a second

ferm |evel ddyerdding a first gate simectirody adirst fehei beeladihegatthe firelbedy edge or2theThe
met hod of clgi 4 in the first gate structure of a first ferm |evel
conpri ses p-t?{)%&%%]}%}g{rﬁ’con mat eri al and wherein the second gate structure

of a second f) patterning the mandrel layer to expose a first edge of the first gate structure;
g) forming a sidewall spacer adjacent the first edge of the first gate structure, the sidewall
spacer having a first edge and a second edge;
h) patterning the silicon layer with the second edge of the sidewall spacer, the patterning
of the silicon layer providing a second body edge, where the first and second body edges
of the patterned silicon layer define a transistor body;
1) providing a second gate dielectric on the second body edge; and
J) providing a second gate structure of a second fermi level adjacent the second body on

the second gate dielectric.

2. The method of claim 1, wherein the first gate structure of a first fermi level
comprises p-type polysilicon material and wherein the second gate structure of a second

fermi level comprises n-type polysilicon material.

3. The method of claim 1, wherein the first gate structure of a first fermi level
comprises n-type polysilicon material and wherein the second gate structure of a second

fermi level comprises p-type polysilicon material.

4, The method of claim 1, further corﬁprising the step of forming a source/drain

implant into the body of the transistor by performing an angled implant into the transistor
body.
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ferm |evel conprises n-type polysilicon material. 3. The method of claim
1, wherein the first gate structure of a first ferm |evel conpgi"sﬁg
n-type polysilicon material and wherein the second gate structuré o [;512005
second ferm |evel conprises p-type polysilicon nmaterial. 4. The method of
claim1, further conprising the step of fdding a source/drain inplant
into the body of the transistor by performng an angled inplant into the
transi stor body. [R\UBQ 2792. doc: M C 21 DEC 2005 24 5. The net hod of
claim1l1, wherein the step of depositing sidewall spacer material in

si dewal | spader tr @Hugmetwdufictas lf_WhBﬂeﬁghas@bM‘d@;ikdsitmgi didewalysphacdrmerid in
trough, form nitride |ayer, K over said  sidewal!| oxide |ayer, and .
filling said S@%ﬁ%\kﬁ?é}ce"s%‘b@rwﬁm& oRming asideabexide fyepin i Weughg forming a

Liing said _ ag! . .
met hod of cl aitAld laybtsvenQhid GRIBNAISTxIE )&, SMERIR _sﬁﬂréﬂég%é%pﬁ%stfl_cﬁghkn@% Y

uni f orm dopant concentration density in the transistor

of claim1, wpeasetion afieaidstep of forming a substantially uni form dopant
concentration density in the transistor body conprises performng a
plurality of angled inplants into the body. 8. The nethod of claim 6,

wherein the step ofhé atethogoficlaindd} Anthiencdiptising elidrstef QFABEMIBQNE QHstaatihlpn
density in the transistor body conprises perform ng a first angled inplant
when the fi ré’Plf‘P}HHQOpé‘Bb%p“iC%mEé‘ﬁBéié ityi8 theransistardgd% second angl ed i npl ant
when the second body edge is exposed. 9. The method of claim8, wherein the

first angled_inplant conprises an inplant at approximately 45 with respect
to the silicdn-on-Theaethest of gleimr latvehesein thhstepi of fdrming acswbatantia)lye tniform

i ol ant ) . . | . . .
ST con- on 1 onfe cBfbehliM @ beriy RS Badheqfiriiel BEASHinG & Mlfugy of
transi stor, atgednmplads ovorpri®dng the steps of: a) providing a

silicon-on-insulator substrate, the silicon-on-insulator substrate
conprising a silicon layer on a buried dielectric layer; b) formng a

mandr elj | ?yle& on t’gbe fidthotosf biRer6, vaeiréiarié Rept 6 foraiieys al subsstiallyousiefrhne
a nandre er eage, . . . .

8‘ pant cm%entratlon density in the transistor body comprises performing a first angled
implant when the first body edge is exposed and performing a second angled implant

when the second body edge is exposed.

9. The method of claim 8, wherein the first angled implant comprises an implant at
approximately 45° with respect to the silicon-on-insulator substrate and wherein the
second angled implant comprises an implant at approximately 45° with respect to the

silicon-on-insulator substrate.

10. A method for forming a field effect transistor, the method comprising the steps
of:

a) providing a silicon-on-insulator substrate, the silicon-on-insulator substrate comprising
a silicon layer on a buried dielectric layer;

b) forming a mandrel layer on the silicon layer; patterning the mandrel layer to define a
mandrel layer edge;

¢) patterning the silicon layer with the mandrel layer edge, the patterning of the silicon
layer providing a first body edge;

d) forming a first gate dielectric on the first body edge;

e) providing a first gate structure of a first fermi level adjacent the first body edge on the

first gate dielectric;
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c) patterning the silicon layer with the nmandrel |ayer edge, the patterning
of the silicon layer providing a first body edge; d) formng a first gate
dielectric on the first body edge; e) providing a first gate structmé)EOfZOUa
first ferm |evel adjacent the first body edge on the first gate
dielectric; [R\LIBQ2792. doc: MC 21 DEG2005 25 f) patterning the nandrel
| ayer to expose a first edge of the first gate structure; g) patterning of
the silicon layer providing a second body edge, where the first and second
body edges df} petteningtthemandtcllaydrcoaxposy e firdeliaef the firapgicst@tuaRdy; h)
provi di ng aéecgnd. atfg di.fl ectric on_ the second body edge; and i)
providing a ?f?i‘l‘ézﬂ hestibiern lays peeviding @ sgepndrhodtiedge veiereip disstrind sepond

second body wydy cp& Wtegﬁa%ilgbﬁh%%&f?ﬁ a]tilansi%tcfrrb%g?;i stor conprising: a)

a transistor _body fo on a substr e transi st body having a first
vertical edd® Prefding ageeapddatecdieleastit ondlipesectn)d odyiedge; apedt e struct ure

adj acent t hgy LrA08] i i.cal gd e, the first,gate tructure
having a fi r)s%) ferfﬁgﬁﬁé%ozlﬁ?g\égé;%fu?:ﬁurééggéé%%&d 5&8 Ig\{fili&g)[aﬁ?rg tﬁ%ﬁ%&ﬁ ofy,gn
transi st or Bbelsecond gatd diedectrical edge, the second gate structure having a
second ferm level that differs fromsaid first ferm l|evel. 12. The

t ransi st or (r)}];} claim11l, wherein the first gate structure conprises n-type
material a 'V\ﬁgFré’?SﬁSt‘Prl”Fé’ng’é@B’tgd gate structure conprises n-type material .

13. The transi : f ' Ik tructure conpr.ises
n-type mat e?? aaIsﬂ;a?j?ilrsﬁfr \Rﬁ%}?g{ﬂr?%% ﬁg%@%%%e,gg%g%stl Sﬁ%rcl?ogi&e air%ar ﬁ‘sgége’%@gpfﬂ ©
mat eri al . 14ndalsecandareicat edgepf cl aim 11, wherein the transistor body

conpri ses a por i(%n f a sili con-o&-ﬁi nsul ator |ayer. 15. The transistor of
claim 11, el g pirpctyre Adipcenlc B dirasistor hadycfinst evsrticahpdges dhe first gate

pol ysi | i CO”-str&@tureTHhQiﬁgraaﬁ}%{ &har1eed: gd@ m 11, further conprising a first
gate dielectric between the transistor body first edge and the first gate

structure armd agesesbgale guvaungi adjasentr the thesisioe body becond aegtical edgd) aetysendnd
I R S R P R A P U

the transis

12.  The transistor of claim 11, wherein the first gate structure comprises n-type material

and wherein the second gate structure comprises n-type material.

13.  The transistor of claim 11, wherein the first gate structure comprises n-type material

and wherein the second gate structure comprises p-type material.

14. The transistor of claim 11, wherein the transistor body comprises a portion of a

silicon-on-insulator layer.

15.  The transistor of claim 11, wherein the first and second gate structures comprise

polysilicon.
16. The transistor of claim 11, further comprising a first gate dielectric between the
transistor body first edge and the first gate structure and a second gate dielectric between

the transistor body second edge and the second gate structure.

17. The transistor of claim 11, wherein the transistor body comprises a source/drain

implant into the transistor body.
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inplant into the transistor body. [R U IBQ 2792.doc: MC 2 1 DEC 2005 26
18. The transistor of claim1l, wherein the transistor body has a 21 DEC 2005
substantially uniform dopant concentration density. 19. The transistor or
claim 18, wherein the substantially uniform dopant concentration density
is conprises a plurality of angled inplanfs into the transistor selected to
result in a substantially uniform dopant concentration density. 20. The
transi stor of claim 18, wherein the substantially uniform dopant
concentration conprises a dopant concentration between 0.3 NA and 3 NA,
where NA is gefiTR E

box ]2 21. The traﬁgﬁ?ﬁl{stg?%g%c l%ﬁgllm%f%@mgﬁéﬁlsﬁﬁg &g‘%‘;g??%lgsﬁa‘g&w“ﬁ

edge is oppolopart coneentratiemdénsitpr  body second edge and wherein the

transi stor body first edge and transistor body second edge are

substantial ly perpendicular to a top surface of the substrate. 22. A double
gated field 1&f f ee tkmsidr St @IanﬁQ'EPWh%fe'ﬁgtheashbﬁaﬁt{agl rtfoPth P&y cotnpgntratlon
transistor body formed froma silicon |ayer forne ove an 1 nsulator

| ayer, the tdensitiis tcgmpnmw niwllt’yg)falngiedsmplaetstmtoathe trelpistamstlcateddo tésahlin a
second edge, ran i stor y, fi.rst edge and the transistor
body second etc)iéégn%faﬁ um %%%I PRaN 8%ﬁnt5$’r? rde b"substanti ally perpendicul ar
to the insul ator Iayer b) a first sate dielectric |ayer forned on the
transistor body first edge; c) a second gate dielectric |ayer forned on the
transistor B8dy Té‘éé@ﬁﬂs@ﬂgédady 13, phersin Barsabgentindlywméformrdopantoroncéndration st
gate diel ecty V.e [ t.ar, first.e , the
first gate S'E) {rngjcrzl% %rae o Mcﬁlﬁgﬁrahf?n P%g’é:%%g y ?‘I an ggﬁg herg)l\ﬁé\lss%g%ﬁ‘aaijat e
structure fornmed on the second gate dielectric layer adjacent to the

transi stor body second edge, the second gate structure conprising rx-type
polysilicon. [ R \Lj B@Eg_zmz d&ees HM)C 21 DEC 2005 27 23. The doublie
gated field effect transisor i.,,a‘a t her conprising a
source/drain inplant in the tl}@%‘?é?%’vb ty, formed by performing an angl ed
inplant into the transistor body. *

21.  The transistor of claim 11, wherein the transistor body first edge is opposite the
transistor body second edge and wherein the transistor body first edge and transistor body

second edge are substantially perpendicular to a top surface of the substrate.

22. A double gated field effect transistor comprising:

a) a transistor body, the transistor body formed from a silicon layer formed above an
insulator layer, the transistor body having a first vertical edge and a vertical second edge,
wherein the transistor body first edge and the transistor body second edge are opposite
each other and substantially perpendicular to the insulator layer;

b) a first sate dielectric layer formed on the transistor body first edge;

c) a second gate dielectric layer formed on the transistor body second edge;

d) a first gate structure formed on the first gate dielectric layer adjacent to the transistor
body first edge, the first gate structure comprising p-type polysilicon; and

¢) a second gate structure formed on the second gate dielectric layer adjacent to the

transistor body second edge, the second gate structure comprising n-type polysilicon.
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24. The double gated field effect transistor of claim22, wherein the body
conprises a substantially uniform dopant concentration density. ZSZa The
doubl e gated field effect transistor of claim24, wherein the subst hpﬁfél?ﬂﬂﬁ'
uni form dopant concentration density is formed by performng a plurality of
angled inplants into the transistor body,,26. The double gated field
effect transistor of claim22, further conprising a polysilicon plug to

i fi e structure to.the second gate structure.
F:Q:ect r|_|| anJ | ?73;(2) lgggglﬁ‘}polgz{tg& t?e% effect trans{stor of claim 22, further comprising a

source/drain implant in the transistor body formed by performing an angled implant into

the transistor body:.

24. The double gated field effect transistor of claim 22, wherein the body comprises a

substantially uniform dopant concentration density.

25. The double gated field effect transistor of claim 24, wherein the substantially
uniform dopant concentration density is formed by performing a plurality of angled

implants into the transistor body.

26. The double gated field effect transistor of claim 22, further comprising a polysilicon

plug to electrically couple the first gate structure to the second gate structure.
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