1 Doping of Sem conductor Fin Devices TECHN CAL FI ELD [0001) The present
invention relates to sem conductor devices and nore particularly to

sem conductor devices with fin structures and methods for doping

sem conductor fin devices. BACKGROUND [0002) The dom nant sem conduct or
technol ogy used for the manufacture offultra-large scale integrated (VLSI)
circuits is the netal - oxi de-sem conductor field effect transistor (MOSFET)
t echnol ogy. Reduction i, the si of MOXSFETs_ has provi ded continued

i mprovenent in speed pe?hgpﬁg sergloopductaieRin Devieesd cost per unit
function over the past few decades. As the gate |l ength of the conventi onal
bul k MOSFET is reduced, the source and drain increasingly interact with

t he chadW&HNIGALgaENDI nfl uence on the channel potential. Consequently, a
transistor with a short gate length suffers fromproblens related to the

i nabi lim&)f the gate to substantially control the on and off states of
t he cha [0 esPhianeame oareddieo aGnit &Y control .associated with
i LSS e R et

transistors with short channel |engths are terned toef f ect s.
| ncr eas sanibadyictleO@ividds NG i.on,. reduced , gate oxide thickness, and
ul tra-shal | ow source/ dr a?nﬂj@ﬁ{rlfgﬁeg?%d rﬁ%&"‘&g‘gfﬁf’%@sﬁ%wmt%ﬁmdttvicreb.anneI
ef fects. However, for device scaling well into the sub-50 nmregine, the

requi renents for body- doping concentration, gate oxide thickness, and

sour ce/ BASKERGYUBD dopi ng profiles become increasingly difficult to neet
when conventional device structures based on bulk silicon (Si) substrates

are errpt(}%%d. I,Hnovati ons in front-end process technol ogies or the
i ntroduttTon of wélp’ﬁléﬂfaﬁh‘iewfe)ndwmdedmblbgiﬁﬁsw@&tﬁ@ﬁﬁaﬁlﬁadﬁﬁ'@gﬁﬂtr5~?ar§eUSt ain the
hi storical pace of device scaling. )

scale integrated (ULS I) circuits is the metal-oxide-semiconductor field effect transistor
(MOSFET) technology. Reduction in the size of MOSFETs has provided continued

im i Ircul i
provement in speed performance, circuit density, and cost per unit function over the past few

decades. As the gate length of the conventional bulk MOSEET is reduced, the source and drajn
mncreasmgly interact with the channel and gamn influence on the channel potential. Consequently

a transistor with a short gate length suffers from problems related to the inability of the gate (o

substantially control the on and off states of the channel.

[0003] Phenomena such as reduced gate control associated with transistors with short

h
channel lengths are termed short-channel effects. Increased body doping concentration, reduced

gate oxide thickness, and ultra-shallow source/drain junctions are ways to suppress short-channel

effects. However, for device scaling well into the sub-50 nm regime, the requirements for body-
doping conceniration, gate oxide thickness, and source/drain (S/D) doping profiles become

increasi iff i i
reasingly difficult to meet when conventional device structures based on bulk silicon (S1)

sub 10ns i
strates are employed. Innovations in front-end process technologies or the introduction of

alt 1 ' i
emative device structures may be needed to sustain the historical pace of device scaling,



2 [0004] For device scaling well into the sub-30-ran regine, a prom sing
approach to <controlling short-channel effects is to use an alternative
transi stor structure with nore than one gate, i.e., multiple-gates. An
exanple of the alternative transistor structure is the nultiple-gate

transi stor. Exanples of the nultiple-gate transistor include the

doubl e-gate transistor, triple-gate transistor, onega field-effect

transi st@g;(mg FET); r&gd th(la surround-gate or w ap-around gate transistor. A
nul ti pl d: gate transi SFSreliag well diip deisgb-ad pacegine apextengkpphadsgal abi | ity of
CMOS technﬁhog){]ﬁge ond the limtations of the conventional bulk MOSFET and
real i ze “PRECLPE $hostchante] effactsds tosist amﬂ&n&‘dﬁﬁEE&%&s@Q&uétﬁ%Rﬂfﬂ‘fﬁérh%n%{w

addi tional gates inproves the capacitance coupling between the gatés and

he chaigatel fe.jmult; : 6] jal by th ,
the chamaeliecjm tlplasg@ﬁzs.thﬁeﬁﬁﬁﬁléthhQEItegtnﬁgwglﬂgﬂggsﬁa sg[}ghgrgté%@? %%}t e gate

hel ps suppress short channel effects, nlg-gatef the
MOS tr anghgtef - he,si.nmpl est exanpl e of a nultiple-gate transistor
i's the doubl e- gei{ta{glg%?g%l%lgﬂu&mlgg%m refesarivdee: the douBle-gate tembistg trifie 443, 802
(' 802) itl%ﬁli'ﬁd to Hu t al. and incorporated herein by reference. In the
“802 pat SRt % ABee AgideHecs iransittor(BET; empthi sesoudigaieldr Sirdj-G8hd daft, def i ned
using an etchant mask and formed on an insulator layer, e.g., silicon

oxi de. &apEsteKiAailtiple-gmse patsfsor BRehture fs%lxb&ﬁfﬁﬂo ?(teﬂ@%h% Sﬁ%{%ﬂ%%{tat@wd gate

patterning to forma doubl e-gate structure overlying t the fin.

Bot h t heschaslugCiRybat G &gl jan and t _to-gate direction are in

the plane of t]ﬁg substré?g&"gf’?ﬁﬂﬁ%8?‘%§g°@gﬁ)ﬂﬁ%5§§€? TFN‘\?EFI’FIWW@OOM The

preferred; i t resent invention provides several nethods for
lmﬁ%ongiu%@gﬁ‘ Hﬁ'ﬁﬁ’itf d

dopi ng the sem ¢ R9ueting pf sdditiongbgatestimprostssthocaphcitapeovi de

i npr oveg;o&)ef.r f Qrmance. In
png between the gates and the channel, increases the control of the channe] potential by the

gate, helps suppress short channei effects, and prolongs the scalability of the MOS transistor.

[0005) The simplest example of multiple-gate transistor is the double-gate transistor, as

described in U.S. Patent No. 6,413,802 (‘802) issued to Hu, ef al. and incorporated herein by

reference. In the ‘802 patent, the transistor channel comprises a thin silicon fin defined using an

etchant mask and formed on an insulator layer, e.g., silicon oxide. Gate oxidation is performed

iollowed by pate deposition and gate patterning to form a double-gate structure overlying the

sides of the fin. Both the source-to-drain direction and the gate-to-gate direction are in the plane

of the substrate surface.



enbodi nents of the invention, the channel length is nore uniformy doped
than in certain prior art inplenentation thereby inproving performance.

[ 0007] A first enbodi nent provides a nethod of dopi ng sem conductor fins of
mul tiple-gate transistors. A sem conductor structure includes of a
plurality of sem conductor fins overly8ng an insulator |ayer, a gate
dielectric overlying a portion of said sem conductor fin, and a gate

el ectrode overlying the gate dielectric. Each of the sem conductor fins has
a top surface, a first sidewall surface, and a second sidewal |l surface.
Dopant i MetleY OFpT IR INVEMTIGNfi rst angl e (greater than 7") with respect
to the normal of the top surface of the sem conductor fin to dope the
first si gmll igrfa&ﬂe_r gnd the top surface. Further dopant ions are

i mpl ant da 4o t SPeterret gmbedimenia el presenttiveentioppsuidteeeeralfméth&ds for

sem con%uc_t or fin to dope the second sidewall surface and the top surface.
[0008] Alogiedircseaitoodicte i ipn aviltis.cac FRihost tb SR eL SN | ns
with a different orientation. In tﬁi s enbodi rrgnt, a @?rsﬁ%&s‘}%@%’v{eﬁs t he
second serboG@RAHGH e iR i) LSk mseni gonduct or, fin is doped by

i mpl anti ng dopant ions Wt R aﬁhg@%éfch%ﬁ%%ﬁregﬁgg%ﬁyé?ﬁﬁdlt%nllyPe@lnE@Hond
mask covgyfs, st sem conductor. fin while the second sem conductor fin
i s doped Bypteﬁﬁg{agéﬁhﬁrﬁg)fH@IBHB&ﬂ?rfqp@ﬁ%C%th a large inplant angle. [0009]
The present invention also includes structure enbodi nents. For exanpl e,
sem conde@u7pr - OR-firSsARRL I lurality,of |tiple-gate
transistors formed on an eln?] Spléi%gg%h?%g%PedC%MveﬂogﬁhﬁpéEc‘uﬁé?@nt‘]rnﬁ%s&aéﬁt or

i ncl udesg.s6m gonduct or fin havi.n n orientation 4 and a gate el ectrode
having a g%ﬁglrpl (eAnsrg%%ﬁwB&uqt‘gégu'f ﬁn‘gﬁﬁﬁﬁf 2 Mueligrofepmigondmatonfinpachiyingansi st or
of the.]g%llk%lrrality of nmultiple-gate transistors is the sane. O her nethods
and strd gdayer,@ gajeshielectric overlying a portion of said semiconductor fin, and a gate

electrode overlying the gate dielectric. Each of the semiconductor fins has a top surface, a first
sidewall surface, and a second sidewall surface, Dopant ions are implanted at a first angle

(greater than 77’} with respect to the normal of the top surface of the semiconductor fin to dope
the first sidewall surface and the top surface. Further dopant ions are implanted with respect to

the normal of the top swrface of the semiconductor fin to dope the second sidewall surface and

the top surface.

[0008) A second embodiment provides a method to dope semiconductor fins with a different

orientation. In this embodiment, a first mask covers the second semiconductor fin while the first
sermiconductor fin is doped by implanting dopant ions with a large implant angle. Similarly, a
second mask covers the first semiconductor fin while the second semiconductor fin is doped by

implanting the dopant ions with a large implant angle.

(0009 The present invention also includes structure embodiments. For example,

semiconductor-on-insulator chip includes a plurality of multiple-gate transistors formed on an

insulator layer. Each multiple-gate transistor includes a semiiconductor fin having an orientation



t-aught. . [0010] A sem conductor-on-insulator chip conprising of a
plurality of nmultiple-gate transistors forned on an insulator |ayer, each
mul ti pl e-gate transistor conprising of a sem conductor fin having an
orientation and a gate electrode having a gate length equal to the m ni num
feature size, said orientations of thedplurality of nultiple-gate
transistors being the sanme. 5 BRI EF DESCRI PTI ON OF THE DRAW NGS [ 0011]

For a nore conpl ete understandi ng of the present invention, and the

advant ages 2 gelkeeteeubde neingragnaRaer Bh HWs mﬂ%ot@}tm SR80 D aaggcr i % |5) pns

taken in conjunction with the acconpanying draw ng, in whicH 100

Fi gur e Ithaplulahitsds i - te devi structure; [0013) Figure 1b
i1Tustrates a 'Ey?f ;ﬂ?%g?%ggggélg%gzﬁtﬁﬁ%%%r gﬁher[r@ﬁﬁqﬁs apq gHoRIres@Iq alsaust r at es
an omsgata‘fl'h?l d-effect transistor; [0015] Figure 2 is a plan view of a
mul tiple g%t'e transistor; [0016] Figure 3a illustrates a three-di nmensional
perspective of a triple-gate transistor; [0017] Figure 3b illustrates a
t hr ee- dipg@yu3i onal i ve._of the.onega FET; 0018] Figure 4ais a
cross- se[cti onal %vﬁegisvgoﬁ glﬁcgc%r-oa-gﬁ%atg_c%{p @pgqqseg,ogap,[ur 1@1)9@1)1111%13]@@&@ 4b is a
cross-sqfc;;at isiotnal Vi Bw taken along GC of Figure 2; [0020] Figures 5a, 5b
and 5c areipridem ORia8 Arlalar dawer, stmbwinigplegpiengnafioncagmsaenduct or - fin
using a large angle inplant; [0021] Figure 6a illustrates the doses

r ecei vedeiopdusiar &ip havidg si cemadtionand § pee el 8 RMvEE a LB length equal to the

minimum feature size, said orientations of the plurality of multiple-gate transistors being the

same.



sem conductor fin as a function of the inplant angle; [0022] Figure 6b
illustrates the ratio of the dose in the top region to the dose in a
sidewal | surface region as a function of the inplant angle; [0023] Figure
7a is a plan view of the sem conductor fin device of the present invention;
6 [0024] Figure 7b is a cross-sectionél view of the sem conductor fin
device of the present invention; [0025] Figure 8a illustrates the second
transi stor masked during the doping of the source and drain regions of the
first transistor; [0026] Figure 8b illustrates the first transistor masked
during tRBIOREHRBTIONO SBHE DR ANUNGSr ai n regi ons of the second
transistor; and [0027] Figure 9 illustrates an n-type transistor of the

pr esent ngi/ nti g;n 7 DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS

[ 0028) @r ef Ff 2HCEMS MR Iderstanting opthe pesstntiimeativn, o L ALEG,40 t he
field ofwsgfm %onduct or devices and nore particularly to sem con%uct or

devi ces Wiptenl, sfdremve st mowmcudeeto HIVB110w infi | rovi des. several

nmet hods for doping the sem conduct o\flhgiaﬁéaflgﬁgh\éﬁr%{eb?E‘fc’gg-uagfoé‘W’fhrtgﬁsi stor.

[ 0029] Afw@;h@fnyﬁ#@mi of whidg. nul tiple-gate transistor is the triple-gate
transi stor 102. The <cross-section of the triple-gate transistor structure

102 is illustrated in Figure Ib. The plan view of the triple-gate

struct url@013 t h&igasre illsstiahe adiguhl gatgag\gcesstnrugtg;eur e and is shown in Figure

2. The triple-gate transistor structure has a @gate el ectrode 110 that

forms t e gates: one gate on the top
hIrOSB] Figure 1b illustrates a triple-gate device structure;

[6614) Figure I¢ illustrates an omega field-effect transistor;

[0015] Figure 2 is a plan view of a multiple gate fransistor;

{001¢] Figure 3a illustrates a three-dimensional perspective of a triple-gate transistor:

[060617] Figure 3b illustrates a three-dimensional perspective of the omega FET:
[0018) Figure 4a is a cross-sectional view taken along B-B’ of Figure 2;

[0019] Figure 4b is a cross-sectional view taken along C-C” of Figure 2:

(0020 Figures 5a, 5b and 5c are cross-sectional views showing doping of a semiconducior

fin using a large angle implant;

[0021] Figure 6a illustrates the doses received in the top and sidewall surface regions of the

semiconductor fin as a function of the implant angle;
10022] Figure 6b illustrates the ratio of the dose in the top region to the dose in a sidewal]
surface region as a function of the implant angle;

[6023] Figure 7a is a plan view of the semiconductor fin device of the present invention;



surface 124 of the silicon body/fin 112, and two gates on the sidewalls 114
of the silicon body/fin 112. The triple-gate transistor achi eves better
gate control than the double-gate transistor because it has one nore gate
on the top of the silicon fin. A three-dinensional view of the triple-gate
transistor 102 is shown in Figure 3a. fFigure 3a illustrates source region
126 and drain region 128, which are fornmed in silicon body 112 on opposite
si des o%mﬁge channel region. An exanple of a triple-gate transistor is
provi de | R Ehaw,7b &2 @bss,sect e Afansi stors:

si ngl e-gate, doubl e-gate, and $?¥?gg§gfgﬁgég%gﬂﬁf§?ﬁg?§§%%?ﬁ%%m%%P%nce on
Sol i d Sipfkstidsevi ces and Materials, Nagoya, Japan, pp. 68-69, Sep. 2002,
which is incorporated herein by reference. [0030] The triple-gate

transi stor structure nay be nodified for inproved gate control, as

illustr3®Ed]in Fegyseillg: i s al,s0, kno as the a
EvvufieId-e%%ectgg?rah&?%??ﬁﬁ?g%?§§&§§Sgﬁﬁﬁ%ga6%%8§hfé$Pm§P g soyee teg

el ectr odg k0 arshape in its cross-sectional view The
encroachnéntggﬂaaﬁgyggpgggpgﬁtrode 1) O under the sem conductor fin 8 or
body 112 forns an onega-shaped gate structure. It closely resenbles the
Gat e- Al [6036pUNdFigfiebMI s ARSHS ’ lent. scal ability, and uses a
very nanufactura%?e pr ocess siﬁ?tg%ﬁ%%8§ﬁ§FME@¥H$ﬁ@3 &Eﬁgﬂﬁapgﬁsmﬂ
triple-ggat y istor. [The onega-FET has a top gate adjacent surface 124,
t wo sidemaf?kgg{égﬁ%.j%&%ﬁﬁm§ﬁgﬁﬁées 114, and special gate extensions or
encroachnents 130 wunder the fin-like sem conductor body. 100311 The
onmega- FEB27p t EE&E 9By sRafel 8 AL1&ffEGE: T istor wth.a gate 110 that

al nost  wr aps ar%und thea%oﬁggfﬁ%ﬁﬁﬁﬁﬂ%ﬁégﬁe?ﬁgmeﬁ % he gate extension
130, i.e., the greater the extent of the encroachnment E, the nore the
structure approaches or resenbles the gate-all-around



structure. A three-di nensional perspective of the triple-gate transistor
wWth recessed insulator, or onega-FET, is schematically illustrated in
Figure 3b. The encroachnent of the gate electrode 110 under the silicon
body 112 helps to shield the channel fromelectric field lines fromthe
drain 128 and i nproves gate-to-channey controllability, thus alleviating
the drain-induced barrier |owering effect and inproving short-channel
performance. An exanple of an onega field-effect transistor is provided by
F.L. Yang, et al., "25 nm CMOS Orega- FET' s,"” International Electron Device

Vet | ng DIDVAILED Tsaiupalobaner s usheoaThermngoGanshieh s i ncorpor at ed
mul t1 pl e~ gate

herein by reference. [00321 Anot her evice that can utilize
aspects of the present invention is the surround-gate of wap-around gate

t r ansi stl$#28hent Tonedeabbuebodixenf 68 pafseithoRti SELGRS 1A fiel@agght in the
foll ow ng references, each of which is incorporated herein by reference:

J. P.  Cebmiefiuc®t ddhces agd ki = L t.or ter-all -around device, "
| nternational Electron De%ﬁb%?%ﬁ%g}??%%&b&é@ f c%ﬁli“"&sa‘f“%rﬁaﬁ@ct%. Tig95_ 598,
Decenber, . U.S. Patent . 6,391,782, B. Yu, Advanced M cro Devices,
I nc. , wé’ilésg‘ﬁ?mﬁ’é{b‘?, Pf"‘ﬁ&%&&‘éﬁ'«gﬁf@ﬁﬁqd& efdepngtio emicenduotarnfia in 2 mudtipdeghate
gate-al |l -around MOSFET; E. Leobandung, et al., "Wre-Channel and
wr ap- ar &?ﬁﬂ%{at e nmetal 9 oxide-sem conductor field-effect transistors with
a significant reduction of short channel effects,” J. Vacuum Sci ence and
Technol , v@l..15 no. pp. .2791-2794, 1997; and U S. Patent No.
6, 451, 6 g@@gg Y&“O“BTT e§?f¥il?lcﬂg%ﬁ@éaplmgéfﬁéramesﬁqsreégl,e tuiple-gate Sepsistar 022082,
"CMOS inveter configured from double gate MOSFET and nethod of fabricating
same. " [BSSctirhel thulriplpgae gatsestarstmenstl 02 issiistetd heBigtRse! edkn kie®- . t he
doubl e-gate transistor 100, the triple-gate transistor 102, and the
onega- FET thedple-ate etract e f9HR8 sfreadsuhEdoubloatd siubhikeSind is shown in Figure 2. The

triple-gate transistor structure has a gate electrode 110 that forms three gates: one gate on the top

surface 124 of the silicon body/fin 112, and two gates on the sidewalls 114 of the silicon

body/fin 112. The triple-gate transistor achieves better gate control than the double-gate

transistor because it has one more gate on the {op of the silicon fin. A three-dimensional view of

the triple-gate transisior 102 is shown in Figure 3a. Figure 3a illustrates source region 126 and

drain region 128, which are formed in silicon body 112 on opposite sides of the channel TegIon.

An example of a triple-gate transistor is provided by R. Chau, ef al, “Advanced depleted-

substrate transistors: single-gate, double-gate, and tri-gate,” 2002 International Conference on

Solid State Devices and Materials, Nagoya, J apan, pp. 68-69, Sep. 2002, which is incorporated

herein by reference.

{0030} The triple-gate transistor structure may be modified for improved gate control, as
illustrated in Figure 1c. Such a structure 104 is also known as the Omega (W) field-effect
transistor (FET), or simply omega-FET, since the gate electrode 110 has an omega-shape in its

cross-sectional view. The encroachment of the gate electrode 110 under the semiconductor fin



sem conductor active region 112. In doping the source and drain regions 126
and 128 of the sem conductor fin, prior art uses a conventional source and
drain ion inplantation process where ions are inplanted at a small angle
with respect to the normal of the wafer or the substrate. In conventi onal
source and drain inplantation, a small8angle of 7 degrees or less is
frequently used, as shown in Figure 4a, which is taken along the B-B |ine
of Figure 2. [0034) Using such an ion inplantation condition results in

st of ceheld Telaled opase FACHLAG: BeD SURER 128 RL L le,( 1, 1

gi ving a hi gh-doped top surface“region

i npl ant i - | || surface 114, resulting in a lightly doped

si dewal ﬁéﬁ‘ &p;t‘g%gég‘?‘géfi %ﬁ%@h?caﬁgﬂﬁh &nﬁ} R§5F ANErRtRasH e upbla i esss ﬁ@é@tﬁd thab

i nt roduc? adsi nificant anount of doping in the sidewall source/drain

r egi ons 1 3/9P88e-2pts op e gasttransistire ThesmeghoRENLES a toepabadjhe@nbthemopor tion
of the fin, the source and drain doping at the bottom portion of the fin

Wil | be twowdewalbgusraiscere suticed 1t 420,880 g%gcg&fiﬁgﬁsﬁ}%h&f)wﬁ [;?[gt tom

portion of the fin than at the top portion ure 4b

shows ayg8@%% SEGLd QR Lqure. 2 taken along the CGC |ine. A variation of
the channel |length o&l%hgﬁdﬁ%rboﬁ%G within the fin 112, i.e., a larger

channel length at the bottom portion of the fin, results in a non-uniform

sour ce- {#03} ai nTUsTHEQRLFRA i8 ok el aGr 1N ¢ EERHREGidD b UDSAL (ALl e Dottom

portion of the fin. Therefore, the perfornmance o

devi ce iygafiQoRR%T onventional source and drain doping
process i sﬂusoed. tt%?@é%%%&é‘%ﬁéﬁf@ggﬁ ?F?ge W@@@Htl?’smﬁeﬁlﬁq Fraterdhe ¢ydent

i mpl errer&gcﬁ_’geusi ngmt%ne;%of a number of nultiple gate transistors. Three
exanpl es of PHEEEVCRGH penpredhastaicesmprasekeswr tdremdspie pateall-Fowgdr es 1- 4.

Any of these structures, as well as other structures, can utilize concepts
of the Structure. A three-dimensional perspective of the triple-gate transistor with recessed insulator, or

omega-FET, is schematically illusirated in Figure 3b. The encroachment of the gate electrode
110 under the silicon body 112 helps to shield the channel from electric field lines from the drain
128 and improves gate-to-channel controllability, thus alleviating the drain-induced barrier
lowering effect and improving short-channel performance. An example of an omega field-effect
fransistor is provided by F.L. Yang, efal., “25 nm CMOS Omega-FET’s,” International Electron
Device Meeting, Dig., Technical Papers, December 2002, which is incorporated herein by

reference.

[0032] Another multiple-gate device that can utilize aspects of the present invention is the

surround-gate of wrap-around gate transistor mentioned above, Examples of these deices are
taught in the following references, each of which is incorporated herein by reference: I.P.
Colinge, et al., silicon-on-insulator gate-all-around device,” International Electron Device
Meeting, Dig. Technical Papers, pp. 595-598, December 1990; U.S. Patent No. 6,391,782, B.
Yu, Advanced Micro Devices, Inc., May 21, 2002, “Process for forming multiple active lines and

gate-all-around MOSFET; E. Leobandung, ef al., “Wire-Channel and wrap-around-gate metal-



present invention. As illustrated in a cross-sectional viewin Figure la, a
doubl e-gate transistor 100 has a gate el ectrode 110 that straddl es across
the channel or the fin-like silicon body 112, thus form ng a double-gate
structure. There are two gates, one on each sidewall 114 of the silicon
fin 112, as shown in Figure la. The pl@n view of the double-gate structure
is showmn in Figure 2, where Figure la (and 1b and 1c) are taken al ong the
A-A" line of Figure 2. The silicon fin 112 is forned on an insulator 116

whi ch i ©xfdsrsamatonduckir filicstfesttbmb s Rkl Ssigdi A€inble ﬁ&i}%ﬁ' of’ﬁ%\ﬁ c{%é%l s

separated fromthe gate electrode 110 by a gate dielectric al ong the

Beamies o dount S s TR RS A B Sheckap 0 Aeod dp by s

referen a f igh is incorporated herein by reference. As will .
becone g)ﬁ%g?ﬁ?'ﬁgﬁt@@yﬁ@ébﬁf HgddyancsdMiendevises, lret, Gepd 702602, vSAS n t hese

references can be nodified and/or utilize the nmethods of the present

i nvent i é#veter sonfiguenddgromedovdle. gate MOSFEQ aﬁﬂh&t}ﬁbaﬂﬁ%caﬁthﬂeﬁ " | EEE Trans.
El ectron Devices, vol. 48, no. 5, pp. 880-886, May 2001. C. Hu et al.,
U S. Pat ﬁ‘ﬁ’é No. g 413,802, ' "Fi nFET transistor structures having a double
gate chdfidl ext e g levgaie trangistoy structrresedesartbed, i at, theainableghtratssisthr 100,
manufacture,” July 2, 2002. F.L. Yang, et al., "35 run CMOS Fi nFETs, "

Synposi df iplextal trafisiston b0 gyd thd dmefi-BES 1 00 hakecdiRingal ens. PRy 109- 110,
June 2002. H. S.P. Wng, "Beyond the convenfi onal trafﬁgia%f c%fr%e,ﬁlpﬁ}éei\/l J.

Resear ClrcialodndoRY SHRRFRR 119011 ffing B sofbdundPin A3l 55 MBS NBY 2002

semiconductor fin, prior art uses a conventional source and drain jon implantation process where
lons are implanted at a small angle with respect to the normal of the wafer or the substrate. In
conventional source and drain implantation, a small angle of 7 degrees or less is frequently used,

as shown in Figure 4a, which is taken along the B-B’ line of Figure 2.

[0034] Using such an ion implantation condition results in most of the implanted dopants
reaching the top surface 124 of the fin 112, giving a high-doped top surface region 132, Few
dopants are effectively implanted into the sidewall surface 114, resulting in a lightly doped
sidewall surface region 134, A long implantation time may be needed to introduce a significant
amount of doping in the sidewall source/drain regions 126/128. In addition, since less dopants
reach the bottom portion of the fin, the source and drain doping at the bottom portion of the fin

will be lower, and may result in 2 larger channel length at the bottom portion of the fin than at

the top portion of the fin.

[6035] Figure 4b shows a cross-section of Figure 2 taken along the C-C’ line. A variation of
the channel length of channel 136 within the fin 1 12, 1., a larger channel length at the bottom

portion of the fin, results in a non-uniform source-to-drain current distribution with reduced



F.L. Yang et al., U S. Patent No. 6,252,284, "Planarized Si fin device,"
June 26, 2001. B. Yu, U S Patent No. 6,391, 695, "Double-gate transistor
formed in a thermal process,” May 21, 2002. [0038] Multiple-gate

transi stors such as the double-gate transistor, the triple-gate transistor,
t he onmega- FET, have a comon feature: {tthe sem conductor fin-like active
region. Therefore, such devices are also known as sem conductor fin

devi ces. The sem conductor fin has a predetermned fin height h and a

pr edet ecnireigdt the bowrﬁiﬁdﬂﬂ\@ﬁh oﬁﬂ@ﬁﬂ.e*rh&?fgﬁgleg)?%r%aﬁc%ft%egéj?hﬁ%cﬁh}?&%ﬁlwg ar e

transistors is that the sidewall sur he sem

used f olfeviedish ion, i.e.. signi ficant anmount of source-to-drain
current in tﬁgg?’r‘iﬁi@p Le{%geg?%e COPV%Q?@F%‘FQ‘? YU dapip depinmpiopsss shisedi deval |

surfaces. [0039] Essentially, the effective device width of the

nul ti pl §0038} e t FAaBSdiskRs of 8, etian of .the fin height h (see Figure
la). In the doubl e-gate traﬁ?irefg%ﬂgwﬁ%él °§8\‘?§8’&PWWPE?S%&W@ aFWBbqufg

hei ght, 4l t triple-gate transistor, the device width is given
by (2h + ul I‘E §%€“ﬁ3§6‘%@&? ce Eapofts H?ﬁheﬁ%ﬁ@%m grpdesprighed edthIaspectdo 3b,

porti ong. of thqej sidewal I s of the sem conductor fin 112 are doped for

f or ni ng “tRESdotr vy olehesentrueennswtlhes athaistructess aan 428 chhepeipie, 1n the
fabrication of sem conductor fin devices.or nmultiple-gate transistors,

pr ocess @Estnivientiong Asitustaepiing c@fs-¢hEors e rofi and partjcularly
the sidewal | surfaces of the sem conduct o%??ﬂ?@%gg’%g(g‘l ¢ @g‘?g%ﬁs}s & and

fficienp ' ' f f th ' duct fi b
T2 used Lo opt st olELR SENE SRS R cPioer G SR i lomdepet, “Thi o

i nventi vi des i nproved methods of doping the sem conductor fin
si dewal [ &% ?‘?—]&éﬁ%ﬁ({#&&% TG oldigkecire two gates, one on each sidewall 114 of the

silicon fin 112, as shown in Figure la. The plan view of the double-gate structure is shown in
Figure 2, where Figure 1a (and 1b and Ic) are taken along the A-A’ line of Figure 2. The silicon
fin 112 is formed on an insulator 116 which is formed on silicon substrate 118. The silicon body

112 is separated from the gate electrode 110 by a gate dielectric 120 along the sidewalls 114 and

by a mask 122 along a top surface of the fin 114

[0037] Examples of double-gate transistors are provided in the following references, each of

which is incorporated herein by reference. As will become clear from the teachings below, the
structures disclosed in these references can be modified and/or utilize the methods of the present

invention,

* X. Huang, ef al, “Sub-50 nm p-channel finFET, ” IEEE Trans. Electron Devices,

vol. 48, no. 5, pp. 880-886, May 2001.

- C.Huetal.,, U.S. Patent No. 6,413,802, “FinFET transistor structures having a

double gate channe] extending vertically from a substrate and methods of manufacture,” July 2,

2002.

- F.L. Yang, ef al,, “35 nm CMOS _FinFETs,” Symposium on VLSI Technology,



[[0040) According to this aspect of the invention, the inplant angle a for
the source and drain doping of the sem conductor fin device is large to
optim ze the device performance. Referring nowto Figures 5a - 5c, an ion
impl antati on schene is shown where the ion inplantation is performed in at
| east two inplant steps. As shown in Hiqgure 5a, a sem conductor fin 112 is
provided on an insulator |ayer 116. The insulator |ayer 116 nmay have a
recess as in the case of an onega-FET as shown in Figure |c. The thickness
of the Ihgﬂt@EBmhMayéhpmappn@ggemjhﬁ@ﬂngbout 100 angstrons to about 2000
angstronms. For illustration purposes, we consider the sem conductor fin

112 f triopl ag] 2. 1.0041) Ln t] f d embodi nent ,
the seri conduct or e oh5 BERpE e iRttt bhrtidon BN Referaapi ant ed | ons

are p-type lglgrﬁggtv '1-O4§fg§ﬁ h as_boron and/or indium.or n-type dopant ions

such as ph% orus., e PP-dAdi 6%, Mareh/Msm2002n the first inplant step, as

shown in Figure 5b, an angled inplant (denoted by arrows 140) with an

angl e a with respdetYanpetadbeUSoPatait Nof 628B28Me PR 0PSSEH dAGE n]ﬁgf%i(p the z-x
pl ane is perforned. The inplanted dose is about half the total ose | (in
uni ts of0@opants per unit wafer surface area) of dopants for the source 126
and drain 128 ion inplantation. The total dose | for the source and drain

ion inplant is typi Yl e e.of about 1x1013 to about 1x1036
dopants per s quarg'eyggﬂ%tsi 1%%?%?"% q??ﬁ%la’%]%p sﬁoﬁ%gﬁﬁﬁﬁtsls&ﬁ forgedpn a dhormaleat es

doped t regi.gn 144 and doped sidewal |l region 146. [0042) At the point of
i nci denglg)cgsts’ tl\ﬂ%«‘/%]oﬁg&f-n surface 124, the ions approach the top surface
124 at an angle a with respect to the normal of the top fin surface. The

nor mal qfgsghe t i N rface is typically parallel to the normal of the

waf er . fA{{ the plglﬁgwl%gat?ﬁﬁsﬁ FFcSélgli 69/ tﬁﬁé@kfhlﬁgatgirwwmu the tipleagae tamsistarhe i ons

approacﬁlet he siP%%\/\ﬁll surface 114 at an angle of (90- a) degrees 13
omega-ril, have a common feature: the semiconductor fin-like active region. Therefore,

such devices are also known as semiconductor fin devices. The semiconductor fin has a
predetermined fin height 4 and a predetermined fin width w. Another common feature of
multiple-gate transistors is that the sidewal] surfaces of the semiconductor fins are used for

current conduction, i.e., a significant amount of source-to-drain current in the multiple-gate

transistor is carried along the sidewall surfaces.

{0039] Essentially, the effective device width of the multiple-gate transistor is a function of

the fin height & (see Figure Ia). In the double-gate transiéior, the device width is twice the fin

height, i.e., 2h. In the triple-gate transistor, the device width is given by (2% + w) (see Figure la

and Ib). As shown in Figures 3a and 3b, portions of the sidewalls of the semiconductor fin 112

are doped for forming the source region 126 and the drain region 128. Therefore, in the

fabrication of semiconducior fin devices or multiple-gate transistors, processes involving the

doping of the semiconductor fin, and particularly the sidewall surfaces of the semiconductor fin,

are used. Effective and efficient doping of the sidewall surfaces of the semiconductor fin can be



with respect to the normal of the fin sidewall surface. The angles of a and
(90- a) are neasured in the plane perpendicular to the plane of the
sidewal | surface 114. [0043] In the first inplant step, the fin's first
sidewal | surface 114 received a dose of about (1/2).sin(a), the fin's top
surface 124 received a dose of about (14 2).cos(a), and the fin's second
sidewal | surface 115 received essentially no dopants. [0044] In the second
i mpl ant S%fﬁ’ the device 102 is rotated 180 degrees about its normal and
the secdiitf RaPiNussle psistoptimmcetisats. 4 oANHE AnWiIRLE@SREG lesiSni0gs NOT M8l
of the maf;;iln the z-x plane, as shown in Figure Sc. I'n & "SBCohd

i mpl ant rsttegls(cd doghedhe Bymidstd : in' second sidewal | surface
115 received a dggégof aboutg%$§% %@F%%gﬁ?gpﬁgﬁ?gH”§”W8ﬁ$§urface 124
receivquinother dose of about (1/2).cos(a), and fin's first sidewall

surf ace 49%]r ec dicoerding esthantpeal dfthapves ; fter the first
peat ofthORveaRAMYS 1m€l§ntadnélg g"f%I;th% %euh%e Cﬁg&

and the second inplant steps, the -total dose ecel surface

of the fdrainidspihg 60% i - al. se received by each sidewal |
surface is (1125 o ﬁ?%f)mﬁ@?‘:gt%@ s {00 bRER g‘efdg%ﬁ%i’?rm@icedoped

si dewal IR g .1 0045] . In the epbodinment illustrated in Figures 5b and
5c, both ionhgﬂrr%vlagoﬁ]pg%r% ste peIopAmplagiagion acheme isshpwn nberedle it an angl e a.
It is ngte tgat_the anale of the first inplantation step need not be

equal t SPPRBEHMYIS@eHprmedn ydwotiovo implaanttags. o6 Sb@Pin Hikurk $a %‘%%Hc%ﬁnﬁlﬁtor( but
not necessary) that these angles be close in value s6 as to naintaln

consi st éntl13pepravidagorchpinatierhwliics Tk inSi d.regi ons 146 and
148. [0046] In Figure 6a, the d’?sre@%fnébolﬁgﬂggy\%g‘lf Iggr:?}%y§‘6¥efg"aré%esé?%athe

recei vedagevfan b@ReSHET | 44 .and .i.n a sidewall surface region 146
(or 148) of the frn 11?%0 ‘é’hgr%@?’fee Caﬁﬁqq‘ﬂw&fﬁ‘%hhe ipfulaterdayerplasimngangl e a.

I f the ap IS .Z€er.o |1 /.2).sin(a) becones zero, i.e., no dopants will
reach t he%%ﬁ%s%@e%TtTOWS? ?%Jaé,%%ﬁng%rqms@d@( dlustioopemobes, we eonsidehi@e t Op
surface of. thf finwll be

semiconductor fin 112 for a triple-gate transistor 102,

[0041] In the preferred embodiment, the semiconductor fin 112 is formed from silicon, and

the implanted ions are p-type dopant ions such as boron and/or indjum or n-type dopant jons

such as phosphorus, arsenic, and/or antimony. In the first implant step, as shown in Figure 5b

an angled implant (denoted by amrows 140) with an angle o with respect 1o the normal of the

wafer top surface 124 in the z-x plane is performed. The implanted dose is about half the total

dose I (in units of dopants per unit wafer surface area) of dopants for the source 126 and drain

128 Ton implantation. The tota] dose 1 for the source and drain ion implant is typically in the

a _ 13 16 :
range of about 1x10" to about ix10 dopants per square centimeter. The first mplantation

step 140 creates doped top region 144 and doped sidewal] region 146.

[0042] At the point of incidence at the top fin surface 124, the ions approach the top surface

124 at an angle o with respect to the normal of the top fin surface. The normal of the top fin
surface is typically parallel to the normal of the wafer. At the point of incidence to the fin

sidewall surface 114, the jons approach the sidewall surface 114 at an angle of (90- «) degrees



doped with a dose |I. Consequently, if a zero inplant angle is used, the
source and drain regions 14 126 and 128 on the fin sidewalls 114 and 115
of the multiple-gate transistor cannot be effectively forned. It is seen
that in conventional source and drain ion inplant conditions using snal
angl es such as 7 degrees, the dose peridunit surface area received by each
sidewal | surface is less than a tenth of the dose per unit surface area
received by the top surface. In this case, a very high inplant dose and

| ong i nPYIEHEEErGn thei nvena oé theemusi dead s oifack hepd Ay 8o WRd {ooSurtaGEhRqr ecei ve
a substantial anount of doping. [0047] The préeferred enbodi nent of this

i nvent i omtheegdab @srpbiiduld RS thk ! hgggthgglg%‘g%ﬁﬁg&cg}}ge | arge for the sidewall

surfaces 114 and 115 to receive a subs unt of doping. In fact,
the inplant angle is as large as 60 degrees for the top and si dewal |

sur f aced0¥B] t helif tha fitst Bnpilent by ahe GORERM: &3b0a10 I ' LN arabl e
dopi ng concentrations. [0048] 1Q!Ref erring novvat%@%Hﬁ?ﬁ#ﬁE%géerogt%ﬁ(g}%of t he

dose rec¢g? et 5l f 4 t ose.received on a fin
S denal | SW;%? eﬁﬁs t%grg‘” dfg)ﬁ‘uyéec%l‘c’%ﬁl %Ode gﬁ%gu{]@,?,ggqs A Tl s sepPTEht
angl e a...sLhi t] an .also be interpreted as the ratio of the dopin
cogcent rsgi}%ﬁsqrﬁac?ﬁlescrte%vefdieﬁsengﬂm%@gﬁfégi on 144 to the doping PHng

concentration in a fin sidewall surface region 146 (or 148). In one

enbodi nmegg440f t O ntipn, th atio is preferably |ess than
about gve ang thgﬁhg(%)%?%d;l?)ng}l%:{%ng’itﬁ%ﬁiegﬁfqg%ljlr%m}eﬁérg‘gfi%ﬁ”éesiaEOWiEéOImﬁlan about
15-degr%§(§thel n t&]i 1E_)refer_re(il enbodi nent, the ratio is in the range of
about 1 To SBe0ed Aalt dorg 1% wplaniicrat sn aneds myith msbent to hngbrenal bixse wofebi the t he
range of about 26 degrees to about 63 degrees. The doping concentrations in

the top~JUiatsehpuryinofigus dc.ahdht heosd ek btep Wehate®by AN 40 fApd 148
are preferably nore than about 1x1020 dopants per cubic centineter.
second sidewall surface 115 received a dose of about (I/2).sin(c), the fin’s top surface 124
received another dose of about (I/2).cos(w), and fin’s first sidewall surface 114 received
essentially no dopants. Asa result, after the first and the second implant steps, the total dose

received by the top surface of the fin i I.cos(t), and the total dose received by each sidewall

surface 1s (I/2).sin(0)). Figure 5c¢ illustrates the formation of doped sidewall region 148.

[0045] In the embodiment illustrated in Figures 5b and 5c, both ion-implantation steps 140

and 142 were performed at an angle a. Itis noted that the angle of the first implantation step
need not be equal to the angle of the second implantation step. It is desirable, (but not necessary)

that these angles be close in value so as to maintain consistent operating characteristics in

sidewall doped regions 146 and 148.

[0046] In Figure 6a, the dose of dopants per unit surface area received in a top surface

region 144 and in a sidewall surface region 146 (or 148) of the fin 112 are plotted as a function
of the implant angle a. If the angle o is zero, (172).sin(0) becomes zero, i.e., no dopants will
reach the fin sidewall surface, while Lcos(0) becomes 1, Le., the top surface of the fin will be

doped with a dose I. Consequently, if a zero imiplant angle is used, the source and drain regions



[[0049] According to the teaching of this invention, a large inplant angle a
has a nunber of advantages. First, a large angle inplant can introduce
more dopants nore efficiently in the source and drain regions 126 and 128
on the sidewall surfaces of the transistor. As a result, the 15 use of a
smal | angle inplant with long inplantdtdon tine can be avoi ded. Second, a

| arge angle inplant will dope the top surfaces 124 and the sidewal |
surfaces 5.0f. the squrce and drain regions in the fin nore

equal ly. 12%&%??%%1-&(]%{; ?“FW&W@FaH%@Pd [ Engitthe ol tipiregamtrarisisios cgabiche cffeansiyst or

i s maintai ned the sane whether at the top portion of the fin or at the

bot t om ;ﬁlﬁ? Gort i peentlpis irf qonveiftOOS BpurtoweMEtin iROBIt @éndﬁfo%?b%nﬁﬁi se in the
use of large angle inplants, and solutions to these problens wll be

provi dedngles arcliand de@easpeabs Rt uﬁb%r%ﬁ@%@ﬂctcéipé/d%r}tz{agn%idelRe 3{1{{%‘3? o o0

Figure 7a, a plan view of two nmulti -gate transi’s 260 are

shown, wherfetie t isters 102a and 102b have source-to-drain
directions that gﬁh\ggﬁsecﬁ%gﬁ% %ﬁ%ﬁ? AR TCHEF ot the fop supfage, In thisecaste mivenyhjshct or

fins 11%m%{;6\1§ (gjri enfed jn directions that are perpendicular to each other.
In ot helPEH LRSS A iangpimnlantajiondime a6 reghizedsforibe dindidetvall sirfas tae@;art hogonal
to each other. In Figure 7a, the source-to-drain direction of the first
transi sts8pstantizlaniaun of dopiagy- di rection, and the source-to-drain direction
of the second transistor 102b is in the x-direction. The x-y axes are
shown igoéﬁ bog_hom right corner of Figure 7a. [0051) The orientations of
the gateé el’éct r SURRCFIGAcmberimentorefis inventonteachanidt Steafplaaf Ser Ol bo

per pendi cul ar to each other. It is understood that the two transistors nay

be i n clEselgpilseidtival strtaceeohundting ko redivd 4 bibshidl 8 ohh JFhQNLE 7@, ar may

be far apart fromeach other, such as being locate 0{51? Oggﬁ)ﬁ“éﬁgnzdﬁﬁgmof an

I nt egr ateplacd angleiis asdln%e asTé;tedgg[lécg lf(B]’l tfhe %gt’agd Ei&ea\{’]a lI s%}" acress 0 E%% lllg toFllla%g re ra
comparable doses, resulting in comparable doping concentrations.

[0048) Referring now to Fi gure 6b, the ratio of the dose received on fhe top fin surface 124

to the dose received on a fin sidewall surface 114 (or 115) is plotted as a function of the implant
angle ¢. This ratio can also be interpreted as the ratio of the doping concentration in the top fin
surface region 144 to the doping concentration in a fin sidewall surface region 146 (or 148). In
one embodiment of the present invention, the ratio is preferably less than about 8, and the
conresponding implant angle therefore is more than about 15 degrees. In the preferred
embodiment, the ratio is in the range of about 1 to about 4, and the corresponding implant angle
has to be in the range of about 26 degrees to about 63 degrees. The doping concentrations in the

top surface region 144 and the sidewall surface regions 146 and 148 are preferably more than

20
about 1x10~ dopants per cubic centimeter.

[0049] According to the teaching of this vention, a large implant angle o has a number of

advantages. First, a large angle implant can introduce more dopants more efficiently in the

source and drain regions 126 and 128 on the sidewall surfaces of the transistor. As a result, the



may be doubl e-gate transistors, triple-gate transistors, or onega-FETs. For
illustration purposes, the nultiple-gate transistors are triple-gate
transi stors. [0052) Figure 7b shows the cross-sectional view of the
triple-gate transistors 102a and 102b along line A-A" of Figure 7a. Line
A-A" of Figure 7a cuts through the source region 126a of the first

transi stor 102a and the source region 126b,. channel region 136b, and drain
regi on 128bfof ég t he second transistor 102b. In general, in the

f abri cat "6 P8t edglcompian with leregatpntatioNghSEQMS avo el s-‘éa&?ou a?ée fllns 112
are prOV|di%©oqb&£H|nsulator | ayer 116, a gate dielectric laye 198
deposi t e@plupmi timytop hefdeey ratd t.r.od [00531 The
gate dielectric |ayer h%y be conﬁ???mgcm?%‘§1 %ﬁuéfpﬁi %Pa@?VWE@ﬁH

oxyni t ridigin regiif Iayer al so_conprise high permttivity
di el ectrics such Hggl%%ggftlﬁg ?‘E‘E Hg Lg%@)anneéieﬁﬁihmiﬂimuldelewzw)

haf ni um; fni um ox ni tr| de (HHON), zirconium oxide (Zr02),
or conbi g%l ]?%ﬁs W%ﬁ%’@é}ﬁe Fiin@fhwb@ eriat the Wptpprihelf detfid @it thelbeah b{mE@M{B a
relative ermttivity of greater than 5. The gate el ectrode

conpri sedc B8R a conductive materi al . Exanpl es of conductive materials are
doped poI y- crystal I ine silicon, doped poly-crystalline silicon-germanium
a netal, silicide. At this point, before the formation of the

cource LB c? dr ai WP‘éeéa entiabgoblans 288, in ﬂllaesa:dfdir@@h Eﬁ;ﬂﬁhts@é%éorhtfogse o

sem conductor fin 112 may be wundoped or doped. 41 The 'subsequen

fabri catth@ﬁpﬁ}bk@@ésxsllsbe;amvmﬁab@v@h & Lhet rce region
126 and drain regi on 128 by dOpI nggappé%éro?%}épsgﬁtlﬁ?‘%ﬁéo%f %uﬁgngnowto

sem condugtre?a, fi A ant th an angle a in the z-x

pl ane is usedatgmgé%% ?ﬂhtgo @ %qégagi*ﬁ%fim 1&1}‘1@°§W%g\fbm¢h@afofl n of

the fir : i [ 2 he channel region 136b of the second transi stor
$tandi6@R9 b4 L4 1598 Ruyel source-to- Hra% d;rect?ons that are perpendicular to each other,

1.€., the semiconductor fins 112 are orjented in directions that are perpendicular to each other. In
other words, the orientations of the semiconductor fins are orthogonal to each other. In
Figure 7a, the source-to-drajn direction of the first transistor 102a 1s in the y-

direction, and the

source-to-drain direction of the second transistor 102b is in the x-direction. The x-y axes aye

shown in the bottom night comer of Figure 7a.

{0051} The orientations of the gate electrodes 110a and 110b of the two transistors are also

perpendicular to each other. It is understood that the two fransistors may be in close proximity to
cach other, as illustrated in Figure 7a, or may be far apart from each other, such as being located
at extreme ends of an integrated circuit die. The multiple-gate transistors shown in Figure 7a

may be double-gate transistors, triple-gate transistors, or omega-FETs. For illustration purposes

the multiple-gate transistors are triple-gate fransistors.

[0052] Figure 7b shows the cross-sectional view of the triple-gate transistors 1024 and 102b

along line A-A’ of Figure 7a. Line A-A’ of Figure 7a cuts through the source region 126a of the

fixst transistor 102a and the source region 126b, channel region 136b, and drain region 128b of



102b will also receive the source and drain dopants, causing degradation to
the performance of the second transistor 102b. The sane probl em occurs
when using a large angle inplant to dope the second sidewall 115a of the
first transistor 112a. [00551 In general, the | arge angle inplant steps,
whi l e providing efficient doping of tHé& source and drain regions of
transistors with a first source-to-drain orientation, e.g., source-to-
drain di ﬁl@%ééogg' énég ection, will also dope the channel region of the
transi st ors it A% S08 In geppalnt thefabricaion proeess of thutiph-@id ©ALBhION, €. . ,
source-tgﬁ:vgg(glidgcédriﬁ_reg&i%on in x-direction, with the 17 same source/drain
dopant s. o A U3 ercpreadede® AnskuER el j t rge

i npl ant angle a such as 30 degrees has an@i %p@é%?gtgﬁ%?eg%%%efgo%o t hat of

a hal o i dqpbsited, fTaIl@iwcfeﬂﬂzthéhﬁﬁl%fi&{@frﬁq%?ccfrgﬁcgﬁgﬁnnel regi on 136b of the

second transistor. Standard converitiona i npl ants, however, dope the

channel [@%géjon 136 with dopants of the opposite type to the source 126 and

drain 12 pantldieigate dicttetrict laye oty R loSHiGel of -ef fects. Wen,the
channel region 136b of the second tran@?ggt grﬁ%@gdx@ ‘{5% SO PR e

dopant s Tl gncéel edifd | C rain .regions 126a and 128a, the
second transi stor 1051%}\?\}1 Wi%@ﬁgg?ﬁ&@em% X&Elﬁ%‘?ﬁ%ﬁmbéhhvﬂldnmmﬂie may
even fai an_electrjcal short between the source and drain 126b and
128b. | o%%‘gyiﬁ’&g‘%é‘ﬁ‘&’ Héﬁf @[\faé%eé%fﬁm@romdﬁ (BfOnyteftimmxysitritet(HeoN), sidnpy ded
in which a I%ra(ﬂﬁ angle inplant may be used to dope the source and drain

r egi ons oF 28bwatiark dhdréafs HighRasitstigdicl &2 tWhitdvdald i
source-to-drain orientation wthout doping t'?rhe channig?1 rgg}agéng%%g%e of the.

second treaniiidtyor gk@Rbtsh 5h The $86 QRELPES, i sgurce:to-drain
orientation. Prior to the sour%ce ané&ﬁﬁgﬁﬁgic%bg{l@p,&ﬁc delivedpadenah) 150 i s

deposi t eekanipldshecnrf.ar th the first _and second transistors 102a
and 102b. The mask natvgtrnlﬁ’agfr&:‘fsg rggﬁge Pﬂ@éﬁrys@lg‘?e,Sﬂlf?no%?ie@aqﬂy—crystaihne

silicon-germanium, a metal, or a metal silicide. At this point, before the formation of the source

and drain regions 126 and 128, the channel région 136 in the semiconductor fin 112 may be

undoped or doped.

[0054] The subsequent fabrication process step may involve the formation of the source

region 126 and drain region 128 by doping appropriate portions of the semiconductor fin 112. If
a large angle implant with an angle o in the z-x plane is used to dope the first sidewall 114a of
the semiconductor fin of the first transistor 102a, the channel region 136b of the second transistor
102b will also receive the source and drain dopants, causing degradation to the performance of

the second transistor 102b. The same problem occurs when using a large angle implant to dope

the second sidewall 1152 of the first transistor 112a.

[0055] In general, the large angle implant steps, while providing efficient doping of the

] ) . : . .
ource and drain regions of transistors with a first source-to-drain orientation, e.g., source-to-

drain direction in y-direction, will also dope the channel region of the transistors with a second

erpendi vt At : e
perpendicular source-to-drain orientation, ¢.g., source-to-drain direction in x-direction, with the



I"i t hography, and the portion of the mask material 150 that covers the first
transistor 102a is renoved to forma first nmask 150, as shown in Figure
8a. The first mask 150 covers the second transistor 102b, shielding the
channel region 136b, during the doping of the source and drain regions
126a and 128a of the first transistor 1¥02a. [00571 The doping of the source
and drain regions 126a and 128a may be perforned in two inplant steps, as
describ%gmgggyev Lndwhich a hal f-dose angled inplant is perforned to dope
the firar PSP donamss. afais t5di5caien 4 sewece 20d draof inpheant § #hwith 2r@fimbhgy i r st
transi stor. 102a foll owed by another half-dose angled inplant to dope the

second SPE&WENFh asBFalegmes eopn suplh@esse Li2dar todfat oF 5’11;119‘{&411}1%@ {afl§ Jopi ng of the
source and drain regions 126a and 128a, the first mask 5% may be renoved.

[ 0058] Rleortforealop€ G@ REaBS K £1S, expose the second transistor
1025 while  covering the £2ibR E300or B B G B0 Wer i SORpAARAARBN

i ncl udi RgHBkL! t teps i perforned to dope the source and drain
regi ons 156@33@3‘%&?8@@8?%%@“@% 18P ¥iif§idepants of tapeppoitedypdtarimeioucegi on
136a oflége iirst transistor 102a is shielded fromthis ion inplantation
process 5§ Ahh&rawdas dapantssik ondsp to cPhizolishat dntndpifb@s OWhtMGieicRihnkrtRLant at i on

process to dope the source and drain regions 126b and 128b of thé second

| 5t16b DBbscobid s |6 dBak®; _.The angl e R
transi st sechm! ik o001 AR, (bl @21t Bl B (PG, ANT! o

isin the z-y plane which is perpendicul a e plane

114b of r¢fienssient sRNAYSt L0yl L. 2b t second transistor. In Figure
8b, the pggsi tive y- ax?’sﬂ?fir Ss(i&l’r{r%t(r)anf'lﬁtgr b@&ﬁ\gﬁgﬁlvet(ﬁgraggb@owwl beheviorragat i ve
y-axi s i f. th | ane. of .the paper (and, as a result, the angle [3
cannot Blzayoegg’(%ﬁ’flgiu? fogﬁjn&?m{ short between the source and drain 126b and 128b.

[0056] According to aspects of this mvention, a method is provided in which a large angle

Implant may be used to dope the source and drain regions 126a and 128a of the first transistor
102a with a first source-to-drain orientation without doping the channel region 136b of the .
second transistor 102b with a second perpendicular source-to-drain orientation. Prior to the
source and drain implant, a mask material 150 is deposited on the wafef to cover both the first
and second transistors 102a and 102b. The mask material is patterned, e.g., by optical
lithography, and the portion of the mask material 150 that covers the first transistor 1024 is
removed to form a first mask 150, as shown in Figure 8a. The first mask 150 covers the second

transistor 102b, shielding the channel region 136b, during the doping of the source and drain

regions 126a and 128a of the first transistor 1024,

[0057] The doping of the source and drain regions 126a and 128a may be perfonnéd in two
implant steps, as described above, in which a half-dose angled implant is performed to dope the
first sidewall 114a and top surface 124a of the fin 112a of the first transistor 102a followed by

another half-dose angled implant to dope the second sidewall 1152 and top surfaces 124a.



[ 0059] The second mask 152 may then be renoved. A high tenperature
annealing step nay be perforned to activate the inplanted dopants in the
sem conductor fins 112a and 112b. Thgganneal ing step nmay be a spi ke anneal
process in which the wafer tenperature is rapidly increased to a peak

tenper at UFgl®kinkQROJSIBEE 8LS e G8hred Wi d:iQin! OYBRS E%_aaanﬂ 3p4l tl?]ecﬂgi % g.ilf() dt he

waf er tenperature, or any ot her anneal | ng techni ques such as a ra

thermal a . comonly known and used in the art. [0060] In the
above-nenﬁég?ggé&ﬁgﬁ%d enbodi ment, it is seen that the doping of source

and drain {ons, 126 and 1 Ln transistors of the same type, e.g., n-type
or n- chanflfPs! Rl?ﬁﬁ%ﬁ%fé)&gélﬂﬁﬁé?ﬁ ohar wsﬁépoi%zg? &R Gy’ f3haviit
introduction of an additional mask is sonetimes costly and could be

commer ci aFPNErige o st irqusistornidat v @n implantatine indludinoetdpash twaosteps ishe
above-nentioned enbodinent is to align all nultiple-gate transistors of

t he sane pypemedtiddapopihedetrer richddinrragiges 1%b amff 18b ef thengiond tiansiktoe sanme
direction to permt the use of a large angle inplant w thout the

i ntroduct 1@ab. Ohe dRarmebicpioanaka BB firdMassibtdr UERGE seMed oaNAlhes enbodi ment
of the present invention. [0061] According to this enbodi nent, all

mul ti pl e- galignthtidNSede 'B?lt}?éc sebB& & Iﬁpﬁgéjﬁﬁoﬂlgﬁttaﬁglleéo\g gﬁi@ﬁ%&f&lﬁﬁtig te

| engths | ess than 'or equal to a predeterm ned gate are"oriented in

h i ON. 1. hi t ext., f .t L.st rrefers t [l of
the f unct POSar b Sy E?L%rs«%%tracﬁ’r?wﬁ'ﬁ%aog?Lﬂr@"ama?@@%tﬁwa‘ééq%gﬂilanlf%tgaig% e

ith i 1 ch istics. F le, this d t include du
Lt ansi St P STERCGEhH EISALH SEcrePiRad agnHeH ogeiere DiAne HBISBT cui s of ¢ he

chip. The predeterm ned gate length is determ ned based on susceptibility
t o short - phipendedularftd ot gane of the sidewall 114b of the semiconductor fin 112b of the

second transistor. In Figure 8b, the positive y-axis is into the plane of the paper while the
negative y-axis is out of the plane of the paper (and, as a result, the angle p cannot be
explicitly drawn).

[0059] The second mask 152 may then be removed. A high temperature annealing step
may be performed to activate the implanted dopants in the semiconductor fins 112a and
112b. The annealing step may be a spike anneal process in which the wafer temperature
is rapidly increased to a peak temperature of 1050 degrees Celsius followed by a rapid
cooling of the wafer temperature, or any other annealing techniques such as a rapid
thermal anneal (RTA) commonly known and used in the art.

(0060] In the above-mentioned method embodiment, it is seen that the doping of source
and drain regions 126 and 128 in transistors of the same type, e.g., n-type or n-channel,
involves an additional mask patterning step. The introduction of an additional mask is
sometimes costly and could be commercially prohibitive. Therefore, a further
improvement over the above-mentioned embodiment is to align all multiple-gate

transistors of the same type with a predetermined range



Transistors with shorter gate |engths are nore susceptible to short-channel
effects. The predetermned gate length may be 30 rim for exanple. In
anot her exanple, the predeterm ned gate |ength nay be the m ni nrum gate
| ength. [0062] Since the |large angle inplant for doping the source and
drain regions 126 and 128 of transistidts of a first source-to-drain
orientation degrade short-channel effects of transistors with other
source-t in.orientations, transistors susceptible to degradation of
short-c h@ﬁgéﬁé"&}}sé& Sa1gf, g\{ﬂcaoratq pepal dhetuiseokalmee single dapltn vdthannhei rect i on.
This nmeans, for exanple, that all n-type nultiple-gate transistors with
gat e | enftpliclienel anpdditiam] naskh ditds & kescsBal iBenb@erdthoRinthh! &%%Igf@ epP! 1 ented
in the x-direction. This is illustrated in Figure 9 ere ga ?engths Lg.,
and Lg, hneméohess than the predeterm ned gate length, e.g., 30 nm while
Lg, and Lg,d are larger than the predeterm ned gate |ength. Transistor
102a an%ogﬁsnsiaéqgﬂlozb of Figure 9, having gate lengths of Lg.. and Lg,Z
respect i , t Rerafingéo thisventmishant] nalide- ' -1.0-dr ai.n.

p A Hhﬁﬂlt‘lﬁie he trafoigh E8HEN§ ?anie Ehécﬁﬁt}él ly

orientations (i.e., the source-to-drain current pa%r s ar & sy

par al | eltype ahdansi &tk ransj stor.20 .1Q2d have gate |engths of
Lg, ¢ and Lg, d, re%pec%é%??%ﬁé@%i%? G RinCd gpte degHicae eaenindan the

ori ent atg : 6 It is understood, however, that transistor 102c and
t ransi stsg’?@%‘i%‘%%ag‘ltﬂ%?\%n ¥ iqg? sistgrsgefersite all oftha flact@mni st dpesitional

vul nerability to short-channel effects depending on the ion inplantation
condi t i GHf8SIHRE A4t aredispignadteoperstowith@pamdmtbhaiabiefif@h ORS: e;:%ﬁ%lérlﬁisjd%%no he x-
di-rection can be, for exanple, a crystallographic directionh such as the

[ 100] dinchutcammy s hicks rcsermakie SRNPkd SUEE AERS (0L, R0 ghanel

mul tiple-gate transistor are (100) surfaces.

transi stpoddsicyhingd gé&gmlgﬁ'i?&é@ﬂineﬁ%Ege%%%ssus%{al%ib?l)i(ig?c? gh%gt—c%gnnglagf?ecgshe best

Transistors with shorter gate lengths are more susceptible to short-channel effects. The

predetermined gate length may be 30 nm, for example. In another example, the predetermined

gate length may be the minimum gate length.

{0062) Since the large angle implant for doping the source and drain regions 126 and 128 of

transistors of a first source-to-drain orientation degrade short-channel effects of transistors with

other source-to-drain orientations, transistors susceptible to degradation of shori-channe] effects

should all have the same source-to-drain direction. This meéms, for example, that all n-type

multiple-gate fransistors with gate lengths less than 30 nm have the source-to-drain direction

oriented in the x-direction. This is illustrated in Figure 9 where gate lengths L, , and Ly s are less

than the predetermined gate length, e.g., 30 nm, while Ly and L, ¢ are larger than the

predetermined gate length. Transistor 1024 and transistor 102b of Figure 9, having gate lengths

of Lo and Ly, respectively, therefore have substantially the same source-to-drain orientations

(i-e., the source-to-drain current paths are substantially parallel). Transistor 102¢ and transistor



el ectron nmobility. In another exanple, all p-type multiple-gate transistors
with gate lengths |l ess than 30 nm nmay have the source-to-drain direction
oriented in the [110] crystallographic direction. In this case, the
sidewal | surfaces of the p-channel multiple-gate transistor are (110)
surfaces. P-channel multiple-gate trarstors with (110) sidewall surfaces
is expected to have the best hole nobility. [0064] In another method
enbodi he m conductor. fins 112 may be doped by solid- source

di f f us iwg@tz'fl H%‘ie f?q%ﬂg%%’ E@.nﬂdalmva’@mmw, dedthey ey hive ahheoveteherdragt hod
enbodi nents. In the solid-source diffusion technique, a dopant-containing
mat eri al®“EPHBOS0l i d source) is deposited on the sem conductor fin to be
doped. An el evated tenperature treatnent is then performed to allowthe
dopantslh&ﬁ he dopant-containing material or solid-source to diffuse into
the seni'conduct 3™ FidgEstoogdiiavers thet trafjseomtl 0Zoanidaiandisigr 1008 efi ah diffskitde
boro-silicate glass (BSG, phospho-silicate glass (PSG, doped germani um

et c. Theélwirseldginonristies at edndrabifilygy BieorQcRhSg o BRPEd St Bl Snembodi nent .
[ 00651 Wil e several enbodiments of the inveﬁtion,pﬁgggﬁﬁggéﬁFth

modi fi cambRasbNenaRkns us@av@dcﬁ;g%gkiﬂs%ﬁ%‘gz?(?&ah{‘ﬁe&s%ﬁg'@gf (e

illustrated in the acconpanyi raw

vari ous gmgh fi i ens._are possihle without departing fromthe scope of the
pr esent d%?ﬂszé’r?fc‘ ?E&én %lr'leﬁ@ngfawwgkﬁr%w degtigmvelnerettie {160 pdirdctidudhitis i ve

rat her than_ exclusive. The draw ngs may not necessarily be to scale and
f eat ur e$2¥aifcsEeyHbsilares of theohemansl enfitglengatd Zran ¥ hrd OSLAHMED RS 1. A
net hod of doping sem conductor fins of nultiple-gate transistors, the
met hod channel multiple-gate transistors with (100) sidewall surfaces are expected to have the best

electron mobility. In another example, all p-type multiple-gate transistors with gate lengths less

than 30 nm may have the source-to-drain direction oriented in the [110] crystallographic

direction. In this case, the sidewal} surfaces of the p-channel multiple-gate transistor are (110)

surfaces. P-channel multiple-gate transistors with (110) sidewall surfaces is expected to have the

best hole mobility.

10064] In another method embodiment, the semiconductor fins 112 may be doped by solid-

source diffusion instead of ion implantation as described in the other method embodiments. In
the solid-source diffusion technique, a dopant-containing material (the solid source) is deposited
on the semiconductor fin to be doped. An elevated temperature treatment is then performed to
allow the dopants in the dopant-containing material or solid-source to diffuse into the
semiconductor fins. Examples of dopani-containing materials include boro-silicate glass (BSG)

3

phospho-silicate glass (PSG), doped germanium, etc. The discussion related to Fi gure 9 also

applies to this embodiment.

[0065] While several embodiments of the invention, together with modifications thereof,

have been described in detail herein and illustrated in the accompanying drawings, it will be



conprising: providing a sem conductor structure conprising a plurality of
sem conductor fins overlying an insulator |ayer, each sem conductor fin
having a gate dielectric overlying a portion thereof, and a gate el ectrode
overlying said gate dielectric, each of the semiconductor fins having a top
surface, a first sidewall surface, and® second sidewall surface;

i npl anting p-type dopant ions at an angle a with respect to the nornal of
the top surface of the sem conductor fin to dope the first sidewall

surf ace QK1 the weBpusswediBeationd dre posaibl v@ traubéd @@n@ﬁbiﬂfﬁﬁ@sc@?@éﬁtth@ﬁre%gr ees
and about 60 degrees; and inplanting p-type dopant ions at an angle (3 with

r espect mmmﬁmm.Tmﬂm@kmﬁﬁgﬁ&@m%%ﬁmuﬁH&ﬁ&ﬁﬁu&%ﬁ%@ﬁﬁ%ﬁﬁ@%%ﬁ@ﬁ@%g@hfin to dope

t he second sidewal |l surface and the top sur %eing

bet ween @& r bout 60. degrees; wherein the first and second
si dewal | gﬁ*rﬁgsa%‘gysH‘Z‘%&%W%@i&#%ﬂ%ﬁ?‘&%ﬂF@Y@ﬁ%@&@é@aSchgmaw feshod of
dopi ng sem conductor fins of nultiple-gate transistors, the nethod
conprising: providing a sem conductor structure conprising a plurality of
sem conductor fins overlying an insulator |ayer, each sem conductor fin
having a gate dielectric overlying a portion thereof and a gate el ectrode
overlying said gate dielectric, each of the sem conductor fins having a top
surface, a first sidewall surface, and a second sidewall surface;

i npl anting n-type dopant ions at an angle a with respect to the normal of
the top surface of the sem conductor fin to dope the first sidewall
surface and the top surface, the



angl e a being between about 26 degrees and about 60 degrees; and inplanting
n-type dopant ions at an angle (3 with respect to the nornal of the top
surface of the sem conductor fin to dope the second sidewall surface and
the top surface, the angle (3 being bgémeen about 26 degrees and about 60
degrees; wherein the first and second dewal | surfaces are (100)

crystall ographic surfaces. 23 3. The nethod of claim!l or 2, wherein the
angl e a hadlaThadgdiAlMEDtIRat i s about equal to the magnitude of angle P

4. The method of claiml or 2, further conprising an annealing process to
activate the inplanted dopant ions. 5. The nethod of any one of clains

1- 4, wher¢j n t hems@Bil 6006IEE QmitbRicRE Ens @fﬂnantipwigdt@trgm@@,%b@{dt%dt he same
direction. 6. The nmethod of any one of clains 1-5, wherein the gate
el ect rodeSCAEN®"gate |engths snaller than 30 ran and the seni conduct or

fins are orien 4.0 Sul j.al L.y e, di.recti-on. . thod of
any one of cl apﬁgldf?%%ggf,ﬂ%ecr&gﬂidﬁ%tl ﬁgu(]’;stgl%‘iC@%ﬁ&ulgg&pﬁi%gnocfg‘rzr%lrc;ggguc@i tl[]%con
fins. 8. dhelyimy hochswhtoe lBkmedchathiamduanefiohadh@i gateHielectiibreveliying he
p-type doEant ions . are selected fromthe group,consisting of boron, indium

and” combi RATPBAC EHet W0t salgcleqiideypryag s4id grisidislectEnaghgf ®fe of cl ai ms
3-7, wher gt 5 QRich %Qﬁa@ﬁ?%@‘ni)p §iPfd%e oSt ngg@éw%@l.ts%ﬁa&{ ﬁﬁrd 5 E'Efecogcﬁ QiBwaPNst sting
of phosphorus, arsenic, antinony and conbi nations thereof.
surface;
implanting p-type dopant ions at an angle o with respect to the normal of the top
surface of the semiconductor fin to dope the first sidewall surface and the top surface, the
angle o being between about 26 degrees and about 60 degrees; and
implanting p-type dopant ions at an angle 8 with respect to the normal of the top
surface of the semiconductor fin to dope the second sidewall surface and the top surface,

the angle § being between about 26 degrees and about 60 degrees;

wherein the first and second sidewall surfaces are (110) crystallographic surfaces.

2, A method of doping semiconductor fins of multiple-gate transistors, the method
comprising:

providing a semiconductor structure comprising a plurality of semiconductor fins
overlying an insulator layer, each semiconductor fin having a gate dielectric overlying a
portion thereof and a gate electrode overlying said gate dielectric, each of the
semiconductor fins having a top surface, a first sidewall surface, and a second sidewall
surface;

implanting n-type dopant ions at an angle o with respect to the normal of the top
surface of the semiconductor fin to dope the first sidewall surface and the top surface, the
angle a being between about 26 degrees and about 60 degrees; and

implanting n-type dopant ions at an angle 3 with respect to the normal of the top
surface of the semiconductor fin to dope the second sidewall surface and the top surface,
the angle 3 being between about 26 degrees and about 60 degrees;

wherein the first and second sidewall surfaces are (100) crystallographic surfaces.



10. The met hod of any one of clains 1-9, wherein the sem conductor
structure further conprises an etchant nask overlying each of the

sem conductor fins. It. The nmethod of any one of clains 1-10, wherein the
insulator layer is recessed, resulting in a notch at the base of each

sem conductor fin. 12. The nethod of a§/ one of clains 1-1 1, wherein the
rati o of the doping concentration in a top surface region of each

seni condudt or flhe ntethadhd cthopi Ing 2, sdacentkeatglem: has athaerfudsthasisdbwal | regi on
of that sem conductor. fin js lbetween about | 24 and about 4. 13. The

met hod of © ‘H\it(b W“EP%%“&-‘*@, wherein the first and second sidewal |

regi ons are doped to a doping concentration of nore than 1x1020 cm 3 - 14.
The net hod of any one of clainms 1-13, wherein the insulator |ayer conprises
silicon o%i de. Th&melthe afetdned @f2, Antheonempiisicg ai mmedlidedprovdse reeadtivitae
insulator |a eli has, a thi ckness of between about 100 angstrons and about
2000 angsfhredﬁjé’.a“ .dOPARL I} hod of any one of clainms 1-15, wherein the gate
dielectric layer conprises silicon oxide. 17. The method of any one of
clainms 1-15, wherein the gate dielectric |layer conprises silicon
oxynitridé. 18ThThethedtdfedy ofic ainaiond -éfwiehein e sricndutter Basarehe gat e

di el ect 11 gL GYe, o STRIAS R AAuRRHGS 11 Vi ty material .

6. The method of any one of claims 1-5, wherein the gate electrodes have gate
lengths smaller than 30 nm and the semiconductor fins are oriented in substantially the

same direction.

7. The method of any one of claims 1-6, wherein the semiconductor fins comprise

silicon fins.

8. The method of claim 1 and any one of claims 3-7, wherein the p-type dopant ions

are selected from the group consisting of boron, indium and combinations thereof,

9. The method of claim 1 and any one of claims 3-7, wherein the n-type dopant ions
are selected from the group consisting of phosphorus, arsenic, antimony and

combinations thereof,

10. The method of any one of claims 1-9, wherein the semiconductor structure

further comprises an etchant mask overlying each of the semiconductor fins.

11. The method of any one of claims 1-10, wherein the insulator layer is recessed,

resulting in a notch at the base of each semiconductor fin.

12, The method of any one of claims 1-11, wherein the ratio of the doping
concentration in a top surface region of each semiconductor fin to the doping

concentration in the first sidewall region of that semiconductor fin is between about 1



19. The nmethod of claim 18, wherein the high permttivity material is
selected from the group consisting of |anthanum oxi de, alum num oxi de,

haf ni um oxi de, hafnium oxynitride, zirconium oxide, and conbi nations
thereof. 20. The nethod of claim 18 or 19, wherein the gate dielectric

| ayer conprises of high permttivity Ahterials with relative permttivity
greater than 5. 21. The nethod of any one of clains 1-20, wherein the gate
di el ect ri endhalsoua4t hi ckness of between about 3 and about 100 angstrons. 22.
The net hod of any one of clains 1-21, wherein the gate el ectrode conprises
poly-crystalline silicon. 25 23. The nethod of any one of clains 1-21,

wherei n the gatrfic eleBfld'day GAEBF ¢188S 1812, Rieadin tRdirsndBEORd sflewdapPi Ng
sem conductor fins of multiple-gate transistors, the method conprising:

provi di ngregidisrast deyerdite o ddping @ondeintratiart &t ok ithzst 1 xabf emiat i on and a second
sem conductor fin with a second orientation overlying an insulator |ayer,
each of the first and second sem conductor fins having a top surface and

two sidewghl s , [ o 7] raEin, ing the
First son ondin SR ars STaa oRep LR SRR BRIl b Do Rhn  ant
angl e a weiliboredpect to the normal of the top surface to form source/drain

regions in the first sem conductor fin; masking the first sem conductor
fin;
15, The method of any one of ¢claims 1-14, wherein the insulator layer has a thickness

of between about 100 angstroms and about 2000 angstroms.

16. The method of any one of claims 1-15, wherein the gate dielectric layer

comprises silicon oxide,

17. The method of any one of claims 1-15, wherein the gate dielectric layer

comprises silicon oxynitride.

18.  The method of any one of claims 1-17, wherein the gate dielectric layer

comprises high permittivity material,

19. The method of claim 18, wherein the high permittivity material is selected from
the group consisting of lanthanum oxide, aluminum oxide, hafnium oxide, hafnium

oxynitride, zirconium oxide, and combinations thereof.

20. The method of claim 18 or 19, wherein the gate dielectric layer comprises of high

permittivity materials with relative permittivity greater than 5.

21, The method of any one of claims 1-20, wherein the gate dielectric has a thickness

of between about 3 and about 100 angstroms.

22.  The method of any one of claims 1-21, wherein the gate electrode comprises

poly-crystalline silicon.



dopi ng the second sem conductor fin by inplanting the dopant ions with a
|large inplant angle (3 with respect to the nornmal of the top surface to
formsource/drain regions in the second senm conductor fin. 25. The net hod
of claim 24, wherein the first orientation and second orientation are
perpendi cul ar to each other. 26. The m& hod of claim24 or 25, wherein the
angle a is in a plane perpendicular to the plane of the sidewall surfaces
of the first sem conductor fin and the angle (3 is in a plane

per pendi cul ar tg t he Iane of the sidewall surfaces of the second

seni condu§§ or Lpf Hle““@‘?l of pRw opeelddims - Anyvhsiran B caleleniroda comgpriseg at her
conpri si ng,egpneal i ng the sem conductor fins to activate the inplanted
dopant ions. 28. The nethod of any one of clainms 24-27, wherein the dopant
ions are p-type dopant ions selected fromthe group consisting of boron,

i ndi um an |na t her eaf 9. The t hod of n f clains
24- 28, ahedei nAvanad S SiranEeonfins smRIdPEr g Ha iRt SEmotonduct or
fins are (JhPisigs:ystall ographic surfaces. 30. The method of any one of
claims 24-27, wherein the ions are n-type dopant ions selected fromthe
group con5| st nig)vuiﬂng)m’ﬁl@pmlﬂendtamé"mnwh afitst nnﬂ}tafa;ndanﬂcamwmitl ons

t her eof .

it and ausbR T OREabtEe ) Shae S eibeymarfid s SehrEOETraces.
and second semiconductor fins having a top surface and two sidewall surfaces;
masking the second semiconductor fin;
doping the first semiconductor fin by implanting dopant ions with a large implant
angle o with respect to the normal of the top surface to form source/drain regions in the
first semiconductor fin;
masking the first semiconductor fin;
doping the second semiconductor fin by implanting the dopant ions with a large

implant angle §§ with respect to the normal of the top surface to form source/drain

regions in the second semiconductor fin.

25, The method of claim 24, wherein the first orientation and second orientation are

perpendicular to each other.

26.  The method of claim 24 or 25, wherein the angle o is in a plane perpendicular to
the plane of the sidewall surfaces of the first semiconductor fin and the angle B is ina

plane perpendicular to the plane of the sidewall surfaces of the second semiconductor
fin.

27. The method of any one of claims 24-26, further comprising annealing the

semiconductor fins to activate the implanted dopant ions.

28.  The method of any one of claims 24-27, wherein the dopant ions are p-type
dopant ions selected from the group consisting of boron, indium and combinations

thereof.



32. The nethod of any one of clainms 24-31, wherein each of the first and
second sem conductor fins further conprises an etchant mask overlying the
respective sem conductor fin. 33. The method of any one of clains 24-32,
wherein the insulator layer is recessed resulting in a notch at the base
of each sem conductor fin. 34. The netﬁ%d of any one of clains 24-33,
wherein the ratio of the doping concentration in the top surface region of
the first and second sem conductor fins to the doping concentration in the

si dewal | gion of thgse sem conductar, fins is between abqut and about
235, Th&met ﬁhﬁmﬁhﬁﬁga@h@%@fn 3?1518?%&-22‘5@ greinhe sigF v ﬁ‘é'?%ﬁbPéthﬁ?‘éﬁd t he
angle (3 %&ﬁwc&%&&nﬁ&ﬁﬁﬁ&ﬁrﬁgﬁ%%§¥ﬁD@%%&ﬁ%§m§HQsﬂﬁ&%&.63 degrees. 36. The

met hod of any one of clains whereinthe first and second si dewal |
regions are doped to a doping concentration of nore than about | x 1020

cm 3 37. e hod . of. any one of .cl aj 24-36, wherein the jnsylator |ayer
compr i sesUrai | TEDReHRH LA 9nS ool 3 ROEregt Ay S GHomObe R Thiorse. 37
wher ei n t §gectdSRbALRS orbay 85ndtasie df phdphke SBsetfc, RAIMAENRIRAUbIEBnangst r ons
and about 2000 angstroms. 39. Tﬁe nmet hod of any one of clainms 24-38,
wherei n etigtfobf the first and second semiconductor fins conprises a gate
dielectric layer, which conprises silicon oxide. 40. The nethod of any one
of clains 24-38, wherein each of the first and second sem conductor fins

conpri ses3h gatke getbeof tiatn Bayehereitthe fidewdipsirtes ithd fignamksoid | de.

semiconductor fins are (100) crystallographic surfaces.

32.  The method of any one of claims 24-31, wherein each of the first and second
semiconductor fins further comprises an etchant mask overlying the respective

semiconductor fin.

33. The method of any one of claims 24-32, wherein the insulator layer is recessed,

resulting in a notch at the base of each semiconductor fin.

34,  The method of any one of claims 24-33, wherein the ratio of the doping
concentration in the top surface region of the first and second semiconductor fins to the
doping concentration in the sidewall region of those semiconductor fins is between about

1 and about 4.

35. The method of any one of claims 24-34, wherein the angle o and the angle 3 are

each between about 26 degrees and about 63 degrees.

36. The method of any one of claims 24-35, wherein the first and second sidewall

regions are doped to a doping concentration of more than about 1x10% cm™,

37.  The method of any one of claims 24-36, wherein the insulator layer comprises

silicon oxide.



41. The nethod of any one of clainms 24-40, wherein each of the first and
second sem conductor fins conprises a gate dielectric |ayer, which
conprises of high permttivity materials. 42. The nethod of claim41,
wherein the gate dielectric layer is selected fromthe group consisting of
| ant hanum oxi de, al uni num oxi de, haf ni & oxi de, haf ni um oxynitride,

zi rconi um oxi de, and conbi nati ons thereof. 43. The method of claim41l or
42, wher eB§ t h&hgakthodiofhmcodmd af dlaysr24Sdnmphesesthoinshlagir laypehaid tivity

materials wth relative permftivit reager n 5. 44. The nethod of any
one ot o1 Bikesel painenabai obanistnsting b PO faeetibng  sem conduct or

fins conprises a gate dielectric, which has a thickness of between about 3
and about 100 angstrons. 45. The nethod of any one of clains 24-44, wherein

each of th@® fiTht maihddséemnone dfaldiverdiidt vhekimsich ofipiei fgsisand serond

el ectrode, which conprises.poly-crystal.line silicon. .46...The t hod of any
one_of i sriigshes TR kS L kaf 4Rt e 19 WSt dE i nuct o
fins conprises a gate el ectrode, which conprises a netal. 47. A

sem conduct or - on-i nsul ator chi p. manuf actured according to any one of nethod
claims 1-28. 28he mathod osamy ermefurddios 26138 whenckx seh ehihs faimpdaetonded

accordin Isd RS RPBns I‘,mﬁ-&%&gg gafél ﬁél@&ri@fk&é@ which comprises silicon oxynitride.

41.  The method of any one of claims 24-40, wherein each of the first and second
semiconductor fins comprises a gate dielectric layer, which comprises of high

permittivity materials.

42, The method of claim 41, wherein the gate dielectric layer is selected from the
group consisting of lanthanum oxide, aluminum oxide, hafnium oxide, hafnium

oxynitride, zirconium oxide, and combinations thereof.

43,  The method of claim 41 or 42, wherein the gate dielectric layer comprises of high

permittivity matertals with relative permittivity greater than 5.

44, The method of any one of claims 24-43, wherein each of the first and second
semiconductor fins comprises a gate dielectric, which has a thickness of between about 3

and about 100 angstroms.

45. The method of any one of claims 24-44, wherein each of the first and second

semiconductor fins comprises a gate electrode, which comprises poly-crystalline silicon.

46.  The method of any one of claims 24-44, wherein each of the first and second

semiconductor fins comprises a gate electrode, which comprises a metal.

47. A semiconductor-on-insulator chip manufactured according to any one of method

claims 1-23.
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48, A semiconductor-on-insulator chip manufactured according to any one of method

claims 24-46.



