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

sem conductor devices with fmstructures and net hods for doping

sem conductor fin devices. BACKGROUND [ 0002] The dom nant sem conduct or
technol-ogy used for the manufacture of ultra-large scale integrated (ULSI)
circuits is the netal - oxi de-sem conductor field effect transistor (MOSFET)
t echnol ogy. Reduction in the size of MOSFETs has provided continued

i nprovenment in speed peBépingefSemédoitidio TR Hovic@nd cost per unit
function over the past few decades. As the gate Iength of the conventi onal

bul k MOSFET is reduced, the source and drain increasingly interact with

t he chafmlm in influence on the channel potential. Consequently, a
transi stor w%gﬁlﬂ)ort gate length suffers fromproblens related to the

inability of the gate to substantially control the on and off states of

the chgogmh. [ 9 a.such as.reduced gate control associated with
transi st org Wi t h%%soeg?ﬁo%ﬁﬁgﬁte? ERHenctor devieas and moretpactivatarig o ef f ect s.

I ncr eased: hody. dgpi.ng concentration, reduced gate oxide thickness, and
ultra- sss’ﬁ%ﬁ%%@\‘}\égo{) ag"d@ driRi i siuakrds ené mathedsiay dopline sshifhesgorsHAlelic&hannel

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/BK@KOROBNP) doping profiles becone

[0002] Thg dominant semiconductor technology used for the manufacture of ultra-large

scale integrated (ULSTI) circuits is the metal-oxide-semiconductor field effect transistor
(MOSFET) technology. Reduction in the size of MOSFETs has provided continued
improvement in speed performance, circuit density, and cost per unit function over the past few
decades. As the gate length of the conventional bulk MOSFET is reduced, the source and drain
increasingly interact with the channel and gain influence on the channel potential. Consequently,
a transistor with a short gate length suffers from problems related to the inability of the gate to

substantially control the on and off states of the channel.

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

channel lengths are termed short-channel effects. Increased body doping concentration, reduced
gate oxide thickness, and ﬁltré-shallow source/drain junctions are ways to suppress short-channel
effects. However, for device scaling well into the sub-50 nm regime, the requi.rement‘s for body-
doping concentration, gate oxide thickness, and source/drain (5/D) doping profiles become
increasingly difficult to meet when conventional device structures based on bulk silicon (Si)

substrates are employed. Innovations in front-end process technologies or the introduction of

alternative device structures may be needed to sustain the historical pace of device scaling.



increasingly difficult to neet when conventional device structures based on
bulk silicon (Si) substrates are enployed. Innovations in front-end
process technol ogies or the introduction of alternative device structures
may be needed to sustain the historical pace of device scaling. 2 [0004]

For device scaling well into the sub-30-nmregine, a prom sing approach to
controlling short-channel effects is fo use an alternative transistor
structure with nore than one gate, i.e., multiple-gates. An exanple of the

al ter ndff@ tr &Tnsﬁtszicmrsceﬁingumlliﬁte_tlixessub@%ﬁ?#e bgg% %P%%P%%ﬁg%ﬁ?t or. Exanpl es

of the multiple-gate transistor include t %t or,

tripl é-@atrélling SRASIHS AR &@gg ield-.effect transistor (FET), and the
sur r ound- gat eé or W ap- a?%un ggba Sg%nfl]ri?ﬂ%tfv§ttﬁfls.lsmWPWFW@@Q@éhm@qsi st or

- struct [ ted tq extend the scalability of CMOS technol ogy beyond
the Ii Lrgafeai'ié'bﬁéﬁ@%’%a%é- B955ab 0h e sBuna WOSRENonsicoesb tzaniliifle Yhtel Mat

limt of silicon MOSFETs. The introduction of additional gates inproves the

capaci tEISEr. clxamplasgf Bemmetpleiohie tatias: ianddd e ashan pat traﬂsﬁ?cfrf:tgiﬁﬁ%akh e

control of the channel potential by the gate, hel ps suppress or® channel

ef f ect dransistdr, prekofigd-cfha 156 iRt t he  transistor. —[0005] The
si npl est exanpl egof aerrul ti plﬁg%@gs’%épgahsﬁss 8‘:’\{1[?‘53%%?{@’%86&“%@ gdee

t ransi st@kistoAS ngﬁ’t?jﬁ i in US Patent No. 6,413,802 ('802) issued to Hu,
et al. antgziwtioﬁc%r por a% g%gﬁrg?s&tq{ Sgﬂﬂcmlieé? erstied to axiend e scdadlifyatf EMOSt he

t ransi ggc%irn II%hag&nel §%rrpr_i ses a thin silicon fin defined using an etchant
mask and ToredcXoRd B linigipas ofithd eopeentioraldulk MOSFETRAN®aRS: thGatie,,@xi dat i on
is perfornmed, followed by gate deposition and gate patterning to forma

doubl e-lifit ef sliqondd QBEE B dtle i tRguéth of additional gates improves the capacitance
coupling between the gates and the channel, increases the control of the channel potential by the
gate, helps suppress short channel effects, and prolongs the scalability of the MOS transistor.

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

described in U.S. Patent No. 6,413,802 (‘802) issued to Hu, et 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. Gaté oxidation is performed,

followed by gate 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.



sides of the fin. Both the. source-to-drain direction and the gate-to-gate
direction are in the plane of the substrate surface. 3 SUMVARY OF THE

| NVENTI ON [ 00061 The preferred enbodi nent of the present invention provides
several nethods for doping the sem conductor fin in a nultiple-gate
transistor to provide inproved perforpgance. in enbodi nents of the

i nvention, the channel length is nore“uniformy doped than in certain prior
art inplementation thereby inproving performnce. [00071 A first enbodi nent
provi des a met hod of dopi ng sem conductor fins of nultiple-gate

transi StgNSMA %ﬁﬂ:rﬁglﬁq gmogtructure includes of a plurality of

sem conduct or i ns overl i nsul ator |ayer, a gate dielectric
overlying a portion of said sem conductor fin, and a gate el ectrode

I 06]h 3 i conduct or as ato
g\tjre; a)élema ]f |er gtal @ge?%rg\%gﬁfo&éiﬁ;} 7 ggfg?e Igje%fwm@@(gﬂamﬁ @9@“313 g’ﬁﬁ*f)g%’% Dopgnt

ions arg, i rst le (greater than 7") with respect to the
nor mal fr}1 ‘{%‘l‘@%gg‘? gi“ft%rctf@ L) i Wﬂg%@ﬁf%@ﬁﬁﬁ@% toPrevidy imprayep perfartmencef in st
si dewal | tface and the top surface. . Further dopant ions are inplanted

with r e%‘B ms oftheeinyientinnd the ehaphe length is motaasfontlytdogesBai fﬁ%ﬁbﬁﬁtp%r finto
dope the second sidewall surface and the top surface. [00081 A second

enbodi nﬁhtmmmzﬂaﬂmst}&rdmmhp@vﬁfgp@%a%@gn conductor fins with a different
orientation. In this enbodinent, a first mask covers the second

sem con&ld&,}or fin while the fi (st
. ] A first embodiment provides a method of doping semiconductor fins of multiple—géte

transistors. A semiconductor structure includes of a plurality of semiconductor fins overlying an
insulator layer, a gate dielectric 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
(greate; than 7”) 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 surface 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
semiconductor 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 1s 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 semiconductor fin having an orientation



sem conductor fin is doped by inplanting dopant ions with a | arge inplant
angle, Simlarly, a second nmask covers the first sem conductor fin while

t he second sem conductor fin is doped by inplanting the dopant ions with a
| arge inplant angle. [0009] The present invention also includes structure
enbodi nents. For exanple, sem conductor-on-insulator chip includes a
plurality of nultiple-gate transi storé formed on an insulator |ayer. Each
mul ti pl e-gate transistor includes a sem conductor fin having an orientation
4 and a]gﬁiguqhggtroge.having a gate | ength of |less than 30 nun. The

ori ent af i on> ot - Saehe Vi giplengh of lepethen 3t mini {e ofientationiofbah gatsistor of
transistors is the sane. Ot her nethods and structures are also taught.
[0010) RePbrilepatmeitiple-gte trasistoatiotheaing. OMRPRESLACGA Atk akishY Of

mul tiple-gate transistors fornmed on an insulator |ayer, each nultiple-gate
t ransi staoghtconpri sing of a sem conductor fin having an orientation and a
gate el ectrode having a gate length equal to the mninmmfeature size,
said orientations of the plurality of multiple-gate transistors being the

same. 5HUAIEF DESORMTLAN-GR i DRANENESS i plERliyFIRIGICRIP! et &
t

under standi ng of the present invention, and the ‘advant ages er eof ,

\rM?I ﬁr ?Rgmsisﬁ)r@ﬂ?ﬂn@&ﬁaﬂ AsAEr hpdr! Qeh BGLERSGHL RLIORS cgr%llgrelsr}ngi J,Son unction

semiconductor fin having an orientation and a gate electrode having a gate length equal to the

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

same.



acconpanyi ng drawing, in which: [0012] Figure 1 a illustrates a double gate
device structure; [0013] Figure Ib illustrates a triple-gate device
structure; [0014] Figure 1 c illustrates an onega field-effect transistor;
[00151 Figure 2 is a plan view of a nmultiple gate transistor; [00161 Figure
3a illustrates a three-di nensional pegspective of a triple-gate transistor;
[0017] Figure 3b illustrates a three-di nensional perspective of the onega
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 CGC of Figure 2;
[ 0020] i ross-sectional views show ng doping of a
senicongﬁg?2§ﬁs |ﬁ”ﬁ§N§§g£ﬁﬁ&ﬁ§§W§H§§e i nplant; [0021] Figure 6a
illustrates the doses received in the top and sidewal |l surface regions of

1 Tustrates tho rarrs orn e WG B ol 1R TtoR 84 e saoaisetnn o0

illustrates the ratio of se i n

si dewal region as a function of the inplant angle; [0023] Figure
7ais aj‘hS egﬁ E‘“{/f?%‘?\?ed? %‘%Elag%??it%ﬁﬂemn@ﬂmmn@wam inforjiretipr eslethe | nvent i on;

6 [0024] Figure 7b is a cross-sectional view of the sem conductor fin
devi ce HCORRRYHIESEBHng, ih fhéoht i on;

[0012) Figure 1a illustrates a double gate device structure;
[0013] Figure 1b illustrates a triple-gate device structure;
[0014] Figure 1c illustrates an omega field-effect transistor;

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

[0016] Figure 3a illustrates a three-dimensional perspective of a triple-gate transistor:

2

[0017] 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 Sa, 5b and 5¢ are cross-sectional views showing doping of a semiconductor

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;

[0022] Figure 6b illustrates the ratio of the dose in the top region to the dose in a sidewall

surface region as a function of the implant angle;

[0023] Figure 7a is a plan view of the semiconductor fin device of the present invention;



[0025] Figure 8a illustrates the second transistor masked during the doping
of the source and drain regions of the first transistor; [0026] Figure 8b
illustrates the first transistor masked during the doping of the source and
drain regions of the second transistor; and [0027] Figure 9 illustrates an
n-type transistor of the present invention. 7 DETAI LED DESCRI PTI ON OF
| LLUSTRATI VE EMBCDI MENTS [ 0028] The pFeferred enbodi nent of the present
invention relates to the field of sem conductor devices and nore
parti cu[béxﬂ y to. sen/jgconduct or devices with a fin structure. The present
i nvent i‘on }%r ovi G8Y /94 FRFS-testionsd siews thespiniegnduvéor Sendevivadiltht presehtn i N a
mul tiple-gate transistor. [0029] Another exanple of the nultiple-gate
transi SEGRUPE the triple-gate transistor 102. The cross-section of the
triple-gate transistor structure 102 is illustrated in Figure | b. The plan
Vi ew o@ %ﬁﬁ t iEI -g@}e structure is the sane as the double-gate structure
and is i h8 ie%rl sfrateg e seqanid ylansigjertreaskechdmingtthe deping sty ould@sn@ gat e
el ectrode 110 that forms three gates: one gate on the top surface 124 of
t he si |dréibregivndpf the first fr2nsistargl two gates on the sidewal |'s 114 of the silicon
body/fin 112. The triple-gate transistor achieves better gate control than
t he dotfabf-gat lg transi stor because it has one nore gate on the top of the
silico 9" aFignrecih1lnsietes therferst tringstonmasket durting the dogiag 6f the gnsdesh@r 102 is
shown in Figure 3a. Figure 3a illustrates source region 126 and

drain regions of the second transistor; and

[0027] Figure 9 illustrates an n-type transistor of the present invention.



drain region 128, which are fornmed in silicon body 112 on opposite sides of
the channel region. An exanple of a triple-gate transistor is provided by
R Chau, et al., "Advanced depl eted- substrate transistors: single-gate,
doubl e-gate, and tri-gate,” 2002 International Conference on Solid State
Devi ces and Materials, Nagoya, Japan, _pp. 68-69, Sep. 2002, which is

i ncorporated herein by reference. [0630] The triple-gate transistor
structure may be nodified for inproved gate control, as illustrated in
Figure 1c. Such a structure 104 is also known as the Orega (W field-effect

transis EET i.Lpl y_onega- FET, since the gate el ectrode 110 has an
omega- s’hgé}éﬁrﬁi ?)Fg&r{?ﬁé@g“g%&b ERATIVEEMBOD I Sachnent of the gate
el ectrode 110 under the sem conductor fin 8 or body 112 fornms an

- d ture.. |t |y resenbl es the Gate-All-Around
(Gan) 1100 < arEpRIA] EhbPmebL it G7erbin el ing ohranaf act ur abl e

process_si.milar to that of the double-gate or triple-gate transistor. The
onega- FERIfpaduciordgpioesand mems pastenlaritoserneondtor déviees siithevial dtrugiaiee Thadj acent
surfaces 114, and special gate extensions or encroachnments 130 wunder the

fin-1i keresshinvantidupiooidedsedyral HOM3Ad fol Bspiy RO denfibohdusiol B LS Jﬁﬁﬁg@%{ge' d

effect transistor with a gate 110 that alnbst waps aroun y 112.
I n facttadsR@r] onger the gate extension 130, i.e., the greater the extent
of the encroachnent E, the nore the structure approaches or resenbles the
gate-al | -around structure. A three-dinensional perspective of the
tri pl e- P4RY t r dosilet ampld &t the@aRPRAzakd etk BIP s thfriple-gate transistor 102. The

cross-section of the triple-gate transistor structure 102 is illustrated in Figure 1b. The plan view

| of the triple-gate structure is the same as the double-gate structure and 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 top of the silicon fin. A three-dimensional view of

the triple-gate transistor 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 region.

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

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

Solid State Devices and Materials, Nagoya, Japan, 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 lc. 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



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-channel controllability, thus alleviating the drain-induced barrier
| owering effect and inproving short-cgannel performance. An exanple of an
onega field-effect transistor is provided by F.L. Yang, et al., "25 nm
CMOS QOrega- FET' s, " International Electron Device Meeting, Dig., Technical
Paperskxﬁﬁﬁeﬁgﬁr 2002, which is incorporated herein by reference. [0032]
Anot her X 1451 8T A OmEEYPaped e siweaturat Iticiosdly asspmbles thefGatdhiall prreseint
invention is the surround-gate of wap-around gate transistor nentioned

above. (Btdvtapsistor for txeskient siabbilit@raad utauglty hihukReii Fj;@&\ség Sindief SRERCES,

each of which is incorporated herein by reference: J [1nge, et al.,

si | i corofatie-donble! pate@t . = u LCcentrlnternational  El ectron Device
Meeting, Dig. Tegghni(t:]rgjl?é g%gg%%ﬁ%p%gggﬁ%%g’gr Scaetﬁ?)g ef@‘@%ﬁntﬂr%?e tent No.
6, 391, %282, vanced ‘M c Deyices, Inc., May 21, 2002, "Process for
f or mi ngt %nﬁid??”%lf at%ggét ia\%ﬁ Firiases Lﬁ"d an(ég:te@agga'tc HiHenas mesFeTehngnts|id8bandung,
et al., "Wre-Channel and w ap-around-gate netal 9 oxide-sem conductor
fi el d- ederdhe findikeseatiennduaipt body. si gni ficant reduction of short channel
effects,” J. Vacuum Sci ence and Technol ogy B, vol. 15, no. 6, pp.
2791- 279641997 pand | U. . P t%pt No. 6,451,656, B. Yu, et al., Advanced
Mcro Devides, [Ph@megadiil ist reiotpiield effeatirapsisiestvth agats | Yuheidiiosom doubl e
gate MOSFET and net hod of fabricating sane.™

wraps around the body 112. In fact, the longer the gate extension 130, i.e., the greater the extent

of the encroachment E, the more the structure approaches or resembles the gate-all-around
structure. A three-dimensional perspective of the triple-gate transistor with recessed insulator, or
omega-FET, is schematically illustrated 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
transistor is provided by F.L. Yang, et al., “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—gaté of wrap-around gate transistor mentioned above. Examples of these dejces are
taught in the following references, each of which is incorpérated herein by reference: J.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-



[0033] The nultiple-gate transistor structures described, i.e., the
doubl e-gate transistor 100, the triple-gate transistor 102, and the
onega- FET 104, have a common feature: the fin-like sem conductor active
region 112. In doping the source and drain regions 126 and 128 of the
sem conductor fin, prior art uses a cgnventional source and drain ion

i npl antation process where ions are inplanted at a small angle with
respect to the nornmal of the wafer or the substrate. In conventional

‘source ) i n.inpl ion, a small angle of 7 degrees or less is
fr equen(?{}(g/!a %@d’f‘d‘l‘;ggg f’%ﬁsﬁ?&%ﬁ frensistus with a sigiviicat redscticaiadishert dagndlhe B-B' | i ne
of Fi gur [0034] Using such an ion inplantation condition results in

2.
nost ofef?eﬁ@’ iTmBreameicnopand Bechndagh,ng!. 1ot 6pps2Tdar@alRA7ofdting fin 112,
giving a high-doped top surface region 132. Few dopants are effectively

i mpl ant Raferit Moot 4 516655] BEVl als,%liv%ﬁ@ed}&i%{o D& T 955#21 7;%9()% gbhfgoengped

sidewal | surface region 134. A long inplantati’on ti ed to

i nt r odugQetdr Shidd n ing int sidewal | source/drain
regi ons 1%6/12%Qk%¥E§5§P‘?%E#e§Fﬁ§39ﬂ§@§%ﬂ6ﬁéﬁE@m0¥€@éﬁm@he bott om portion
of the fin, the source and drain doping at the bottom portion of the fin

Wil befobasjer , TABehue RS Hhicidich sul it ORLscofANNCld ﬁ?qra%;eh%ag%%ggﬁg)mom

portion of the fin than at e top portion of e 4b
shows agg 5 5 ' Figure 2 t n along the GC line. A variation of
t he channglHﬁ f%ﬁ%ﬁ%&%ﬁr@hgﬁﬁg COTCEFITER; 194418 2 pomma feafures the intlike ger
channel Iegoglah at the bottom portion of the fin, results in a non-uniform
sour ce- 1BYAPaIHTEGYeRgIonil b4 r intsloping thasoniee mettireiedegibhs 126 and 128 of the
semiconductor fin, prior art uses a conventional source and drain jon implantation process where
ions 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 a larger channe] length at the bottom portion of the fin than at

the top portion of the fin.

[0035] 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 112, 1.e., a larger channel length at the bottom

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



current at the bottom portion of the fin. Therefore, the performance of the
sem conductor fin device is not optim zed when the conventional source and
drai n dopi ng process is used. [0036] Enbodi nents of the present invention
can be inplenented using any of a nunber of nultiple gate transistors.
Three exanpl es of these transistors a{g described with respect to Figures
1-4. Any of these structures, as well as other structures, can utilize
concepts of the present invention. As illustrated in a cross-sectional

Vi ew i I QUL a doubl e-gate transistor 100 has a gate el ectrode 110
t hat s{kr“gﬂﬁgﬁ%ég‘e;bc?ﬁ%@é’ogm Oéﬁ’ﬁ%WelThéﬁequhéhﬁf penforkee of the somchiaiiytod i2, t hus

form ng, a. doubl e-gate structure. There are two gates, one on each sidewall
114 of qeige 1519t PRghized whanithe camestmunoufte Hh @GR dopie prddessht flday! ew of the
doubl e-gate structure is showmn in Figure 2, where Figure | a (and | b and
I c) arl§0§§ken Ioa the A-A" line of Figure 2. The silicon fin 112 is
formed 'on dn i 0 tsof ghagagsent invention pacbedmpkitiehied nsisglast sfatimbiSof The
silicon baod 112 is separated fromthe gate el ectrode 110 by a gate

di el ectWEpiezatedtansigonsh Fhet deamailéssof HHede aRkkistRY 2@ dBREKeqL: a top
surface of the fin 114. [0037] Exanpl es of lsdou?El)I e- gat e&%@%}éﬁégﬁé&?t&s are

provi dedgimss 1-Ae AhQlok Sl r ch of which.is incorporated herein
by reference. As gwol I \é%egkgrg%@feg,lagg{e iﬂlfSd P 8%% %ﬁe“c{u e HRAG Lz pERRts oiHbe

struct yespahselosed in these references can be nodified and/or utilize the
et hods' of “ﬁh‘z&lé}g € s'g%’tlﬂs?ag?féﬂtai CBS-seoonalyyigvyin fagurafa, 2 doghlb-£5@ trausistpr- channel

fi_nFET,lO'th EEE Trans. El ectron Devices, vol. 48, no. 5, pp. 880-886, My
2001. as a gate electrode 110 that straddles across the channel or the fin-like silicon body 112,

thus forming a double-gate structure. There are two gates, one on each sidewall 114 of the
silicon fin 112, as shown in Figure 1a. 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 channel extending vertically from a substrate and methods of manufacture,” July 2,

2002.

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



C. Hu et al., US. Patent No. 6,413,802, "FinFET transistor structures
a double gate channel extending vertically froma substrate and

havi ng

nmet hods of manufacture,” July 2, 2002. F.L. Yang, et al., "35 nm CMOS

Fi nFETs, " Synposi um on VLSI Technol ogy, 11 Digest of Technical Papers,
109- 110, June 2002. H. S.P. Wng, " Bey.Pnd t he conventional transistor,
J. Research and Devel opnent, vol. 46

2002.

devi ce,

May 21, 2002. [0038]

Mul tiple-gate tﬁgg}i%ors such as the double-gate transistor, the
t

triple-
sem conductor fin-like active region. Therefore, such devices are also
adevstapmenindelc4@mof /3 phedcrss; MEha/ngmepenductor fin has a

known

gate tra ong, ‘HsgonskheeenPEmionhlavansiator DIBNI. Resirdl &id t he

, nho. 2/ 3, pp. 133-168, March/ May
F.L. Yang et al., U S. Patent No. 6,252,284, "Planarized Si fin

DigddBeT icgl%éertg'rBP@rmﬂtdbf@éggéfpt No. 6,391,695, "Double-gate

transistor forned In

pp.
| BM

predetermined fin height h and a predetermned fin width w. Another conmon

feature of mul timpl ey gateeait j i scothat.f he .si Il surfaces of the
sem conduct or fins az?% u%légﬁ? oSPra &h{glﬂgrde%tz’iggnd{lfé’tap%ﬁfsel?{gél?‘,’m% 80§Aabs i cant

anount
carrie

gjsource-to-drain current in the miltiple-gate transistor is
along the sidewall surfaces. )

- B. Yu, U.S. Patent No. 6,391,695, “Double-gate transistor formed in a thermal

process,” May 21, 2002.

[0038] Multiple-gate transistors such as the double-gate transistor, the triple-gate transistor,

the omega-FET, have a common feature: the semiconductor fin-like active re gion. 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 sidewall 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 1a). In the double-gate transiétor, 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 1b). 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 semiconductor 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



[ 0039] Essentially, the effective device wdth of the nultiple-gate
transistor is a function of the fin height h (see Figure la). In the
doubl e-gate transistor, the device width is twice the fin height, i.e.,
2h. In the triple-gate transistor, the device width is given by (2h + w)
(see Figure la and Ib). As shown in Figures 3a and 3b, portions of the
sidewal | s of the sem conductor fin 11 are doped for formng the source
region 126 and the drain region 128. Therefore, in the fabrication of

semn conged toadptifdize ' i.pl e-gate trapsistors, processes involving
the doping of theﬁggﬁﬁggﬁgﬁaé{gg‘lfr}sh?%ﬁnﬁﬁaawﬁ?ﬁ hgingniion prRwdes inevered
sur f aceg@hita,sem conductdglé fin, —are used. Effective and efficient

dopi ng of 2t opiie e seraigpp 9% fip side wellsio pincomfiatiog plobesscan be 12 used to
optim ze the transistor characteristics. In one aspect, this invention
provi defge407pr ov qdls ing the semiconductor fin sidewalls in a
manuf-ac;qt urOiTﬁg ggg%rggw 00% %Ct gﬁ@%f’%ﬁ“’%‘)% gletlwpgn%lﬁ@(ﬁfobﬁle stuacd andent i on,

t he i”pdrgiﬂtdogiﬁglf a for the source and drain doping of the sem conductor
fin device rUE QF e seryconsustar B devies idbrgce opemiznhediore pelRefn@ndd Ng now to
Figures_5a - 5c, an ion inplantation schenme is shown where the ion

i mpl ant B&IF1EAS new e Figoresbal- 56 aatiod i8R%dntdt68 stiiRlea ihown in_Figure
5a, a sem conductor fin 112 is provided on ar? ?%hs()%gﬁ%r‘ﬁg?glr 116. The

chown | nFi gure P LAt e RN e’ Dt ioue 5 RuFon, Thepeaduter 1 om

shown in Figure 1 c. The thickness

about 180 @Nng abagut 2000 angstrons. For illustration purposes, we
consi der the P Itsogfrﬁgggélg%w pLOf alxerllig_ gb? ingulator fiyer Ij&teythesnsiestsons ke

case of an omega-FET as shown in Figure Ic. The thickness of the insulator layer may range

=
-G

from about 100 angstroms to about 2000 angstroms. For illustration purposes, we consider the

semiconductor fin 112 fora 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 indium 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 arrows 140) with an angle o. with respect to 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 ion implantation. The total dose I for the source and drain ion implant is typically in the

13 6
range of about 1x10™ to about 1x10" dopants per square centimeter. The first implantation

step 140 creates doped top region 144 and doped sidewall 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 ions approach the sidewall surface 114 at an angle of (90- «) degrees



[0041] In the preferred enbodi nent, the sem conductor fm 112 is formed from
silicon, and the inplanted ions are p-type dopant ions such as boron

and/ or indiumor n-type dopant ions such as phosphorus, arsenic, and/or
antinmony. In the first inplant step, as shown in Figure 5b, an angled

i npl ant (denoted by arrows 140) with angle a with respect to the nornal
of the wafer top surface 124 in the z-x plane is perforned. The inpl anted
dose is about half the total dose | (in units of dopants per unit wafer

sur f acewah eayecof : sour 126 and drain_ 128 ion

i npl ant at i onl?) The ot a Fo c‘)[fs?%ﬁé pl?% a?ltsﬂ&g%eoﬁﬁéén Aoofdrard ©90- ehare mspawed i s
typically,in the range of about 1x1013 to about 1x1016 dopants per square
centi rreJtne&r“lfﬁarrf?é)emef@?‘gf‘rﬁﬁlﬂ%ﬁlﬁteiﬁﬁle sitewpll surfaceléét es doped top region 144
and doped sidewall region 146. [0042] At the point of incidence at the top

fin surfppggy 12 I: roach,the top surface 124 at an angle a with
respect [ t ogt heé?]g}%e%ft Hgﬁﬁflﬁsgé%t @ﬁ%‘?ll srfll}éttﬁqeﬁ’ég surfaee 1 hbreqeivedss dostief abopt fi n

surface, j.s typically parallel to the normal of the wafer. At the point of

UpR Gy i
i nci dentdd SIB RS F R topsugfaseal2d recgivedie dostbf abdut €/2)ebKo)p piRt a6l skbi@ngi dewval |
surface 114 at an angle of (90- a) degrees 13 with respect to the normal of
the finsiSyvadlamificedu taeiwed Fhentanghesohtisa and (90- a) are measured in the
pl ane perpendicular to the plane of the sidewall surface 114. [0043] In the
first i Ignt ﬁﬁep, the fmis first sidewall surface 114 received a dose of
about (Hlaf ) . sithig)secon émplant stept thp dsvice HRes A2sed EOReyREs BoBARGRAa1aDOUL

_ .cos(a), an e fin's second sidewall surface receive

(1/2).cos(a) d the fin' d dewal | f 115 d
essent i &id the seoorddmpifidose is implanted at an angle o with respect to the normal of the wafer in the

z-x plane, as shown in Figure Sc. In the second implant step (denoted by arrows 142), the fin’s

second sidewall surface 115 received a dose of about (172).sin(at), the fin’s top surface 124

received another dose of about (I/2).cos(e), and fin’s first sidewall surface 114 received

essentially no dopants. As a result, after the first and the second ifrxplant steps, the total dose

received by the top surface of the fin is Lcos(a), and the total dose received by each sidewall

surface is (I/2).sin(a). Figure 5c illustrates the formation of doped sidewall region 148.

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

and 142 were performed at an angle a. It is 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 . If the angle a is zero, (I/2).sin(c)) becomes zero, i.e., no dopants will
reach the fin sidewall surface, while Lcos(e) becomes 1, i.e., the top surface of the fin will be

doped with a dose 1. Consequently, if a zero implant angle is used, the source and drain regions



[0044] In the second inplant step, the device 102 is rotated 180 degrees
about its normal and the second half dose is inplanted at an angle a with
respect to the nornmal of the wafer in the z-x plane, as shown in Figure
5c. In the second inplant step (denoted by arrows 142), the fin's second
sidewal | surface 115 received a dose ﬂ% about (1/2).sin((x), the fin's top
surface 124 received another dose of about (1/2). cos(a) and fin's first

sidewal | surface 114 received essentiall y no dopants a result, after
the fir$26aid28 betseneniwalP] findSt total  dos rece ved by the top
surface of the finis I.cos(a é?Bﬁthetr% téﬁleﬁ%%ga‘? i %‘yef@&BYPY

si deval formsdiri 2 g% gure 5c illustrates the formation of
doped si érgvval f%%genl tg%t(l %*}ve?%g OUfCR a{l%éraém@anp}@mcomdmmsmmg gdall n Fi gures

5b and 5c h ion inplantation steps 140 and 142 were perfornmed at an
angle a° ﬁSSF Fidtdeareeshihe dorepeangit enrtce titva rédefved by Boh IALRAN QRaSE Blfuss NEEd
not be equal to the angle of the second inplantation step It is desirable,

(but nothameteathedithe) dost patunitb@ls“@e@ﬂﬁlr@&n}ggb? dk% ngf %&f&ope@%}lso as to %ufént ain

consi stent operating characteristics in 2o fsVein

148. [ ORdfddnt isselahg e of do nts unit surface area
received in a tegp lslf&g]pﬁ an&?@gtl%gﬁarﬂ%uérﬁg %Ip%ﬁlmlsm faqgrté easeive egi on 146

(or 148 are plotted as a function of the inplant angle a.
I f the gz;’ilr%)g}ltmt galflgurg8£%°Pl¥g/2) sin(a) becomes zero, i.e.,  no dopants will

reach the fin sidewall surface, while I. cos(a) beconmes I, i.e., the top
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large for the sidewall surfaces 114 and 115 to receive a substantial amount of doping. In fact, the
implant angle is as large as 60 degrees for the top and sidewall surfaces of the fin 112 to have

comparable doses, resulting in comparable doping concentrations.

[0048] Referring now to Figure 6b, the ratio of the dose received on the 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 a. This ratio can also be interpreted as the ratio of the doping concentration in the top fin
surface région 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
corresponding 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 mofe than

0 .
about 1x10? dopants per cubic centimeter.

[0049] According to the teaching of this invention, 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



126 and 128 on the fin sidewalls 114 and 115 of the multiple-gate

transi stor cannot be effectively formed. It is seen that in conventional
source and drain ion inplant conditions using snmall angles such as 7
degrees, the dose per unit surface area received by each sidewall surface
is less than a tenth of the dose per,unit surface area received by the top
surface. In this case, a very high inhplant dose and long inplantation tine
are required for the fmsidewall surface to receive a substantial anount

of dopi ng oflaQR4IT L fanred enbodi ment of this invention teaches that
the inplant angl ené[ﬁgnﬁ %‘ﬁt‘)@{h lf’%ﬁl&@ Hiop fme spbgaioided u P tané s largdamite 115 t 0

receive: stantial anount of doping. In fact, the inplant angle is as
| ar ge agﬂ%%ﬁig‘ég 8%%@%? (oP stH#cos bt anddhesidtevadlishrisass | BEas 105 oF D shirs a2 to
have cqnparabl e doses, resulting in conparabl e doping concentrati ons.

[0048] REHIBEEPIgn fint moeicqully. 6 a i1, 1l el o FIRS B fiRsElyed on the
| Sil de S

top fin surface 124 to the dose received on a %ace 114 (or

115) i strphsistdredma j i,npl ant I . Thi ti I
be |)n|t Zr preted a?ﬁttaﬁlga?gﬁa fg@@th %{}ﬁég%ﬁgﬁﬁg‘g%géﬁgﬁgpﬁﬁﬁhﬁ %%wgmgogt?ﬂncd%inna >°

surfaceg.ggi on 144 to the doping concentration in a fin sidewall surface
region 146 (or 148). In one enbodi nent of the present invention, the ratio
is preferably | ess than about 8, and the corresponding inplant angle

t her ef of(850)s na&ydvBA 1?99% dearees. In the preferred enbodinent, the
ratio is in the rangéB% a %ﬁotjo?einst S%‘Sg}ﬁﬁusﬂf’%gmf@E@l@élaﬂ@sqndmdhﬁ@simpl ant

angle hRs i3, .the range of about 26 degrees to about 63 degrees. The
dopi ng conc&erﬁ?lé}g ngr%e Rrﬂv’ﬁﬁgacc?féﬁlgé@Wa@eoi?thgpmsenlm&emm. ReRnsdgdRvwab|

sur f aceps er%i7ons 146 and 148 are preferably nore than
gurt 7a, a plan view of two multiple-gate transistors 102a and 102b are shown, where the two

transistors 102a and 102b have source-to-drain directions that are perpendicular to each other

1.e., the semiconductor fins 112 are oriented 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-drain direction of the first transistor 102a is in the y-direction, and the
source-to-drain direction of the second transistor 102b is in the x-direction. The X-y axes are

shown in the bottom right corner 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 transistors may be in close proximity to
each 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 p@oses,

the multiple-gate transistors are triple-gate transistors.

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



about 1x1020 dopants per cubic centineter. [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 nore 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 OL a small angle inplant with | ong
inplantation tinme can be avoi ded. Sec %d, a large angle inplant will dope
the top surfaces 124 and the sidewall surfaces 114 and 115 of the source

and dr Hiersecondit@msstdr obher - ally. As a resuylt, the channel length
of the multiple-gate transi%e?%@?ﬁthrgrgﬁ%ﬁfaé?eﬂé’ﬁo@ﬁé’f Iguede Hansisiars,t he t op

porti ongQf; i r.,at the bpottom portion of the fin. [0050] However,
pot ent i gﬁﬁlﬁéﬂggfté}rrfémglrlizéée RTH"‘Pﬁg%%fbmalflatpralmgee 15 gl gateidigdécanid Byerdndlissol ut i ons
to theae Op%gfj@ims wi Il be provided according to aspects of the present

i nvent i 8§tPOS lpWedbyithe formatipn gfigate dlectrodespiian vi ew of two mul tipl e-gate
transi stors 102a and 102b are shown, where the two transistors 102a and
102b ha urcg-to-drain.djrections that are perpendicular to each other,
et ha3bn Hitdiadifeqiiclevermeriecomprisvkadailion diideatdlans ohatidar ¢

per pendié,gul ar to each other. In other words, the orientations of the

sem condit &t diFleptsic daver may Hlogcomprist mgﬁ@@ﬁm&ivﬁ@Hielécfllicﬁk%faﬁ.la%ﬁ}ah&ﬁ‘&ide
1IN e

source-to-drain direction of the first transiStor 102a 1 s

y- di r ec{liaQ;), dmdinitheoxi j i ian. of the.second transistor
102b is in the x-dir é‘écfef(ggfmlrﬁgﬁ’gfn@ ‘;ﬂ%éi@fsf%ﬁ hettap omids ORtATeoRIvM ght

C'O rner  ekidE(Ao)eor@mbinations thereof. High permittivity dielectrics typically have a relative

permittivity of greater than 5. The gate electrode may be comprised of a conductive material.
Examples of conductive materials are doped poly-crystalline silicon, doped poly-crystalline

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 region 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 115a of the first transistor 112a.

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

source 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 e : e
perpendicular source-to-drain onentation, e.g., source-to-drain direction in x-direction, with the



[ 0051] The orientations of the gate el ectrodes 110a and 110b of the two
transistors are also perpendicular to each other. It is understood that
the two transistors may be in close proxinmty to each other, as
illustrated in Figure 7a, or may be far apart from each other, such as
being located at extrene ends of an jhtegrated circuit die. The
mul-tiple-gate transistors shown in Figﬂre 7a may be doubl e-gate
transistors, triple-gate transistors, or onega-FETs. For illustration

pur posesime sbitee td =g . nsistors are triple-gate transistors.
[ 0052] Fi 5 are %g@disnhdé’gé’ﬁ?hgklgr‘%‘gseg?‘é%éP‘?‘E?Fa%ndglfaéwwlafttﬂéo it legeympdant

transi sfors a 102b along line A-A" of Figure 7a. Line A-A of
Fi gure %‘%Iecaugnggﬁﬁo%éﬁef R@ g8 dRip et anglgisowilat iethatoff athale infplansandteamnsi st or 102a
and the_source region 126b,. channel region 136b, and drain region 128b of

16 t he Geeivridape shesihennst repdAt 368 of theses@d trarksBtok NStABRA bRk Rafdcess of
on an

. . ; : a
multiple-gate transistors, sem conductor fins 112 are provide

he format 1 on o1 oa ool oo R SR Doyl RBons Son i BRe iy sy or rmy

be conpyg jol 4 oxide or si]Jicon oxynitride. The gate dielectric
| ayer n%%/éag?g%g%giépdroﬁgrgs hYg erﬁ%?%trf’{ shortchanaplatestsy Mhendhethane! fegiohhal um

oxi de H@Z?ﬁ% al um num oxi de (A1203), hafnium oxide (Hf02), hafnium
oxyni tr Of e érgend Fpnsisiori 108 isclepeliewitizth©a)pantrintenddd et onscdAeueaf . H gh
permttivity dielectrics typically have a relative permttivity of greater

t han 5.Tegiens @& 12821 the deofid i ' terijal
an Yt endel 2821 theeeo stamt&qmwmv%eﬁ%dr‘egg{?gﬁﬁaﬁéﬁeﬁ%p o &

Exanpl es "of conductive materials are doped po i ne sl "}"é:"aﬁ{‘d doped
pol y- crisy édehifAiBdue to an electrical short between the source and drain 126b and 128b.

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

implant may be used to dope the source and drain regions 126a aﬁd 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 102a 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 102a.

[0057] The doping of the source and drain regions 126a and 128a may be performéd 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 115a and top surfaces 124a.




silicon-germanium a netal, or a netal silicide. At this point, before the
formation of the source and drain regions 126 and 128, the channel region
136 in the sem conductor fin 112 nay be wundoped or doped. [0054] The
subsequent fabrication process step nmay involve the formation of the source
region 126 and drain region 128 by doping appropriate portions of the

sem conductor fin 112. If a large aﬁg%e inplant with an angle a in the z-x

pl ane is used to dope the first sidewall 114a of the sem conductor fin of

t he fi rkallawi & g&195 anel . region f the second transistor
L03b v L1 ol oo ecpgi%%thﬁsgug%ﬁf’gg?a%‘gg%ﬁ’%?%ﬁ’%&éiﬁ%s&eé"’éﬁélil%1ﬁbtgasabfati on to

t he perfegiofance 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. [0055] In general, the large angle inplant steps,

whi | e pf06$8]di naNeat faisgd { he source and drain _regions of
transistors wth aafsﬂogghégggc%-gtf%{ngbéq FRPOPS 18 EesPrbiFansistog 102bswhitec e- t o-

drai n digvegtd ' -dir ion, will also dope the channel region of the
transi stors %NII[B? ﬁi'sgtrég%%385%%%dm§1§nﬁholsmgludiagadeaht avostofsiiepdrbhen, €. 9.,
source-to-drain direction in x-direction, with the 17 sane source/drain

dopant s IPR$ e seureraand deain segions i 26 add 284 8 e édwﬁc?ﬁ’énsi%fb? 19 hThlg é:irla%trnglet hat of

i npl ant angle a such as 30 degrees has an inplant angle sim

a hal o liegipnéa\@a(gnhbm@mangimfmﬁr-g annel, regi on 136 f the
second transistor. Standard con\}e%}??gﬁda#r&ﬁgfclgmnil ﬁtﬁg@}prﬁiﬁﬁ% % dope the

channel i j 1 - S t he opposite type to the source
' set @@l 9k 139 Yhd 191p9a?1? gnrgle ofot{le 1on 1mpﬁgtation proce%g to dope the source and

drain regions 126b and 128b of the second transistor 102b is oriented at an angle B in the z-y

plane. The angle B is in the z-y plane which is perpendicular to the plane of the sidewall 114b of

the semiconductor fin 112b of the second tranéistor. 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 mplanted 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



126 and drain 128 dopants in order to control short channel effects. Wen
the channel region 136b of the second transistor 102b is doped wth the
dopants intended for the source and drain regions 126a and 128a, the
second transistor 102b will have degraded short-channel behavior and may
even fail due to an electrical short tween the source and drain 126b and
128b. [0056] According to aspects of is invention, a nethod is provided
in which a large angle inplant may be used to dope the source and drain

r egi onsofl2Rgeamd ; the first transistor 102a with a first
source-?ﬁédr%in 3%%%%?%%98%EVPkHﬁﬁP“&EﬁFﬁ@f%H&ﬁéﬁéhﬁ@Pbmégﬂwhﬂm36b of the.

second I;aﬁﬂ.sto 10§ib' w th a second perpendicul ar source-to-drain 4
or i ent atTEHR} Plgin additiopal magly yFlusisalestritieduinranbtipr @ntiodireniesike pRteati al 150 is
deposited on the wafer to cover both the first and second transistors 102a
and 102®Bvermpke nmask material is patterned, e.g., by optical |ithography,
and the portion of the mask material 150 that covers the first transistor
102a is moved to forma first mask 150, as shown in Figure 8a. The first
mask 15@0€]§ver diceprdingde Grigemhodimesit,slanulifl2iyate shhabeis dOtH: RenC ARSI, €9 on
136b, during the doping of the source and drain regions 126a and 128a of

the fi riype andamisti gttolkengdiBRlass thHk Bhual RSa piRBLAhiA %ﬁigfﬁ%‘érg §B§n’}9%§rt§ejeg cri bed

regi ons 126a and 128a nay be perfornmed in

above, damelite&idna rhakd s ngl ed. i npl ant_ i rformed to dope the first
si dewal | 114a and tg%gcgggé?gg@oﬁmls@?})&cﬁés tPiaiﬁl #%@Mlo{%@ eperafionglr ansi st or

102a fo d anot her hal f-dose angl ed inplant to dope the second

si deval {rin%%&s tﬁ%t&ret %ﬁﬁlggﬁ{ fopperatepgithyoptingum characteristics. For example, this does not
include dummy transistors or other transistors that do not operate in the circuits of the chip. The
predetermined gate length is determined based on susceptibility to short-channel effects.

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 short-channel effects
should all have the same source-to-drain direction. This meﬁns, for example, that all n-type
multiple-gate transistors 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 L, are less
than the predetermined gate length, e.g., 30 nm, while Lgc and Ly, are larger than the
predetermined gate length. Transistor 102a and transistor 102b of Figure 9, having gate lengths

of Ly, 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



Fol  owi ng the doping of the source and drain regions 126a and 128a, the
first mask 150 may be renoved. [0058] Next, a second mask 152 is fornmed to
expose the second transistor 102b while covering the first transistor

102a. An ion inplantation including at |east two steps is perforned to
dope the source and drain regions 126a and 128a of the second transistor
102b. The channel region 136a of th irst transistor 102a is shiel ded
fromthis ion inplantation process by the second mask 152. The i npl ant

angl e dfo28 heve @ 1k at | pr 0 _dope the. source and drain regions
126b and 128b ggf lﬁgglsg’g%Bh%ﬂ{trgﬁhrgug@?‘ivreﬁyl6 PLIGY P8 SHtceA-ds#Bl e 0 i n
the z 'éf}'enﬂli&ﬁe' The angle (3 is inthe z -y plane which is perpendicul ar
to the plane of the sidewall 114b of the sem conductor fin 112b of the
second transistor. In Figure 8b, the positive y-axis is into the plane of

2e o Tttt ORNCBRAR ANG K T Bl by ey |3 obmdmverh Bbisecond
mask 15 ; 1then he. renoved. A high tenperature annealing step may be

per f or ned dRractehstics Pheulpsrahilityite sharbghanng effects frapesding aothditat or fins 11 2a
and 112b. The annealing step may be a spi ke anneal process in which the

waf er tiEWpeRien cenditons ageil dd Jopenhsieasad and Gram 1REdls 13HAgnag uge. of 1050
degrees Celsius followed by a rapid cooling of the wafer tenperature, or

Commonly known snd oeoh acona oI aRaRPydn b [y RAER 1 brita et noa
enbodi NGB the sﬁde-bvﬁll SEEed ot}é%ltle Itl-c eangglpr}nﬂgplgf gatsec%lrlétglgiseto;i ar;g (100) surfaces. N-

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 sidewall 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.

[0064] 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 dopant-containing materials include boro-silicate glass (BSG),

phospho-silicate glass (PSG), doped germanium, etc. The discussion related to Figure 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



drain regions 126 and 128 in transistors of the sane type, e.g., n-type or
n-channel, involves an additional mask patterning step. The introduction
of an additional mask is sonetinmes costly and could be conmercially

prohi bitive. Therefore, a further inprovenent over the above-nentioned
enbodinent is to align all nultiple- e transistors of the same type with
a predeterm ned range 19 of gate Iengg s in the sane direction to permt
the use of a large angle inplant without the introduction of an additional
mask. Thi:g. | mq%scribgf i n. anot her enbodi nent of the present invention.
[0061] Accor dr ng P's PATECaLBYYF Retible withoutdenartipi dioguthe scopantths psset of  t he
same conductivity type and with gate lengths |less than or equal to a

pr edet el fPHIGR bt exampleggivenrr inkendedtebe ilnstdtiee ral@rehadiek@6di#cOMhe | N t hi s
context&mall of transistors refers to all of the functional or operational
transi stewings hay nerecdesilgpe ' ' eristics. For
exanple, this dges not - i%clSE%QEgﬁﬁ%a%ggﬁ%ﬁg?g@éhgﬁqégﬁg%ﬁghﬁﬂ%istors t hat
do not operate in the circuits of the chip. The predeterm ned gate |length
is determ ned based on susceptibility to short-channel effects.

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



ot her source-to-drain orientations, transistors susceptible to degradation
of short-channel effects should all have the sane source-to-drain
direction. This neans, for exanple, that all n-type nultiple-gate
transistors with gate lengths | ess than 30 nm have the source-to-drain
direction oriented in the x-directiq This is illustrated in Figure 9
where gate lengths Lg,a and Lg,b are ss than the predeterm ned gate
length, e.g., 30 nm while Lg,c and Lg,d are larger than the predeterm ned
gate length. Transistor 102a and transistor 102b of Figure 9, having gate

| engt hs HATYSLTAMEDGES: r espect i vel y, therefore have substantially the
sane source-to-drain orientations (i.e., the source-to-drain current paths
are sulbst nt i %\I(I% g{ﬁrg:ql el). Transistor 102c and transi stor 20 102d have
gate |'engths &FMtHOtofdRping seneicondustpmtimsiof etujtiplagutt tdnsiytorBe Rausa any
source-to-drain orientations. [0063] It is understood, however, that

t r ansist GOMPPSBgand transi stor 102d may have different electrical
characteristics or vulnerability to short-channel effects depending on the
ion i3pl ant aproeidipendintd dope.their. squrce and drain regions
196 and 158, The e gy PeoRE/3ER L oS 05 DB S ont O Paph ¢

di rectg omyg : (AQ0] direction. In this case, the sidewall surfaces
of the n- chgﬁﬁgeiﬁﬁﬁ% "[% ?r[% elr’gaagcat\e ‘f@%ﬁ%ﬁ Wegyings portiomofsawl semirondictonfinchdanel

mul tipg e-gg@]tegec r%ns%%%ors,vm th (100) sidewall surfaces are expected to have
the best = elect T ort OB $d8etq ficlarige.lvach afxtmmspinizonduictor find Mvegithy duph&s, gat e
transistors with gate lengths less than 30 nmmay have the source-to-drain
di rectS orf @F'iseﬁw syrface, ed § e6jd sideyatiabifegr aphi c

7

implanting dopant ions at an angle a with respect to the normal of the top surface of the

8  semiconductor fin to dope the first sidewall surface and the top surface, the angle o being larger

8  than about 7 degrees; and

10 implanting dopant jons at an angle B with respect to the normal of the top surface of the

11 semiconductor fin to dope the second sidewall surface and the top surface, the angle f being

12 larger than about 7 degrees.
-1 2 The method of claim 1 wherein the angle o has a magnitude that is about equal to the
2 magnitude of angle f.

13 The method of claim 1 further comprising an annealing process to activate the implanted

2 dopant ions.

1 4. The method of claim 1 wherein the semiconductor fins are oriented in the same direction.

1 5. The method of claim 1 wherein the gate electrodes have gate lengths smaller than 30 nm

2 and the semiconductor fins are oriented in the same direction.



direction. In this case, the sidewall 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. [0064] In another method enbodi nent, the sem conductor fins 112
may be doped by solid- source diffuskgg i nstead of ion inplantation as
described in the other nethod enbodi ts. In the solid-source diffusion
techni que, a dopant-containing material (the solid source) is deposited on

the sem ecpndugh®@methbdof @aj el‘g%p An el evat ed tenperature treatnment is
then performed to aIPom??%e o%gﬁeg .HOWﬁ%&a§BHﬁ$EE8h¥%PHﬁﬁ§ material or
solid-source to diffuse into the sem conductor fins. Exanples of
dopanh-c&nt ai gﬂihng Et erials include boro-silicate glass (BSG, A
phospHo- si | i catemgihad sf (8HE) whealkip e@ dopmiTRL -9 Cdondit 8ol isSIEYSEH el at ed
to Figure 9 also applies to this enb%%inen??bﬁg%Gé? Mﬁflg se%gégﬁﬂw

enbodhneq&@mabnﬁﬂﬁ%bpmﬁaﬁggnnmﬁﬁgﬁ%gﬁﬁﬁﬁ%%ﬁ%@%pggications t hereof, have

been described in detail herein an i'n the acconpanyi ng
drawings, it will be 21 evident that various nodifications are possible
w t hout departing fromthe scope of the present invention. The exanpl es

gi ven "ar i nt dheimdthod obeaiin 1 wisdreiathieviastiaad bRbnd fdha06iatsl 48 (1150e  dr awi ngs
a

may not necessarily be to scale and features may be shown in schemati c

form 22 oaTlopSplet ArMER. | S:

1 9 The method of claim 6 wherein the dopant ions are n-type dopant ions selected from the

2 group consisting of phosphorus, arsenic, and antimony and combinations thereof.

1 10.  The method of claim 9 wherein the first and second sidewall surfaces are (100)

2 crystallographic surfaces.

1 11.  The method of claim 1 wherein the semiconductor structure further comprises an etchant

2 mask overlying the semiconductor fin.

112, The method of claim 1 wherein the insulator layer is recessed, resulting in a notch at the

2 base of the semiconductor fin.

T 13.  The method of claim 1 wherein the ratio of the doping concentration in a top surface

region of the semiconductor fin to the doping concentration in the first sidewall region of the

3 semiconductor fin is between about 1 and about 4.

1 14, The method of claim 1 wherein the angle a is greater than about 15 degrees.



1 1. A nethod of doping sem conductor fins of nultiple-gate transistors,
the method 2 conprising: 3 providing a sem conductor structure conprising
of a plurality of sem conductor fins 4 overlying an insulator |ayer, a gate
dielectric overlying a portion of said sem conductor fin, and a 5 gate

el ectrode overlying said gate dielectrjc, each of the sem conductor fins
having a top surface, 6 a first sid Il surface, and a second sidewal |
surface; 7 inplanting dopant ions at an angle a with respect to the nornal
of thet su 8 sem conductor fin to dope the first sidewall
surface gﬁd tﬁi‘@@g%g‘iawﬁ%‘el VTREn ﬁﬁ@l"%%%@“ﬁ@nla@?‘ﬁég degyeqspahabopotdt 7
degreezs; (%nd 10 inplanting dopant ions at an angle (i wth respect to the
nor mal~ of ﬁ?&s'top surface of the 11 sem conductor fin to dope the second
sidewal | surface and the top surface, the angle i being 12 larger than
about 7 degrees. 1 2. The nethod of claim|l wherein the angle a has a

magni tudejg hatyy h 2 magni fude of angle 3. 1 3. The

met hod of cl a;LTr}rli3 ?Lne?ig?t céﬁﬁgg%n%%rggﬁlﬁ}rgﬁngﬁ%@%‘%@"aﬁrr?%%é‘f@c@P%@iavat e the

i mpl ang ed dopant .ions. 1 4. The,nethod of claiml1 wherein the

sem ccr?nducclzO g’lrgcgli?cﬁ@raéﬁo’éog‘ﬁ’r@ﬁ}ﬂ”é‘dxil&otcﬁbbsarre direction. 1 5. The method of
claiml wherein the gate el ectrodes have gate lengths smaller than 30 nm 2
and the sem conductor fins are oriented in the same direction.

1 17 Themethod of claim 1 wherein the insulator layer comprises silicon oxide.

1 18.  Themethod of claim 1 wherein the insulator layer has a thickness of between about 100

2 angstroms and about 2000 angstroms.

1 19.  The method of claim 1 wherein the gate dielectric layer comprises silicon oxide.

1 20.  The method of claim 1 wherein the gate dielectric layer comprises silicon oxynitﬁde.

1 21, Themethod of claim 1 wherein the gate dielectric layer comprises high permittivity

2 matenal.

122, The method of claim 21 wherein the hi gh permittivity material is selected from the group
2

consisting of lanthalum oxide, aluminum oxide, hafnium oxide, hafnium oxynitride, zirconium
3 oxide, and combinations thereof.
1 23, The method of claim 21 wherein the gate dielectric layer comprises of high permittivity

2 materials with relative permittivity greater than 5.

1 24, The method of claim 1 wherein the gate dielectric has a thickness of between about 3 and

2 about 100 angstroms.



23 1 6. The nethod of claim1 wherein the sem conductor fins conprise
silicon fins. 1 7. The nethod of claim6 wherein the dopant ions are p-type
dopant ions selected fromthe 2 group consisting of boron and indi um and
conmbi nations thereof. 1 8 The nethod of claim7 wherein the first and
second sidewal | surfaces are (110) %rystallographic surfaces. 9. The

nmet hod of claim 6 wherein the dopant ns are n-type dopant ions selected
fromthe group consisting of phosphorus, arsenic, and antinony and

comnbi nat in@ns . Fhe.nethod of cJaim9 wherein the first and
secong siz(g'ewaltr glglgt%%%%éa}lgrléﬁﬁeﬁgﬁe g3t feﬁ‘é?dﬁwr’@g?sgbnﬁﬁ&-cgya BESdcoy 11, The

nmet hod of claim 1 wherein the sem conductor structure further conprises an
etchant 2 mask overlying the sem conductor fin. 1 12. The nmethod of claim
1 whertei 126t he Theysethad off cldidy 8Fhetcin fHRGEE S ide8gley@ notch at the 2
base of the sem conductor fin. 1 13%§§h§g%%%ﬁ§§b%$gg g?#\l wherein the
rati o of the doping concentration in a top surface 2 region of the

sem conductor fin to the doping concentration in the first sidewall region
of the 3 sem conductor fin is between about 1 and about 4. 1 14. The

met hod of claim1 wherein the angle a is greater than about 15 degrees. 24



1 15. The nmethod of claim 1l wherein the angle a is between about 26 degrees
and about 63 2 degrees. 1 16. The nethod of claim1 wherein the first and
second sidewal |l regions are doped to a 2 doping concentration of nore than
1x1020 cm 3. 1 17. The nethod of claim 1l wherein the insulator |ayer
conprises silicon oxide. 1 18. The rrf:&ggod of claim1l wherein the insul ator

| ayer has a thickness of between abo 100 2 angstrons and about 2000
angstrons. 1 19. The nethod of claim1 wherein the gate dielectric |ayer
conprigesysili i . The thad of claim 1l wherein the gate

di el ectri C7S| aﬁ&?&ggﬁ%@l@ 13% S%‘%F?né%%tog@ifrﬂ?f’?’ﬁﬂ’é‘?'ga@“%{“%@er‘?ﬁlﬁ’éd of claim1l
whereii:_ té&-}n gﬁte dielectric layer conprises high permttivity 2 material.
1 22. ThemeU'ROY of claim 21 wherein the hi gh permttivity material is
selected fromthe group 2 consisting of |anthalum oxide, alum num oxi de,
haf ni utn oxi de Proviing afirstorpivonductte finarithoofirstomeRaton 48 a sadddd SobiMations
thereof 1 23. The nethod of claim2l1 wherein the gate dielectric |ayer

conpr i%esfiowithi sfeopkirightationvévedying afBls@hioR] . . ermttivity
greater than 5. 1 24. The net h%ldgof cl ai maie%&?gkr‘l%{tﬁé?{?{eynglas ©"di el ectric has

a thi cknegmi®hdRek %?ﬁhvﬁ%%%p suirfARd andztw‘ca)ll:@)f(?ig'vtval[’Ls%(r)fa<“:J}3rs]gSt roms. 25

b

6 masking the second semiconductor fin;
7 doping the first semiconductor fin by implanting dopant ions with a large implant
8 angleq;
9 masking the first semiconductor fin;
10

doping the second semiconductor fin by implanting the dopant ions with a large implant

11 anglef.

1 28.  The method of claim 27 wherein the first orientation and second orientation are

2 perpendicular to each other.

1 29.  The method of claim 27 wherein the angle a is in a plane perpendicular to the plane of

the sidewall surfaces of the first semiconductor fin and the angle B is in a plane perpendicular to

3 the plane of the sidewall surfaces of the second semiconductor fin.

-1 30.  Themethod of claim 27 further comprising annealing the semiconductor fins to activate

2 the implanted dopant ions.

T 31.  The method of claim 27 wherein the dopant ions are p-type dopant ions selected from the

2 group consisting of boron, indium and combinations thereof.



125. The method of claim 1l wherein the gate el ectrode conprises
poly-crystalline silicon. 126. The nethod of claim 1 wherein the gate

el ectrode conprises a netal. 26 1 27. A nmethod of dopi ng sem conductor fins
of multiple-gate transistors, the nethod 2 conprising: 3 providing a first
sem conductor fin with a first orientation and a second sem conductor 4
fin wth a second orientation overlyi an insulator |ayer, each of the
first and second 5 seni conductor fins having a top surface and two si dewal |
surfaces;32. 6 I : i conduct of. fin; dopj the first
seni conduct or n??nk%@g??rp %ﬁ‘?ﬁﬁggéﬁg’ggﬂﬁ?%ﬁ‘gﬁﬁgsﬁafﬁaé?ﬁ‘i%@&ﬂﬁfg@f ¢ 8 angle a;
9 maskj n%u{ %Sfi rst sem conductor fin; 10 doping the second sem conduct or
fmby inplanting the dopant ions with a large inplant 11 angle R 28. The
nmet hod of claim 27 wherein the first orientation and second orientation are
2 perpendicular to each other. 1 29. The nethod of claim 27 wherein the
angl e @ 1.1 NTae fle : i . .0 the plane of. 2 the sidewal| surfaces
of the first sem c%ﬁgagﬁiolgle%‘aﬁl&géﬁﬁ{ eh(gnsggeg?-grpgﬁ?pgnﬁ Iﬂnsfe%ftgiﬁoﬁ\é\ﬁep%ﬂ‘m cul ar

to 3 7. h%oﬂgi&ﬂl% O?I)hc}s;%rgsl, grgg\n?cl, Iantlsnlf(;rfy%(rzlg %org{)ingtﬂ)%s %gr%gfr.]d sem conductor fin.

1 34, The method of claim 33 wherein the sidewall surfaces are (100) crystallographic
2 surfaces.
1 35

The method of claim 27 wherein each semiconductor fin further comprises an etchant

2 mask overlying that semiconductor fin.

1 36.  The method of claim 27 wherein the insulator layer is recessed, resulting in a notch at the

2  base of each semiconductor fin.

1 37.  The method of claim 27 wherein the ratio of the doping concentration in the top surface

region of the semiconductor fin to the doping concentration in the sidewall region of the

3 semiconductor fin is between about 1 and about 4.

1 38, Themethod of claim 27 wherein the angle a and the angle [ are each greater than about
2 15 degrees.
1 39.

The method of claim 27 wherein the angle o and the angle B are each between about 26

2 degrees and about 63 degrees.



1 30. The nmethod of claim27 further conprising annealing the sem conduct or
fins to activate 2 the inplanted dopant ions. 1 31. The nethod of claim27
wherein the dopant ions are p-type dopant ions selected fromthe 2 group
consi sting of boron, indiumand conbinations thereof. 27 1 32. The net hod
of claim31 wherein the sidewall surfgagces are (110) crystall ographic 2
surfaces. 1 33. The nethod of claim wherein the ions are n-type dopant
ions selected fromthe group 2 consisting of phosphorus, arsenic, antinony
and coinbi4tat i Qs memed 60daimk & 33. wher ei n the sidewal i
surfaces are (100) cr ystaﬁzg:é?haeb%l?@e sur(fsaeg(fe% SK%W%regﬁoﬂear PRFEE Bf cl ai m

27 wher elﬁpﬁgggﬂéﬁ%ﬁgg gutiug(ggler sconprises an etchant 2 nmask

overlying t sem con “PFhe method of claim27 wherein the
i nsul ator layer is recessed, resultl ng in a notch at the 2 base of each
sem conductor fin. 1 37. The nethod of claim 27 wherein the ratio of the

dopi ngt coticenthatie®od ofcliite TR rMHE A% GTat conductor fin
to the doping concentration in tr he si evz\ilaolg Jyr%gdo%nggsffh{aﬁ )%énSem conduct or

finis between about 1 and about 4. 1 38. The nethod of claim 27 wherein
t he an1gl e a and the angle 0 are each greater than about
The method of claim 27 wherein the insulator layer has a thickness of between about 100

2 angstroms and about 2000 angstroms.

1 43, The method of claim 27 wherein the gate dielectric layer comprises silicon oxide.

1 44, The method of claim 27 wherein the gate dielectric layer comprises silicon oxynitride.

1 45, The method of claim 27 wherein the gate dielectric layer comprises of high permittivity

2  matenals.

1 46.  The method of claim 45 wherein the gate dielectric layer is selected from the group

2 consisting of lanthalum oxide, aluminum oxide, hafnium oxide, hafnium oxynitride, zirconium

3 oxide, and combinations thereof.

1 47, The method of claim 45 wherein the gate dielectric layer comprises of high permittivity

2 materials with relative permittivity greater than 5.

1 48, The method of claim 27 wherein the gate dielectric has a thickness of between about 3

2 and about 100 angstroms.

1 49.  The method of claim 27 wherein the gate electrode comprises poly-crystalline silicon.



2 15 degrees. 1 39. The nethod of claim27 wherein the angle a and the
angle 0 are each between about 26 2 degrees and about 63 degrees. 28 1 40,
The net hod of claim 27 wherein the first and second sidewall regions are
doped to a 2 doping concentration of nore than about 1x1020 cm 3. 1 41. The
met hod of claim 27 wherein the insul r layer conprises silicon oxide. 1
42. The nethod of claim 27 wherein t i nsul ator | ayer has a thickness of
bet ween about 100 2 angstrons and about 2000 angstrons. 1 43. The net hod
of cldi m527 wiks gkthod t i i.c r conprises, silicon oxide. 1
44. The nethod of c|a?§?%§2&ﬁg?§?ﬁ£%%§88§ é%'f@Fég?ﬁﬁﬁm?gyer conpri ses
silicon oxynitride. 1 45. The nethod of claim27 wherein the gate
dielectric layer conprises of high permttivity 2 nmaterials. 1 46. The

met hod of claim45 wherein the gate dielectric layer is selected fromthe
group 2 consisting of |anthalum oxide, alum num oxide, hafnium oxi de,

haf ni um oxyni tride, zirconium 3 oxide, and conbi nations thereof. 1 47. The
nmet hod of claim45 wherein the gate dielectric |layer conprises of high
permttivity 2 materials with relative permttivity greater than 5. 1 48.
The nethod of claim 27 wherein the gate dielectric has a thickness of

bet ween about 3



2 and about 100 angstrons. 1 49. The nethod of claim 27 wherein the gate

el ectrode conprises poly-crystalline silicon. 29 1 50. The nethod of claim
27 wherein the gate el ectrode conprises a netal. 30 1 51. A

sem conductor-on-insul ator chip conprising: 2 a plurality of nmultiple-gate
transistors forned on an insul ator qu r, 3 at |east some of the

mul tiple-gate transistors conpri sing: a sem conductor fin having an
orientation in a first direction; 5 a gate el ectrode forned adjacent a
channel regio j f & emi.conductor 6 fin, the gate el ectrode

havi ng a gateﬂfgﬁgﬁﬁﬁggppgégﬁaﬁaﬁh%&ﬁﬁngﬂﬁrwn 7 a source region and a
drainzregion %i§§@§qg.mﬁ%ﬂin t he sem conductor fin such that 8 the channel
regiofi is di shBesY HErHLEc-EHe ransisssiopaey] erandnlatordaydrai n r egi on, wher ei n
the 9 channel region is doped to a first conductivity type and the source
and dfai n regdenst ms ofidsenltipe-gatO transiseroneiohguct i vity type that is
different than the first conductivity type; 11 wherein the at |east sone of

the mdltiple gate aseaﬁmnsamsiniﬁaﬁhglﬁﬁoﬁﬁ?ﬁ%ﬁmiﬂx's!é{reéﬂi(#n- of the 12
mul ti ple-gate transistors on the sem conductor-on-insulator chip that have

a gateg length |ess,{hagy 30 _nm and channel region. of the first
conductivity type. él 52?@1%1&%1%%%{%"1%&?61&& ?ﬂngqre%ﬂ‘él)%(ﬁﬂn? © CEWSRENHRIct or fin
IS coRpr 'fﬁ?ﬂe Bite gl'ec';t'ro%% %hving a gate length of less than about 30 nm;

7 a source region and a drain region disposed within the semiconductor fin such that

8  the channel region is disposed between the source region and the drain region, wherein the

9  channel region is doped to a first conductivity type and the source and drain regions are doped to

10 asecond conductivity type that is different than the first conductivity type;

11 wherein the at least some of the multiple gate transistors include substantially all of the

12 multiple-gate transistors on the semiconductor-on-insulator chip that have a gate length less than

13 about 30 nm and a channel region of the first conductivity type.
1 52, The chip of claim 51 wherein the semiconductor fin is comprised of silicon.
1 53, The chip of claim 52 wherein the multiple-gate transistors are p-type transistors.

1 54, The chip of claim 53 wherein the orientation of the semiconductor fin 1s in the [110]

2  direction.

1 55, The chip of claim 54, the fin having sidewall surfaces that are (110) crystallographic

2 surfaces.

1 56.  The chip of claim 52 wherein the multiple-gate transistors are n-type transistors.



1 53. The chip of claim52 wherein the multiple-gate transistors are p-type
transistors. 1 54. The chip of claim53 wherein the orientation of the

sem conductor finis in the [110] 2 direction. 1 55. The chip of claim 54,
the fin having sidewall surfaces that are (110) crystallographic 2
surfaces. 1 56. The chip of claim52 wherein the nultiple-gate transistors
are n-type transistors. 31 1 57. The $6t hod of claim 56 wherein the
orientation of the sem conductor finis in the [1001. 1 58. The chip of

cl ai m157,57% he The ey | S : rf. s that are 00) .crystal | ographic
2 surfaces. 1 59. Tﬁgbﬁ?‘ﬁ? %ﬁy}%ﬁé? ﬁr#ggal\%ﬁgpé)?ﬁ’eé%ﬁoédéﬁﬁo%gﬁid%fh&{mp?n
further conprises an etchant nask 2 overlying the sem conductor fin. 1 60.
The chip of claimb52 wherein the insulator |layer is recessed, resulting in
a notch &t t hdhe chipatdainfSTethe Iﬁnilei?ﬁhgQﬂﬁ#&ﬁs@ffaéeﬂha’gar@él-%jr é}g @R €l al m 52
wherein the ratio of the doping concentration in a top Su ?acgﬂ?egion 2 of
the sem corfaigst or fin to the doping concentration in a sidewall region of
the sem conductor 3 fin is between about 1 and about 4. 1 62. The chip of
claim52 wherein first and second sidewall regions are doped to a doping 2
conceqtration reater than about 1 x 1020 cm 3.

e chip of claim 52 wherein each semiconductor fin further comprises an etchant mask
2 overlying the semiconductor fin.
1 60.  The chip of claim 52 wherein the insulator layer is recessed, resulting in a notch at the
2 base of each semiconductor fin.

1 6l.  The chip of claim 52 wherein the ratio of the doping concentration in a top surface region

of the semiconductor fin to the doping concentration in a sidewall region of the semiconductor
3 finis between about 1 and about 4.
1 62.  The chip of claim 52 wherein first and second sidewall regions are doped to a doping

2 concentration greater than about 1x10%° ¢m?,

1 63.  The chip of claim 52 wherein the insulator layer comprises silicon oxide.

1 64 The chip of claim 52 wherein the insulator layer has a thickness of between about 100

2 angstroms and about 2000 angstroms.
1 65 The chip of claim 52, further comprising of a gate dielectric layer overlying a portion of

2 the semiconductor fin and underlying the gate electrode.

1 66.  The chip of claim 65 wherein the gate dielectric layer comprises silicon oxide.



1 63. The chip of claim52 wherein the insulator |ayer conprises silicon
oxide. 1 64. The chip of claim52 wherein the insulator |ayer has a

t hi ckness of between about 100 2 angstrons and about 2000 angstronms. 1 65.
The chip of claimb52, further conprising of a gate dielectric |ayer
overlying a portion of 2 the sem conductor fin and underlying the gate

el ectrode. 1 66. The chip of claim653&herein the gate dielectric |ayer
conprises silicon oxide. 32 1 67. The chip of claim65 wherein the gate

di el ectri@.| ayi®e chipmPEILBESS Whdrdi ptride 1 68. The chip.of claim65
wherein the gate d?electricﬁyg?g?ﬁégﬁﬁgﬁéégggy Faﬂmﬁﬁ?ﬂﬁ§ AR
material. 1 69. The nethod of claim®68 wherein the gate dielectric |layer is
sel ect ed &%on1the group 2 consisting of |anthalum oxide, alum num oxi de,

haf ni ul o¥t de,ThR&kinioh Alnipx§niharéia ére gaierdtdeirit Tuysd cOnsintles 2 B pGRIAIRAL | ONS
thereof. 1 70. The chip of claim 68 wherein t%e gate die?egtrlcllayer
conpri%esmafridhi gh permttivity 2 materials with relative permittivity
greater than 5. 1 71. The chip of claim51 wherein the gate dielectric has
a thickness of between about 3 and 2 about 100 angstrons. 1 72. The chip
of cla#n1a} wg%%ein the gate el ectrode conprises poly-crystalline silicon.
1 73. ThePthi phigmethodiofslain Gthehaesin thelpategitd @ utd lgd: AR @IBitRES o et al

2 consisting of lanthalum oxide, aluminum oxide, hafnium oxide, hafnium oxynitride, zirconium

3 oxide, and combinations thereof.

1 70.  The chip of claim 68 wherein the gate dielectric layer comprises of high permittivity

2 materials with relative permittivity greater than 5.

1T 71.  The chip of claim 51 wherein the gate dielectric has a thickness of between about 3 and

2 about 100 angstroms.

1 72.  The chip of claim 51 wherein the gate electrode comprises poly-crystalline silicon.

73. - The chip of claim 51 wherein the gate electrode comprises a metal




33 1 74. A sem conductor-on-insulator chip conprising: 2 a plurality of
multiple-gate transistors formed on an insulator |ayer, each nmultiple-gate
3 transistor including a sem conductor fin having an orientation and a gate
el ectrode having a gate 4 length equal to the mininumfeature size; and 5
wherein said orientation each of the Béural ity of nultiple-gate transistors
is the sanme, the plurality of nultipPe-gate transistors conprising
substantially all functional nmultiple-gate 7 transistors on the

sem condu®t. or -A0genii st AdrYn -6kl - he _chip of claim74 wherein the
sem conductor fin is conrgnilgggﬁ%ﬁ‘&g%fn@g%ﬁg'l 76. The chip of claim75
wherein the [N - ransi stors are p-type transistors. 1 77. The
chip of clai m&%&% P gll%?lﬁp t?éga S FAaNE QRS fermed on e énsylater lerderck owltiplergates i n t he
[ 110] 3 2 di retcti of... 1 78. The chip of claim77, the fin having sidewall
surfaces THAPCLPELRG o yerpicgrdugtor Hoyhawiiy an or2ntstiod adegatekleéPode TREnE e of
claim75 wherein the nultiple-gate transistors are n-type transistors. 1
80. THe nisRbenuet todheaniminnn faeresize; bie ori entation of the seniconductor fin
isinthe [1.00]. 1 81. The chip of claim80, the fin having sidewall

surfaces that vieil hQrieafatst &lch 881 B fitoSNIFAS S5

4. .
é-gate tr%nsmtors is the same, the

6 plurality of multiple-gate transistors comprising substantially all functional multiple-gate

7 transistors on the semiconductor-on-insulator chip.

175, The chip of claim 74 wherein the semiconductor fin is comprised of silicon.
1 76.  The chip of claim 75 wherein the multiple-gate transistors are p-type transistors.
1 71

The chip of claim 76 wherein the orientation of the semiconductor fin is in the [110]

2 direction.

1 78.  The chip of claim 77, the fin having sidewall surfaces that are (110) crystallographic

2 surfaces.

1 79.  The chip of claim 75 wherein the multiple-gate transistors are n-type transistors.

1 80.  The method of claim 79 wherein the orientatiog of the semiconductor fin is in the [100].
1 8L

The chip of claim 80, the fin having sidewall surfaces that are (1 00) crystallographic

2 surfaces.



1 82. The chip of claim 75 wherein each sem conductor fin further conprises
an etchant mask 2 overlying the sem conductor fin. 1 83. The chip of claim
75 wherein the insulator layer is recessed, resulting in a notch at the 2
base of each sem conductor fin. 1 84. The chip of claim75 wherein the
ratio of the doping concentration in 3 top surface region 2 of the

sem conductor fin to the doping conce fration in a sidewal | regi on of the
sem conductor 3 fin is between about 1 and about 4. 1 85. The chip of claim
75 whet ei P21 i rie chipdf sbiofwhirdewadH somiRgiQRS FATEHHOREHES o3 A8R NG 2
concentration greater than about 1 x 1020 cm 3. 1 86. he ¢ ip %# cﬂ%in175
wher ei &t tierlymg theakicoh@pey fgonpri ses silicon oxide. 1 87. The chip of
claim75 wherein the insulator |ayer has a thickness of between about 100

2 angstrons and about 2000 angstrons. 1 88. The chip of claim75, further
conpri ing}of a gate dielectric |ayer overlying a portion of 2 the

sem cohduttor Hheshipmed claive @y whereig thehasigasagl 8G6de098 reshit in Hlﬁclﬁg i of
claim 88 wherein the gate dielectric |layer conprises silicon oxide.” 1 90.
The ch? p bise of @chseB8cordadt@ifin, t he gate dielectric |ayer conprises silicon
oxynitride. 1 91. The chip of claim88 wherein the gate dielectric |ayer
conprises a high permttivity 2 material. 35

T 84, The chip of claim 75 wherein the ratio of the doping concentration in a top surface region

2 of the semiconductor fin to the doping concentration in a sidewall region of the semiconductor

3  finis between about 1 and about 4.
1 85.  The chip of claim 75 wherein first and second sidewall regions are doped to a doping
2 concentration greater than about 1x10% cm™.

1 86.  The chip of claim 75 wherein the insulator layer comprises silicon oxide.

1 87.  The chip of claim 75 wherein the insulator layer has a thickness of between about 100

. 2 angstroms and about 2000 angstroms.
1 88.  The chip of claim 75, further comprising of a gate dielectric layer overlying a portion of

2 the semiconductor fin and underlying the gate electrode.

1 89.  The chip of claim 88 wherein the gate dielectric layer comprises silicon oxide.
1T 90.  The chip of claim 88 wherein the gate dielectric layer comprises silicon oxynitride.
1 91

The chip of claim 88 wherein the gate dielectric layer comprises a high permittivity

2 material.



1 92. The nmethod of claim91 wherein the gate dielectric |layer is selected
fromthe group 2 consisting of La203, Al 203, H 2, H ON, ZrQ2. 1 93. The
chip of claim91 wherein the gate dielectric |ayer conprises of high
permttivity 2 materials with relative permttivity greater than 5. 1 94.
The chip of claim 74 wherein the gate dielectric has a thickness of between
about 3 and 2 about 100 angstrons. 1385. The chi p of claim74 wherein the
gate el ectrode conprises poly-crystalline silicon. 1 96. The chip of claim

74 whetei A%t hel hyanashag] of chim e vhorprthses (ﬁelgﬁfi@iayer is selected from the group

2 consisting of La,0;, Al,03, HfO,, HfON, ZrO,.

1 93, The chip of claim 91 wherein the gate dielectric layer comprises of high permittivity

2 materials with relative permittivity greater than 5.

1 94, The chip of claim 74 wherein the gate dielectric has a thickness of between about 3 and

2 about 100 angstroms.

195 The chip of claim 74 wherein the gate electrode comprises poly-crystalline silicon.

1 96.  The chip of claim 74 wherein the gate electrode comprises a metal.



