;e3e0,,-D.:/<R060TO0Yb44 NOV 2004. METHOD OF FABRI CATI NG SEM CONDUCT dihéﬁ
WALL FI N DESCRI PTI ON BACKGROUND OF THE | NVENTI ON Fi el d of the-+ﬁvﬁ
‘present invention generally relates to providing a dual gate neta
sem conductor held effect transistor (MOSFET) transistor and, nore
particularly, to providing a dual gate M| OSFET having relatively thin
epitaxially grown channels. Background desdription Field Effect Transistor
(FET) structures may include a single gate (a 4 NOV 2004' single

channel) or a pair of gates, METHO® OFFABRICAPING' OV ding the
advant age of enabling shorter channels and thus a faster device to be

produced. As gate |engths ones limted by
the finite depth of the gé?%ggggtro E?geargﬁiﬁg omn t t pl acing gates
on nmultiple sides of an FET channel results in |nproved FET performance in
regard to short channel characteristics and off current characteristics,

Pl acing gates on nmultiple sides of an FET channel, provided the silicon is
thin enough to be fully depleted, confines electric fields and charges much
nore tightly than in the standard FET in which the fields are free to
penetrate deeply into an effectively infinite silicon substrate. The
confinenent possible with a fully depleted dual gate structure all ows

i nproved short channel effects and devices having gate | engths of 20 - 30
nm are possi ble.. The inversion induced channels will be formed on both
sides of the silicon and possibly across the entire channel which may

i ncrease saturation current. O her reported benefits include nearly ideal
subt hreshol d sl ope, increased saturation current and reduced short-channel
and floating body effects.. Requirenents generally are for a thin diffusion
region in the range of S-50 nrn, and gate |engths down to 20-100 nm wth
the gate length preferably being two to four tines the diffusion length. A
nunber of horizontal double-gate FET structures, and particularly SO

doubl e-gate FET structures, have been proposed. These structures typically
require a bottomgate forned beneath the thin silicon body in addition to a
conventional top gate. The fabrication of such structures is difficult
because the top and bottom gates nust be aligned to a tol erance beyond the
accuracy of state of the art |ithograppik qngpnent and net hods, and
because self aligning techniques are frustrat by the | ayers between the
top and bottomgates. In ",Self Aligned (Top and Botton) Doubl e-Gate MOSFET
Wth a 25 4 NOV 2004 nm Th -lon Sum Philip et

al ., | EDM 97-427, LEEE 1997, hé@%h@ﬁ?%ﬁ%@?&l Msi dered the nost
prom si ng candi date for a Cbnplenentary Met al Oxi de Sem conduct or ( CMOS)
scaled to the ultimate limt of 20-30 nmgate |ength. R gorous Monte Carlo
devi ce sinulations and anal ytical célddbaAtiednenppedi cted conti nual

i nprovenent in device performance down to 20-30 nmgate | ength, provided
the silicon channel thickness can be reduced to 10-25 nm and the gate oxide
thi ckness is reduced tiePre3emmveiOvR gelerallnRiAd @PRALIngh duligsatopeand the
bottomis crucial to high performance because a nis-alignnent will cause
extra gate to so@Ktlesamonduseriicdctegauinsiaios MESIRR) fragsstoowsl, mbreur rent

drive. The oL ow, 08, S Ro AN 3\ dhel S ERTSsrAP R PR KASHLATLY, o the

epitaxially grown channels.

oxi de

Background Description

Field Effect Transistor (FET) structures may include a single gate (a
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U.S. Patent 5,780,327, by Chu et al. and entitled "Vertical Daqu I‘Eéﬁt@n,ﬁ
Field Effect Transistor"” describes a vertical double-gate field'e E (of PSS

- transistor, which includes an epitaxial channel |ayer and a drain |ayer
arranged in a stack on a bulk or SO substrate. The gate oxide is thermally
grown on the sides of the stack using diffgrential oxidation rates to
mnimze input capacitance problens. The gate w aps around one end of the
stack, while contacts are formed on a second end. An etch-stop |ayer
enbedded i n the Seglsrrhannal) ofa pheoisgatesk wih dbnlds-gatsricestanstpsoidingdliie directly
to the channel layer. U S PRatent No. .5 773 by.Sol gnon_ et _al . and
entitled "Method? W‘%&ﬁﬁ?ﬁ@a@\nﬁdb%ﬂ%ﬁ&a%&%@éﬁ %faﬁe&ﬁ%v%%’& Transi stors
Wth Sidewall So 7 ' y [ j

Sl ngl o gat e and A o gt B, ST Rt bR o1
drain contact. The tlehfmiteedepdf of the ghtETontirsl. Maeissrach hdstshowe sipe placing gates
support structure underneath and_the source and drain regions form.an
integral part of opmauluplgsies of an BET phannief rogglts IQ,IWWVG@,gE%WeﬁPV%WCCé@ al .

and entitled "Sel f=Al] 4e. Q@ it .
Ut ranarrow Chanrrléeqa'rbd {Otgsrsﬂggic}1 %@F@@lz{%ag“ sﬁpﬁﬁ‘%?%ﬁﬁa ugFXItge\g'tS%&F +ac\}\5|1 &h an
ultra thin channghte®bn milgplaridesbl yn PET Chariepetividddahersiticdyisahia@hbugh i gned
process. Sel ective etching or control]led oxidation is utilized between

di fferent nmateri & Be fdlyrdspleted, geifines gleckiclinldy andaharggs Aychaofebehtyour ce and

drai n regions, hayi hi gk .| r . t 0.npm U S
Pat ent No. 5, SSO%Ett% %\t&fg’ﬁﬁéf “?ilul.h }Cgﬁgé g’ﬁ@??{eefgéatéip? n%en@eoeﬁ& 1H{sz)ul at or
Gate- Al | - Around NbSHEdiivepphif@at sRoMeitRade. Thdesfiddaemt possiBld with a fully
gate-al |l -around (GAA) FET whi ch includes a source, channel and drain
surrounded . by adeplgtedaiual gathetrychure aHows impriogerl shogichhare! affpets aed i on f or

ot her buried structures and is, forne n bottom gate dielectric which is
formed on sourcel,éegﬁ YNERE @Pgﬁl’hﬁoggﬁf %@HM? B?SSﬁ’i ‘e?glebl}vegﬁonsd waf er .

U S Patent No. jRiude@cRPekvifeTumadttoreith tidedof (NS 1EET addbpydstiBya Thin
Film SO Structure" describes a MOS FET having a thin film SO structure in
whi ch the breakd@gipsydietcayee drnegl waich mpk ingrease saipration curge @beduct or) FET
having an SO structune i S..I Hpkoyve : } e. t he
top surface and tr%orééﬁ%gh%‘&% @élg&s{? noﬁi“%ﬁg{n{}rqg esf'hggil %ﬁgeolfn%t%g&g%gﬂ?tg@er and
by partially extenttemgnthed@ald ehal-elinhelckndtfvatng bbdieeffaesi dequitelaents he
bottom of the channel region such that the gate electrode is not conpletely
connected. U. S. mspaaly m§ fosa Beodiffmiongegnn iethe sangei d-Frivmtanddatever t i cal
Doubl e- Gat e Fi el e Tr apsist.or" rJ I £l | e- e FET
t hat includes a geo%ﬂise quanyt(r(a\)?,a'gdr‘? ’g%ﬁvtvg}g?nglgac%ﬁgrﬁﬁgﬁ{féa%gﬁ bgﬁ%qgoz?gﬁmﬁ | ayer
arranged in a st aghesahe diffusion laigtiSO substrate. The gate oxide is thermally
grown on the sides of the stack using differential oxidatign rates to

mi ni mi ze i nput capaci “aReEbHAhoEgtahdoublegate lE b slsucivrssiad paicellyof t he

stack, while contggt € z ayer
enbedded in "4 ﬁ\ﬁﬂgﬁa}ﬁ%ﬁ@g{gﬁ%&%}?gp g%nﬁgg%%sé@kﬂ%%ggﬁ%@%%nt act to be
made directly to tyfiealbhaqmed a batyan gat€ernhdd bevagathpi thad dijcodefodped gate i s by
far the sinplest, but suffers froma nunber of disadyantages. First,
definition of theédgiioa teagonyeaiians 4oy galpalherfabricption of sychsTTHEtuEesds di f f usi ons

or may drive a reﬂﬁicﬁﬁ%&%u??@megﬁ%}l@c?b&itoqﬁ afibs ﬁnllﬁ?/l ity Jh{gﬁ%’ ‘%rh ol e LY

resulting in a poorer nor e “poor con ed device. Second,
the sl ope of the Heobnd thahengndy of staeadttht artdithddraphiday equipinentndgnehddsci ded
gates, leading to slower device performance. Finall t he hei ght

e . . Y, poly ste
poses a diffi cul tangdbgeaveesebrligningisghuigwisare Epstrted @hﬁheé@e(}%’eﬂ?ﬁé’dgest eps
on the order of - in a 50 nmdesign rule technol ogy. The key
difficulties in ?‘gg??@?tf%’gg%{]ég]m e-gated FETs are achieving silicidation of
thin diffusions or polpskbircwpnid tihpasaeRioh) ®oabRlGat MESHBL ange: 2£nabl i ng
fabrication of the waparound gate w thout m salignnment of the two gates,
and fabrication of the narrow diffusions (ideally, 2-4 times snaller than
the gate length). Additional techniques for generating the dual -gated
transistors include defining the gate lithographically with high step
hei ghts (see U S. Patent No. 4,996,574 to Shirasaki, entitled "M S
Transi stor Structure for Increasing Conductance Between Source and Drain
Regions"), formng a selective epitaxial growh which provides an
"air-bridge" silicon structure (see Hon-Sum Philip Wng, International
El ectron Devices Meeting {IEDM 1997, pg .427), and form ng w ap-around
gates with vertical carrier transport (see H Takato |EDM 1988, pg. 222).



In summary, previous fabrication schenes have relied upon |litographical
defi ned siyl i (F:)on channel s and | ong, conned | ateral epitaxial grp'vdlﬁ\mvzamf
- However, a lithographically defined channel cannot be forned with
sufficiently close tol erances and even aval abl e tol erances cannot be ‘4
NOV 2004 -6 nmaintai ned adequately to support near-optinmal dual gate

transi stor performance in the above approaches. Further techniques using

| ateral current flow with FET widths defined laterally suffer from

difficultly in aligmhrg SihentCHmasnd BOHHRSUSARIEEp evAN IEDMgN42-hiilgkpess of
silicon can be tightly controlled. U'S. Patent application 09/526, 857 by

y
Janmes W Adki ssonl99Tondovble-atad MOSKRAT isiesmaidgredihd inostywomisingcandidane B.
Lasky, Kirk D. Petreson and Jed . H. nkin, filed on rch,, 2000, and
i ncor porat ed by c@ﬁ%ﬁpﬁ@?gﬁ% Mﬂ?ﬁ@?‘éﬂr&e%‘ifﬁﬁ%émﬂ %dﬁp%gé‘iaiﬁi tg_@a MOSFET
Structure”, (now giijnagUadit 38 26L38 nnPakteMn Or.Riéor&@ﬁM%nfé azrloglﬁ:%&%' bes a

nmethod to create the double gate transis ssum ng the annel wi dth can
be made snal| encughblatidhsuand maheieal ealduddtont pradiasd camtiauslimpr@@inent inansi st or
having relatively,thin epitaxially grown channels. SUMVARY According to a
first aspect of t¢RViGeReERIMIce domadrte 2050w gpigdenssh, peevidad the silispmi ng a

first ‘ast ¥iieripd . e peg il bt ‘
ubstrate: 1 or m ng i ayEErk b BRURR e 1B b ffe R RHE MBiedn s ae

surfaces; form ngedincedxp Rt3amh alowbvan it abgnisada of efe tbpend®ir®eaEMSE de
surfaces of the layer, the channel having an exposed first sidewall
opposi te the | ayefucipigdyghperipranneatzacavss aamfsralignmeniwillbgausthextragase toand

t hen renovi ng the .t bOsL N on idewal.l of the channel
formed on the sec.sé’lr‘n‘g’%ﬁ%‘é‘ O(I‘;'?’rl%ﬁée/ap?é&g'?é a? ‘3?%%§g°ség§§%geﬁ‘§%dh"anne| in place
of said renpved channeThe fofldwiny pitdigs pertiad & FETRaeMpartibuladly toedst one of the

sidewal I s of the channel and the second channel, there being a gate
di el ectric betweetpublecgptedh@dhRel and t he gate. According to a second aspect

o e T o DT PR AR Spa BN gyt o ot o

substrate a firstDawlde-&a3CERNIESR Tadisakdry @EQTBeRaGBARAEISIb] S@iitélfield
effect transistor, which includes an epitaxial channel layer and a drain layer
arranged in a stack on a bulk or SOI substrate. The gate oxide is thermally
grown on the sides of the stack using differential oxidation rates to minimize
input capacitance problems. The gate wraps around one end of the stack,
while contacts are formed on a second end. An etch-stop layer embedded in
the second end of the stack enables contact to be made directly to the channel
layer.

U.S. Patent No. 5,773,331 by Solomon et al. and entitled “Method for

Making Single and Double Gate Field Effect Transistors With Sidewall
Source-Drain Contacts” describes a method for making single-gate and
double-gate field effect transistors having a sidewall drain contact. The
channel of the FETs is raised with respect to the support structure underneath

and the source and drain regions form an integral part of the channel.

-U.S. Patent No. 5,757,038 by Tiwari et al. and entitled “Self-Aligned



channel s having side surfaces extending up fromthe substrate, v\,hel*rel\lmvsgiDéIHL
second cham el is grow -n follow ng renoval of a central sem conduct or
+.regi'on upon which said first channel was grown; etching areas within a
silicon layer to forma source and a drain, wherein a side surface of the
source and the drain contact opposing end surfaces of the first and second
epitaxially grown channels: and formng a gate that contacts a top surface
and two side surfaces of the first and second epitaxially grown charnels

and a top surfaceRl GuReNESPFIT PR an Ulﬁa;Wm@@ﬂﬂnnel iGfrefi@abdi ng to a

third aspect of the invention, there is provided a method of formng an
PET, conpri sing: stidrahgmeyl dal gatsﬁﬂé“twmh en altlfanhmtchamml(oﬁsndmtamnally ayisrnhavi ng

first and second ends. and, a ce r al re ion that .is thinner an said first
and second ends, V%‘aﬁ"cf E‘B‘Fﬁbws? glignedipiosesyy SPFeP‘éYe%@ﬁ ng@&é@fﬂr@{éﬂe sur f aces

ext endi ng upwar d o&f({%ﬂ})rz ggs‘ﬁ”%@% WRLRd ﬁ@éﬁt%&t@l‘lé tcgfoﬁwc?%ﬁ gm@gpduct or

channel region on a one sali secon surfaces of

said central regiestendingdaivekehisbbice 28I eI hdvayeed thicknbds!if thesiadge of sai d
channel being exposed removing said central region of said first

sem conduct or | ayf&m th’é’flébw(bwpom ng a second side of sai d channel ;
formng a dielectric | s _.of s conductor
[?gelgadgxﬂ NS RYED Oéﬁ?éﬁaére{)ﬁt glafx tgfg'c .

channel region; and forhi gat'e ete tric |ayer.

According to thi s“Siiconl DSkt Glatdr TRIte AIBARIAN MICSFE N FRPRcARRAAbhedsery thin
di ffusion region using a known tecnique for growing epitaxially regions to

formthe very t hidesasibasaeSOhgatetadlsarotid GHVANMANEE Towhish dndledesg seursh, ti ght er
tolerances on c harﬂgr?rlel arrllci Sram Qitrounded bv a ton gate, the latter of which also has
application for other buried structures and is formed on a bottom gate
dielectric which is formed on source, channel and drain semiconductor layers
of an SOI wafer.
U.S. Patent No. 5,308,999 to Gotou and entitled “MOS FET Having a
Thin Film SOI Structure” describes a MOS FET having a thin film SOI
structure in which the breakdown voltage of an MIS (Metal Insulator.
Semiconductor) FET having an SOI structure is improved by forming the gate
electrode on the top surface and two side surfaces of a channel region of the
SOI layer and by partially extending the gate electrode toward the inside
under the bottom of the channel region such that the gate electrode is not
completely connected.
U.S. Patent No. 5,689,127 to Chu et al. and entitled “Vertical
Double-Gate Field Effect Transistor” describes a vertical double-gate FET
that includes a source layer, an epitaxial channel layer and a drain layer
arranged in a stack on a bulk or SOI substrate. The gate oxide is thermally
grown on the sides of the stack using differential oxidation rates to minimize

input capacitance problems. The gate wraps around one end ot the stack,

while contacts are formed on a second end. An etch-stop layer embedded in



than a |ithographically defined channel which can be maintained 'bif uq:vl\mlr
2004 selective etching and that epitaxial growh is not conplicate y

+ presence of thin cons-fining |layers. BRI EF DESCRI PTI ON OF THE DRAW NGS The
foregoi ng and ot her objects, aspects and advantages wi |l be better
understood fromthe follow ng detail ed description of a preferred

enbodi nent of the invention with referencesSto the drawi ngs, in which:

Figure Ais top view of the device showing a silicon line; Figure 1B is a

cross sectional Vhéewchd End ofithd sEEPVRRLICY doh@Wl © HeAnade! dirtcBy b the lcBarfhef r 0SS
sectional view of cut 2-2 shown in Figure 1 A Figure 2A shows the

substrate of Figlawrl A after epitaxial gromh of etch stop and channel

g p g p
| ayers; Figure 2B is cross sectional, view of cut 1-1 sho i n.Fi gure 2A
Figure 2C s a oross SHeftBaEmPysaly difingd gals Toyclat e FRPENGRNSUTRS Fi gur e
3A shows Figure ' q ' e UG ' - ~Fl.gure 3B
shows a cross se?ﬁ%tgwfggvﬁglsﬁggﬂh% 21512 to&\/\é/rﬁn%lt?]&’gl)f{gth?gatéﬁ{w E%’S EI}QA shows

Figure 3A after tspgeereomihalsidefofalydiffasidhaongaparive #required opsoh thieaidd i ne
and the etch stop |ayer; Figure 4B shows a cross sectional view of the 2-2
cut shown in Fi guféhesdiffusionihereby sesalingtima paeier gualiy and/giumereamodyt er t he

formation of 2 SeSARMSIAARG! SedohdUhe sfopk Br 'Sy SRERAAY 188500 ARy Sect o
in forming silicided gates, leading to slower device performance. Finally, the
poly step height poses a difficult problem for lithographic definition, as we
expect steps on the order of 100 nm - 200 nm in a 50 nm design rule
technology.

The key difficulties in fabricating double-gated FETs are achieving
silicidation of thin diffusions or polysilicon with acceptable contact
resistance, enabling fabrication of the wraparound gate without misalignment
of the two gates, and fabrication of the narrow diffusions (ideally, 2-4 times
smaller than the gate length).

Aciditional techniques for generating the dual-gated transistors include
defining the gate lithographically with high step heights (see U.S. Patent No.
4,996,574 to Shirasaki, entitled “MIS Transistor Structure for Increasing
Conductance Between Source and Drain Regions™), forming a selective
epitaxial growth which provides an “air-bridge” silicon structure (see
Hon-Sum Philip Wong, International Electron Devicés Meeting (IEDM) 1997,
pg .427), and forming wrap-around gates with vertical carrier transport (see H.
Takato IEDM, 1988, pg. 222).

In summary, previous fabrication schemes have relied upon
litographically defined silicon channels and long, confined lateral epitaxial
growth. However, a lithographically defined channel cannot be formed with

sufficiently close tolerances and even avalable tolerances cannot be



S; Figure 7 show s the substrate of Figure 6 after shallow trengNDipIZ80/on
4 NOV 2004. s (STI) fill and polish; Figure 8Ais a representational cross
. section of cut 2-2 shown in Figure 11B, after a polysilicon conductor (PC)
resist mask is applied and etching; Figure 8B is a representational cross
section of cut 2-2 shown in Figure 1 IB, after a PCresist mask is applied;
Fi gure 9A sHBdaipeh adeayatehaice SHIPOH jpaF-ePEnalafyad (gafpatransiite) peforangs Swihe or
deposi tion, n r Lt 007 El , p of
i gure 58 afTar PRBIERTTHANR caRARS LREIa G R RINFLETE SURRLEALE
STl and i solawralbnsuffofmnt difficuldshm dighsigrtbt ®peid BogomezagAeven guugh lidknshows

extension inpl.ants in the substrate of Figure 9B, Figure 1 | A shows the
conpl et ed d&?lﬁ%mb‘fan%ed@sg} f%‘}ir%g ore contacts; Figure 11B shows a top view

of the conpleted Ueyir@nt apslidaiigni09/528,857 byghmas &8, AdkiewhnisheAoBracenom] ng
defective materjal due to excessive faceting.. ,
John J. Ellis-Monaghan, Jerome B. Lasky, Kirk'D. Petreson and Jed H. Rankin, filed on
16 March, 2000, and incorporated by cross-reference entitled “Double Planar Gated SOI
MOSFET Structure”, (now issued as U.S. Patent No. 6,483,156), describes a method to
create the double gate transistor, assuming the channel width can be made small enough.
Thus, a need exists to provide a dual gate transistor having relatively thin

epitaxially grown channels.

SUMMARY

According to a first aspect of the invention, there is provided a method of
forming a field effect transistor (FET) transistor, comprising:

providing a substrate;

forming a layer on the substrate, the layer having exposed side surfaces;

forming an expitaxial channel on each of the exposed side surfaces of the layer,
the channel having an exposed first sidewall opposite the layer;

removing a channel on a first side of the layer and then removing the layer,
thereby exposing a second sidewall of the channel formed on the second side of the layer;

forming a second channel in place of said removed channel; and

forming a gate adjacent to at least one of the sidewalls of the channel and the
second channel, there being a gate dielectric between each channel and the gate.

According to a second aspect of the invention, there is provided a method for
forming a double gated field effect transistor (FET), comprising the steps of:

forming on a substrate a first and a second epitaxially grown channels, said
channels having side surfaces extending up from the substrate, wherein said second
channel is grown following removal of a central semiconductor region upon which said
first channel was grown;

etching areas within a silicon layer to form a source and a drain, wherein a side
surface of the source and the drain contact opposing end surfaces of the first and second
epitaxially grown channels; and

forming a gate that contacts a top surface and two side surfaces of the first and

second epitaxially grown channels and a top surface of the substrate.



4 NOV 2004 9 DETAI LED DESCRI PTI ON OF A PREFERRED EMBODI MENT Oh'_ TT& VoA
| NVENTI ON Referring now to Figure 1A, there is shown a top ViGMI%f QV/A?L

» starting silicon-on-insulator (SO) substrnate | 00. As shovvn in Figures 1
B and 1 C, which correspond to sections 1-1 and 2-2 shown in Figure | A
respectively, the substrate 100 is conprised of a bulk substrate 106, a
buri ed oxide (BOX) 108 |ayer, and an active layer 110. Figures IB and 1C
al so show an oxid i it L ' I ; ' | gyer
110. Thove n K] a8 Ptk L Hlfd ARkl oMb ‘?ﬁsﬁéﬂt‘ﬁ’%? Sb@%?%? o riarRd 8
have the oxtamipagh FET mdn@Rispigaced on top of the nitride pad film 104. The

pad oxide i02 is grown using standard oxidation techni que nd, woul
typically be in tﬁ’é‘nﬂ%&%a(?gb%r o? lﬁstr‘?ﬁﬂmc&?ﬁ“g%cq%r %?ﬁrbéalvﬁbg %?ngarel(} P eecg.nglsggs
films 104 apgi plREes pRA thadisakinder har saidt fiiss afd edcohd @ddé,haid tédifal egidnm | Ns
be utilized as pad filns 104, although ofher materials y al so be used.
The nitri dehpuppErst aphsrcend pee podacss extegding upwardilipm paad subsatesr 30 to 120
nm wth 80 nm bej  f ed, i r I

rench 1ol at 1 on (LT F o pa o R T O bt g
to form edgesd id&@nivsatessurfacessifl sagbeentiabrapedn of $did Biestfsommddudthe laxed tehfitst 3
of active Ia%er 118, mhiFh.is ﬁ%@g,to formwhat will beconme the channe
region, is A F0£F$ F%%?? %?W%?I%ﬁéh it nust be w de enough for nasking and
narrow enough to emndvifesaHd esttiat hdgich of dud by sphiuhdliong layerathesbategposing
practi cal nanufact#%kgg,togera_ce. It is preferred that the silicon regions
that will b8&sFrEds SUACB2EY and drain 116 areas and contact areas | 18,
120 be forned durifghifdbSdiSit@ge 1hytr IRCAPRISIC Qurckd of QMM eRthii@siRtucioF REAH=I Ng
t echni ques known to those skilled in the art. Figures 2A, 2B and 2C
correspond tegi®igodes 1 A, 1 B and 1C, respectively, after epitaxial grow h

of etch stop 202 . i | &l 2004 10 growt h of the
channel 204. It igﬂg?@¥€§§ggﬁ$ﬁ%%9%tgéé Sﬁcgﬁép e conprised of Si(0,3)Ge
(0.7), and that thecedirtgaxitak discpsawnthetanpelvided iconprspseda véryshinidzidnsion
alloys of silicon with e(n?niun1a?d/or carbon..Ahl%és on %i|i§P”\M‘IP-

ot her G oup i&PEMERRAY lé‘%(‘ﬁh UGS F 1y ETGRT R AP AR AN BRSO R) O AN 8 s WP t o
Opéi ][n ze t hﬁhaﬁﬂ&l zﬂﬁirl{a_@fﬂﬁ@dtﬁ@n@g?s&ﬂ(ﬂnﬁlgcgﬁggxﬁicﬂ tioBtek If@ﬁl@lh@dﬁﬂﬁl' chlaﬁﬁUI @Hiilckness ]
nmodi fyi ng the conducti on and val ence. bands across the channel to alter the
devi ce thregﬁﬁﬁﬂﬁg?@?ﬂ$?%b’f%@???@@“@ﬂﬁﬁ%%S?ﬁbeW@”@WWWj@@ evi dent to those
skilled in the art that, prior to formation of etch stop 202 and channel
204, a suitable cleaning process is used to renove a portion of the silicon
110 under the oxide pad filml04. The width of the renoved silicon should
be approximately equal to the conbined wdth of the etch stop 202 and
channel 204. Non-sel ective epitaxial deposition of etch stop 202 and
channel 204 nmay be required if faceting is excessive, although selective
deposition is preferred. It is preferred that the thickness of |ayer 202 be
approximately 5 mm. Faceting will be highly dependent on details of
epitaxial growh. Particularly with selective epitaxial growth, faceting
may alter the thickness of the epitaxial regions as the edge of the opening
i s approached. Since the channel is projected to be very thin relative to

t he height of the growmh, the area where the channel will be inpacted is
likely to be small. The all owed thickness before dislocations are created
is sensitive to the Ge fraction and decreases quickly with increase in the
Ge fraction (see A. Fischer and H Kuhne, "Critical Dose for Strained Layer
Configurations", Phys. Stat, Sol. (a), 155, 141, 1996).. Then, channel 204
is epitaxially grown, preferably in the range 5-SO n.m The bottom and top
of channel 204 may be defective. Particularly if the epitaxial |ayer is
thin, the regionis likely to be extrenely small and may not be significant
to the formation of the device. However, if it is necessary 4 NOV 2004 11
to renbve these regions, two processes are available to do so at small but
tol erabl e) degrade of device width control. Specifically, a spacer could be
deposited simlar to that of spacer 302 of Figure 313, but etched |Iower to
uncover the top of the epitaxial region. After this spacer is forned, the
buri ed oxide is etched underneath the spacer as shown on the |eft side of
Figure | 2. Alternatively, thin conposite spacer may be used It this case,
the bottom of the spacer are isotropically etched to uncover the top and
bottomregions. 'The height of the spacer (overetch) is determ ned by the
undercut necessary to reach the epitaxial region at-the bottom of the
spacer, as shown on the right side of Figure 12. After the defective
regions are etched, the spacers are renoved selectively to the epitaxial
regions and the buried oxide | ayer before proceeding to foll ow ng

S .y " I T Y I Y T T L T v Y



' The exposed silicon | 10 110 wi thin mask opening y04 is then etched. Since
not all of the silicon |l 10 will he renoved during this etch; t-h NQ\E%T

+ layer 1 10 is also etched laterally- stopping on etch stop 202(see

Hobar t "4 NOV 2004 12 F.J. Kub, ME. Twigg, GG Jernigan, P.E Thonpson,
"Utra-Cut: A Sinple Technique for the Fabri cation of SO Substrates with
Utra-thin (<5nnm) Silicon Filnms", Proc. |EEE International Silicon on

| nsul ator (SA) %%%gs e&%ﬁ’négnp t%ﬁ?arxra%towﬁ\% t)co)lilg%&?g?g% uti lized as

an et chant, which 2" sel pr OXi et el

:Si (0. 3) Ge(O 7) reygﬂeégaﬁnd%@ﬂmgaay@ported to have a sel ectivity of
better t han | 00: 1 for a 25% Ge hIm(see G Wang et. al., "H ghly Selective
Chem cal Etching of Si vs. Si(1 -x)@E x) using NH40H sol ut | on, J.
El ectrochem Soc., Vol. 144(3), Mar 1997, L37). Thus, with an overlay of
approximately 70 nm and an edge tol erance of approximately 20 nm the
expected thi ckness requi r eQRIEFPESORIFFIONOESTHR DESMANGY a 20%
overetch, a 100 nmetch will be required. The worst case Site attack woul d
then be approximately 5 nmwhen KOH is utilized as the etchant and

imately 1 i th NHMOH. tilized as the et
205 5 S6l act i vely. et cHEbEGOUHEIRAIREP Ssha T g rOar g g1 o il

HF: Hz Q22 CH3COOH i 5, ARRE R SR LR %ub@«ﬂ% detdi R & PV & breRr G RGef 10 NM
etch, Si attack is trtbg(?ef ore negli : The §sceﬁJectrvr y fr(r)r HNGS: HSQ HF
(40:20:5) is appraXheatvehtyor2®itli refelleecd fowthe grafromgsain5@¥ielze film The

effective HF dilution | s approxi mat el Oxi de attack will be
significant, but can b%gE@MBIt?%H‘eW fé&%?" 8“\‘/9&3}1516 VM i onal

processi ng_steps wi delyxﬁg ormsta%r&sfg%am%rtt@%f'cﬁr f-ehdit in IEbGR et es for
HNO3: HzO: HF are appr oxi tely 40 nmimn, suggesting very shoft exposures,
and probably all ow ng Fugnterﬂé}rsdrdroﬂsrsemdnarwcwmfr:mﬂZ 2 smen D Bigur@ddhey et .

al., "Selective Renoval. of Si usi n HNO3 d HF,

J. Electrochem Soc. ,aﬁ‘ﬁé"(e %%ho“‘féh% %@@?P%%%&QF@C@”&& %‘é’“’rﬂeﬂgved i f
necessary, in acc tional processing steps wdely knovvn to
those skilled in ?E aP%nwlgrglﬂgggy‘%g and 4B correspond to Figures. 3A and
3B, respectively, afteFigtrtme2}33tscarurmg sedtrcmatvrveoltaytelr-lihbxamdtfegmhlsﬁtop 202.
| f necessary, a trim NQV, 2004 13 mask can 2 ap %ed t ve
undesired fins 402 in 5@&&&%&%8?&“@%%% N EY grs OES 8 5‘“[ﬂ ni ques

w dely known to those giild BdsiohstHiguraDh. with 8 W8k Bp&iaVor biligoslBMe ce of

st op

Figure 4A after the formation of a Second channel S02 which, as will be
readi |l y recogni zegniyyat,hose skilled in t he art can be forned by usrng t he
same processing steps as ous escr,i e first cha 204.
v ng formed the {11t BTk Rt e el ST Shevt B REPETIA

sequence of final procesaidin siRRFiFGEYN B! 1R r@ﬁrﬁpél%tfﬁn)t hegndriak p Gﬁtlcﬁtd
transistor is described below Referring nowto Figure 6, channel s 204 and

502 of Figure S aofethskidwnn lingandkethk et stop laghti ti onal channel 602 that may be

used to form anot her gtes cture. It should th under st ood.. by those
skilled in the art that'8{fs %‘*&‘\é EOSS FRSH08 rt"é’ﬁ’?&ﬁy%ﬁh@ﬁﬁ%‘r‘&%‘#e

addi tion to showngghannel s 204, 502 and 602. Here, the substrate |00 thus
conprises bul k substrate 102, BOX |ayer 104, and channels 204, 502 and 602.
Then, in Figure 7, a sF@ndﬁa&leS‘Ellhd dd\AICt?t(szigLs’c pAcwicd thd, fomhdtion dfs spewfder abl y
a silicon dioxide |aye r of approximately 300 to SO0 nmthick. However,

ot her suitable rrat@“% s known to those skilled in the art may al so be used
as a sacrificial film Fltcj.ll’é @1Spirr@{wr%gén?ﬂro‘nQIactrostqi}@ct%E ofRUf 3 2GRoNA 11913%’&?6' zed
by polishing. Figure 8A" representational cross-sectional cut

section 1-1 of Fifgure 11 B Figure 8Ais represent ational because

pol ysi li con conduct or gPC) resist 802 and STI fill 702 are present during
fabrication in Figure ',@Uf@obthoa‘r‘éherlﬂtbs%rte§éh'tg"l‘rp %%“rrﬁ@%ltﬁjhkﬂlﬁfd‘ isQlgiion 1 14
of Figure 1 1 B. ;after placing the PC resist mask 802 on a sel ected

regi ons of STI Q11 702, STI f 11 7U2 is selectively etched relative to pad
films 104 and down to the 130X layer 108. It is preferred, but not
required, that the etch also he selective relative to the BOX | ayer |08.
Pad el ns 104 are then renpoved selectively to the STI fill layer 702 and BOX
| ayer 104. Figures 9A and | OA show that the pad | ayers



4 NOV 2004 14 104 could be left, if desired, to allow a thin gate
dielectric 904 only on the sidewalls of channels 204, 502 and GUQ-N[yViZUU*
- preferred that there be approxinmately a 10:1 selectivity in each etch,

whi ch can be acconplished with known state of the art etches. If desired,
wel |l inmplants may optionally be introduced at this paint. These inplants
woul d be done using highly angled inplants,8 preferably in the range of 10
to 45 degrees, with each inplant rotated at approxi mately 90 degrees
relative to each (@tripefillbid po1ei@r to fully dope the sidewalls of the
diffusion. In order to avoid doping the surface |ayer of the diffusions
nmore heavily than the Eigdes$A tsheepragpintattontl oosscoctiah dfecutidi?eshbehone renovi ng

the pad films 104.in t expose reas of PC ist 802. Figure 8Bis a
repr esent at i onal gW§§H§%§§$6HHﬂY “dpng%%Wﬂ%ﬁ§§$@t§W§WWfﬂgﬂﬁfﬁﬁfe 11B.
Figure 8B is repr&aﬁg.ational because PC resist mask 802 and STI fill 702
are present during fabrication in Figure 8B, but are not shown in the
regi on between the souFigerel8Blis ademieseniatibfal @od sgaion (@At 242 shogunie 11B.
Figure 8B thus shows the selective placement of PC mask 802 during
fabrication. ThisFigai Id8, alleionift restiémagk isippliedindar d pattern it hography

har dmack. Fi gur e oA SRR CReTenBat eSHP SRRy s EaAuPBELRHES: 81 oot T

growth 904 {e.g.,gr&W2dr depBsitioRtand gardalRitorposdaipRsi tion. It should be
understood that nitrided oxides, nitride/oxi de conposites, netal oxides

{e.g., A1203, ZrSi Oa, Higwz 5Brswes theyubstrate ot Figurepdds afjerikemesal(ad the PC ( Ba)
Sr)Ti 03, La203) and.{onq¢nations of the above can al so be used as the .
dielectric. Gate'&pélggiic:gromﬂh on each channel 204, 502 and 602 coul d
he standard fun~ace orrighRdloa: Wohe reRGANBES TPXIISsIbBSinplads pthdance wi t h
conventional nethods. It desired, nitriding species (e.g., N20, NO or N2
i npl ant ation) carsubstrateof BigutseWpri or to, during, or subsequent to

oxi dation. Gate dielectric ition on each chapnel, 204 2 and Q02 can
b)él acclorrpl i shed, :‘or glfgglﬁtﬁl lg)%p@?{'yv {Sﬁﬁ%“%ﬂ’é%ﬁ’@%“sb’éﬂ‘SF“‘&%ﬁ‘&%?ﬁggwe? %{/D) or
other techniques 4 NQurOQ4A showk i brifleteasacebf Fike@ 10n befereart. After

etching, the gate 902 is deposited. Gate conductor deposition could be
acconpl i shed usi mpngastventi onal CVD or directional sputtering techniques.
It shoul d be understoogd that te conduct ors, ot her, than polysilicon can

al so be used. For exaﬁ%gg?%gﬁﬂip?ga &Yﬁ?@#ﬁP%??%%f%Béewg?é%g (e.g9., W,
metals (e.g., Ir, A, RdureRR)illudtest ttiaadqudls reis6ding dofegtnenaleriaPdlé to
material that can be polished and that has a high conductivity and
reasonabl e wor kf UFKEESSHYE faegiinge used in place of polysilicon. After
deposition, the gate 902 is polished in accordance wth conventi onal

techni ques. Figure 9B shows Figure 8B after renoval of the PC resist mask
802. The STI surface 904 is cleaned in accordance wi th conventi onal

techni ques. Figures 10A and 10H show extension inplants to formthe MOSFET
device of Figure 9A after renoval of STI f 11702. Inplantations are done at
a large angle, preferably in the range of 7 to 45 degrees, relative to a
vector perpendicular to the wafer surface. Four inplants, each rotated at
approximately 90 degrees relative to each other about the wafer surface
normal vector in order to fully dope the sidewalls of the diffusions
uniformy. The pad oxide |layer 102 on top of the diffusions nay be utilized
to avoi d doping the surface of the diffusions too strongly. In this case,
the pad filnms 104 woul d be renoved after the inplantation, but before the
final inplantations are done, which would follow the spacer 146 deposition.
Figure 11A shows the device of Figure 10A after formation of silicide |ayer
1 102 in accordance with conventional steps. Also in accordance with
conventional steps, after the gate 902 is forned, spacers 1104 are forned
and the diffusions are anneal ed, and a |l ayer of highly conformal dielectric

fill 1106 is deposited, and then polished to the top of the gate conductor.
It is preferred that dielectric fill 1106 is a nitride layer followed by a
doped gl ass. Because of the high aspect ratios, fill properties suggest a

rapid-thermal CVD or a self sputtering deposition using a high-density

pl asma- enhanced CVD 4 NOV 2004 16 technique. Typically, the dielectric
gl ass includes phosphorus and/or boron, but it can al so be undoped, Figure
11B shows a top view of the conpleted device. The source 114 and drain 116
region are fornmed by inplantation. Contacts 1106, 1 |08, 1110



are added and back end of line (BEOL) processing is done in accmgmbevv%éh
conventional steps. Referring again to Figure 8A, the second sequ (-
- conprises the steps of renoving the pad oxide 102 and pad nitride 104

films. If necessary, disposable spacers can be forned and the top of the
channel s 204, 502 and 602, if defective, can be etched. As shown in Figure
9A, gate oxide is then grown, and the gate902 is deposited, preferably
from anong the sane materials descri bed above, and etched to form gates.

Wi l'e the invention has begn 859 Hﬁtﬂﬁﬂ@%ﬂf\ ﬂﬁﬁﬁﬁkﬂﬁired

enbodi nents, those skilled in the art w recogni ze that the invention can

‘be practiced with nodificati EMBOBIMENTEOFTHEIINVENTIONe of the appended
cl ai ns. -17 CLAIMS W claim 4 NOV 2004 1. A nethod of formng a field
effect transistor (FET) transistor, conprising: providing a substrate;

formng a layer on th r b yer havying exposed side surfaces;
form ng an expitaxi al q}:ﬁ%‘?ﬁ%ln%gﬁogﬁa%ﬁe k)g fﬁﬁg lgifb%‘%%ﬁtcg% ‘ﬂgfvé)iflfsgh‘gé%g of the
| ayer. the channeflideavindigs@dntot {FOI SebstrafestoosAslenaid indnp@st 1B ahliec ayer:
renoving a channel on a first side of the |ayer and thén renoving the

| ayer, thereby expush ﬁ@%pg&wmtuelwaamdbﬂshmn@hﬁm@: IA,aﬁspfdtimiy,t he .
d sid f ot I . farm ng a second,.channel .| ace o iqd,.renove

channel - and- or 5B 00 46 Hfied BE R B DRTRT HE abuPd o8idadflers o

the channel and tig |15r¢0Md aheARela %rgg@rﬁgta@sng_ﬁdq@@scﬂyﬁhﬁ&{&uge P@d ween

each channel and the gate, 2. A rre? for formng a double gated field
ef fect transi st odilfnFER) gndoonipidegiad gilmhi®4smestivotayerf BiOmThoseokiledsnlist rat e a

L1 5an0, 2, secone 6l a0 pSUBRREI S b AR A s 0K 3
on top of the nitride pad film 104. The pad oxide 102 is grown using standard
oxidation techniques and would typically be in the range of 3 to 14 nm, with 8
nm being preferred. Pad films 104 are ptaced upon pad oxide 102. It is
preferred that nitride films be utilized as pad films 104, although other
materials may also be used. The nitride (upper) pad films 104 are typically in
the range of 30 to 120 nm, with 80 nm being preferred, and define the etch
areas for shallow trench isolation (STI) formation.

The active device layer 110 is patterned to form edges 112 where the
silicon channel will be formed. The width 113 of active layer 110, which is
used to form what will become the channel region, is not critical, other than it
must be wide enough for masking and narrow enough to confine overetching,
thereby providing an adequate, practical manufacturing tolerance. It is
preferred that the silicon regions that will become the source 114 and drain
116 areas and contact areas 118, 120 be formed during this stage in
accordance with conventional processing techniques known to those skilled in
the art.

Figures 2A, 2B and 2C correspond to Figures 1A, 1B and 1C,

respectively, after epitaxial growth of etch stop 202 and subsequent epitaxial



charnel is grown follow ng removal of a central sem conductor region upon
which said first charnel was grown; etching areas within a silic nNI Ve?@ltio
- forma source and a drain, wherein a side surface of the source and the
drai n contact opposing end surfaces of the first and second epitaxially
grown channels; and form ng a gate that contacts a top surface and two side
surfaces of the first and second epitaxialll§ grown channels and a top
surface of the substrate. 3. The nmethod as recited in claim2, wherein the

formng step corrpgrb&qsohlhe_cﬁa:ﬁn@ﬁm 1t if prommdl thit'thé R dtopRABFFISE sonduct or
| ines. each end of the sem conductor |ines contacting an end of the source

and the drain: foBi® Ay a®. Bt ol thatdpe bpiteaiallyrgremn ehanoskht cingeissdiof ace of
each of the first .and se(fond%f?em' conductor |ines; e wing first

i taxiall 0
and second seni coHdtRt ¥r? hoxs, Sél_l% ﬁeWBW%%OqMTI‘QlQ%P é‘?‘ﬁ%y t he
lust and second S‘@Hh%%g@%\ﬁf v ﬂ%?nt@ rﬁﬂﬁa@%&nﬁﬁﬁ& élﬁyc%ﬁ'lﬁn) cafpdNOV 2004
g the first and seton

-18 filling areas surroundi epi taxially grown

sem conduct or | ayssed tapptithzeWeeFET berfamancebpadtifdiarain @ the wharheRandposi de
fill; and etching a portion of the oxide fill to forman area that defines
a gate, wherein tHWedudyisg tharendeionqad valsacgbands perossibe channekbiolajteedgt er ed

bethecn nd Subst AN AR byt Pk BPePRAEC I G AR b T
oxide fill betweedkillétEinghd gt € pride teSRmeRod 6F RXPASE20Dend EHafihel20d, a

suitable cleaning process is used to remove a portion of the silicon 110 under

the oxide pad film 104. The width of the removed silicon should be

approximately equal to the combined width of the etch stop 202 and channel

204,

Non-selective epitaxial deposition of etch stop 202 and channel 204
may be required if faceting is excessive, although selective deposition is
preferred. It is preferred that the thickness of layer 202 be approximately 5

pm. Faceting will be highly dependent on details of epitaxial growth.
Particularly with selective epitaxial growth, faceting may alter the thickness
of the epitaxial regions as the edge of the opening is approached. Since the
channel is projected to be very thin relative to the height of the growth, the
area where the channel will be impacted is likely to be small. The allowed
thickness before dislocations are created is sensitive to the Ge fraction and
decreases quickly with increase in the Ge fraction (see A. Fischer and H.
Kuhne, “Critical Dose for Strained Layer Configurations”, Phys. Stat. Sol. (a),
155, 141, 1996).. Then, channel 204 is epitaxially grown, preferably in the
range 5-50 nm.

The bottom and top of channel 204 may be defective. Particularly if
the epitaxial layer is thin, the region is likely to be extremely small and may

not be significant to the formation of the device. However, if it is necessary



second epitaxially grown silicon |layers; and etching the oxide ffl'llfl N@V 4
the gate and the drain to expose the first ahll second epitaxially grown

. silicon layers. 5. The nethod as recited in claim4, further conprising the
step of forming afP srIode these régorisi hed p@oesseeroadhiRbR (basisalat ¥mgrgyn silicon
| ayers. 6. The net Old %i reciitjed in.claim5, wherein the oxide is silicon

di oxi de. 7. The metWGEKs dP@ads abdaviceoridiingairot uSpemsficadynpspasinguidise st eps
of: inplanting a prer)QQdof the epitaxially grown silicon | ayers between

the gate and the soufce; and inplanting a portion of the epitaxially grown

silicon |ayers bet tsymganotie ofageeeadnd ¢MepdE 33Nk 8chERS W ; ited
inclaim7, wherein the inplanting step i% in ”)]1(13 rcanggo\g%%qgg%og%h&]%g%%rees

relative to a vect &f Uetpénal tgiar Aferahis opacsunsffacedofhettineic@piidaxd @bhay

grown silicon |ayer ~.hhe nethod as recited in claima8. wherein the

i mpl ants are done iuﬁd%r%gaetpi”gessljﬁfera?bﬁﬁ%‘ﬂ ARl 11t ogc @ frasess! & eblaeiwteretyo aeach

other. 10, The met hgid @fpbSitd dpRberi il Gy 21, & W &LRet, Sonpri spng the step of

forming a contact on eackll of tpﬁe réat'\e,b tqgg sn()td}rjsccte@)aﬁlhcfctf%lg“h? atﬂg_spaﬁr_ afhe

met hod as recited ivtobaiahy 2ichwhereicnvarhie: gatied mati@nirédionss MRIesint be@R- 4

NOV 2004 -19 12. A_nethod of form ng .an FET, conprising: formng on a
TR ‘;gﬁ up

substrate a first SErGCCEnGRSSS flerent nspepsyudorackids and a

tral region thatpiwsihbn it - i@l
central region thakpitgiilhtpeght t‘h@%@ﬂ&%‘o@ltlﬁf.esrp%&eraeﬂcghﬁ\%ﬁ%B(Phegriqaa S[f%\%:'grd from

central region having first and second si surfaces exten

sai d substrate; epitaxs &l pfigrbwidefpcaveegiononducihed, BbanRels r€BInARQN at

| east one of said félfef{fv and gecogd.?i de surfaces of said central region of
said first seni conductor Qyas cP1iaxial regionsiagd thgrbusied @xikedsesbefoed ng exposed:

removing said cent palcet @B ANfoRbwaR Holdstifif sREM € ANINELO ot FUET 3¢ ;L her eby
exposing possible to perform the procedure described above after the spacer shown in
Figure 4B is removed with the spacers of the above described procedure being
removed before further processing. )
Figures 3A and 3B correspond to Figures 2A and 2C, respectively,
after additional processing steps, as described below. As shown in Figure 3B,
spacers 302 are formed, using a suitable technique and material widelv known
to those skilled in the art, to protect the channel 204 against attack.
Then, a mask is applied and positioned such that the mask opening
304, shown in Figure 3A, provides for removal of the exposed portion of
silicon layer 110 and etch stop 202 within the mask opening 304. It s
preferred that the mask 304 be aligned as closely as possible to the channel
204, The exposed silicon {10 within mask opening 304 is then etched using
an anisotropic etch.
The exposed silicon 110 within mask opening 304 is then etched.

Since not all of the silicon 110 will be removed during this etch, the silicon

layer 110 is also etched laterally. stopping on etch stop 202 (see K.D. Hobart,



a second side of said channel; formng a dielectric |ayer on ex'ﬁds«NiOV gggé
surfaces of said sem conductor channel region; and form ng a gate el ect

- on said dielectric layer. 13. The nethod of claim 12, wherein said

sem conduct or channel region is formed of 12_ conmbi nation of Goup IV

el ements. 14. The nethod of claim 12. wheréin said sem conductor channel

region is formed _of an alloqy of silicon and a Goup |V elenment. 15 The
met hod of cl ai m 9. KihdYldt A V48847 .Se MsramandeE o hamppsene (UlladidnA iSémplsr med  of
a material selec - ; IStd i 4 :

si | i con- ger mani utrIn%alanfrll gelof &?3‘%@@%’3‘3’?@@?&? (r)a(r?és ‘%‘gl' b%ﬁ%tmn%ﬁl%]gl)of claim

15, wherein sai dS#icen Filinst grroy. IREESaictnatioh#tSiEEsH sirhduaiop(SOByer does not
appreci ably renove said sem conductor channel region. 17. The method of

clai m 16, wher ei Fronferancerpd $45op44, HcaplidBEn KOH gagbowiilized @b we etchsnti whidhr st
sem conductor | ayer and.sai d.sem condyctor ch pon. 18. The net hod
of claim 12, wheP®i heleptiy! Qf@pigf”é‘&artegﬂé&il oy @%@38&%9-?}&?’%??% sel ect ed
fromthe group ¢ g% I iJd STt r i fsact or
vl s 1 P OA, CROH fREpeaRPhi d dchfivimbE SARR AR R g3 gact oY

. A@ A@Y. AY. AS; . AYilIA (td¢. (ASF8ngiet. AAYHASHLY SélectARCImita Highitg of Si vs. Si(l

k6ht $' 3b| vpke® al.c&a cal caV] caV] ca] caV] caV] cal caV] ca] c6a] caV] ca] ca

cal caal oRal ¢ c BN EL S HIECH 00 baUY b e B HpQuTT SPE( JobGRAC Mar 1957, < °°)
" 3HHS $UR&' &S - " M ((-)~ytoje [W)]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]calc
a] ca] ca] ca] ca] ca ca)]' c&a] caV] ca]ca] ca]ca]c(a]caV]caV]ca]lca]caV]calca!-){))*k
***-++4B, Q V, , , - h--. " Thus, AVitH dr/ @618 pfafprocdmiackly’¥) am] el sreddpejiclaianéa] cal cal
ca] ca] ca] ca] ca] cal.ca] ca] ca] ca] ca] ca] ca] ca] ca]. c&a] ca].ca].ca] ca] ca] ca]gca] cal ca
]cal 111/ 283Vv3332 @ﬁ)pﬁ@{)ﬁﬂ@@}ﬁ% ghi; the expected thickness required is approximately 85

eal ca] ca] cal cal ATy ok 26 SR AP SURE PR R IRIBUPIERBEE oibo00-
@@5DHHH71 Al LOMN_dISIGP itk T ongl d ittebn b apploxath salycsah (wHea K CRlis af liRH @8] ca] ca]

caj] ca] ca] ca] ca] ca] c, a] ca] ca] ca] c, a] ca] ca] ca] ca] c&a] ca].ca] ca] ca] ca] ca! TgXr Xu
XZ{ 11 1\0\ ] Jeal ?I'!e etct!ant,]and ]appr]ox1ma]tely ]1 nn]1 w1t]n NIJI4OH i]s utilized as tl\e et]chan]t. J

"> weCeekhvhyhk $ : LA
T ca] ca c8a] va] onf ooy RAHEisERA Y LN GaA% BHARMANEE Bl 031 CO LT ok
tttttuueuuDvvyv- wseleattvxty ool ¥ 0z CERGOOH {sfapprdkhnselyd 02V daf £ 26c3d ca] ca] ca]

el SRR

a) cal cal ca] ca] calsainelu Bl AEEsis thekialapbsakenbaalent s abosbeal cal cal
t & dRh/ N} xsni d_Z¥jraT leedfterliva Hi'adiluéibn & apleimhed] ] daidahtakoa)lde] ca] cal ca
I cajcaj caj ca] ca] (s:ia &%&St%ﬁtaéaﬁ%]e%%h?&le%%l;%?Jo‘%ﬁ‘;nig f\a}ighl_gonzzén(%%%g [gr)oéessing

steps widely known to those skilled in the art. Etch rates for HNO,:H,0:HF are

approximately 40 nm/min, suggesting very short exposures, and probably

allowing further dilution for control. (see D.J. Godbey et. al., “Selective

Removal of Si(l -x)Ge(x) from <100> Si using HNO, and HF, J. Electrochem.

Soc., 139(10), 2943, 1992). Spacers 302 can be removed, if necessary, in

accordance with conventional processing steps widely known to those skilled

in the art.

Figures 4A and 4B correspond to Figures.3A and 3B, respectively,

after the etching of active layer 10 and etch stop 202. If necessary, a trim
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@A0%& ()-! @ 10%k& ()-! @ 10%rY& ()- @D 10%& ()-$10%& ()-1010/t$%& 3sr S48S

S10%&' () - %40%B& ( jnask Canlig applied to remove undesired fins 402 in accordance with 0-

10! @, 109%& () - L0%&., ( @AL0Y%& () -s6l | 2r S48210%3&' () - M S109BB& () -9S10

oB& () - 9SS10%& ()W@S&Wga L procsssig tepgmigues widelyknovn ‘@@@%Sk@!eg)m therro% & () -

S0 2 R P bR s

dEM?18 10 10y&10%lfinhgl502 which, as will be readily recognized by those skilled in the art,
10% & ()-1!110% & ()-!10% & () &810% & () - 9%$10% & ()- § $9R& &s&LJEMP18 10
1010% & () - y@.0% &1 he fppugkby ysing the same processing steps as previously described to

for the first channel 204.

Having formed the first 204 and second 502 channel regions, a first
sequence of final processing steps required to complete the dual-gated
transistor 1s described below.

Referring now to Figure 6, channels 204 and 502 of Figure 5 are
shown, as well as an additional channe! 602 that may be used to form another
gate structure. It should thus be understood by those skilled in the art that
substrate 100 may comprise many channels in addition to shown channels
204, 502 and 602. Here, the substrate 100 thus comprises bulk substrate 102,
BOX layer 104, and channels 204, 502 and 602.

Then, in Figure 7, a standard STI fill 702 is provided, which is
preferably a silicon dioxide layer of approximately 300 to 500 nm thick.
However, other suitable materials known to those skilled in the art may also
be used as a sacrificial film. It is preferred that the STI surface be planarized
by polishing,

Figure 8A is a representational cross-sectional cut of section 1-1 of
Figure 11B. Figure 8A is representational because polysilicon conductor (PC)
resist 802 and STI fill 702 are present during (abrication in Figure 8A, but are
not present in corresponding region 114 of Figure 1 1B. After placing the PC
resist mask 802 on a selected regions of STI fill 702, ST fill 702 is
selectively etched relative to pad films 104 and down to the BOX layer 108. It
is preferred, but not required, that the etch also be selective relative to the
BOX layer 108. Pad films 104 are then removed selectively to the STI fill
layer 702 and BOX layer 104. Figures 9A and 10A show that the pad layers
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introduced at this point. These implants would be done using highly angled
implants, preferably in the range of 10 to 45 degrees, with each implant
rotated at approximately 90 degrees relative to each other in order o fully
dope the sidewalls of the diffusion. In order to avoid doping the surface layer
of the diffusions more heavily than the sides, the implantation could be done
before removing the pad films 104 in the exposed areas of PC resist 802.

Figure 8B is a representational cross-sectional cut of section 2-2
shown in Figure 11B. Figure 8B is representational because PC resist mask
802 and STI fill 702 are present during fabrication in Figure 8B, but are not
shown in the region between the source 114, drain 116, and gate 902 in Figure
11B. Figure 8B thus shows the selective placement of PC mask 802 during
fabrication. This can be accomplished using standard pattern lithography
techniques using a PC mask preferably composed of either photoresist or a
hardmask.

Figure 9A shows the substrate of Figure 8A after gate dielectric
growth 904 (e.g., Si0,), and gate conductor 902 deposition. It should be
understood that nitrided oxides, nitride/oxide composites, metal oxides (e.g.,
ALQ,, Zr8i0,, TiO,, Ta,O;, ZrO,, etc.), perovskites (e.g., (Ba, Sr)TiO;, La,0;)
and combinations of the above can also be used as the dielectric. Gate
dielectric growth on each channel 204, 502 and 602 could be standard furnace
or single-wafer chamber oxidations in accordance with conventional methods.
If desired, nitriding species (e.g., N,O, NO or N, implantation) can be
introduced prior to, during, or subsequent to oxidation. Gate dielectric
deposition on each channel 204, 502 and 602 can be accomplished, for

example, through chemical vapor deposition (CVD) or other techniques
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techniques. It should be understood that gate conductors other than
polysilicon can also be used. For example, an SiGe mixture, refractory metals
(e.g., W), metals (e.g., Ir, Al, Ru, Pt), and TiN can be used. In general, any
material that can be polished and that has a high conductivity and reasonable
workfunction can be used in place of polysilicon. After deposition, the gate
902 is polished in accordance with conventional techniques.

Figure 9B shows Figure 8B after removal of the PC resist mask 802.
The STI surface 904 is cleaned in accordance with conventional techniques.

Figures 10A and 10B show exteﬁsion implants to form the MOSFET
device of Figure 9A after removal of STI fill 702. Implantations are done at a
large angle, preferably in the range of 7 to 45 degrees, relative to a vector
perpendicular to the wafer surface. Four implants, each rotated at
approximately 90 degrees relative to each other about the wafer surface
normal vector in order to fully dope the sidewalls of the diffusions uniformly.
The pad oxide layer 102 on top of the diffusions may be utilized to avoid
doping the surface of the diffusions too strongly. In this case, the pad films
104 would be removed after the implantation, but before the final
implantations are done, which would follow the spacer 146 deposition.

Figure 11A shows the device of Fi gure 10A after formation of silicide
layer 1102 in accordance with conventional steps. Also in accordance with
conventional steps, after the gate 902 is formed, spacers 1104 are formed and
the diffusions are annealed, and a layer of highly conformal dielectric fill
1106 is deposited, and then polished to the top of the gate conductor. It is
preferred that dielectric fill 1106 is a nitride layer followed by a doped glass.
Because of the high aspect ratios, fill properties suggest a rapid-thermal CVD

or a self-sputtering deposition using a high-density plasma-enhanced CVD
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Figure 11B shows a top view of the completed device. The source 114
and drain 116 region are formed by implantation. Contacts 1106, 1108, 1110
are added and back end of line (BEOL) processing is done in accordance with
conventional steps.

Referring again to Figure 8A, the second sequence comprises the steps
of removing the pad oxide 102 and pad nitride 104 films. If necessary,
disposable spacers can be formed and the top of the channels 204, 502 and
602, if defective, can be etched. As shown in Figure 9A, gate oxide is then
grown, and the gate 902 is deposited, preferably from among the same
materials described above, and etched to form gates.

While the invention has been described in terms of its preferred
embodiments, those skilled in the art will recognize that the invention can be
practiced with modification within the spirit and scope of the appended

claims.
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1. A method of forming a field effect transistor (FET) transistor, comprising:

providing a substrate;

forming a layer on the substrate, the layer having exposed side surfaces;

forming an expitaxial channel on each of the exposed side surfaces of the layer,
the channel having an exposed first sidewall opposite the layer;

removing a channel on a first side of the layer and then removing the layer,
thereby exposing a second sidewall of the channel formed on the second side of the layer;

forming a second channel in place of said removed channel; and

forming a gate adjacent to at least one of the sidewalls of the channel and the

second channel, there being a gate dielectric between each channel and the gate.

2. A method for forming a double gated field etfect transistor (FET), comprising
the steps of:

forming on a substrate a first and a second epitaxially grown channels, said
channels having side surfaces extending up from the substrate, wherein said second
channel is grown following removal of a central semiconductor region upon which said
first channel was grown;

etching areas within a silicon layer to form a source and a drain, wherein a side
surface of the source and the drain contact opposing end surfaces of the first and second
epitaxially grown channels; and

forming a gate that contacts a top surface and two side surfaces of the first and

second epitaxially grown channels and a top surface of the substrate.

3. The method as recited in claim 2, wherein the forming step comprises the steps
of:

forming first and second semiconductor lines, each end of the semiconductor
lines contacting an end of the source and the drain;

forming an etch stop layer on an exposed side surface of each of the first and
second semiconductor lines;

epitaxially growing first and second semiconductor layers on each etch stop
layer;

etching away the first and second semiconductor lines and the etch stop layers;,
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etching the oxide fill between the gate and the source to expose the first and
second epitaxially grown silicon layers; and
etching the oxide fill between the gate and the drain to expose the first and

second epitaxially grown silicon layers.

5. The method as recited in claim 4, further comprising the step of forming an

oxide on the first and second expitaxially grown silicon layers.
6. The method as recited in claim 5, wherein the oxide is silicon dioxide.

7. The method as recited in claim 2, further comprising the steps of:

implanting a portion of the epitaxially grown silicon layers between the gate and
the source; and

implanting a portion of the epitaxially grown silicon layers between the gate and

the drain.
8. The method as recited in claim 7, wherein the implanting step is in the range of
10 to 45 degrees relative to a vector perpendicular to a top surface of the epitaxially

grown silicon layers.

9. The method as recited in claim 8, wherein the implants are done in a series at

approximately 90 degrees relative to each other.

10. The method as recited in claim 2, further comprising the step of forming a

contact on each of the gate, the source and the drain.

11. The method as recited in claim 2, wherein the gate material is polysilicon.
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removing said central region of said first semiconductor layer, thereby exposing
a second side of said channel;
forming a dielectric layer on exposed surfaces of said semiconductor channel
region; and

forming a gate electrode on said dielectric layer.

13. The method of claim 12, wherein said semiconductor channel region is formed

of a combination of Group IV elements.

14. The method of claim 12, wherein said semiconductor channel region is formed

of an alloy of silicon and a Group IV element.

15. The method of claim 12, wherein said semiconductor channel region is formed
of a material selected from the group consisting of silicon, silicon-germanium, and

silicon-germanium-carbon.

16. The method of claim 15, wherein said step of removing said first semiconductor

layer does not appreciably remove said semiconductor channel region.

17. The method of claim 16, wherein an etch stop is epitaxially grown between said

first semiconductor layer and said semiconductor channel region.

18. The method of claim 12, wherein said gate electrode is formed of a material
selected from the group consisting of polysilicon, silicon-germanium, refractory metals,

Ir, Al, Ru, Pt, and titanium nitride.



