200200221 -0-.1 0 JAN 2001 A METHOD TO FORM VERY gl%-plglglquzle‘n aAL
CHANNEL TRANSI STOR BY SELECTI VE DEPCSI TION OF Si Ge OR I\/ULTIIQJAANLZU@Z VELLS
(MOWs) FIELD OF THE | NVENTI ON:- The present invention relates generally to
formng transistors, and nore specifically to a nmethod of form ng verti cal
channel transistors. 1 BACKGROUND OF THE | NVENTI ON Conventional transistors
are fabricated horizontally. Prior art vertical channel transistors use
epitaxial silicon (epi Si) as the vertical channel. U S. Patent No.
5,757,038 to Tiwari et al. describes a silicon germanium (Si Ge) vertical
channel within a dual gate field effect transistor (FET). U.S. Patent No.
4,740,826 to Chatterjee describes a vertical transistor (Tx) with a
tungsten (W gate and doped epitaxial channel. U S. Patent No. 5,591,318 to
Bl anchard describes a Si Ge channel for a horizontal Tx. U S. Patent No.
5,780,327 to Chu et al. describes a vertical double gate FET with a Wgate
and vertical channel.

A METHOD TO FORM VERY HIGH MOBILITY VERTICAL CHANNEL
TRANSISTOR BY SELECTIVE DEPOSITION OF SiGe OR MULTI-QUANTUM

WELLS (MOQWSs)

LA FIELD OF THE INVENTION

The present invention relates generally to forming transistors, and

more specifically to a method of forming vertical channel transistors.



The "Growth and characterization of strained Sil_xGex multi-quantum well
wavegui de photodetectors on (110) Si for 1.3 and 1.55 m " Bernhard-Hof er et
al., Physica E, Vol. 2, Issue 1 - 4; July 15, 1998, article describes the
grow h of pseudonorphic Sit.,,Ge; nmulti-quantumwell p-i-n photodi odes on
(110) Si by nolecular beamepitaxy. 2 ' r? SUWARY OF THE | NVENTI ON
Accordingly, it is an objecBACKGROUNES QR THEINMVENTION provide a method
of fabricating a vertical channel transistor having a higher carrier
mobility. Another object of the present invention is to provide a nethod
of fabricating a vertical channel Si Ge nulti-quantum well transistor having
i mproved per f or mance. Convantional tramgisters e febricatedherizontal e inienart ¥egtigal
provide a nmethod of fabricating a.vertical .channel t.rangi rr wth a
strained | ayég érlanflgﬁ"f? V3E PAkAIRY oL ’F%f‘?ﬁ}ég aég]il?‘(eer}m%l)%iaﬁ%@y. Ot her
objects will appear hereinafter. It has now been discovered that the above
and ot her objects of the present invention may be acconplished in the
fol | owi ng manner. SpecUf3.cRhlewit Mo. HTBA088I W6t Diwartibett nht dedraitiesga asiliopper
surface is provided. A high doped N )

germanium (SiGe) vertical channel within a dual gate field effect transistor (FET).

U.S. Patent No. 4,740,826 to Chatterjee describes a vertical transistor

(Tx) with a tungsten (W) gate and doped epitaxial channel.

U.S. Patent No. 5,591,318 to Blanchard describes a SiGe channel for a

horizontal Tx.

U.S. Patent No. 5,780,327 to Chu et al. describes a vertical double gate

FET with a W gate and vertical channel.

The "Growth and characterization of strained Si, ,Ge, multi-quantum
well waveguide photodetectors on (110) Si for 1.3 and 1.55 um," Bernhard-Hofer et
al., Physica E, Vol. 2, Issue 1 - 4; July 15, 1998, article describes the growth of
.pseudomorphic Si, Ge, multi-quantum well p-i-n photodiodes on (110) Si by

molecular beam epitaxy.



type | ower epitaxial silicon layer is formed on the senm conductor
substrate. A:l'ow ~doped P-type niddle epitaxial silicon layer is fornmed on
the |l ower epitaxial silicon layer. A high doped N-type upper epitaxial
silicon layer is formed on the mddle epitaxial silicon |ayer. The | ower,
m ddl e, and upper epitaxial silicon layers are etched to forma epitaxial
| ayer stack defined by isol aSUMMARMOREFHEINVENTIQNOXi de (oxide) is

deposited to fill the isolation trenches foll owed by chem cal nechani cal
pl anari zation. The oxide is etched to forma gate trench within one of the
trenches exposing a side of .the epitaxj | ayer stack facing the gate
trench. SiGe nulti- ﬁﬁmw&l??“aﬁ’ jeftoP BFFSERk InKep6 9B o pravide &

ol b1 - quant B ARl P an§=fg‘?%f e A R He S FBR el et motilyer 1 6

formed on the gate dielectric Iayer, filling the gate trench. 4 BRI EF
DESCRI PTI ON OF THE DRAW NGS The features and advantages of the present

invention will be norénotleeabjert ofidie presedt tnvemtioneisftol prowidy adastiodpss on
taken in conjunction with the accorrpan ing draw ngs in which |ike
reference n F%F‘E‘gée‘éﬁrﬁ?ﬁétcba%ﬁ‘%sll@ﬁf ffﬁ*l i-qugpFuss e biransisgtpe heving impegyashs
and portlons n which: Figs. 1 to 6 schematically illustrate in

Cross- sectlgﬁ nP%B‘f‘ésent ation a preferred enbodi nent of the present
i nvention.

A further object of the present invention is to provide a method of
fabricating a vertical charmel transistor with a strained layer super lattice having

improved carrier mobility.

Other objects will appear hereinafter.

It has now been discovered that the above and other objects of the
present invention may be accomplished in the following manner. Specifically, a
semiconductor substrate having an upper surface is provided. A high doped N-
type lower epitaxial silicon layer is formed on the semiconductor substrate. A low
doped P-type middle epitaxial silicon layer is formed on the lower epitaxial silicon
layer. A high doped N-type upper epitaxial silicon layer is formed on the middle
epitaxial silicon layer. The lower, middle, énd upper epitaxial silicon layers are
etched to form a epitaxial layer stack defined by isolation trenches. Silicon dioxide
(oxide) is deposited to fill the isolation trenches followed by chemical mechanical
planarization. The oxide is etched to form a gate trench within one of the trenches

exposing a sidewall of the epitaxial layer stack facing the gate trench. SiGe multi-



5 'DETAI LED DESCRI PTI ON OF THE PREFERRED EMBCDI MENT A si ngl e quant um wel |
refers to a thin {less than about 50A) |ayer of semiconductor with smaller
ener gy band-gap sandw ched in wi der band-gap sem conductor |ayers. In such
a structure, the carrier notion in the smaller energy band-gap

sem conductor is quantified in one direction across the |layer, and carriers
experi ence quarwordivellssire fiadmetbbh dhe akpoged &sitdxdaidtyeristackpsidebhallt icgateef er s
to periodic artificial structures conbining two lattice-m smatched

seni conduct $iekectritalayenis dprmed enthemedddusaim geglls andrwiskia the igatenirensh. A

specified, all structures,. |l.ayer tcC. y,be.fornmed, . or acconplished by
convent i ona$atﬁ§?%%‘6§°§%8%fsif?ﬁ??fﬁd’%ﬁ'fecﬁatgmg.lec&ﬁ? ]I%éie’t' ﬁ‘gmgn@ﬂ%ffng ifically
described is for NMOS transistors, one skilled in the art will readily
understand that by changing the epi (epitaxial) N - P- N+ to P - N=- P,
the sanme nethod/ procedure will give PMOS transistors. Accordingly as
shown in Fig. 1, starting sem conductor substrate 10 is wunderstood to

i ncl ude an upper silicon layer, and may be a silicon substrate. Formation
of Epitaxial Layers Epitaxial layers 12, 14, 16 are fabricated on the
surface of substrate 10 using a suitable technique, such as a nol ecul ar
beam epi taxi al technique, a netal-organic chem cal. vapor deposition or
atom c |l ayer epitaxy, to formvery abrupt transitions



bet ween N and P type doping materials. 6 Lower and upper epitaxial |ayers
t2, 16, respectively, are preferably high doped N-type Si with a doping

| evel preferably of about 1 E t9cm;using either arsenic (As) or
phosphorus (P) as dopants. Lower epitaxial layer 12 is preferably from
about 500 to 10, 000A thick. Upper epitaxial layer 16 is preferably from
about 500 to 10, OOOA t hi BRIEAVDESCRIPDIONXDRTHERDRAWAINIGS preferably | ow
doped P-type Si with a doping level preferably fromabout 1 E 16 to 1 E
"cm' using either boron (B), indium(In), or antinony (Sb) as dopants.
M ddl e epitaxial layer, 1 is ref rably fromabout 300 to 5000A thick.
Dielectric film 18 is[r}f‘SrAf n%}‘ atvaiiages of e prspent Byenton avill bﬁ/mmela.

For mat i on of Tr in @m : re

etched to forear?}?soﬁ&[sfb(s)oﬁis f}gﬁfz fo'ﬁfgjmééleg%ﬁ r?akgnqﬁzgonb‘%nzdo J‘gi ﬁg\%er

epi taxi al | ay@bmpanyRY dExkS 1h%H1chrl%Pef81Qn‘é@'rﬁﬂnéI§}é 8&sigsad smnfa%m an
el ectrical connection,” for xanpl e.. Deposition / Planarization of

Oxi de As shocmrespo:ﬁdmg e&mm&,&ggnnnmﬁndipeft&msramd ihiwhiti24, such as si I i con
di oxi de

Figs. 1 to 6 schematically illustrate in cross-sectional representation a

preferred embodiment of the present invention.



(oxide), is deposited over the structure, filling isolation trenches 20,
22, and is then planarized, preferably by chem cal nechanical polishing
(CWP). 7 Gate Trench Pattern and Etch Planarized oxide |ayer 24 is
patterned and etched to formgate trench 26. Planarized oxide |ayer 24 may
be patterned, forTAED BESOXR OSF T REFERRELP BMBO DEWEROt Or esi st
(not shown) over oxide |layer 24 and epitaxial stack |ayer, then etching
oxi de layer 24 using the patterned photoresist |ayer as a nask. Gate trench
26 is preferably fromabout 500. to_ 10, 000A wide, apnd is nmmre preferably
from about 800 to 3GDEAS a'éa.nt'e;*b‘oﬁlhr%#m@eﬂmﬁw tg‘?“ §P?‘§i5\9§§-1‘1}’§§78? Super
Lattice As_shown.in Pig.. 4, i he | nvantion | i -quantum
wel |'s (I\/Q/@?r,mc(%d?ftroéivgletg-ﬁr%?%g aeé"ggér E%rg%glgées%nggl ar g o‘r”r‘r%eifn%v:ﬁ“f%ﬁa trench
22 adj aceRémidBRdBXBP BHArsS ISV d SrhuR] GRedrBRIthétidrin tha%elaBedénerd, 16.
MMt 28 is preferably fromabout 50 to 2000A wi de, and nore preferably
f rom about b8fdigep seddBAduitdeis qUaniifiaBiname ditachion sedssothe dajtet.i apidecagiiarg | e
quantum wel I's which are ..thin |ayers of sem.conductor w tpa snal | er energy
band- gap SEFBTREIED FHOWHEEPSIORL ROfap 4G KNSt & PEFeIRIce T 1o
al ternat i ng,siyatd gfyRAATGH DAY OABIniSE TWoOR e Rism RN RUSschnilb AR lct&IET 9Y
band-gap sem conductor |ayers may be

" having different energy band-gaps.

Unless otherwise specified, all structures, layers, etc. may be formed
or accomplished by conventional methods known in the prior art. While the
method specifically described i5 for NMOS transistors, one skilled in the art will
readily understand that by changing the epi (epitaxial) N*-P-N* to P*-N - P, the

same method/procedure will give PMOS transistors.

Accordingly as shown in Fig. 1, starting semiconductor substrate 10 is

understood to include an upper silicon layer, and may be a silicon substrate.

Formation of Epitaxial {avers

Epitaxial layers 12, 14, 16 are fabricated on the surface of substrate 10 using a
suitable technique, such as a molecular beam epitaxial technique, a metal-organic
chemical vapor dép_osition or atomic layer epitaxy, to form very-abrupt transitions

between N and P type doping materials.



conprised of SiGe-Si; GaAs-Si; or GaAs-AlGaAs, and is preferably silicon-
germanhium (Si-Ge), i.e. Si/CG/Si/C/Si/CG ... Si/G/Si . Germanium has a
smal | er energy band-gap than silicon, and hence the carriers (electrons and
holes) 8 are confined in the wells (germanium. The carrier nmobility can
be much higher in MMs$ than in single crystal silicon (Si). The present
invention preferably Ubier aad @igehepitdkialCRiyetd (£/18) tdeBectively, Aré GoéfSia
Si/SiG/Si/SiG ... Si/Si Gl Sibqjlg[;/\sp% as ghannel !na%t@gri al }{o i@?rrprm}/)g)r

carrier nobihigh yopei Nes/ISi ficeitisp/doping level preérablyvbabors] Ef tom meingptitherare

preferably sel ectiyel rown, ang. may, be also formed by, nmetal-organig-— "
cheni cal vaﬁffﬁmﬂé%&g‘i E%E)‘?‘?P as fiapapty Z’Pwﬁézﬁﬂfté’b’?i/ laygr ¥mg)preferably oni ¢
| ayer epit ( i ¢ er..l i j I j j - and-—_
G al ter nat g it 500°HS 0 ORA LRUE o0 Ml LRy 86 1 pléeboafi] OB B B0C
are quant umsouashenoeAlhikcoupl ed to adjacent Ge layers. Fornmation of Gate
Dielectric Layer As shown in Fig. 5 gate dielectric layer 30 is then
formed over MMé 28 to a thickness -of about 5 to 100A, and nore preferably

fromabout S to 50A. Gate dielectric layer 30 may be fornmed of a high-k
material and is pref eMisidje epitadal laer 3¢ (is poeferatdxilere dapagof-type Si with a

doping level preferably from about 1 E 16 to 1 E Yem™ using either boron (B),
indium (In), or antimony (Sb) as dopants. Middle epitaxial layer 14 is pfeferably
from about 300 to 50004 thick.

Dielectric film 18 is formed and patterned over upper epitaxial layer
16.

Fgrmatioq of Trenches

As shown in Fig. 2, epitaxial layers 12, 14, 16 are etched to form
isolation trenches 20 and 22. Portion 12' of etched lower epitaxial layer 12 may .

extend into trench 20 which may be used to form an electrical connection, for

example.

Deposition / Planar;'zatig'n of Gate Oxide

As shown in Fig. 3, a layer of dielectric film 24, such as silicon dioxide
(oxide), is deposited over the structure, filling isolation trenches 20, 22, and is then

planarized, preferably by chemical mechanical polishing (CMP).



Formation of Gate Conductor Layer As shown in Fig. 6, planarized gate
conductor layer 32 is formed wthin gate trench 26 and filling gate trench
26. Gate conductor |ayer 32 may be conprised of Al, Ti, or TiN and is
preferably conprised of polysilicon (poly), 9 tungsten (W, or titanium
(Ti). Gate conductor layer 32 is preferably planarized by CMP. Contacts to
the gate el ectrode 32 and source/drain (top alnd bo';]tgm N:I_hftype ep: t;in a![h
Si, for exa f£.0r conventi onal methods. I's conpl etes the
formation op@faqﬁée-rf/%)réhf }?’Eg%ﬂ%ﬁﬁﬁ% transistor 34. Advantages of the Present
I nvention The advantages of the present invention include: 1) carrier

mobi lity is much higher in the MM than in single crystal silicon; 2)
transi stor perfor mancePiasasizasy exidellaygr 2his patternsfl andetSiedCe /fSint @ateSidnch

- : i/ Si.Gel.Si{Si.Ge.. . . .Si/SiGelS . and 3) .t 1stof
prormance 2 TR e a0 T i ARl B

Wi | e parti cuaaterisib:oRBES(nBE sHdwah) R E5&Hde lahEAldd YAl H88Maver, th
illustrated ?nde(rjescri bed, i(t iz not) [ ntend%gpto I 'nm' the 1| nveﬁ |ron,en

except as defsteldng okigetdpeer R6 Lbiogitingpatteamatbphotoresist layer as a mask.

Gate trench 26 is preferably from about 500.to 10,000A wide, and is
more preferably from about 800 to 3000A wide.

rowth of SiGe, MOW, or Strained-Laver Super Latti

As shown in Fig. 4, in a key step of the invention, multi-quantum
wells (MQWs), or strained-layer super lattice, 28 are formed within trench 22
adjacent the exposed sidewalls of etched epitaxial layers 12, 14, 16. MQWs 28 is

preferably from about 50 to 2000A wide, and more preferably from about 80 to
1000A wide. '

MQWs 28 are comprised of multiple single quantum wells which are
thin layers of semiconductor with smaller energy band-gap sandwiched in wider
band-gap semiconductor layers. These alternating smaller energy band-gap
semiconductor layers / wider cnergy band-gap semiconductor layers may be
compriséd of SiGe-5i; GaAs-Si; or GaAs-AlGaAs, and is preferably silicon-
germanium (Si-Ge), i.e. 8i/Ge/Si/Ge/Si/Ge ... 5i/Ge/Si. Germanium has a

smaller energy band-gap than silicon, and hence the carriers (electrons and holes)



10! 111 171 111 111111 11 | 1 M 1111111111 CLAIMS " W claim 1. A
mét hod of fabricating a vertical channel transistor, conprising the steps
of: a) providing a sem conductor substrate having an upper surface; b)
formng a high doped N-type |lower epitaxial silicon |ayer on said _

sem conductor substrate; c) formng a | ow doped P-type m ddl e epitaxial

si licon | ayekareadonSiaed ih eeivells IP%etrﬁ?éhﬁ.{m)S | Thé:&@rlélabh%fnliég l)C%Ifl 86 1 G l‘ﬁéﬁérgig

doped N-type upper epitaxial icon |ayer on said epitaxidl
silicon | ayeMQWjs thar hi sigglearrybtaleilioon (81)ddl e, and upper epitaxial silicon
layers to forma epitaxial |layer stack defined by isolation trenches; f)
formng oxide within sai d isolation trenches; g) etching said oxide to form

i t hi d h f id
oo i al layer st ak T PlesaRinybh AT BRGerBAP BRlOR S d ey $‘9§62§‘|t/@ﬁ
wells or a st r@l/'@é’/‘ﬂl%f%l/ﬁ@@@l)%ﬁ' C &3 98 Rt M@W%O%EQS SRR R e iRV &

stack sidewall;
improve carrier mobility.

Si/Ge/Si/Ge/Si/Ge ... Si/Ge/Si MQWSs 28, for example, are
preferably selectively grown, and may be also formed by metal-organic chemical
vapor deposition (MOCVD), molecular beam epitaxy (MBE), or atomic layer
epitaxy (ALE). Strained-layer super lattice with ultra-thin Si and Ge alternating
layers may also be used where the carriers in the Ge layers are quantum

mechanically coupled to adjacent Ge layers.

Formation of Gate Dielectric Layer |

As shown in Fig. 5, gate dielectric layer 30 is then formed over MQWs
28 to a thickness of about 5 to 1004, and more preferably from about 8 to S0A. Gate
dielectricllayer 30 may be formed of a high-k material and is preferably formed of

silicon dioxide (SiO,).

Formation of Gate Conductor Layer

As shown in Fig. 6, planarized gate conductor layer 32 is formed
within gate trench 26 and filling gate trench 26. Gate conductor layer 32 may be

comprised of Al, Ti, or TiN, and is preferably comprised of polysilicon (poly),



i) forming a gate dielectric layer on said multi-quantumwells or said
strai hed | ayer super lattice and within said gate trench; and j) formng a
gate conductor layer on said gate dielectric layer, filling said gate
trench. 2. The nethod of claim11, wherein said high doped N-type | ower and
upper epitaxial silicon |ayers have a doping |evel of about 1 E 19 cni',
and sai d m dggeten (WY, oftikarliurO(iy] CReslcdhducrst 18V &ici2es pbleradippldriyRed bgs a
doping level of fromabout 1 E 16 to 1E17cmi . 3. The nethod of claim1,

wherei n sai @M.t ype | ower and upper epitaxial silicon layers—are doped .. .. —"

wi th dopants selected fromthe group conprising As and P; and said P-type
m ddl e epitaxial silicon |layer is doped with dopants selected from the

aroup compri sing B I6n g0 St e G IELDE£Lo 6L, (UGS SA.

| ower, m ddl e and upper €pi i con Yers u °2 ‘et hod

sel ected fr o/peld}oalia@op fGQRaIrPId)HaPbe Borml¥Rl 1 bndEn iSRRI al techni que
(MBE); a me'??l -é(?r?aar?i c chem ggj}l )va?)}gre dreposi tion r(ll\/DCVD), and atom c | ayer

epitaxy (ALE). 5. The nmethod of claim1l, wherein said |ower epitaxial |ayer

is fromabout 500 to_10,000A thick, said mddle epitaxial layer is from
about 300 to 5000A t hitdk completes the formation of the vertical channel transistor 34.

Advantages of the Present Invention

The advantages of the present invention include:
1) carrier mobility is much higher in the MQWs than in single crystal silicon;
2) transistor performance is improved by the use of the Si/Ge/Si/Ge/Si/Ge
...51/Ge/Sior Si/SiGe/Si/SiGe ... Si/SiGe/Si MQWs; and
3) transistor performance is improved by the use of a strained-layer super

lattice.
While particular embodiments of the present invention have been

illustrated and described, it is not intended to limit the invention, except as defined

by the following claims.

10



sai d upper epitaxial layer is fromabout 500 to 10, 000A thick. 6. The

met hod of claim1, further including a patterned dielectric filmon said

| ower, m ddle, and upper epitaxial silicon layers. 7. The nmethod of claim
1, wherein said gate trench is from about 500 to 10, 000 ete- The

W
met hod of claim11, wherein said nmulti-quantumwells or ' tned- | ayer
super lattice are conprised of alternating |ayers of a jﬂ”"ﬁ/@iﬂ]ﬁ&'wﬂl
selected fromthe group conprising SiGe-Si, GAs-Si, A GAs- rall

Si-Ge. 12 1111111 112222 11ELL 1l CLAIMS* C L M 9. The nethod of claim
1, wherein said nmulti-quantumwells or said strained- |ayer super l|attice
are conprisees2 Bt ernating layers of: Si and Ge; or SiGe and Si. 10. The
met hod of claim 1, wherein said multi-quantumwells or said strained- |ayer
. super lattice are each fromabout 50 to 10, 000A wi de. 11. The met hod of

claim1, whetein gadho@uibt fabﬁH&MgJéf\rEﬁichlsclﬁhn&&fﬁs&&aé&ﬁﬁﬂsih% Ré SISPPSF:
| attice are each selectively grown. 12.. The nethod of claim1I, whefein

sai d nmul ti - quant whpaevidingra semicondtctar sudstrateshpsingapeppérahirface; are each
formed by metal - Or)g?cgimcinghae reriigl'?ldo\gaae%O{\I-?yeppeolsci;v:[rtiarogpitéxmi[l)mbn layer on said
semiconductor substrate;
c) forming a low doped P-type middle epitaxial silicon layer on said lower
epitaxial silicon layer;
d) forming a high doped N-type upper epitaxial silicon layer on said middle
epitaxial sﬂicon layer;
e) etching said lower, middle, and upper epitaxial silicon layers to form a
' epitaxial layer stack defined by isolation trenches;
f) forming oxide within said isolation trenches;
g) etching said oxide to form a gate trench within one of said trenches
exposing a sidewall of said epitaxial layer stack facing said gate trench;
h) forming multi-quantum wells or a strained-layer super lattice on said
exposed epitaxial layer stack sidewall;
i) forming a gate dielectric layer on said multi-quantum wells or said
strained layer super lattice and within said gate trench; and |
j) forming a gate conductor layer on said gate dielectric layer, filling said gate

trench.

2. The method of claim 1, wherein said high doped N-type lower and upper

epitaxial silicon layers have a doping level of about 1 E 19 cm™, and said middle

11



13. The nethod of Wd mul ti-quantumwells or said

strai ned- |ayer s'u’peﬂ“‘n “\l\m Hl‘ h formed by nol ecul ar beam epit axy
(MBE) or atomic lay A\ A 14. The method of claim1l, wherein

said gate dielectric fayer is fromabout 5 to 10A thick, and said gate
conductor |ayer is fromabout 1000 to 10,000A thick and is fornmed froma

mat eri al selleot ésbdd Pitypdmiddle wpitariab layet has a)f:loFHingairélidfcifbmtabaasl €ns toand
titanium 15. A method of fabricating a vertical channel transistor,

conprising thB1Ze@Ys of: a) providing a seniconductor substrate having an
upper surface; 13 20113 1LEEErr et 20 110 11l L Sb) formng a high
doped N-type | ower epitaxial silicon layer on said sem conductor .

substrate; said h e.l eIt aXr ¢ i L ing a
dopi ng- | ovelSor anSuptRRE! of B 1 MR SN A S loh E0any Wier KU

epi taxi al  sidili@alés Qe @Bp&PWith QWMRRts RRictePrétn thé ki drRY&Sing 28! hdl W
doped P-type mddle epitaxial silicon |ayer having a opi ng |l evel of from
about 1 E l6andsdidP-typeaniddle dpitddaldilicpralaemis dipeddvyith tdppentssplectedpiroraxi al
silicon layer on said mddle _epitaxial silicon layer; said high doped
N-type upper (B8R FOPERINgdd hv adetd- havi ng a

4, The method of claim 1, wherein said lower, middle and upper epitaxial
silicon layers are formed using a method selected from the group consisting of a
molecular beam epitaxial technique (MBE); a metal-organic chemical vapor

deposition (MOCVD), and atomic layer epitaxy (ALE).

5. The method of claim 1, wherein said lower epitaxial layer is from about 500
to 10,0004 thick, said middle epitaxial layer is from about 300 to 50004 thick; and
said upper epitaxial layer is from about 500 to 10,000A thick.

6. The method of claim 1, further.inc'luding a patterned dielectric film on said

lower, middle, and upper epitaxial silicon layers.

7. The method of claim 1, wherein said gate trench is from about 500 to 10,0004

wide.

8. The method of claim 1, wherein said multi-quantum wells or said strained-
layer super lattice are comprised of alternating layers of a pair of materials selected

from the group comprising SiGe-Si, GaAs-Si, AlGaAs-GaAs, and Si-Ge.

12



dopi rig | evel of about 1E 19 cm'; e) etching said | ower, mddle, and upper
epi taxial sil i_can_J_ayer——t—oﬂTﬁ’a epi taxi al | ayer stack defined by

i solation trenc |de within said isolation trenches; Q)
etching said ox[@i\!“i\m trench wi thin one of said isolation
trenches exposi ewal ['s of* said epitaxial layer stack facing said gate
trench; h) formng Si-Ge multi-quantumwells or stained-|layer super lattice

on said exposed epitaxial |ayer stack sidewall; i) formng a gate
dielectric I%yer The methadmfidaimglambersinwaid smdti-gringumswellnedsdid periredper

lattice and within s gate tren formng a gate conductor | ayer
on sai d gat d2¥fTSUBET Ffécelaé?/é?mPPF‘FClq?fr?gt%%%tH‘&gléY%rsO?r%ﬁﬁﬂ Gej gr Sifteaangeiinod of

claim 15, wherein said Ntype |ower and upper epitaxial silicon |ayers are
doped with dopants selected fromthe group conprising As and P; and said -

P-type ni ddl g, epithXhaihodi dfi damh iaysérelﬁsﬂamtmqﬁﬁtaﬂp@eﬂsﬁoﬁ@Alec‘sh%ﬂqefdt om
the -group conprising B, In, and Sb. 14 C

L s 17. The lageﬂwqbenfatMeearaﬁadhfrmabeuhS&wtDO(IMew;dem ddI e and upper
epi t axi al

11.  The method of claim 1, wherein said multi-quantum wells or said strained-

layer super lattice are each selectively grown.

12. The method of claim 1, wherein said multi-quantum wells or said strained-
layer super lattice are each formed by metal-organic chemical vapor deposition

(MOCVD;.

13.  The method of claim 1, wherein said multi-quantum wells or said strained-
iayer super lattice are each formed by molecular beam epitaxy (MBE) or atomic

layer epitaxy (ALE).

14. The method of claim 1, wherein said gate dielectric layer is from about 5 to
10A thick, and said gate conductor layer is from about 1000 to 10,000A thick and is

formed from a material selected from the group consisting of polysilicon, tungsten,

" and titanium.

15. A method of fabricating a vertical channel transistor, comprising the steps of:

a) providing a semiconductor substrate having an upper surface;
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metal - organic “ osition (MXCVD), or atomic |layer epitaxy
(ALE) . 18. The wherein said | ower epitaxial layer is
fromabout 500 to 10, OOOA thick, said mddle epitaxial layer is from about
300 to 5000A thick; and said upper epitaxial layer is fromabout 500 to

10, O00A t hi ck. h 0 | | Yel] a

dielectric film %?1 f;sggk?ld{mta ﬁ%h Enf!e% Imt}é Jgt%ge lglf)(lg]a?aé}ﬁg‘f}g lg)ﬁqc%%e{ ayers.
20. The met heshi@dnductbrsibistratbiesaed righidbpedt B-fypenielver Sepifagial afiidttn BYRrt 0
10, O00A wi de. 21. The nethod of claim 15, wherein said nmulti-quantumwells

or said strmmatgadag@glswgfabmtth&@ané each from about 50 to 10, 000A

wi de. 22. The neth of claim@15, erein said mlti-g tumwells or said
strai ned- |ayer §h§§mlngtatli°@@da%d ﬁgﬁﬁe%‘ﬁé@t RiEAAL il iR, layer oy sRidd8RBd of

claim 15, hgreliy Sl I QBN SR 5o Ol 8L LoRELE ARG LONSLTAPE"

silicon layers are forn‘i Bjﬂﬂ!&g nmol ecul ar beam epi taxi al techni que (MBE),

orned anl C em Ca apor

(MOCVD) . 15 ks M@ﬂ&%kb&&&ﬂghg%i@@l&nﬁ L MS 24 The method of claim

15, wherein said multi-quantumwells or said strained-
d) forming a high doped N-type upper epitaxial silicon layer on said middle

epitaxial silicon layer; said high doped N-type upper epitaxial silicon layer having a
doping level of about 1E 19 em™;

e) etching said lower, middle, and upper epitaxial silicon layers to form a

 epitaxial layer stack defined by isolation trenches;

f) forming oxide within said isolation trenches;

g) etching said oxide to form a gate trench within one of said isolation
trenches exposing a sidewall of said epitaxial layer stack facing said gate trench-

h) forming Si-Ge multi-quantum wells or stained-layer super lattice on said
exposed epitaxial layer stack sidewall;

i) forming a gate dielectric layer on said multi-quantum wells or said

' stained-layer super lattice and within said gate trench; and
j) forming a gate conductor layer on said gate dielectric layer, filling said gate

trench.

16.  The method of claim 15, wherein said N-type lower and upper epitaxial
silicon layers are doped with dopants selected from the group comprising As and P;
and said P-type middle epitaxial silicon layer is doped with dopants selected from

the group comprising B, In, and Sb.
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| ayer super lattice are e ] nmol ecul ar beam epi taxy (MBE) or
atomtc |ayer epi taxy““ﬂi?&ﬂ\ﬂﬁgﬂ@m%t hod of claim 15, wherein said gate
dielectric layer is f wo 50 =»100A thick, and said gate conductor
| ayer is from about 1000 to 10,000A thick and is fornmed froma materi al
selected fromthe group consisting of polysilicon, tungsten, and titanium

26. A nethod7of flakretiodngt elakrris) edlersiRanne lowen isidsi® and agifwri dpitagial he
steps of: a) providing a sem conductor substrate having an upper surface;
b) formi ng silioghayerpete fermedeusing\e maedulandieam spitaxialrie¢hmique GviBEhimktal-

sem conductor supsirate; said, high doped N-type |lower epitaxial_silicon
| ayer havi Ry8aIGGREREl BRRAT dsposifenIMOGVR Oéﬁfqm§d?ﬁfﬁpft91ﬁ3é?$lo€kr
epitaxial silicon. layer being doped with dopants selected fromthe group
conprising As and P; c) formng a | ow doped P-type niddle epitaxial silicon
llayer on saifg | oWele mERbHFIcRimSIS, M@Peih@é(i@lrl'ow%?bﬁiitiﬁéﬂ lgg&e@ fliord ¥Rksuesoddl e
d | of about 1 E olE

epitaxial silicon |layer having a opi ng level of" from 16 t

17 cm 3; ai doP00004. thiclgsaid-mpidiexpithxisl layens frompboubstng $NOPAdthidks hnd
dopants sel ected fromthe _ group conprising B, In, ,and Sb; d) form ng a high
doped N-typesaighpepergaitaxial layesis fwré@rabpay@% torl0HR0H thicidl e epi t axi al
silicon layer; said high doped N-type upper epitaxial silicon |ayer having
a doping |level of about 1E 19 cnml; said N-type upper epitaxial silicon

:Dgyer bei ng jglopefhnbthddoaiith 55 !ieRh&inthATRd D paBEAtR HOMEPEISEIRYoASANd

lower, middle, and upper epitaxial silicon layers.

20. The method of claim 15, wherein said gate trench is from about 500 to

10,0004 wide.

21.  The method of claim 15, wherein said multi-quantum wells or said strained-

layer super lattice are each from about 50 to 10,000A wide.

22.  The method of claim 15, wherein said multi-quantum wells or said strained-

layer super lattice are each selectively grown.
23.  The method of claim 15, wherein said multi-quantum wells or said strained-

layer super lattice are each formed by metal-organic chemical vapor deposition

(MOCVD).
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e) etching said lower, mddle, and upper epitaxial silicon layers to forma
epi taxi al | ayer stack defined by isolation trHMIHﬂIM"“"IH m g OXIde
within said isolation trenches; 16 Ils [11"! [ 11

etching said oxide to forma gate trench wi thih one ‘of "safd Tsol atlon

trenches exposing a sidewal| of said epitaxial layer stack facing said gate

trench; h) faarnm Me Shetfed 8 klaima3pnthereineaidsmalti-gugithai wells bAyAH stdiRfRH-
lattice on said exposed epitaxial |layer stack sidewall; i) form ng a gate
di el ectric |layersuper daitide aué eachy trmeadhbyvehdlecudar bedrd epsﬂavcw(hﬁiﬁ)l @ya&omsaper

| attice and within said gate trench; and j) form ng a gate conductor |ayer
on said gat éamrélpétéﬂ%u%ayer, filling said gate trench. 27. The nmethod of
claim 26, wherein said | ower, mddle and upper epitaxial silicon |ayers
are formed using a nethod selected fromthe group consisting of a

mol ecul ar besm epitedbibd gt HMnIE WidRbh safd SHE ahélétftﬂé‘[Hy%r EeFCAHouY RO
deposi tion (MOCVD), and atomc | 'ayer epitaxy® (ALE). 28. ‘The method of claim

26, wherein maActhicﬂxvvemd eqititgard @nduayeilayes i from aaiammoma 101000 AChQRQAdLkI ck,
said mddle epitaxial layer is fromabout 300 to 5000A thick; and
formed from a material selected from the group consisting of polysilicon, tungsten,

and titandum.

26. A method of fabricating a vertical channel transistor, comprising the steps of:

a) providing a semiconductor substrate having an upper surface;

b) forming a high doped N-type lower epitaxial silicon layer on said
semiconductor substrate; said high doped N-type lower epitaxial silicon layer
having a doping level of about 1 E 19 ecm*; said N-type lower epitaxial silicon layer
being doped with dopants selected from the group comprising As and P;

c) forming a low doped P-type middle epitaxial silicon layer on $aid lower
epitaxial silicon layer; said low doped P-type middle epitaxial silicon layer having a
doping level of from about 1 E 16 to 1 E 17 cm™; aid P-type middle.epitaxial silicon
layer being doped with dopants selected from the group com;;rising B, In, and Sb;

d) fbrming a high doped N-type upper epitaxial silicon layer on said middle
epitaxial silicon layer; said high doped N-type upper epitaxial silicon layer having a
doping level of about 1E 19 cm?; said N-type upper epitaxial silicon layer being
doped with dopants selected from the group comprising As and P;

e) etching said lower, middle, and upper epitaxial silicon layers to form a
epitaxial layer stack defined by isolation trenches; '

f) forming oxide within said isolation trenches;
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sai d uppef epitaxial layer is fromabout 500 to 10, COOA thick—29. The

met hod of claim 26, further including a patteUWﬂ'ﬁMl ' ilmon said -
| ower, mddle, and upper epitaxial silicon |la lmmm ,’lod of claim
26, wherein said gate trench is from about 500 to€ 16, 0904 w+de. 31. The

met hod of claim 26, wherein said nulti-quantumwells or said stained- |ayer

super lattice ar g)eadiingrsaid akidd tdGorind algateObénoly dithid ondldfldaid isMAGdM [ 1 J|
11111 11 i1l * CL S 32. T he nethod of claim26, wherein said
mul ti - quant umenebies expasinga sidewall oé spid |epitaxiablaper stack fating saidegagebirnch;

sel ectively grown. .33. The pethod of claim 26, wherein said nulti-quantum
well's or said st hfeermf}gaglégggn%vqmtm&ve P OT SR FRINEHTAYET 1SYPST hatlsroqn

sel ected from . LStJ tal -organi ¢ chem cal vapor
deposi tion (%nggggltggganhz&l%%Cgrs(%&é%i lggy (ALE). 34. The met hod of

claim26, wherei rl% F:@irﬂi.r[%btg'atgtbﬁme@fﬁd’\@dy‘ei o gl chudtiahaedoml QB SURAH
| attice are each tormed by hol ecul ar beam epitaxy (MBE). 35. The nethod of

claim 26, wheraned-kgyersyzrdatticebrd tvithin baidegate weriadhpamdbout 5 to 10A t hi ck,

and said gate conductor layer is fromabout 1000 to 10,000A thick and is
j) forming a gate conductor layer on said gate dielectric layer, filling said gate

“trench.

27.  The method of claim 26, wherein said lower, middle and upper epitaxial
silicon layers are formed using a method selected from the group consisting of a
molecular beam epitaxial technique (MBE); a metal-organic chemical vapor

deposition (MOCVD), and atomic layer epitaxy (ALE).

28.  The method of claim 26, wherein said lower epitaxial layer is from about 500
to 10,0004 thick, said middle epitaxial léyer is from about 300 to S000A thick; and
said upper epitaxial layer is from about 500 to 10,000A thick.

29.  The method of claim 26, further including a patterned dielectric film on said

lower, middle, and upper epitaxial silicon layers.

30. The method of claim 26, wherein said gate trench is from about 500 to

10,000A wide.

31.  The method of claim 26, wherein said multi-quantum wells or said stained-

layer super lattice are each from about 50 to 10,0004 wide.
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formed froma material selected fromthe group consisting fsilicon,

rnosten.and fitantum 2 Jp IIIII III|I [ il

32.  The method of claim 26, wherein said multi-quantum wells or said stained-

layer super lattice are each selectively grown.

33.  The method of claim 26, wherein said multi-quantum wells or said stained-
layer super lattice are each formed by a method selected from the group consisting

of a metal-organic chemical vapor deposition (MOCVD), and atomic layer epitaxy

(ALE).

34. The method of claim 26, wherein said multi-quantum wells or said stained-

layer super lattice are each formed by molecular beam epitaxy (MBE).

35.  The method of claim 26, wherein said gate dielectric layer is from about 5 to
10A thick, and said gate conductor layer is from about 1000 to 10,000A thick and is

formed from a material selected from the group consisting of polysilicon, tungsten,

and titanium.
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