- 18JUN2 METHOD TO FORM VERY HI GH MOBI LI TY VERTI CAL CHANNEL TRANSI STOR BY
SELECTI VE DEPOSI TION OF Si Ge OR MULTI - QUANTUM WVELLS ( MOW) FI ELB JbM 208

| NVENTI ON The present -invention relates generally to formng transistors,
and  nore specifically to a nethod of form ng vertical channel transistors.
1 ~8JUN BACKGROUND CF 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 (SiCGe) 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.

" METHOD TO FORM VERY HIGH MOBILITY VERTICAL CHANNEL

TRANSISTOR BY SELECTIVE DEPOSITION OF SiGe OR MULTI-QUANTUM
WELLS (MOQWs)

EIELD OF THE INVENTION

The present invention relates generally to forming transistors, and

more specifically to a method of forming vertical channel transistors.




- The "Growt h and characterization of strained Si1l-xGex mnulti-quantum well

* wavegui de phot odetectors on (110) Si for 1.3 and 1.55 pm" Ber-%rﬁNWr
et. al., Physica E, Vol. 2, Issue 1 - 4; July 15, 1998, article" describes
the grom h of pseudonorphic Sil-xGex nmulti-quantumwell p-i-n photodi odes
on (110) Si .by nolecular beamepitaxy. 2 2 ~8JUN SUMVARY OF THE | NVENTI ON
Accordingly, it is an object of the present invention to provide a nethod
of fabricating a verticaBaghagrelUNROF HPINNENTEN hi gher carrier .
nmobility. Another object of the present invention is to provide a nethod
of fabricating a vertical channel SiGe nulti-quantumwell transistor having
i nproved performance. A further object of the present _invention is to
provi de a nethod of COFEBHPRaAL rapigotrereifRbufcatadapprarontaliph diriarart vgrtipala

strained lLayer super lattice hayi. ' ved carrier, mobility. O her

obj ects w %n%?bg% PORET A P ER Slﬂgorhtfg’? %13\%15 géeevneré‘fagég?/%l?eé‘d that the above
and ot her objects of the present invention may be acconplished in the
foll owi ng manner. Specifically, a

U.S. Patent No. 5,757,038 to Tiwari et al. describes a silicon

germanium (5iGe) 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.5. 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 3i,,Ge, multi-quantum well p-i-n photodiodes on (110) Si by

molecular beam epitaxy.




sem conduct or substrate having an upper surface is provided. A high doped
"N type lower epitaxial silicon layer is fornmed on the senicondgﬁkﬂh!
substrate- ‘A lew doped P-type mddle epitaxial silicon |ayer iS formed on
the lower epitaxial silicon layer. A high doped N-type upper epitaxial
silicon layer is formed on the mddle epitaxial silicon layer. The |ower,
m ddl e, and ‘upper epitaxial silicon |ayers are etched to forma epitaxial
layer stack defined by is di oxide (oxide) is
deposited to fill the isolation trenches foll owed by chem cal nechanica

pl anari zation. The oxide is etched to forma gate trench within one of the
trenches exposing Si i, .of the _epi ial_ layer stack facing the gate
trench. i Ge mal v ERHIBAR by e BEFELE B Pross R hBE 5 Bf % fpasad
epi t axi almdAYgbf Bbaek:Sd 8o¥alchl crAndalardisehatlilLa hBNEF cdrsief RloMRHAyON the
nmul ti-quantumwel|'s and’within the gate trench. ‘A gate conductor’|ayer is
formed on the gate dielectric layer, filling the gate trench. 4 A 8 JUN
2(~5 BRI EF DESCRI PTI ON OF THE DRAW NGS The features and advantages of the

present invention WPthaseobirst ©f the @aptept imgavvnosdofpronidha methoswring
descri pt
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performance.

A further object of the present invention is to provide a method of
fabricating a vertical channel 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, and 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. Thé oxide is etched to form a gate trench within one of the trenches

exposing a sidewail of the epitaxial layer stack facing the gate trench. 5iGe multi-




correspondi ng el ements, regions and portions and in which: Figs. l to 6

"schematically illustrate in cross-sectional representation a pTgkﬁg£g$%E

enbodi nent of the present invention. 5 18JUN DETAILED DESCRI PT

PREFERRED ENMBODI MENT A single quantumwell refers to a thin (less than
about 50A) l-ayer of sem conductor with smaller energy band-gap sandw ched
in wder band-gap sem conductor layers. In such a structure, the carrier
not i on i guatters mells ere doenep) ondha dxgagecsemiadndurtrotadkssigaantli fi galei n one

direction, across the | ayer, and carriers experience .a two-di nensional
‘moti on aﬁt?ififr“’t“hgwﬁ%\?eff’%’%%i 93;55?111 frqueatymimgls apg w Pit%aﬁatearf%ricﬁi &l

structur C i ni i ce-m - : ] [ I Vi ng

G 1 or ent ision gy E Ryl sofhlq SRR SPHIER SRR AR ST, Ly es.

| ayers, etc. nmay be fornmed or acconplished by conventional nethods known
in the prior art. Wile the nethod specifically 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 include an upper
silicon layer, and nmay 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 ag YN 25
nol ecul ar beam epi taxi al technique, a netal-organic chemcal v Bor '
deposition or atomic |layer epitaxy, to formvery abrupt transitions
between N and P type doping materials. 6 Is JUN 2~5 Lower and upper
epitaxial |ayers 12, 16, respectively, are preferably high doped N-type Si
with a doping | evel pr#&RIEEIDESORIBH@N JF EIEADRANSINGSEI t her  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 10,00% %hick. Mddd e epita igl Ia%er 14 is preferably | ow
doped P-type Si with &'S3HG5F AGY G Fea O thp Rresens Mygsdion wilkbegneis 1 E
"cm usin 'tj,h&q il fAG) _or_antimny (.Sh)..as d nts.
M ddl e epig:%e%;li al %ég%real%&%sthgrfg %&g&ﬁ( !;:}QS)CHP glr%ng %%J 1%%%"(}%182%6’,&8{) “ck.

Di el ectri @cmmmdﬁngsdrfawﬁ%d iraRehipiatflerRedeQehuMRAl RRigkaxd dnilAygr  16.
Formati on of Trenches As shown in Fig. 2, epitaxial layers 12, 14, 16 are
et ched t o cpyEpponding elements, regions and portions and in which:

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

preferred embodiment of the present invention.




~isolation trenches 20 and 22. Portion 12' of etched |ower epitaxial |ayer
12 may. extend into trench 20 which may be used to form an el eefgiﬁ%lsm]
connection, for exanple. Deposition / Planarization of Gate Oxlde 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 pl anari . ZBETAGE BDEPBHCRIDN OO FiITGHE PREEFRRESA MBI S (CwP). 7 18
JUN 2 Gate Trench Pattern and Etch Pl anarized oxi de is patterned
and etched to formgate trench 26. Planarized oxide |ayer 24 may be
patterned, for exa J,ig&le% fﬁrm' n%ta | ayer of patterned photoresist (not
shown) over oxide [ayes U2BHE" &t BiErate sthupklepatfen, abohemAdhphidig oxi de
| ayer 24 ushipghdheopatite phol i.st_|ayer, as. a mask. Gate trench 26 is
preferably from about 50%1%?%‘311%1?%%%%\%&%0{@‘? %l‘-"r?&]m%hedrrb‘? &vigeeparddshy from
about 8005erEcBBOG ik yies. IGrsoulh h serticSenMMheOh o854, 3l Reds Layer Super
Lattice sdhown~ in Ficﬁ{é 4, in a key step of the invention, it B quant um
wel |'s (N%S@ TBBT S AN I a e tdigper onadirtction ag@sarte lhpiad Miriisn trench
22 ' i [ || s. of itaxial layers 12, 14, 16.
agJBaiC?JHenEH@e & )%%Siﬁgném%?\\é@mo%og algrggc rtl?edla?/gr.tﬁ suger laatt)gcee fefcr:s,to 1

periodic artificial structures combining two lattice-mismatched semiconductors

having different energy band-gaps. .

Unless otherwise specified, all structures, layers, etc. may be {ormed
or accomplished by conventional methods known in the prior art. While the
method specifically 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

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 Layers

Epitaxial laye?rs 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 deposition or atomic layer epitaxy, to form very abrupt transitions

bgtween N and P type doping materials.




preferably fromabout 50 to 2000A wi de, and nore preferably from. about 80
to 1000A wide. MM 28 are conprised of nultiple single quant ug v‘xﬁmm
which are thin layers of sem conductor with snaller energy band-gap
- sandwi ched i.n wi der band-gap sem conductor |ayers. These alternating
smal | er ener.gy band-gap sem conductor |ayers / w der energy band-gap
sem conductor | ayers may be conprised of SiGe-Si; GaAs-Si; or (RAAs-Al GaAs,
and is preferably shéweomd gepamepitaniflShy&)12, i6,&espdictiCol ShicGaeRIrAGH - - -
Si/GelSi. Germaniumhas a snaller energy band-gap than Silicon, and hence
the carri &% ¢ePEchriyng Sandihoreryg level pagiondly af ebauifl Ked aging bicharel | s
(germani u T rrier_obill an be ch higher in MM than in
singl e cr%siegfch@ﬁ%i Co O(S%l?SI.us'ﬁhLXspﬁggW' ﬁ‘ﬁ‘/"éﬁﬁl 1 dar e oy Pisterpblyes
~either Sik ' i A th S/ L o0 S/ i/ S qe ¢ S [ SI Gel Si
M 28 asﬁ?[ﬁg%én‘gegfﬁﬁato oPi00pa; g sk e Bk 15y S P Py fral) N S o
Si / Geb® tMDMO02Bthidlor exanpl e, are preferably selectively grown, and
may be al so fornmed by netal -organic chem cal vapor deposition (MOCVD),

nol ecul ar beam epitaxy (MBE), or atomic |ayer epitaxy (ALE).

rai ned- | r Lattice with ultra-thin Si and Ge alternatin
Strained-laye SUpeﬂ/hdglte elp%tax\llgltlayel% 14 is preferably low doped P-type Si wi%h a

doping level preferably from about 1 E 16 to 1 E "em® using either boron (B),

indium (In), or antimony (Sb) as dopants. Middle epitaxial layer 14 is preferably
from about 300 to 50004 thick.

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

Formation 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.

Depgsition / Planarizatign 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

_ ?lanarized, preferably by chemical mechanical polishing (CMP).




layers may al so be used where the carriers in the Ge | ayers are quantum
mechani cal 'y coupled to adjacent Ge layers. Formation of Gate

Layer As shown in Fig. 5, gate dielectric layer 30 is then for&g‘g@t%\é
28 to a thickness of about 5 to 100A, and nore preferably from about

50A. Gate dielectric layer 30 may be forned of a high-k materi al and |s
preferably fornmed of silicon dioxide (SiQ2). Fornmation of Gate Conductor
Layer As shown in Fig. 6, planarized gate conductor |ayer 32 is forned

W t hi n gate,d reReh Pdbeanghditth i Nng gate trench 26. Gate conductor |ayer 32
may be conprised of Al, Ti, or TiN, and is preferably conprised of
polysilicon (poly), 9 ~BJUN M tungsten (W or ti tani um (Ti). Gate
conductor layer 32 js prefera liéé)’pl anari zed tacts to the ate

el ectrode 32 and soﬁhaw%ﬁda% ¢ PR 4nid PBHF%“GWNQ ce%é R Aoy ity tregrh fgr
exanpl e) %ypgﬁai 95&8%%@9@1 ty'&qﬂtteﬁ%hmsexa&plezbg@mlﬁg%ﬁaw%f

formation of the vertical ‘channel transistor vant ages of” the Present
| nvent i on gheredvginiiagest @bt siievioesentidé hyeriidion dpitekidtieack layer, then

etching oxide layer 24 using the patterned photoresist layer as a mask.

Gate trench 26 is preferably from about 500 to 10,000A wide, and is
more preferably from about 800 to 30004 wide.

* Crowth of SiGe, MOW, or Strained-Layer Super Lattice

As shown in Fig. 4, in a key step of the invention, multi-quantum

wells (MQWSs), or strained-layer super lattice, 28 are formed within trench 22
adjacent the exposed sidewalls of etched epitaxial iayers 12, 14, 16. MQWs 28 is

preferably from about 5C to 2000A wide, and more preferably from about 80 to
© 10004 wide. '

MOWSs 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 energy band-gap semiconductor layers may be
comprised of SiGe-5i; GaAs-5i; or GaAs-AlGaAs, and is preferably silicon-
germanium (5i-Ge), l.e. 5i/Ge/Si/Ge/S1/Ge ... 5i/Ge/Si. Germanium has a

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




1) carrier mobility is much higher in the MM§ than in single crystal
silicon; 2) transistor performance is inproved by the use of ~t§
Si/CGe/Si/G/Si/G ... Si/G/S or Si/SiG/Si/SiCG ... Si/SiCel and
~ 3) transistor performance is inproved by the use of a strained-|ayer super
lattice. While particular enbodi ments of the present invention have been
illustrated and described, it is not intended to linit the invention,

except asatetdndiedd ipyhe Hellp fgarawnignt | BiesurieOm@biigcan bEbAldWBhikerchai m 1.

A et hod i cati n a vertical channel transistor, conprising the steps
of: a) p%@%‘?ﬁ h@I‘E‘%‘B ﬁﬁﬁﬁ]cgﬂlbﬁonégﬁstrate havi ng an upper surface; b)

formng a high doped N-type I ower epitaxial silicon |ayer on said
sem conductor substrate; c) formng a | ow doped P-type m ddl e epitaxial

silicon layer on saflte bewefit irephliexipaéfefibly caNzéA¥&er H)GELiMTRIsFAY gh
doped N-type 8per epitaxial silicon layer on said mddle epitaxial
silicon | ayéi/Ge/Si or 5i/5iGe/Si/5iGe ... Si/51Ge/Si MQWs 28 as channel material to

improve carrier mobility.

Si/Ge/Si/Ge/Si/Ge ... Si/Ge/Si MQWs 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 Laver

_ 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 § to 50A. Gate

dielectric layer 30 may be formed of a high-k material and is preferably formed of

silicon dioxide (510,).

Formation of Gate Conductor Laver

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

r'compris_ed_ of Al, Ti, or TiN, and is preferably comprised of polysilicon (poty),




e).etching said lower, mddle, and upper epitaxial silicon |ayers to forma
"\ epitaxial |ayer stack defined by isolation trenches; f) for @%UW?E#E
wi-thin said isolation trenches; g) etching said oxide to forma gate ench
within one of said trenches exposing a sidewall of said epitaxial |ayer
stack facing said gate trench; h) fornming nulti-quantumwells or a

strai ned-1ayer super lattice on said exposed epitaxial |ayer stack

si dewal | ; tuingsteor(iingr ttagate (@i)elGett windutmy érycoB23@pekionablyi plguantdabyel | s or
said str ed | ayer super lattice and within said gate trench and j)

form ng a-gate conductor |ayer on said gate dielectric |ayer, f||||ng said
gate trench. 2. The nethod of claim1l, wherein said high doped Ntype

| ower and upper epitaxial silicon layers have a doping |evel of about 1 E

19 cm, and sai d mcdehkgts hlihb %ﬂémctllo‘a‘é/3@%9@%081‘38%99&15’?@3 f%d%ﬁ)'tlto% t\ﬁ | ayer

has a doplng | evel of fromabout 1 E 16 to od of

claim 1, WipeepitaxigkidioNetypple) ovgrbedbanepperorpiti@xhbhettsidki con |ayers are
doped with dopants selected fromthe group conprising As and P; and said
P-type mddle epitaxial silicon layer is doped with dopants selected from

This 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 £han in single crystal silicon;
2) transistor performance is improved by the use of the $i/Ge/Si/Ge/Si/Ge
.. 51/Ge/Sior Si/5iGe/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.
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.the group conprising B, In, and Sb. 4. The nethod of claim1, wherein said
| oner,. m ddl e and upper epitaxial silicon |layers are forned usqunﬂq hod
selected fromthe group consisting of a nolecular beam epitaxial technique
(MBE); a net.al -organic chem cal vapor deposition (MOCVD), and atom c |ayer
epitaxy (ALE). 5. The nethod of claim1, wherein said | ower epitaxial |ayer
is fromabout 500 to 10,000A thick, said mddle epitaxial layer is from

about 300 to 5000A thick; and said upper epitaxial layer is from about 500

to 10, 000A thick. 6. The met hod of g#ghg@%, further including a patterned
dielectric filmon said lower, md » d upper epitaxial silicon |ayers.
7. The methhodaigf: claim 1, wherein said gate trench is fromabout 500 to
10, 000A wide. 8. The nethod of claim1, wherein said multi-quantumwells
or said strained- |ayer super lattice are conprised of alternating |ayers
of a pair of materials selected fromthe group conprising SiCGe-Si
GaAs- Si, A GaAsTeihgd chfdricptingpa verticabdump! trsisthrecoraptisidg dfie sthps oft 1,
wherein said nHI%ialggggquyellgtorl%?%dﬁgﬁrained- | ayer super lattice are
conprised of al'tterna |%g_?a§8?§ oft S5t ?ﬁﬂg%ﬁuEP%%“%ﬁG&Si. 10. The
met hod of cl ai®y fornWgr #iHigR A SheIN-ty sk e pRhLis1 QiR dy 8t LAl D8Y-
semiconductor substrate; |
¢) forming a low doped P-type middle epitaxial silicon layer on said lower
~ epitaxial silicon layer;
d) forming a high doped N-type upper epitaxiat silicon layer on said middle
epitaxial silicon 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 epitaxiai layer stack facing said gate trench;
h) forming multi-quantum wells or a strained-layer super lattice on said
exposed epitaxial Jayer 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

épitaﬁial silicon layers have a doping level of about 1 E 19 em™ and said middle

11
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| ayer super lattice are each from about 50 to 10, 000A wi de. 11. The net hod
of claim1, wherein said multi-quantumwel|ls or said strained-ﬁtgxﬂ”!ggper

| attice are each selectively growmn. 12. The nethod of claim1, erein said
mul ti-quantumwells or said strained- |ayer super lattice are each forned
by netal -organi c chem cal vapor deposition (MOCVD). 13. The nethod of.
claimi1, wherein said nmulti-quantumwells or said strained- |ayer super
lattice at® &9BRAfowRedbyisemiteialdnyesdumacsiping pveMBHy corabatioiikc16 foayer

epi t axy (AEﬁk%:l4' The nethod of claim1, wherein said gate dielectric

| ayer is #ron1§%dut 5 to 10A thick, and said gate conductor layer is from
about 1000 to 10,000A thick and is fornmed froma material selected from
the group consisting of polysilicon, tungsten, and titanium 15. A nethod
of fabricatingThe wveethbcad! dhannelwher@is ssiHON-typenpiviesiadg tippeStpRsxiof .  a)
provi ding a sem conductor substrate having an upper surface; 13 18 JUN 2Q05
b) form n§leoniayravsetPrre Wigedpranss sdpitedfionl theigrvep pohayieingots sal &

sem conduct gr_supstrat e, .sai d_hi gh .doped N.-type |ower epitaxial silicon
layer h a\rﬂ‘lﬁ &alac{J g—%ﬁ%a‘ufl% eqpitgf(lagﬁ%lﬁ?l? iaylgr 1599{ d3\:v1t dopgnts selected from.
the group comprising B, In, and Sb.

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).

3. The method of claim 1, wherein said lower epitaxial layer is from about 500
to 10,000A thick, said middle epitaxial layer is from about 300 to 5000A thick; and
said upper epitaxial layer is from about 500 to 10,0004 thick.

6. The method of claim 1, further including a patterned dielectric film on said

lower, middle, and upper epitaxial silicon layers.

7. The methbc_l 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-5i, GaAs-Si, AlGaAs-GaAs, and Si-Ge.

12




~c) formng a | ow doped P-type mddle epitaxial silicon |ayer qQn said | ower
epitaxial .silicon layer; said | ow doped P-type m ddl e epitaxi ai'i'eiﬂu'hcm

| ayer having a doping level of fromabout 1 E 16 to 1 E 17 cni; form ng

a high doped N-type upper epitaxial silicon |layer on said mddle epitaxial

silicon layer; said high doped N-type upper epitaxial silicon |ayer having

a .doping |l evel of about 1E 19 cm3 ; e) etching said |ower, mddle, and

upper epitaxial silicon layers to forma epitaxial |ayer stack defined by

i sol ationgtrenchiegetfod SNAMNY, WXk WitihhBiS@§hshthsolalid 9Ps4iHRGRRSE 9)
etching said oxide to forma gate trench within one of said isolation
trenches kyposipeg latisi dewalprisbd shnltbrepiitabkiyats dfefiend Staek Sf@cimpsisai d gate
trench; h) formng Si-Ge multi-quantumwells or stained-layer super lattice
on said exposed epitaxial |ayer stack sidewall; i) formng a gate

dielectrig,layer on.sajd nulti-guantumwells. or_said stained-|ayer., super
lattice a?]% Wi ﬁ?ﬁ Iﬁlegzlﬁ dOfgczT#lén 'tl ’r%ﬁgﬁ,}n %%ET)IE’F%WH%HE‘ ‘3(88%?55%1%&&{%‘%% | ayer
on said gafer diysheatifd frelea¥front ddut BO t5 8 Shodadygie. t rench. 16. The nethod of
claim15, wherein said Ntype |l ower and upper epitaxial silicon |ayers are
doped with dopants selected fromthe group conprising As and P;

'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 ciaim 1, wherein said multi-quantum wells or said strained-

layer 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 10,0004 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;

13




~and said P—typé m ddl e epitaxial silicon |layer is doped with dopants

selected from the group conprising B, In, and Sb. 14 Is JUN 2415 ﬁ!‘tl@"e
nmet hod of claim 15, wherein said | ower, m ddle and upper epitax gl si i con

| ayers are formed using a nol ecul ar beam epitaxial technique (MBE), netal -
organi ¢ chenical vapor deposition (MOCVD), or atomic |layer epitaxy (ALE).
18. The nethod of claim 15, wherein said |ower epitaxial layer is from
about 500 to bDfoooimg hilkigh daped diddpe lepet apitakial ayléron sayfer am abi@ut 300

to 5000A thick; and said upper epitaxial |ayer is from about 500 to

10, 000A t RFEYCOnERtop g taefincrect OfiaiPes, Nilipt iever feliadrhgilopaerer ned

di el ectri q,la(,lz{&rg ?@piﬁgﬁ&e ép%uﬂrﬁ fdl e;. and upper epitaxial silicon |ayers.
of *cl i mi , i

20. The netho wherei n sai'd gate trench is fromabout 500 to

10, 000A wi de. 2iiories REOROHE BlAbetSdlcWpRnRial s3RbA 1008 dr QHAHm Vel | s
or said strained- |ayer super lattice are each from about 50 to 10, O00A

wi de. 22. ePhexipbthodh efer baiinpd5iopedd-gipe eaidde epitdxial glaphlaganmtklhegor said
strained- Jayer super lattice are each _sel ectively grown. 23. The nethod of
cl aim 15, e eleR e A PP qa AR EUEVEIFS or  sai d strained- |ayer super

lattice are ea%" fgr%{iﬁg q }th %%Qall T\RE}%%nleCpe% %Sﬂ‘a%%' sil\{c%%lolraygre gr? geiliglixgirgidle

ePitaxial silicon layer; said high doped N-type upper epitaxial silicon layer having a
doping level of about 1E 19 cn%'%

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

irench.

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.

14




(MOXCVD). 15 8JUN2U 24. The nmethod of claim 15, wherein said nulti-quantum
wel I's.or said strained- |ayer super lattice are each fornmed byl

beam epitaxy (MBE) or atom c |ayer epitaxy (ALE). 25. The method of claim
15, wherein_.said gate dielectric layer is fromabout 5 to 100A thick, and
sai d gate conductor |ayer is from about 1000 to 10,000A thick and is
formed froma material selected fromthe group consisting of polysilicon,

t ungst en, 17andThe traethuth of28ainA 1Bptvheckinfsafdaln ¢ atiingl@aneibpeakpihannel
transistor, conprising the steps of: a) providing a sem conductor

‘subst r at e SHE¢N Ay ean2igpipened ysingce macuas bei moepatahiag kecioppe (MBE)pmetadwer

epitaxial ‘sili.con |ayer on said. sem.¢ uctor substrate;, said high doped
N-type |Ov%garg(b?kgeé%c%l'vaﬁorfiggﬂsrp%?ghﬁb(ﬁag} AL I6 YR PV (AdE)about ‘1 E 19
cm'; said N-type |lower epitaxial silicon |ayer being doped with dopants
selected fromthe group conprising As and P; c¢c) formng a | ow doped P-type

m ddl e epilBaxi The shdth6DBf tlayRN50Wheidsdi@ W er e%:ﬁ!-a&%ilaajjer% trbgObohaY&y ; said
| ow doped P-type middle epitaxial silicon layer having a doping |level of
f r om aboutto 10008 thigk]saEd pyiddie epitaia 1@paryip&om elothwe 38Pitd ARDAA tsicki aah

I r i ng. doped wit opants selected fromthe group conprising B, In,
aﬁéeprel Sgl u}?per e\{a\llltagafilager is?rom about 500 to 10,000% thg1ck. P P g

19. The method of claim 15, further including a patterned dielectric film on said

lower, middle, and upper epitaxial silicon layers.

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

10,000A 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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d) form ng a high doped N-type upper epitaxial silicon |ayer gn said mddle
epitaxial silicon layer; said high doped N-type upper epitaxi at-qgi‘jlj,pm

| ayer having a-"doping |evel of about 1E 19 cm 3; said N-type upper
epitaxial silicon |ayer being doped with dopants selected fromthe group
conprising As and P; e) etching said |lower, mddle, and upper epitaxial
silicon layers_to forma_ epitaxial |ayer stack defined by isolation
trenches; %) f Shefghesk podavn thi whemsinsaid ordtiipanture vedibsyr sakbstiBnedUN M Q)
etching sai d_oxi de Hg forn1ahg§}e t.rench mﬁjhin one of said isolation
trenches &XPOSTRG K EfHalRFI- o B Piepialerias beamy epitara OUBEL 6F Atprsiai d gat e
trench; h),foL 'tggg, Glr#ge mul ti-quantumwells or a strained-layer super

| attice on” satd exposed epitaxial |ayer stack sidewall; i) formng a gate
dielectric layer on said nulti-quantumwells or said strained-I|ayer super

| attice and within said gate trench; and j) form ng a gate conductor |ayer
on said g&bPe diat @’eﬁtﬁ@féog glgbn 15f whetefiysaldigdtegditlectricrlenathis f27% aBha et hod of

| ai m 26, rein said.lower, niddl e and upper epitaxial sjlicon |ayers
re for med SRR etib 6 BePBRraar o anHEn gPot boN 10T thirk and 1o

nol ecul ar fgamm gBkt ?ﬁia%riél%@l@@éeguf?orﬁWgéiou% c%%%%liﬁg 5 %giy%ih%gg,r?uggétevapor

n,

and titanium.

26.  Amethod of fabricating a vertical chanrel 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 cm™; said N-type lower epitaxial silicon layer
being doped with dopants selected from the group comprising As and P;
¢) forming a low doped P-type middle epitaxial silicon layer on said lower
epitaxial silicon layer; said low doped P-type middle epitaxial silicon layer having a
coping 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 comp-rising B, In, and Sb;
d) forming a high doped N-type upper epitaxial silicon layer on said middie
epitaxial silicon layer; said high doped N-type upper epitaxial silicon layer having a
doping level of about 1E 19 em™; 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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depo-sit"ron (MOCWD),  and atom c | ayer epitaxy (ALE). 28. The ngthod of claim
26, wherein sai-d |lower epitaxial layer is fromabout 500 to 1G§ g@0@h % ck,

- said mddle epitaxial layer is fromabout 300 to 5000A thick; and said

upper epitaxial layer is fromabout 500 to 10, 000A thick. 29. The method of
claim26, further including a patterned dielectric filmon said |[|ower,

m ddl e, and ‘upper itaxial silicon layers. 30. The method of claim 26,
wherei n said ggf gtc?‘?ré?}gﬁld?gxlfilgotr% %5811? &6 tegh 1‘”(31,rt]}@)‘(‘7J‘095P‘?/vlO §2id3ipolafion net hod
of cl ai m 26-Mhes8l [ Le Ot AL r L tained- 'layer super
| attice ar en(gach %P%r%%gdbﬁ{wgiobﬁ%ﬂg 18%)%%%/&%3&11%%@5?@%%% The

net hod of cl ai to E&mine}iéﬁmn&ﬂiiﬁﬁmhﬁrh-ﬂ@l&?d’lbﬂmsVEiﬂeﬁ-l@?ersﬁl;%rQE@ch%ql' | ayer
super | attice are each selectively grown. 33. The nethod of claim 26, -
wher ei n s@idl fpessd epidalhasieesfask idesalld st ai ned- | ayer super lattice are
each forned by.a.nmethod selected fromthe group consisting of a

met al - or gani ¢ ChEYFERE % &85 dbéﬁ?f&ctliaﬁ?lr e yulhguagism cvellsyer saisi t axy

(ALE). 34...Ihe oe of 1§ deggithﬂﬂs%gfgﬁeérae%gh;W| ti-quantumwells or said

stai ned- layer super Fattice are eac ofne ng%lldecul ar beam epit axy
(MBE) . 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 aﬁd 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 layer is from about 300 to 5000A 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

10,0004 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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- 35.." The nethod of claim 26, wherein said gate dielectric layer, is from
about 5 to 10A thick, and said gate conductor layer is froma tyORz to
10, 000A thick and is formed froma material selected fromthe group
consisting of polysilicon, tungsten, and titanium 18

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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