WO 03/ 015171 PCT/ US02/ 03426 OPEN BI T LI NE DRAM W TH VERTI CAL ULTRA- THI N
BODY TRANSI STORS 5 Cross Reference To Rel ated Applications This
applicatiwoemisghated to the foll ow ng co-pendi ng, comorigr/usessgneed U. S.
patent applications: "Folded Bit Line DRAMwith Utra Thin Body

Transi stors," attorney docket no. 1303.004US1, serial nunmber 09/780, 130, 10
"Programmabl e Logic Arrays with Utra Thin Body Transistors,"” attorney
docket no. 1303.007US 1, serial nunber 09/780,087, "Menory Address and
Decode Circuits with Utra Thin Body Transistors," attorney docket no.
1303. 006US1, serial nuRBEN BId/HBE DRAM VB VEWQ%Gﬁ%’anDry Addr ess and
Decode Circuits with U t VRTRA-EHESBODY dRANPBYIORS at t or ney docket no.
1303. 008WS1, 15 serial nunmber 09/780,126, "In Service Programmabl e Logic
Arrays with Utra Thin Body Transistors docket no. 1303.009US1
serial nunmber 09/ 780, 12908 CINCEH0 e A% ra Thin Vertical Body
Transistors," a r § : nwERer 09/ 780, 169,
each of which d%%l%@lé?éemﬁgﬁ?lea?%tr?]t}?férz%éfrgporate aglg/ﬁgr?lg?lerengé. 20 Field of
t he | nventi assighed (8 gseert applicetionsofiFoléédBa L igeDBAM fwitht Gltiarkhegr at ed
circuits, and. in partigular t pen bit 1] Mw th u i n body
transi st orsBOngé%’é’rsEﬂiﬁga%‘?m?wgocﬁﬁ‘i/@nﬁ?é%ogﬁ%mmeﬁmg@i@’ such as
dynam ¢ {an ry HRAYE) 1 2 i ut er
Syatom Por OREREREane BB L Rn i R oo Ty e, a0 access
fiel d- ef f echot1308003USH, {cHRIMunsred 08/788,087 ZfMdemanyabddress and ecadcess FET

allows the transfer of data charges to and fromthe storage paci t or
during readCHgUHHER iR Ralno%(&yﬁrpwgtprsw?étoggy 00]8{5199@32(%)6{%2, st or age

capact Lor aLsBELLG GPh)1LE BRBNEH M Mithdty 1SESSI Blpmerati on.  Merory

density is typica mted’b m ni nu ographic feature size (F)
that is i nposeditbywithiUlheThapbidy Trandessgsatiosey dokdtmg. fHIB008aS1on. For

exanpl e, the present generation of _high density_dynanm c ra,ndoin access
15  serial number 09/780,126, “In Service Programmable Logic Arrays with Ultra

Thin Body Transistors,” attorney docket no. 1303.009US1, serial number
09/780,129, and “Flash Memory with Ultra Thin Vertical Body Transistors,”
attorney docket no. 1303.003US1, serial number 09/780,169, each of which
disclosure is herein incorporated by reference.

20 Field of the Invention

The present invention relates generally to integrated circuits, and in
particular to open bit line DRAM with ultra thin body transistors.

Backeround of the Invention

Semiconductor memories, such as dynamic random access memories
25 (DRAMs), are widely used in computer systems for storing data. A DRAM
memory cell typically includes an access field-effect transistor (FET) and a
storage capacitor. The access FET allows the transfer of data charges to and
from the storage capacitor during reading and writing operations. The data
charges on the storage capacitor are periodically refreshed during a refresh
30 operation.
Memory density is typically limited by a minimum lithographic feature
size (F) that is imposed by lithographic processes used during fabrication. For

example, the present generation of high density dynamic random access

1



1 WD 03/015171 PCT/ US02/ 03426 nenories (DRAMs), which are capabl e of
storing 256 Megabits of data, require an area of 8F2 per bit of data. There
i s a needwiowsthgl7art to provi de even hi gher density nenore@gUso/odneer to
further increase data storage capacity and reduce nmanufacturing costs.

| ncreasi ng  temEaé AR ANRY SviE@PA6 bipabRf o fSOIHEITEUIEQILILS oNBID reQfired €qUi res a
reduction in the size of the access FET and storage capacitor ~of each
nenory cel | .anHgoreatE” pet biepf daict Bhare issueded dis the st terpsevidt evendighege currents

o e POl L5 RS, A0 Lo U o SR L0

density  whidgn @hdt@MhNEbst Brci@8in® ihSd¥ 66 @@%&% OFf SerhibeMduBlopVi de
sufficient inmunity to 10 | eakagé currents and soft errors. There is also a

need in the themadeyrefuitesg miediondn thewize odithe dooessddiisamdstorags eapesitand
fabrication techni ques. he densjity requirenmen bec hi gher and

hi gher in gi‘bfa?ﬁ{’}ln’%ﬁ&%c‘ﬁinﬁo‘ﬁ%‘ﬂfﬁﬁﬁ?er%?cuﬂfgﬁélﬁﬁgs W@’i@eg’r‘?maé%cr ucial to
mnim ze cel L, AhR3AnJ Afha-PARRIE RuBcRRON Ror kR YRA ldrgeridifagpen bit line

structure. 15 Tﬁe cont'i nuous scal i ng, however, of I\/ngT technol ogy to the
deep sub- mi@pacitorelg osedwihng thdraisreedect émthetst tariecrbass snenrvan dénsitymi cron, 100

nm or 1000 causes significant proble in the cqgpventional transistor
structures. le %ﬁ’d%ﬂg f}}?gq“—s?@ﬁ?t@ra@,e C?@ﬁﬁ?ﬁ%t@é%?ﬁ%sﬁﬁﬁﬁ&dmﬂﬁl%% | ess than
the chanpel Lan E%ma{t%é[%&fﬁ%rf&g. ﬂkeréiéamla&éediﬁwureauelqiﬁ@ég%te@f a few

hundred Angstroms. Such 20 s low junctions are difficult to form by

convent i onal citcuilaginforadémsa sandures add fabricationdedmiquees. Extrenely high |evel s
of channel doping are required to suppress _short-channel effects such as
drai n-i nduced bar®$ @B_JGB%@?HGHBFGWW%@QBWG?“%F %@g_ﬁgﬂp glﬂaglt %MS

sub-t hr eshol d%Dg%k;g% %ﬁom?é‘&b%é‘inﬁ%@nﬁ:@ﬂ%ﬁ%ﬂﬁﬁﬁﬂé &ll P& togd! arly

probl ematic In technology as it reduces the charge storage 25
retention tipmsible DRAM aphtedtare ickk lopen bihdise stexdturenel y hi gh doping | evel s

resull g, nereaged | sakage, g Leduced Saerker Moy, Iy, mking the
oo 1LY, TSN Rt b0l i degpmcgyec, o
such as 30 W& A causdusigal floantpralethoingthe ngnventiows hohdstoodttuatpees: cAd  of f, and
sub-threshol s(iilown in Figure 1, junction depths should be much less than the channel length
of 1000 A, or this implies junction depths of a few hundred Angstroms. Such
20 shallow junctions are difficult to form by conventional implantation and
diffusion techniques. Extremely high levels of channel doping are required to
suppress short-channel effects such as drain-induced barrier lowering; threshold
voltage roll off, and sub-threshold conduction. Sub-threshold conduction is
particularly problematic in DRAM technology as it reduces the charge storage
25 retention time on the capacitor cells. These extremely high doping levels result
in increased leakage and reduced carrier mobility. Thus making the channel
shorter to improve performance is negated by lower carrier mobility.
Therefore, there is a need in the art to provide improved memory
densities while avoiding the deleterious effects of short-channel effects such as
30 drain-induced barrier lowering; threshold voltage roll off, and sub-threshold

conduction, increased leakage and reduced carrier mobility. At the same time

charge storage retention time must be maintained.



conduction, increased | eakage and reduced carrier nobility. At the sane
time charge storage retention tinme nust be naintained. 2 WO 03/015171
PCT/ US02/ e®@®1518umrary of the Invention The above nenti ored/ysookosees w t h
sem conductor nenories and other problens are addressed by the present
invention and will be under st oGRnbiarylo@a@ilngen@iod St udying the follow ng
specification. Systens and nethods are 5 provided for transistors with
ultra thin bodi esTh@aquﬁ@irm‘tlQn@xiBTOWWISeVlﬂh@Hngfd@éf@r mepzeiss epdioifier r egi on

scal es down as. ot her t nsi di nen sca e enbodi nent
of the preseRPbAdrE FUREREh b e priert P pBioBAR AL OF dadesBaR Bl ded. The
open bit i n%a@ﬁ@'%ﬂl@@fﬁﬂﬁﬁg'tHE?foM@lﬁzﬁlgadibeéiﬁE:ﬁibnOfSysﬂEﬁﬁ%}zI nffhd@-ardgach nmenory
cell in the array of nenory cells includes a pilllar 10 extending outwardly

froma sef cplrww@d&rtwbstomwah ultheethini bddags, ommms whsiaihe eurfacgst al | i ne
first contact é}?{l and. a si,ngl.e cr%s al | |ne second. contglc | ayer

separ at ed bysl%?ﬁe greregigparaley fowa apo 1S{OL |GMENSLOnS 5 épvgt al line

vertical transi sjQind noR{dEH ARG esthoRvatichhen Bhdd B lindDRAJINGI €
crystalline vertical transistor includes an uftra thin single crystalline

vertical firdevisnsposiddaiTheropgn bit 1ihb DFAN desticedndlindesfanrastay obnt act | ayer,
an ultra thin sigg%ﬁﬁac?%}al line vertjcal second so rceéJ rain,.region
coupl ed to t g™ Bt BEPoPagRakin parnav Gl mgmeny cellhgiclidess pllani| i ne
vertical 1@0d¥xtérﬁﬂh§6ht%fdi§‘ﬁgﬁpé)%§icéﬂ?ﬁc@¥blﬁﬁhhﬁyqrhegaﬂ@ar(iﬁéﬂ?&eg the first
and the second source/drain regions, and a gate opposing the vertical body

regi on and sepgleatystillinesiinef comtachiayer @dtaesm‘gl@ de'stalﬁhnplsacxaidl doyitact laywur i ed bi t

lines 20 are for of si.ngl e cr [line se uctor, materjal and
di sposed bel SR% yp'irnl(?xé‘iI et t gaczxrrpgpo%ﬁﬁ] § prystellneivaticelc onnect i ng

with the fir §Ens‘r"s%‘rt1§?6nﬂeéléﬁfng sitle &%&gmmadr&%ﬁ!@e B‘ybﬂaﬁfn% alefhc%f‘e array of

menory cells. Al'so, a plurality of | 1 nes are”i ncluded. Each word |ine
i s di sposed trartslrstugondhdie;s anoiltrthipbinglel arysyallire vebtical ﬁdstlsotrcb/ndruéasreigivna trench

bet ween r ws of _the | ars for addressi ates of .the 25
crystal I il wwhdéaﬂ?et "iL‘%?h%‘iné'i‘% aé/e{, Ra Lt %asgﬁl%lesmsta%lm‘ﬁéﬂqa %eﬁgwf The

dovi ce. °$h2' B R P (L R P A DR U b corling o
t he t eachi ngsrysthllinbeepicelsedy regive mhicropbosesithegoade layaramdropuples thei n
first and the second source/drain regions, and a gate opposing the vertical body
region and separated therefrom by a gate oxide. A plurality of buried bit lines
20 are formed of single crystalline semiconductor material and disposed below the
pillars in the array memory cells for interconnecting with the first contact layer
of column adjacent pillars in the array of memory cells. Also, a plurality of word
lines are included. Each word line is disposed orthogonally to the plurality of
buried bit lines in a trench between rows of the pillars for addressing gates of the
25 single crystalline vertical transistors that are adjacent to the trench.
The invention also provides a method of fabricating an open bit line
DRAM device. The method includes forming an array of memory cells.
According to the teachings of the present invention forming each memory cell in
the array of memory cells includes forming a pillar extending outwardly from a

30 semiconductor substrate. Forming the pillar includes forming a single crystalline

first contact layer of a first conductivity type and forming a single crystalline



the array of menory cells includes formng a pillar extending outwardly

froma 30 sem conductor substrate. Forming the pillar includes formng a

single cryxmlohsrre first contact |ayer of a first conductroaiwsp2iosqre and

}‘or m ngf a single crystalline 3 WD 03/015171 PCT/ US02/ 03426 second contact
ayer of t I 1] | an oxi de

| ayer. For %&ﬁéﬁigﬁ&%b%o%éﬂ%%ﬁ/ﬁ F%&tﬁﬁgﬁg}t ?@3%‘?"%@%@%@% >sémf urther

i ncludes feide gerd single crystalline vertical transistor along side of

the pillar. Forming 5 the single_ crystal Ii?e vertical. transistor includes

deposit Li ng aI | i gﬁ@mwna@aﬁéa{l%@%ﬂl i the array of M§FoLy el Wi S vity type
over e pi F r t chd : i | of the
second condﬁ)c_ %n\ﬁagp é}ng %/ ﬁy%gﬁ{égaebgca%ﬁh%méﬂ%lél é(\%(%f?fgé iflﬁg kr:FeérgiMI ars.

Formi ng & hethsistiglecrostylsihaldrtios treasitioe alchideadepositing ailightlydeped anneal i ng t he
pillar such that the lightly doped polysilicon |ayer of the second 10
conduct i vi t golysibeory leyqrypd g sedongd cenduevity b aveithe phlar ap g’é?‘ihﬂngl Ase regrowt h
occurs vertically tgo f i.Rgl I rt rinent ed

mat eri al of etfﬁlggé ec%o(r?l%liﬂ?(%)g]rll%ffzto ?\glletGé f} ({n))é;ctgﬁh%élggﬂl ﬁgb f%(;)‘}Mt3 ﬁ%le’tdélachi ngs of
t he present siawaR dfaRe pilaRe Foihig tEAsiAES chkallgiengiticat trynsdisidd incledés r st and
second contact |ayers of a first conductivity type to ed a growth of
Isi nﬁl Ie cr ysteteplingthewiltar segh that the Helhtly @%eé@ﬁﬁ’ﬁ@tcf’ﬂab’?r ?@E@S%ﬂ nto the

i ghtly . doped polysilicon | f S - ical |
oriente 8f [ ?%d%gﬁ‘}ﬁyst&%rneﬁryg%ﬁr%g (Sa? ltédr %?e%alregglg%glsg%? %%1 {11% r%%oﬁtﬂ?%&%sﬁct [ zi ty

type separ a&@6alBytotfben Reigk digitallind yatiedilyl dientedmhdterddl oy therseemided mat eri al
of the second conductivity type. Formng the single crystalline vertical
transistor gendunidyity iyne| Aeresding taihedeashings ef the poesefgny¢idios; 3¥CaNg yst al | i ne
vertically oriented. 20 natef.i (VA 2which is
separ at ed t FE1PEY 1&‘8@%“583 py Ség{lgghgx%%&%ﬂgf%&ﬁ%t ga C %%nﬁg'%&égg%(ﬁﬁ? the array

of menmory cglpkso ééeﬁta@bwimmsugﬁescry;tenm nghteiad bihalfirstyconfudnivitiy égbebi t | nes
of single crystalline sem conductor material which are disposed bel ow the
pi | | ars 15n irie therlighily depest golysalion layre ot theapecond typecty fora verticelhe plurality of

buried bit li.nes,ecouples to.the first . adj acent
pillars in PHE 8‘? ﬁﬁ@%g%cfseﬁ%rrlr%?()ﬁ%eé rfﬂzl.reg]ﬁgg ﬁfétglﬁgg%? érrl‘?{?tel?ﬁ?l{’}ﬁl’gr udejs form ng
a pluralitysgfarated By lheRew sthigo osedilpetvagaiablishtédmbtteeiapdithabécoyd

conductivity type. Forming the single crystalline vertical transistor further

includes forming a gate opposing the single crystalline vertically oriented
20 material of the second conductivity type which is separated therefrom by a gate
oxide.

Forming each memory cell in the array of memory cells further includes
forming a plurality of buried bit lines of single crystalline semiconductor
material which are disposed below the pillars in the array memory cells such that

25  each one of the plurality of buried bit lines couples to the first contact layer of
column adjacent pillars in the array of memory cells. The method further
includes forming a plurality of word lines disposed orthogonally to the plurality
of buried bit lines. Forming the plurality of word lines includes forming each
one of the plurality of wordlines in a trench between rows of the pillars for

30 addressing gates of the single crystalline vertical transistors that are adjacent to

the trench.



of buried bit lines. Formng the plurality of word lines includes formng
each one of the plurality of wordlines in a trench between rows of the
pillars fwo®@@isddr essi ng gates of the single crystalline nravwsocmass2é
transistors that are adjacent to the trench. 4 WO 03/015171 PCT/ US02/ 03426

These and ot her epRQELARHhS) cASRERLRS, RHMA)hadeRTageaRHd fadiy hef the
present invention will be set forth i'n part in the description which

fol | ows, andresent ipsention Will txescofoethdp part émthetdesdaription vdkél foddws,andfie art by
reference to the_follow n descripti.gn. of .the.inventio nd.ref.erenced
drawi ngs or B3t Bilkecpg agparepido Oisgx%ﬁ?q Whe‘?*ﬁé’yég%%e@f%{,% tﬁa&é "A¥es, and

features of &e@@%ﬂtﬂ)\’l%‘iﬁ@ vEitfon 48 g&féﬁﬁce@d}gwﬁ‘fg% 3t Beprakicdmans of the
S conbi nations particularly pointed out

instrunmentalities, procedures, aﬁ
i n t he apperidechtiohailis asfrcisebdvbemges, pid featuods dffike Dventiongse Fajzade 1 is an
illustration of a convention MOSFET trapsistor illustrating .10 the
shor t comi ngsangrattaige bEWBﬁPf@ﬁ&PS%?@QEGSaQTOGSﬁIWF%GB §OT§€‘3P"H§ occurs to

t he deep sugiﬂi%%gé(ﬁgegguwm g?@ga 1aih@Ngths are less than 0.1 mcron,

0 100 nm ure 2 lagramillustrating generally one
enbodi nent of an open bit |Buef DoRAMtisntdf theelDtawdags ul tra thi n body
transistors according to the teachipgs 15, of theE"present i.nvention. Figure

2B illustrates antgWiddisrAtusptiehel hrenvenion MG IHAsEorairstplre bit 1ine
ar chi t eCtlgr &nl Eﬁﬁ{doﬁﬁlqgﬂ?f\éhagc&lvéﬁtMamﬁTg%/ cgﬁﬁrg}oiaf EcaYiﬁ%B&&ﬁé ultra

thin body transistors forned on opposing sides o ars according to the
t eachi ngs ofto thd@eeprsabanicronrégivh wdwre ch@nidl fanpthsAire ksathdn &drmaierdn, | ust rati ng
a vertical ultra thin bady transistor formed along side of a pillar
accordi ng tolQHEnt@dORPAys of the present invention. Figure 4Ais a

e . | ti ' . . : ¢
PErspective view 1!71%1%5215{ & d&g%)rgl?gﬁ?ﬂllgltﬁég g@ﬁ‘e&@&% Mduﬁént%f BRbhePN OF an

open bit |ine nmeno accordin sent ‘I nventi on. igure 4B is a
top view of Hit fue PRAMIWithisdrtiad uhe therteidsltiagsipiold arerdir@Foithecteaningg t he
ultra thin single crystalline vertical transistors.
15 of the presert invention.
Figure 2B illustrates an embodiment of the present invention for an open
bit line architecture practiced having a single wordline/gate per vertical ultra thin
body transistors formed on opposing sides of pillars according to the teachings of
the present invention.
20 Figure 3 is a diagram illustrating a vertical ultra thin body transistor
formed along side of a pillar according to the teachings of the present invention.
Figure 4A is a perspective view illustrating generally one embodiment of
a portion of an open bit line memory according to the present invention.
Figure 4B is a top view of Figure 4A illustrating generally pillars
25 including the ultra thin single crystalline vertical transistors.
Figure 4C is a perspective view illustrating another embodiment of a
portion of an open bit line memory array according to the present invention.
Figure 4D is a cross sectional view taken along cut-line 4D-4D of Figure
4C illustrating generally pillars including the ultra thin single crystalline vertical
30 transistors according to the teachings of the present invention.

Figures 5A-5C illustrate an initial process sequence which for forming

pillars along side of which vertical ultra thin body transistors can later be formed



Figure 4Cis a perspective view illustrating another enbodi mrent of a
portion of an open bit line nenory array according to the present
i nventi onwo @Biogsn7e 4D is a cross sectional view taken al orrgTeuso2ios4ze 4D- 4D

of Figure 4Cillustrating generally pillars including the ultra thin single
crystalline yggab &T-ﬂ)rmﬁg ah bg&ﬁbﬁhﬁé DRIOAQCEHr@g e tHelteadhamg b tigs of the
present invention. gures 5A-5C illustrate an initial process sequence

whi ch for fopmqmganpnthrars al ong side of which vertical ultra thin body

transistors can | ter /03426 as part of
forming an open b Fgg %%ﬂﬁ?&é@g]?%\%ﬁ%% ?ﬁ%ﬁﬂ&q&%séu Ol% °OF the present

i nvention. Fb&ﬁ&é&ﬁ)n%ﬂﬁﬁ ds B3l 5etlctn b ahplbRented B dwghenuss described in
connection with Figures 5A-5C can be inplenented with a bulk CMOS 5

t echnol og§ oteclan@@gyiar@mﬂmnlomsmlmtor (S((Bnephncvé@gwnol ogy. Figures 7A— 7D
iIIustrateaproc ontinuing fromthe 0

enbodi nent's provi ?gpﬁg@f‘és %&@@?%WW%V@W&EQ&%W% n body
transi stors alQBGoSidito@hehtd pra¥idddn Figlredsh 88 BAoSCveticiShtAlen @ process
sequence for formng a horizontal gate” 10 structure embodinent, referred
t 0 herei n asbdutyrtiansistosd alpegpiide efithwmtpilipas.es, in connection with t he pr esent
i nvention. Figures. 9A- strate a rocess nce for.fo

vertical gate st 1&8‘&%%8 %‘#ﬁl Frﬁt@r?tpmi: SE?QHﬁ%C@thBﬁ’rWQ&Fﬁ {aggggt

| nventi ofg D&ﬁ&ﬂr@%ﬁﬁ@dﬁ{enf b&reREEIPEEH AERDIPntR @ép?ac%ﬁlehf‘gét&enf ol | owi ng

detail ed description of thé invention, reference i's nade “to the
acconpanyi ngcmimanng&tlvxkhequhesbmrmvmtmrt hereof, and in whi ch |s shown, by

way of illustrati ;@%ﬁé‘géﬁ embodi ments in whic thelnv may be
practiced. The e A BPFGERHS SUIUGRE f %X‘? fga he

i nvention i ngngHird bﬁb@&ﬁneﬁ?ﬁ@b&nﬂe&lmﬁh the 038t Blsbddord in the art to
practice the 1nvention. Oh . enbo |rrents may be utilized and changes

patspr esent i nvention. In

may be nmade without deparBDeseg bBm¢
(ne Yol seserpiion, (he deLFE el ot sibs FeLe e,
integrated ciffdhiRnphfyihtiRHngSNHicR St 4 ParPHEROS bAMAL WHEE isiiblvAg vari ous
by way of illustration, speciﬁé embodiments in which the invention may be
practiced. The embodiments are intended to describe aspects of the invention in
sufficient detail to enable those skilled in the art to practice the invention. Other
20 embodiments may be utilized and changes may be made without departing from
the scope of the present invention. In the following description, the terms wafer
and substrate are interchangeably used to refer generally to any structure on
which integrated circuits are formed, and also to such structures during various
stages of integrated circuit fabrication. Both terms include doped and undoped
25 semiconductors, epitaxial layers of a semiconductor on a supporting
semiconductor or insulating material, combinations of such layers, as well as
other such structures that are known in the art. The following detailed
description is not to be taken in a limiting sense, and the scope of the present
invention is defined only by the appended claims.
30 Figure 2A is a diagram illustrating generally one embodiment of an open
bit line DRAM with vertical ultra thin body transistors according to the teachings

of the present invention. In general, Figure 2A shows an integrated circuit 200,



stages of integrated circuit fabrication. Both terns include doped and
undoped 25 sem conductors, epitaxial |ayers of a sem conductor on a
supporti ngo ®ansiconduct or or insulating material, conbi nathcanmssoed3«sch

| ayers, as well as other such structures that are known in the art. The
fol I owi ng deyah hedsentl8Stdubit hRtholy d&ke, itoBforitdleai dritydfiieMdr ddlsense, and
the scope of the present invention is defined only by the appended cl ai ns.
30 Figure Zer‘edaibhréJgnmntldm uds slztwmip l"geW@rQél Icyrcmh%O molydes@amosf an open

bit line DRA th t di to th
Ceachi ngs . GRIEHEY b B st ol gt Obn Egbharar A0RHS Bi68h Gl Ran” "
i ntegrated Cao[lﬁl%sof%%,lor?(:m;@l%/ 015171 PCT/ USOZ/ 03426 such as a

sem conductor nenory device, incorporating an array of menory cells

provi ded Dy the i Inviererilondimés: of Higume PA, Faogun@n@&celd:mcmdes a2@0sfencl udes
menory cell arra s 210, . suc s 210 d 2 0 includes M
rows and N 4eIcGnitSh 8% nicharmielc eg]eqcf’%ss -effeq g‘a?sﬂ 0% [élzgré g}(ﬁ Fi gure 2A,
each menory gelbydnchydeserer Qﬁ@ﬂl%fu%@s atq@éé't bfe, bﬁ%gy ARIMMGRBNERes Ll | access
field-effect” transi"étor (FET) ) particularly, access FET 230

i ncl udes at doatasllingrendustion hety/eem‘d)lemdees‘s WE T g2f0efirst apd secandt r ol | i ng

conducti on betvve n the access FET's 230 first and second source/drain
termnal s. 15(9“% 4B teemal30 s coupl ed at a second source/drain terninal
to a stojpge nOdﬁcc% J?EIS%U i%%% %\@@%Pé E&Bn@g‘c?urceﬂﬁ@m%ﬁ%halttgrar&d}@ée of

st orage capacitor coupled to a reference voltage such as a ground
vol t age VSS.nddaolff a@foratgle&apdmtonm |Tt£el atbersemmrinal of stocags dapaviter P20s WL

... Wm1, W.m whi.ch serve as_or e coupl ed access FETs
230. In the ‘@H%@élt%f‘ﬁ ferepgsfeliage g @?&lﬁr& Oﬁ%&%ﬁggf %@ﬁg %\ﬁfeﬁ\s al so
I ncl udes 0”%3%1ﬂ@ﬁ&és ohé‘@ﬁwgi]‘&‘lhsrﬁgwm R LwL R SPuRl e ch Gerfe 36G0Nd gate of

access FETs In nmenory ce 12.°As one of ‘ordinary skill in the art
will understaadou;ﬂeﬂtoraef&sﬁgagpwﬁcsesdﬂ?ﬁdlsd%r & thewmbodionahl Blmewn jper  access FET

230 are not required to actice the in ent o resent one
embodi meh? f%g‘g]rtel’?@ §é‘?’f’e°fpw TOMKP SH0; 1B AU I B‘f"é‘ﬁl?‘??e@ %gz hzﬁ}ﬁr]rgsa singl e
wor dl'i ne/ gatl@rn%%ﬁgl@&?&?%cgﬁl %é@f%%@sst inferhdrl USld B2 dad fhe Figure 2B.

The invention ot so term vvor(rjll I ne includes any
of ordinary skill in the art will understand upon reading this disclosure, two

wordlines per access FET 230 are not required to practice the invention, but
rather represent one embodiment for the same. The invention may be practiced

20 having a single wordline/gate per access FET 230 and the same is illustrated in
Figure 2B. The invention is not so limited. The term wordline includes any
interconnection line for controlling conduction between the first and second
source/drain terminals of access FETs 230. According to the teachings of the
present invention, and as explained in more detail below, access FETs 230

25  include vertical ultra thin body transistors 230.

Each of the N columns includes one of bit lines BLO, BL1...BLn-1, Bln.

Bit lines BL0O-BLn are used to write to and read data from memory cells 212.
Word lines WLO-WLm and RO-Rm are used to activate access FETs 230 to
access a particular row of memory cells 212 that is to be written or read. As

30 shown in Figures 2A and 2B, addressing circuitry is also included. For example,
address buffer 214 controls column decoders 218, which also include sense

amplifiers and input/output circuitry that is coupled to bit lines BLO-BLn.



i nterconnection line for controlling conduction between the first and
second source/drain termnals of access FETs 230. According to the

t eachi ngswafo3toh&l71 pr esent i nvention, and as expl ai ned i n marUsbevai2b bel ow,
access FETs 230 25 include vertical ultra thin body transistors 230. Each

of the N col Aumsssivielet dEF 2198 Borftfolddoly ddcB&ss BLE, RBkecoddkdR15,anBl . Bi t
lines BLO-BLnh are used to wite to and read data from nenory cells 212.

Word |ines \Winw decadedrsR08 Rehectaldy asesds memacy falkst2d 2 die tespenseradd2es t o

Ao 30 shown SIS G LS PO gR SRS 2D AYER Foa e e OBF R o udeq.
For exanpl e qh&;ﬁﬁ%ﬁg ?gﬁétlg fdf'é'tgjrgig]:éllycﬁﬁ{/iﬁ@a §¥ 6R bidhatl G bEESsuél &s aWhi ch al so

i ncl ude sense irers and input/output circuitry that is coupled to bit
| i nes BLG Blmicroprod@s€8/00 dBE7 hePOTY ¢dBG@1106 4268h ofdunusy cisiFl@hagas al so

controls row decoders . 216.. Row decoders 216 and col umm dec rs 218
sel ectably &% @%@I%ﬁé?ﬁlcéﬁtmmﬂﬁngﬁccroé‘ﬁﬁglpfs%tﬂﬂ‘?n%ﬁ]&pé’%cg als that are

provided on address dek&ﬁ;%difﬁ%&nﬁurﬂ_ SRddR0dL & hiforBRefkALA ONS.  The
address signals are typically provided by an external controller such as a

5 m cr opr ocesandéction withBigureelrory control l er. Each of nmenory cells 212 has a
substantially identical st l{ﬁtﬁér gf and accor.d'gb]@l%,. onI% ne nory cell
212 structure i_sInd)é@_@P‘i“BE & QPergfin, CHRE ZPATRIVES 31 r‘?sﬁo re detail
In Connf'&t'ﬂég%ﬁﬂl&rr}ngﬂ?&yc%lf%ﬂ EﬂacfaPé’sF%ﬁﬁQHDiﬂ. RfRRbufBes AliiaRifies rcui t 200

receives an ress o particular nmenory cell 212 at address buffer
214. Addr es soneufffler wadlliried SViL.0-Wlas of teepanticul dvemewony dell 2é3 toMo& W.m of t he

particular nenory cell 212 to row decoder 216. Row decoder 216 selectively
activates t HECpFrleuRe™ ‘iﬁ?Pgerlzﬁﬁéele WS Q@tﬂa@ﬁ*&ré@&%&? FETs 230 of
each menory WO'—\]A_%%‘E’Qm%afe%ccegggﬁ?gﬁﬁfi?iﬁ%icf? ern?tﬂlggﬁ etb warid 1ine WO Wm

Col um decoder 2 ects the 15 one o I nes BLO-BLn of the
parti cul ar | ycoadettasweatie seamed worl line2W2.0-Woim. aColmmintdecajee 248 sadexts that a

received by input/output circuitry is coupled tqQ the one it lines
BLO- BLn é%)é QWP%@&H“FE@I&C%%% 9%%%&@@61%{18%@12‘3?%53 nb?mW%]ﬁgi?ge?f’ﬁ% st or age

copect o1 238 HlptinACkEl S0 IR bbbtk s eappseuyaggy e
repr esent ed bit lines BLO-BLn and through the access FET 230 to charge or discharge the
storage capacitor 232 of the selected memory cell 212 to represent binary data.
For a read operation, data stored in the selected memory cell 212, as represented
20 by the charge on its storage capacitor 232, is coupled to the one of bit lines BLO-
BLn, amplified, and a corresponding voltage level is provided to the input/output
circuits.
According to one aspect of the invention, each of the first and second
gates of access FET 230 is capable of controlling the conduction between its first
25 and second source/drain terminals, as described below. In this embodiment,
parallel switching functionality can be effected between the first and second
source/drain terminals of access FET 230 by independently operating the
particular ones of word lines WLO-WLm and corresponding ones of word lines
RO-Rm. For example, by independently activating word line WLO and word line
30 RO, both of which are coupled to the same row of memory cells 212,

independently controlled inversion channels can be formed in each



20 by the charge on its storage capacitor 232, is coupled to the one of bit
lines BLO BLn, anplified, and a corresponding voltage |level is provided to
t he i nput waud3masi7ici rcuits. According to one aspect of thedmuseavss«an, each
of the first and second gates of access FET 230 is capable of controlling
the conducti 4 i’ cand ssNaGEhArBi Nidvghen nal s, as
descri bed beﬂ%%\?v&%%ﬂgﬁfsetsilr:rgoc?%ﬁ%%}%g?gl el sw tchic‘c%é functi oné;I ity can
be effect ed doafwgtion btiweeh thesfirsbmd seeauidurcs@aineégomi n t erm nal s of access
FET 230 by independently operating the partjcula nes . of rd |jnes

W.O W.m and cor r éxSsetinghiy asqier aspegigiidhs myertiongeacel thefirsg Fd by

i ndependent | I J I : i . pf which
are coupl ed %d 83@;{3 E%%gggn%@l; g%ﬁ %féahemn%%&c@ﬁ%ﬁlsn@§g ?éﬂqﬁﬁ%%ggﬁggﬁ?ﬁ%ﬁ%so ntrol |l ed
i nver si ons ¢ hadRedodd auicldraiotenmihal ) betathé filkt WA Q36Ad patdd oRaftiduid2/ 03426
correspondi ng access FET 230 by respective first and second gates for

al l owi ng caseRse FESH 2B eirsunchrprous]y adtivaiad ralerihan yulspendentivi n regi ons.

According tao th i O (P18 and second
gates of acci g@?@E?oEg%&ﬁ@E,C@{O%%P%og&Y%% tl{r%(g)'l‘l rll'c?’e ﬁgpitl e %ﬁ’dﬂf&gtﬁ% bet ween
its first SiRmb, seb@Tdviicideebdslad o thesahafdvs of Memotheelki218t and second
gates of particular access FETs 230 are synchronous|y activated, rather
than i ndepersyashrosouslymstizatedimveesionsshappslecandie foynedhingiash soesaendingt i ng wor d
line W nd._ Wor. |y i .same row of
menory (?(la lSacg?ﬁ?ET?};Q%&%%%@%F%E%I vaeg %ﬂa‘ﬁe&g?g@kﬁagggﬂ%e%?@an be forned
i n each cor respaendhdgrsl hdeeesdsdode/ &3 rbyioiespective first and second
gates for allow ng conduction between the first_and second source/drain
regions. In this Iaiisembedimensprpdirennys sotietipy and depcinefionetdhs ist i on of the
first and segaond gat | | I ial

di stributi ont %isﬁcotn ﬁga%agc%vggwgﬁ%é%tg&vﬁg{gﬂr}h% g l)tle%s?t\{iﬁrgi 1%3@%%’03%21? %H\?e state.

Synchronous @edsk FETIZ30 v iR ifla@chducttt SbteC SYnEiGontEBtctitatiiptaatin
well-controlled fully depleted operating characteristics of access FET

230. | n &5 f ulenetbptienparhansed to abigin well-coprofled Sellyadrplofed opriatii es are eit her

E;énchr onousl%a%%tehagc%%%gg&gg iil\éTaz%.i vated, different activation voltages can

In a further embodiment in which the first and second gates are either
synchronously or independently activated, different activation voltages can be
applied to the first and second gates of the access FET 230. For example,

20 different voltages can be provided to synchronously activated word lines WL0
and RO, thereby providing different activation voltages to the first and second
gates of the access FET 230 to obtain particular desired operating characteristics.
Similarly, different deactivation voltages can be applied to the first and second
gates of the access FET 230. For example, different deactivation voltages can be

25 provided to synchronously deactivated word lines WLO and RO and
corresponding first and second gates of access FETs 230, in order to obtain
particular desired operating characteristics. Similarly, different activation and
deactivation voltages can be applied to independently operated word lines such
as WLO and RO.

30 Figure 3 is a diagram illustrating an access FET 300 formed according to
the teachings of the present invention which make up a portion of the memory

cells 212 shown in Figures 2. As shown in Figure 3, access FET 300 includes a



applied to the first and second gates of the access FET 230. For exanpl e,
20 different voltages can be provided to synchronously activated word |ines
W.O and W@ ostoherreby providing different activation voltagea/usmoheefirst
and second gates of the access FET 230 to obtain particul ar desired

oper at i Ng cRAKAG! G T 63y nFAbADH Yinoild S5 dRAGKIAION vol tages can

be applied to second gates of the access F 230. For
exanpl e, di fchptahite veted tramdiston Aalotdige o ihahedokin@Softhepreded t o
synchronously deactivated word |ines WO and and,. ¢ rre%ggndi ng first

and second dayesionstha seucie pEthe asagys FET 304a¢ludes agpilari30) extending) ar desired
operating c i SL1 - SL i r Act:l i :
dgacti vatg:J i O2)%\%@%%1%%@5g%%mgghg@b%ﬁéggst{%é ?Er’%e%ggrr”dg%{‘f‘glﬁ%%}é@g word |ines

such  asW. OxpgiRMlinsfrsEe@itaoelaget 304eandi agngleciysiallgiersadondgontactdaygerss FET 300
formed according to_the teachings of the present i,nv,en{i on i ch make up a
portion of t396 veeisty senseatqdbyarpoxifelaprer 108riAjuplga thin single D¢ Figure 3,

access FET %% : ciapfr%?s?s%r ﬁg?%%gn%/a%gisf% ﬁ%’é%ﬂﬁ%&?»ﬂ@um@ﬁﬂ cal ultra

thin body transi’s or erwse s ra thin single crystalline

vertical tranglstgktallide Gertidalnghnkidtdr B0 txhades agsitefthinéngde eseaallinei nvent i on,
the structure of the access FET 300 includes a pillar 301 extendjng
outwardly f reticsl Bedsi tesinn dé? srhidh ssperetes an b thingdngle erystallingoptiifes a singl e

5 cryst i first nt . S > I econd

cont act a-Nayell’rSt SQBECCC(%%P irﬁérf %/@é%{ﬁla%gﬂggﬁglﬁggﬁie% %aéﬁlﬁégéér%%%ﬁ%@n nultra
thin single wouxstdpihiréion Y. tA gale 3t 8 awhich ey bR liftepally dorimd wittomg si de of
the pillar 301. The ultra thin single crystalline vertical transistor 310
i ncl udes an wordrinetanidasceibeahover iy Soranad apposips fhedts thypeipelesgistling1 2 whi ch
separates an_ ult hi n. si,ngl r |4i I . I urce/drain
oo on 514 s Bed{ieoBnts o R Be PG b ity idiang
sour ce/ drai rgapgegi on 316. A gate 318, which nay be integrally formed with a
word |ine as described above, is forned opposing the ultra thin single
crystal | 1he ver tAecordipg thyembagimants op themyesest igupntions 1B ultrdhBYSBHF by a t hi n

set e o1t 9e |yl et Todr AL 28 A L ETRPELITS Bl MR GO
includes a ciaRnRkss tha il 0Gn@nonsdtérs Callsd, @fegilia thin single crystalline vertical
body region has a horizontal width (W) of less than 10 nanometers. According
to the teachings of the present invention, the ultra thin single crystalline vertical
20 transistor 310 is formed from solid phase epitaxial growth.
Figure 4A is a perspective view illustrating generally one embodiment of
a portion of an open bit line memory array 410 according to the present
invention. Figure 4 illustrates portions of six memory cells 401-1, 401-2, 401-3,
401-4, 401-5, and 401-6 which include ultra thin single crystalline vertical
25 transistors 430. According to the teachings of the present invention, these ultra
thin single crystalline vertical transistors 430 are formed, as described in
connection with Figure 3, along side of pillars extending outwardly from a
semiconductor substrate 400. These pillars are formed on conductive segments
of bit lines 402 which represent particular ones of bit lines BLO-BLn. In the
30 embodiment shown in Figure 4A conductive segments of first word line 406
represents any one of word lines WLO-WLm, which provide integrally formed

first gates for ultra thin single crystalline vertical transistors 430 on one side of a

10



(L) of less than 100 nanoneters. Also, the ultra thin single crystalline
vertical body region has a horizontal width (W of Iess than 10
nanonet erwo o3amadir7di ng to the teachings of the present inwariser/po3f«2he ultra
thin single crystalline vertical 20 transistor 310 is formed from solid

phase epi t axidich @8 SMdh thEpSUERladAYst Horl IRRS RBES Eﬁty@oyédeaepeh&ﬁg bhatd ng
general ly one enbodi nent of a portion of an open bit |ine nenory array 410

accor di ng t odesired piragiegonfiginationas pmsenlé'edgnrcenmedlbnusﬁlrlﬁgms 2Bortions of six
menory cells i.ch include

4 401-2 401-
ultra thin %118"11’:? Q%ée‘%f’élflt“foé‘giin%%f ’r‘e&’ﬁ%se’étt%BP% OH%PW&@&‘&FEH ng to the

t eachi ngs OfW"OhWnPrvﬁﬁ@H‘ ro'vIHéQHtTegﬁH f3HRIestndr estf&‘ﬂtr&it}ﬁﬂki% erystalline
vertical transistdrs 430 are forned as described in connec§| on with

Figure 3,5al qyyagalhndeembalpirdnlslatoss e adiefghboringrendhyinfwloch the pgeiciimonduct or
substrate 400. ese iIJ[%rs are fqQrmed on conductive segnents of bit
| i nes 402 \M‘ﬁeﬁ‘i’fl U848 i¥7ree8edr ones of bit lines BLO-BLn. In the 30

embodi ment  shown Ape;ﬁﬂgi%@ufl nﬁ&%féﬁ%tmgaﬁmm@mﬁm délé% suifd | ne 406
represents any one of word [1nes W.O-W.m~ whi'ch provi tegrally formed

first gates veotical tmnsastbm4*30$|rm’g>mwalyﬁgsacﬂé oﬁmllmelthat(eaﬂend oalmarcﬂyor s 430 on
one side ofﬁalo V\DO/015 1PCT/U2§3F§6@’3 renchln%{ﬁlch

particular f ‘Pfgtan\}dﬁfl erlyipg eunpgrateidd 0 &6 be PRtAl 491 e eSde5| red
circuit onfi,gucahicoRd I%Ea‘%ﬁ%ﬁa%nbl”s&%@ﬁcﬁﬂ&%n%&ﬂ?t% V\?@I?st%ﬁm goonductive
segnent s of second wor Tine repfesents any one o i nes WD-Whn
whi ch provi daateritle gr SOl ynafcorairthdt is daored fganebuﬂmenubmrdacmhstartmgngl e 5

crystalline vertical transistors 430 in a neighboring trench in which the
particul ar RECHASHHEPIPISIEE08 i s i nterposed. As expl ained in connection

with Figure 3 bk J4 MShAGl EnouShM LASIIRE LligbulAnsh ot o s 430 are

formed al ongside o ars at ext out war om an under| yi ng
substrate 41ﬁoce¢ésmgemtmquesi Aeblown is Higdre die thtQfillam dhahattesan k- shlidok
sem copduct or - on-.i nsul at Q) starting

?rg{n e;:!ogtjucg%g% g’%‘%‘g‘?fi gﬁ : 1?%:13{%'0{1 SulsHpestYOrte BRRduics first Cglétﬁ?tg‘@ﬁggg or starting
T SRR SS A L ) s AT sl o
pi Il ars i ncleodenanf mensiry ceidrshown as BLO - Bln in Figures 2A and 2B. An oxide
layer 414 is formed on n+ first contact layer 412. A further n+ silicon layer is
formed on oxide layer 414 to produce second contact layer 416 of in the pillars.
20 Storage capacitors 432 are formed on the second contact layers 416 using any
suitable technique as the same will be known and understood by one of ordinary
skill in the art upon reading this disclosure.
In the embodiment of Figure 4A, word lines WLO-WLm are disposed
(interdigitated) within the array 410. For example, first word line 406 is
25 interposed in a trench 431 between pillars of 401-1 and 401-3 and between
pillars 401-2 and 401-4. Second word line 408 is interposed in a trench 432
between semiconductor pillars of memory cell pairs 401-3 and 401-5 and
between pillars 401-4 and 401-6. Thus, as seen from Figure 4A, the ultra thin
single crystalline vertical transistors 430 which are formed along side of the

30 pillars are also in contact with bit lines 402 through the first contact layers 412.

In this embodiment, bit lines 402 contact bulk semiconductor substrate 400.

11



15 layer formed on a bulk silicon substrate 400 to produce first contact

| ayer 412 and integrally formed n++ conductively doped bit |ines 402

defi ni ng wopmrousioul ar col umm of menory cells shown as BL®CGT/ion/08426 Fi gur es
2A and 2B. An oxide layer 414 is forned on n+ first contact |ayer 412. A

further n+ silicopobayehreiches ﬁ%@s&@tl&%e@%éﬂﬂﬂ@éﬂﬂﬂ-én&& flise second
contact |ayer 416 of in the prllars. 20 Storage capacitors 432 are formed

on the secombrttmhtranﬂstbmyﬁléf)&fédﬁcmmtglcaylyellss%lt]aHDbZt 4¢haj 4led.as the sane
will be known and t of ordln ski.l n the t upon

readi ng t hi s*Y %@nggfés (f é g‘iﬁ‘ﬁ@‘ﬁla}@ﬁtabétf écb{ﬁcgomg{e %ﬁrﬁteﬁg’ﬁés W.O W.m
are di Sposedtéer{ch'&@ it G stLﬂE&]ggnﬁ‘& Efitdwidhe sﬁih[b%’lrﬂa-lgtmé: BlarcenPiRhes first

word line 406 1s 25 1 nterpos I'n a trench 431 between pillars of 401-1 and
401- 3 ands betiliemndioyidé.| Bosexdfhble® aarmCmmo groviSecsnkitivmbetweempil kOGS | s

interposed in a trench 43 bet ween s cond ctor pill of, ry cell
pairs 401-3 4MNdl ae4Gl-3 bﬁ@@ﬁ%@ﬁpﬁbﬁ‘ﬁ ad ‘ﬁ%ﬁ 8113 ‘T‘ﬁegiggas seen
from Fi gure stors 430
whi ch are f of SegOR AU ol Neflind AP Sﬁf%fi‘h%‘? B EEkIGEY hiated ot o5,

| i nes 402 t hbpuedrhedus If zirrds432(;eerdhaxfmﬂlaymnmlmward lines WhDsWembasdi ment, bit

| i nes 402 contact bul k sem conductor. _substrate 400, WO 03/ 01
PCT/ US02/ 0349%crihedabgaye-opushygerdres Bl Ve |a§eoﬁea’t“‘@%9f4]f{?é? ﬁ%ﬁa‘i‘ﬂ“ﬁja thin

singl e cryst lls 401-1,
401-2, 4 g gy%fb{fr?df}ﬁ?fn?dg%ath{fq g§ é{&é&%ﬁb%&%&%gﬁ% ar S af%ﬁgﬁa bit line
direction arsisegtcdlyedichedaingle enystllitz2 Bodnsians oﬁuﬂhaeh]mesmgley filled V\,i th a

suitable insulating material such as 5 Si L%cfon di oxj de.. _For rrg
trench 420 pewaléré% verdigpldansistone fHb@a dpicribed @ compactipn Frith El@&f oid bet ween

pillars 401- atél Qidéoa}st HesER B0 46}6?151%65'4 ?w@h@ext{a&?s&ﬂsﬁﬁﬁﬂy&' nbfl ingle

crystalline |cafl ransi stors 430 are a ternatl ngly separ at
trenches 4310Moﬂa&to&ﬁt:]ﬁhe@f40mhl ch contain word |lines W.O-W.m as descri bed

above. Such word lines W.O-W.m are separated from substr 4 10 by an
under | yi A8 i nsul ak”i‘ﬁ’@qlﬁ&?ékmefﬂe@é?qcﬁﬁ%lﬁﬁéwec%fhw@@d%?’Qg a‘P‘? gﬁ)ﬁ the ultra

thin ver ti cally, QrdieRt s 8i:09!Belt Y i RSieRO s fiktra thin
HaY g RSN GER P

single crystalline vertic ransrstors in connection
Wi th Figure &nhbddimant, et andxsécdad vakd inae®6nndddl bal mwformheéntinedopkdl and 432
extend subst S(?lgléﬂallcl:olny Similarly, other suitable conductors could also be used for first and
second words lines 406 and 408, respectively. One of ordinary skill in the art
20  will further understand upon reading this disclosure that the conductivity types
described herein can be reversed by altering doping types such that the present
invention is equally applicable to include structures having ultra thin vertically
oriented single crystalline p-channel type transistors 430. The invention is not so
limited.
25 Burying first and second word lines 406 and 408 below semiconductor a
top surface of the vertical pillars provides additional space on the upper portion
of memory cells, 401-1, 401-2, 401-3, 401-4, 401-5, and 401-6, for formation of
storage capacitors 432. Increasing the area available for forming storage
capacitor 432 increases the possible obtainable capacitance value of storage
30 capacitor 432. In one embodiment, storage capacitor 432 is a stacked capacitor

that is formed using any of the many capacitor structures and process sequences

known in the art. Other techniques could also be used for implementing storage

12



orthogonally to bit Iines 402. 15 In one enbodi nent, respective first and
second word lines 406 and 408 are forned of a refractory netal, such as
tungsten wo @yousatium | n anot her enbodi ment, first and sawamksoaos4dél i nes
406 and 408 can be fornmed of n+ doped polysilicon. Simlarly, other

sui tabl e congpsdiRr 93200bstadth fBPthB Eirst 988 sédid fWoré linébe agaoBd words |ines
406 and 408, respectively. One of ordinary skill in the art 20 will further

under st and upspectl‘edﬂlqagbtsmaée divsislod theememary artey 4dBnduct i vity types
descri bed herein

an er sed al t such that the
present inventi g\né‘?d‘ q‘ﬁé\{‘i’%"’ﬁﬁp‘{t%é g @gf’t}?@]ﬁg@gneg%lﬁ) Eltuﬁrl’ses having ultra
thin verti Caihl:lﬁdm%rth@\ﬁlhﬁ%lﬁ mgieeorwtmﬁ@bémeﬁ tRnGRBANBL. HIRRe BBansi stors
430. The invention is not limted. 25 Burying first and second word

| i nes 4065 anﬂust%esbsabanuﬁé}m fonn@thmﬁ@atoa sudhogs oxigdef424 efovmed hetrm@h@ﬁ cal

pillars provjdes additijonal ace on the uppet menory cells,
401-1, 401- 2%48 proy ‘Ii"zﬂ@‘ilaﬁon yeen &ﬁrl?bl?aﬁ%ﬂlcgl%“’fg féﬁaﬁh 58?%1% st or age
capaci tors 43gy ﬂlﬁg(/&ﬁ%il'ﬁgnélﬁgrsa%@a 1R Yiak bABb@ndehf, ﬁ?sQWBrﬂ'ﬂlﬁﬂ@G age capacitor
432 increases t%e possi bl'e obtai nabl e capacitancé value of storage 30

capaci t or 43Rtween alreanbibas rehtdingsthe ruh:gethuaspagie coystalBR viegtical st acked

capacitor that is formed . using any o e many. . capaci.t or ctures and
process SeqME&OISﬁﬁgmglﬁel} U4 SUC ?1 ‘?tWFEQ:ﬁ‘HFﬁA@E ‘g)tlafso be used
for inpl ?dife“&/tﬁl@ﬁ Taﬁatcfbruﬁﬁg to the séﬁQe%?t/lQl%SlTYrét worl 1%%6@@&%@& eRpagi tor 432.

Contacts to t Irst and second word lines 406 and 408, respectively, can
be made out sidjecent pitlive 1mmmmng/thamﬂttaq/thmﬁnglﬁwg){staﬂum@erts:ahtrawtmsé\ﬂ) of Figure

4A il lustrating generall il the Itr t hi

crystal | i ne arae et g‘t"F’%ﬁ%’?p %m%ﬁ LII%UB&[ t? fiﬁgﬁ{%ggj gbsequent ly
formed i nsul g0 an%\:'%r@ﬁrreQ?@6q§ lo%gf%d ih %ﬂ@pﬂﬂh&t%%%ﬁ@ﬁemég@th%%ﬂwrﬁ’v' de

i sol ation between the pillars including the ultra thin single crystalline

vertical traddli-5tod $01430F1r$trwd:r&ilmeéﬁ®mhepmatedngawtomvtfr‘HlSI frome tO6 i s

bet ween adjacent pil) | udi ultra thin si.n stal line
vertical ! tr‘éfﬁ%?aéltyd%@mﬁgé AYHs 8?1‘1 t%‘?ﬂ"’dﬁﬁgﬁm&slnglé‘?%% Billars 401-1

27, 451, L e BB L of OB bt e 06 1
crystal l i ne warchid8al transistors 430
Second word line 408 is shared between adjacent pillars including the
ultra thin single crystalline vertical transistors 430 in a given row, such as
20 between pillars 401-1 and 401-2, but coupled to different bit lines 402. Second
word line 408 is also between adjacent pillars including the ultra thin single
crystalline vertical transistors 430 that are in the same column, such as between
pillars 401-1 and 401-3 and coupled to the same bit line 402. The structural
relationship for second word line 408 is thus analogous to that for first word line
25  406.

As iltustrated in the plan view of Figure 4B, respective first and second
word lines 406 and 408 are shared between pillars including the ultra thin single
crystalline vertical transistors 430. As a result, only one surface line width of
each is allocated to each memory cell. The row pitch of each cell, measured

30 from the centerline of first word line 406 to the centerline of second word line

408, can be approximately 3F, where F is a minimum lithographic feature size.

F corresponds to the length and width presented by the surface of a minimum-
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that are in a given row, e.g. 401-1 and 401-2, but coupled to different bit
lines 402. First word line 406 is located in trench 431 that extends

bet ween tW® @idifians 401-1 and 401-3. First word |ine 406 RCGI/sw@pasased by
gate oxide 418 fromthe 15 vertically oriented single crystalline ultra

thin body r%%g@érplcgnaﬁlgoﬁﬂ1#l&qﬂe pl 1¥§t li Q?l Mehd1. gal

transistors ongsi “the SI french 431. Second
word |ine 4081i% aahd0bd. H\hb\eelanmqﬂ;ch@éeﬁchmallj mlessuremkiiaﬂ\dedmg:emhﬂmesll tra thin
single crystalllne vertical transistors 430 in a given row, such as 20
bet ween pi | 195P¥ 1963 442 gaivbesapproximpigly 28 Hiusqthe sutfaterassasiicadh memoRes 402.

Second - Vor )i iR, 08,19 48} S0481EL WRSTS. Afl ASPR! B kd ARoigbydsng the ultra

thin single c’r stdll'iné vertical’ transistors’ are rn the sane

colum, sjch as lmguwean: is pipetspesivé Odevl ilRRatiHlandtirnembodipleaibftad t he sane
bi t I|ne 402. The structural rel atlonshls(? for second word line 408 is thus
anal ogous t @Ot offagropen pitlinggrenary gaay 450 agperding tq the praseddugntiont he pl an

view of Fi 9yh ré% 1{IS§[Pa?gth \f@OI‘ISIOrfgl?'( Iﬁ&ﬁ?l& %ﬁEQOI Woﬁ(ﬁ ,leéﬁlﬁs}» ﬂ€p4and 408 are

shar ed bet wee ars I'A in single <crystalline

verti cal trall@?flﬁfaﬁd ﬁO%%hl&Sltﬁluﬁéﬁhfatthlmgle a@etaﬁufefveﬁe:al uramslswrelt h of each
is allocated to each nmenory cell. The row pitch of each cell, neasured 30

fromt he cerﬂt38r Kicqerdte i the teaghings qflthﬁapf&%lt tnyeptien, dease Bl thia sisglgecond wor d
line ze staﬁﬁ% APOL O tggélgtto}/s 4@ V\ﬁ)?m ag d sc%bg{l %‘l Meét §1 Q‘Laphl ¢

feature orrespo presen t he

surface of Figiri3Muehg &ﬁe%@pﬂﬁfs&k&hﬁ&gﬂ@dtwm& %ézeﬁsenﬁbdﬂdctsem conduct or
pillar in each nmenory cell, 401-1, 401-2, 401-3, 401-4, 401-5, and 401-6.

The col umn pibgratet0t sEtese pillars are fsmed gniserdustine seamasis er’setshneeﬁo%ut li nes

02 b f 1,
401 1. 401 3O EpRRe e feBor S ML EBER R Bk BREN R 672! 5

Figure 4C isn FifRe 300hdUEIvY keithdnkd skl biddindriobheindeobBdégieeht of a
portion of an open bit line menory array 410 according to the present

i nventiohd apygoeef wgrd 111nft§sW Lﬁt\ﬁbmpb’ﬂltthmgwé‘? indegralipefesingd et Bafes01- 1,
g?; st2 al Iél?ﬁe?i\b/reﬁ?rlaé}glfl S%nrg‘ans s oliﬁg Vél%ﬁ%}qra&s:lg%rrsd%%&?gmo n%t glg%:ﬁf %gzl 219 | 1(:a he
present i nverincRh whithske pdrtitidad fistwsidnHes 406A and 406B are interposed,
depending on the desired circuit configuration as presented in connection with
Figures 2A and 2B. Conductive segments of second word line 408A and 408B
20 represent any one of word lines RO-Rm, which provide integrally formed second
gates for ultra thin single crystalline vertical transistors 430 on opposing sides of
a trench in which the particular second word lines 408A and 408B are
interposed. Thus, word lines WLO-WLm and RO-Rm are alternatingly disposed
(interdigitated) within the array 410.
25 As explained in connection with Figure 3, ultra thin single crystalline
vertical transistors 430 are formed alongside of pillars that extend outwardly
from an underlying substrate 410. As described below, substrate 400 includes
bulk semiconductor starting material, semiconductor-on-insulator (SOI) starting
material, or SOI material that is formed from a bulk semiconductor starting
30 material during processing.

Figure 4C illustrates one example embodiment, using bulk silicon

processing techniques. As shown in Figure 4C, the pillars include an n+ silicon
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10 crystalline vertical transistors 430 are fornmed, as described in
connection with Figure 3, along side of pillars extendingly outwardly from
a sem condwcddansi7substrate 400. These pillars are fornmed @crwswdosRsve
segnent s of bit | ines 402 which represent particular ones of bit |ines

BLO- BLnN. ﬁg‘&?gﬂ TB0ik sﬁ'ft%mubétfhtﬂ%%r&&ce %ﬁ%@ﬁﬂa&ﬂaﬁ@m nts of first
wor d I|ne 4 6B represent 15 any one of word |lines W.O-W.m whi ch

provi de i nt egd Altdgyalfydorrret] fi+-+ scbnctytahwy démad bud lines 40h|dnﬁmmgglp@rtmu$%t all'ine
vertical transistors 430 on OSI whi.ch the
particul ar FPW&F%@QWH%‘%S :ﬁ*%o%ﬁ%%ég“ir‘?ﬁ}é’g 2]3 r}‘l’u‘g‘b $hdi ng on the
desired cir [ Z.mmﬁm Ao 4 Fi gures 2A
and 2B. Con? C{f@ﬁ@if%rﬁ%@% @E%cg{g%g%fgl line 408A asnd 040 BrIZSO repr esent

any one of \ﬁ&iﬁf&dlonmﬁie%ydmmvmpmﬁumsnvordbcdntﬂce@yeﬁ 41 dfontecbilasond gat es
for ultra thin single crystalline ver i cal Jsranm tors 430. 0n _opposi ng
sides of aStoragRasPRGLoRHATATe FRrmed on;the pesPnd ety IMSTSAHIG Y5EE 2Y¥8A and 408B

t I I
R e i TS G %?S?g“%s@%ﬁﬁgfdﬁi%ﬁf‘% ’

connection \skﬂlhnlﬁie@wnq)oareadnhgﬂuﬁdilscﬁlomrelgl e crystalline vertical
transistors 430 are forned al ongside of pillars thﬁ/b%lext egd outwardly from

an under|ying sub¥erddines Wig-Widn gad ROy dredlicgiptinghiy8sRes€€ 400 i ncl udes
bul k |, Sa
utk se ni'OC rrg n?ecfcth tat§@%x§bg ghen%[‘as{ 413 tFﬁg?ﬂngﬁ? gyﬁnté\gSr]cd?glr%b g@UA ah@r ( )

starting bul
seni conduct %6Bfai9er1htqu)s8@1ﬂmtra{dha431d1¢tw¢eg ppila'ns:eﬁmmgand:ﬂghfsandlc illustrates
one exanpl e enbodi nent us;mfg bul k silicon proce55| 331 ues. As shown

in Figure 4etvese ppiars 4s2 prEfQigé andhsnpraisd IPYCWHS‘M" 78
PCT/ US02/ 03426, 1&e?§3§9ﬁ%&§%|n8€4@8& %&4(?@ br‘égﬁ‘cn +9§&1 Berft9350 produce

first contadl f‘ayer nt egra or ne conductively doped bit

lines 402 defivrded @erdicpadick@ Pilddrs oﬁmleﬂmﬂ’y afll prixee0y-3camid] 490 1 shanin as BLO - BIn
in Figures 2A and 2B. An oxide |ayer 414 js fornmed on n+ fir cont act

| ayer 415 Aetwgenpdlarsd0lst ppd il - ﬁéiléﬁeﬂa’éat@i PormEgulgier sxaterinl 414 to
D o A" B ok e ool oF Rl 46,203 frer Sh@S@BRG SaPRCI L OF S 432

are formed on & §6CoRd contac using any suitable technique
as the sane wérlilinds@0BAONE BRI 408@6%985 @ekpbytivehe anf intwectillyafoymed as
gates for the ultra thin single crystalline vertical transistors 430 which are formed
along side of the pillars such that the wordlines couple with the ultra thin single
20 crystalline vertical transistors 430 in each row adjacent pillar to form the open bit
line DRAM device of the present invention. Also, as seen from Figure 4C, the
ultra thin single crystalline vertical transistors 430 which are formed along side
of the pillars are in contact with bit lines 402 through the first contact layers 412.
In this embodiment, bit lines 402 contact bulk semiconductor substrate 400.
25 Isolation trenches provide isolation between ultra thin single crystalline
vertical transistors 430 of adjacent memory cells 401-1, 401-2, 401-3, 401-4,
401-5, and 401-6. Columns of pillars along a bit line direction are separated by a
trench 420 that is subsequently filled with a suitable insulating material such as
silicon dioxide. For example, a trench 420 provides isolation between pillars
30 401-1 and 401-2 and between pillars 401-3 and 401-4. Rows of pillars including
the ultra thin single crystalline vertical transistors 430 are alternatingly separated

by trenches 431 and 432, each of which contain word lines WLO-WLm and RO-
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skill in the art upon reading this disclosure. Wrd |lines WO W.m and RO-Rm
are alternatingly disposed 10 (interdigitated) within the array 410. For
exanpl e, ho®toiswnd | i nes 406A and 406B are interposed i rrca/wsoensir6431
between pillars of 401-1 and 401-3 and between pillars 401-2 and 401-4 and

soparat ed byt s 4BRthal Mo BALEL RorEHER WEQ RImHdR RCEEIhaRE! |1 neS

408A and 40 are interposed 1n a trench 432 between sem conductor pillars
of nmenory cetdm pabstrateD0HY aanadéditing irsnthtihb ldyet, Weemibpd bélawsamD1- 4 and 401-6
and separated by an insulator material such as., an oxide. As sho in the

enbodi ment  #FPFRiGH fomyihe wirpthin Yesticallypricatedsielewyiriine BodOEAIONI8EB and

408A, 408B ruzt?zf)ﬁﬁﬁ isﬁﬂgire%/ﬁr}ésg%lﬁ?é W6 @Jaﬁéist&%{)ﬁ?mq?ﬁesc%(?ﬁ cgﬂ{gcﬁgif ultra thin

single cryst I'ne v ransi stors are forne ong si de of
the pill & s wuchiguhead) Byhegaooxdtie,nise deseried belovh Tieachek BB hatd#3 si ngl e 20
crystalline vertical transistors _430 in each row adjacent pillar to form
the open bi textendgabstrosielly evthegongtly tmbit fpest: i nvention. Al so, as seen from

Figure 4C, the ultra e%n?io@igﬁaing?és?)ﬁéﬁ%ﬁr?{ AddNSe M b drf Fhed gp@%i ﬂ s 430

whi ch are formed along ars are in conta it lines

402 t hr ough dhBe0BAl 3088 aRpativelypyte formelidf a rRadtbiysnasipadhreningsteht | i nes
402 contact bul k sem conductor substrate 400. 25 Isolation trenches provide

i sol ati on berdanum) {r anqthsrembodiment.diryand sepend werd dinee 400 adA0S st or s 430

of adjacent nemory cel | - - -4, - d 401-6.

Col umms g(? pcl‘%”f1 fggfén%q%oor% +;(Ll%é#p?l§%ém§?’r%%€qa§% (gtgér Ség%ba{égﬁ}%%bggp a trench
420 that is culisgsseatded i fikethdwetdhdavsidilinabl406AnS08RindMBHUEsBal such as
silicon dioxide. For exanple, a trench 420 provides isolation between

pillars 30 4espestivalyt @Dogobordiyrpekilléie ey wak fyrthegrundersisgd 4pan 4. Rows of

pillars including,.the ultr N, Sk I | t] transi stors
430 are al téF?ﬁdé?g H’(ﬁ 9IS%I§Spu§?aa]éepe%@a%ﬁgﬁg%gg%hggﬁh%%l,&ggéh of which
cont ai n wWor detdri@BbyMifrk @oping tyXes suéh W& B3 HELbodt Tdvenfidn 15924103426 Rm as
descri bed above. Such word Tines W.O-W.m and RO-Rm are separated from

subst r at &5 40@phgatdmtouinelads strusgrreniaving wlivg thigyerticallfeedentesb#ingé| ow, and
separated fromthe ultra N verti ly ri-ﬁzm i .crystalline body
regi ons of ol ﬁt?lgn? Richa%l}e%g'lpgug?{/létp ]%(;Siazk’ioheﬁ.1 Verti gg? %tﬁg%l(g}ls 1%‘?'3 430 (as
descri bed i n connBgdyifirst ddtsBednidgmerg lidks, kN6A, gedBadde,, 408B0 descri bed

bel ow. Trenches 431 and 432 )

respectively, below semiconductor a top surface of the vertical pillars provides
additional space on the upper portion of memory cells, 401-1, 401-2, 401-3, 401-

20 4, 401-5, and 401-6, for formation of storage capacitors 433. Increasing the area
available for forming storage capacitor 433 increases the possible obtainable
capacitance value of storage capacitor 433. In one embodiment, storage
capacitor 433 is a stacked capacitor that is formed using any of the many
capacitor structures and process sequences known in the art. Other techniques

25 could also be used for implementing storage capacitor 433. Contacts to the first
and second word lines, 406A, 406B and 408A, 408B respectively, can be made
outside of the memory array 410.

Figure 4D is a cross sectional view taken along cut-line 4D-4D of Figure

4C illustrating generally pillars including the ultra thin single crystalline vertical

30 transistors 430. As shown in Figure 4D, first word lines 406A and 406B are

formed on opposing sides of trench 431 adjacent pillars including the ultra thin

single crystalline vertical transistors 430 in a given column, such as between
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extend substantially orthogonally to bit lines 402. In one enbodi nent,
respective first and second word |ines, 406A, 406B and 408A, 408B

respecti velonsaseiformed of a refractory nmetal, such as t PUJBUBSR/0346
titanium In another enbodinent, first and second word |ines 406 and 408 10

can be for megiints 401-HRREH RS dr 88upldd 1ith@dito bIPTIRET ASWai @tk ionduct or s
could al so be used for first and second word |ines, 406A, 406B and 408A,

408B respecFiges 4C, fseword lonedi40ah ynd ROGB ajerplschehaadtbetwédn afljacertier
understand u readi ng, this disclosur hat the conducti Vi t ypes
descri bed heBﬁF‘Fﬁ @gﬁg%g[h? ’g%rt lé‘d;m&% W%@lﬁ‘iﬂﬁ&e‘éﬁ& tWQ’SF%%?OS%%W% t the
present invepd fifhacks SUAHRS, ISutJ&uﬁléH:té gaRt&t bR lfn@§h(9§j§‘rn§thﬁ§1fblhﬁrtﬁé havi ng

ultra thin vertically oriented single crystalline p-channel type

transi st oss 486 biThee DRAdYitdevive. Birsiotord binks 40Gleand 4@l are nepatdtedshy and second

word |ines, 406A, .40 nd 408A,. 8B.respectively,. . bel ow sem conductor a
top surface S‘I‘tetoﬁléie?/g% %851 theveitigp ?ﬂ“c‘fg‘?dg%%gtle ﬁ‘a’dflap}n(?ﬁ%ﬁra Wikedyon the upper

portion of nRmBL ifald Iﬁtraﬁﬁﬁ-sﬂqgle%ta%}%né@éﬁ&l téﬁééto%%ﬁ’altﬂlggiaé of fifad 401-6,

for formati on of storage capacitors 433. Increasing the area avallable for
form ng st or pdlrcapech suole of38nechddleases t he possi bl e obtai nabl e

capaci tance val ue ,of storage capacitor 433. In e enbodi nent, storage
capacitor 433 is §S§P%1YYRé‘Hg’c,gé}Ff'a‘ﬁs’tsﬁ?oqdﬁ’é‘frdil@e? 65 anﬁg@%afa omsd @he nany

capaci t orygst Bﬂﬁésuﬂfg?de%’lﬁ tRAGE RS gcqgﬁ@rggg ngme iSRS Ling & her

t echni ques 25 co al so be used ftor 1| storage capacitor 433.
Cont acts to ttystallinesterticahttarssétam @3 Ovor dgivem eslpmb) 6kh a4 066cangil4BSA, 408B

respectively, n be de . outside of the neppry array 410. Figure 4D is a
cross secti gﬁ%f-ﬁwgﬁp?%k C%P’e?rf@uelﬁ&q ‘iﬁ‘ﬁéalﬁﬂlgglﬁn& A VASsEOWRLE FIBPSs t r at i ng
eneral | i hia 1 i I I t.al ] Lne: tical 30
'? ransi st grg &g&&%@gﬁ%ﬂkﬁ#@l@g&?gb%’ JE%%OZ%HA\%&J?‘% ?%e@héfgrg%ﬂgﬁg 406B are

formed on oppehidig thedésa thin $ingnctysthBineadytiabtrangtdrs 486 thanaedeuniteg t he ul tra
thin si iven columm, such

i oL i) e eLLal EANSISLOS 470 10 2,0 vep col um. such
eSO BRI ot e M ST SR g, v,
ultra thin soxigee4® fremahe verticalbrdrieated singhhaiysthibims ultZ0thiriaddy aegionn
in the ultra thin single crystalline vertical transistors 430 alongside of the pillars
on each side of trench 432. The structural relationship for second word lines
20 408A and 408B are analogous to that for first word lines 406A and 406B.
Figures SA-5C illustrate an initial process sequence for forming pillars
along side of which vertical ultra thin body transistors can later be formed as part
of forming an open bit line DRAM according to the teachings of the present
invention. The dimensions suggested are appropriate to a 0.1 pm cell dimension
25 (CD) technology and may be scaled accordingly for other CD sizes. In the
embodiment of Figure 5A, a p-type bulk silicon substrate 510 starting material is
used. Ann++ and n+ silicon composite first contact layer 512 is formed on
substrate 510, such as by ion-implantation, epitaxial growth, or a combination of
such techniques to form a single crystalline first contact layer 512. According to
30 the teachings of the present invention, the more heavily conductively doped

lower portion of the first contact layer 512 also functions as the bit line 502. The
thickness of the n++ portion of first contact layer 512 is that of the desired bit
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t he adj acent columms, but coupled to different bit lines 402 and thus form
the 5 open bit line DRAM device. First word |ines 406A and 406B are

separ at edwoyo3/ogsit7e oxi des 418 fromthe vertically orient edCaivspLe3426
crystalline uItra thin body regions in the ultra thin single crystalline

vertical (ranaish 1§kn%§9a%11&{‘8a§1i‘tﬁje pBfoxiftely bl &%, Plb Ga8{lye iR Of trench

431. As shown in ure secon es 408A and B are forned on
10 opposi ng (S/IekaSthmf(ndsB efithie féZoaticalapat51pichh be spproximatiélnhetiieen 02t ra t hi n
single crystalline vertical transistors 430 in a given colum, such as

bet ween pi | 80 umoﬁnszaﬁlf‘dlawﬁlé W@PE’WX’&P%“’IE&QBPé‘&f’nf“?feftsr(@%é)nle“’&rt line. As
was shown i %hﬂﬁgééga o8 £555QMh &-ﬁl%t oo 18051 2Nth ARARRInalife Shar ed

bet ween adjace ars i ncludin he ultra t Insingle crystalline

vertical 4r 8@@&@1&196@143@11 b@ﬁimﬁd%ylt]ibrhiahoﬁﬁe gdjwale eschniqoés M secobdit coupl ed
to different bit |lines 402 and thus formthe ope bit |ine DRAM devi ce.
Second wor d JonietlanadAc shats08BnaY @@é@)aﬁﬁt@é&l‘gﬁﬂaﬁ?ﬁé 4 toJ3TEs 418 fromthe

P e e b Sl e SRk Byl BF VY Beblt Dby beOIT Fornlel ¢ 10

ne ver |ca ‘transi ongsi e of the
pillars on t@@qhhcﬁllleggopfodﬂhﬁmﬁlb3432 The structural relati onshl p for second
word |ines 20 408A and 408B are anal ogous to that for first word |ines 406A
and 4068 Fl guré&eﬁﬁ-@@ siligapsdipxide laykt (HPYiSAB of pprresignalelyd8MERISt or f or ni ng

DL 1 o 18 Lo Saihe WILEDHEALISAL s 1. | A bk BpBfYidiianstoipie can Tater

be forrre ng an O accor

t eachi ngs of 520*‘& @ﬁﬁﬁ&telylzl)\te 50 in@din thitBnék mbgwa ol et @ﬂic@{ e
appropriate to . (%m cell dinmension 25 (CD) technol og and may be scal ed
accor di ngl y dl@deglabféfr @)sﬁllﬁé%fowqdﬁéyef%%@i}’%rﬂlg@fldI5 éuT]éGSSRa a p-type

bul k silicon_sub i nd n+
silicon corrglggfr? éig} Cgﬂt ac b? a@%p%égﬂhﬁm Elet %ﬁ%e@ﬁa stbr}gte 510, such
as by ion- |nmeﬁﬁk§aa{,é®mde@gmeprovwh or a corrbl nati on of such
techniques to forma single crgstal |ine first contact |ayer 512. According

to 30 théSteachi n@@h@f)quﬁélspﬂﬂ)é ethend selastivelp Axpashe tripeidsagvaskyorbaduct i vel y
doped | oV aRGHbA R e il S UL RIS SR DGR (AT 2 1o,
is that of tdifecHesdl eRHingirbsulté 1N@pﬁﬁ£1ﬁ§z5izdlulﬁﬁ-ﬂaﬂ%@/ dddthabng thieseack 02
t hi ckness, which can be approxi mat el )3[ begg\?lggor?taé 1; %r216250x‘3<|1enl]a ;he
of nitride layer 520, pad oxide layer 518, seco Vi y
514, and first contact layer 512. Trenches 525 are etched to a depth that is
20 sufficient to reach the surface 532 of substrate 510, thereby providing separation
between conductively doped bit lines 502. The photoresist is removed. Bars
530 are now oriented in the direction of bit lines 502. In one embodiment, bars
530 have a surface line width of approximately 0.1 micron or less. The width of
each trench 525 can be approximately equal to the line width of bars 530. The
25 structure is now as appears in Figure SA.
In Figure 5B, isolation material 532, such as SiO, is deposited to fill the
trenches 525. The working surface is then planarized, such as by chemical
mechanical polishing/planarization (CMP). A second photoresist is applied and
selectively exposed to provide a mask for the directional etching of trenches 535
30 orthogonal to the bit line 502 direction. Trenches 535 can be formed using any
suitable technique such as by reactive ion etching (RIE). Trenches 535 are

etched through the exposed SiO, and the exposed stack of nitride layer 520, pad
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overall thickness of the first contact |ayer 512 can be approxi mately

between 0.2 to 0.5 m An oxide |ayer 514 of approximately 100 nanoneters
(nm, 0. 1weo3/akizckness or less is forned on the first corrcewsSorases 512.
In one enbodi nent, the 5 oxide |ayer 514 can be forned by thernal oxide

growth tech@kﬁiéq?erélg%m oafabBeer 5a8e6xidd fiyef 518+ark intc@s firgt f or med on
the oxide layer 514 to forma polycrystalline second contact |ayer 516.

The second @omaa’fdtayftr@é bubady fosa ﬂQchréltfﬁCIent ta letviedhadesiredbit oo 5P2 m or | ess.

Next, a thi i con di oxi.de 8.0 I‘OXI 10 nmis 10
doposi 1 ed on RS ab AT TR iseicash of Rbidly HFnE | TRl s Ge. | ayer
(Si 3N4) 5205 H@w%@% sqﬁﬁsﬁgluyes% Béi/mr%mﬁi\mlda'llytdgﬁﬁéﬂlﬁﬁﬁs'5&01319943@1% ed on the
thin silicon dioxide layer (SiQ2) 518 to form pad layers, e.g Iayers 518

and 520. 5Thége-pand S4&Agers 518 and 520 can be deposited using any suitable
t echni que such as.b hm'cl iitio D). 15 A photoresist is
appl i ed and sel ej“}‘%'\yfsﬁﬁ ﬁ %\P&Bi‘ﬂﬁwﬁzg%cs}/%%mﬁg‘ow& Pect i onal
etching of tlzﬁ?ne @Bstalée%fmmfgtt%hhﬁé séysd eﬁ(gmevst gms%@mmu(,ﬂ ) lind he

di recti onal hing results in a plurality of colum bars 530 contai ning

the stack dDZrmonmecdagh@ymltﬁlﬂ@rs el ad BO-1 ayary g, cobroontirepdnt act | ayer

516, oxide | nd_first ont act 512. Tr es 525 are etched
to a depth é%étremgmg ?qbé‘?qélﬁ?t Bt (?{(J"Y‘%/Tgﬁ%??r ‘Fsaﬁ,eécrg?%%&fo“éd%st rate 510,

thereby gy oot g aaﬁ.,egat%wafthpghme@u&%%w Heh¥d BiPpadri40-1 dgees 502. The
photoresist is renove Bar s 0 are now oriented Im the direction of bit

| i nes 502. I5d0ehandentvedionmeat by hiflas 54831) ahd$40-3. surface |ine w dth of

approximately 0.1 mcrgn ess dt h trench 525 .can be

appr oxi mat el y eqa:égurﬁég‘t ?1@11 Wsﬁéteﬁad?tﬁ %govﬁéffcgmﬁ%s oppfibeddn cpnnsetit e i s now
as appears | %Heﬁsﬁﬁsc'céhfé 1Emaied bﬁQ*bﬂHd OO doR gyadBstratsich as Si 02
is deposite tren es 525. The working surface is then

pl anari zed, osu(sﬁlc@s ohynmlte&cm(&@[[) teoheohegyi substrade | Figtuerogy phaasents dwt i on (CVP) .

A second. phot or is applied and eI ect veI sed tg prqvide a mask
for the ré’@ﬂ SeélP‘érFﬁe gP’ES’PeStSrSéerﬁ’é e\érsgﬁggdﬂlélpsgﬁﬂa e bit line

7 T T, O g s AT 0
exposed Si 02hawd in Rizuex@b ssexdimitatokhofross tectickel vayein B@ae Spaad 5Bows
a continuous bit line 602 with pillar stacks 640-1 and 640-2 formed thereon. The
pillars 640-1 and 640-2 include an n+ first contact layer 612, an oxide layer 614
20 formed thereon, and a second n+ contact layer 616 formed on the oxide layer
614.
Figure 6B represents the completed sequence of process steps shown in
Figures 5A-5C, minus the pad layers, formed on a commercial SOI wafer, such
as SIMOX. As shown in Figure 6B, a buried oxide layer 611 is present on the
25  surface of the substrate 610. The structure shown in Figure 6B is also similar to
the cross sectional view in Figure 5C and shows a continuous bit line 602 with
pillar stacks 640-1 and 640-2 formed thereon, only here the continous bit line
602 is separated from the substrate 610 by the buried oxide layer 611. Again, the
pillars 640-1 and 640-2 include an n+ first contact layer 612, an oxide layer 614

30 formed thereon, and a second n+ contact layer 616 formed on the oxide layer

614.
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WD 03/ 015171 PCT/ USO02/ 03426 oxide |ayer 518, second contact |ayer 516,

oxi de layer 514, and into the first contact |ayer 512 but only to a depth
suf fici enwam/oheave the desired bit |ine 502 thickness, e@/us20sei ni ng
bit line thickness of typically 100 nm The structure is now as appears in
Fi gures 5B havi ng;4 gbﬁ'r%@ﬁénl’s e thmpHicisbi e 8fftodess 3ttfs ghownin540- 3, and
540-4. Figure 5C| | ust es a cross sectional view of the structure shown
in Figure murelskﬂh-SéJ mlgux:hhephal heel'sCfoﬁrﬁlngFiaslg,udSe)fS(hCQhomnumglamint| nuous

bit line connect |II and 540-2 in any given

col um. Tre re %‘85‘15}1’%% ﬁglbfaé c¢ gﬁlm‘i%rcﬁjﬁtl SRR BPIOREYl i nes, as
descri bed bg f | $ych as a row
formed by p|+(f?emrs %4%18& 2%%4&3%3&:&&1?% Sorr)&tr‘ggﬁ nByg EQT Iégéorsy540 2, and

540- 3. Figuieofdd dcrbek) mﬂiﬂleéf‘@ecﬂina;uetfdsrel’ra&mr@ Smel dslandsof§dizoniobed in

connection wth Figures 5A-5C can nfed .on a pul k t echnol ogy
substrate drsulptes’] sgusd 172y T B 1)1’0{3@‘?5#11?1"6?186’9' TEeBEfY a Fi gure 6A

represents t l}ﬁ%taée S(flg{%)lllﬁ g.gé 8?lf§£l§@81ﬁfﬂapfootﬁgéﬁ)s§ E&H@nﬁh@éW1d Flngl:ﬂegur es

5A-5C, m nus ornmed on a |1 doped p-type bulk silicon
substrate 61Q anMoﬁz‘Slatwhumwus%ttdm 602mi¥thgn]1z& sﬁﬁks 64l i 640-20 t he cross
sectional viewin Figure 5C and shows _a continuous bi e 602 with

pi l | ar st ac Kempuighareampndy berp theo‘?oﬁ‘féaoqsﬁ’étrlét&ﬁoz?ﬁéepafﬁt?d:%?@ 40-1 and 640-2
i nclude gn ndy filfSE P @%Sll{lfﬁ&%B%@h%%&? 5@3{)‘2 ﬁi]e‘hnagr duty med
6 forne

t hereon, and a second "n+ contact [ayer e oxide layer 614.
Figure 6B r&ﬂé&@@dﬂc&rdﬁﬂptodﬁﬂpfo@éﬁdef@&qummmmf Agampésspﬂ@m@@ Shodn in

Figures 5A-5C, nminus the pad layers, formed on a co SO wafer, such
as SIMOX. AD48rRowslue a;;:p-gﬂﬂr@t ®p acblamﬁréllé&nd%ﬁl‘éf’elab’%fﬁge g3e tlalf’rﬁﬁ’%sent on the

25 surface ol L. SRSt (kR 10 o 16nALd LFRULSIGNGN Gt Fhgure OB Ts al so

simlar to € Cross se View I n gure shows a conti nuous
bit |ine 602cwdrtiihg tpithd @ﬁclﬁﬁ@&if&heﬁ;&@seﬁt mnentfhdt2 séquameelof lbtecﬁsst,epmnl y here
the continous bit line 602 is separat ed fromtge substrate 610 by the

buri ed okf deo feryepilletss as skgainrin Hignaes H-Plaran palyde forppnghg same AR Iahde an n+
first cont aci'éas ﬁ% (&%&hﬂ%egﬁf%ﬁﬁkﬁéﬁq Sﬁ%\g %ng@fﬁ%@& B@er eon, and a second

n+ cont act Iayer € OXi yer
Figures 7A-7C illustrate a process sequence continuing from the pillar

formation embodiments provided in Figures 5A-5C, and any of the substrates
shown in Figures 6A-6C, to form vertical ultra thin body transistors along side of

20 the pillars, such as pillars 540-1 and 540-2 in Figure 5C. For purposes of
illustration only, Figure 7A illustrates an embodiment pillars 740-1 and 740-2
formed on a p-type substrate 710 and separated by a trench 730. Analogous to
the description provided in connection Figure SA-5C, Figure 7A shows a first
single crystalline n+ contact layer 712 a portion of which, in one embodiment, is

25  integrally formed with an n++ bit line 702. An oxide layer region 714 is formed
in pillars 740-1 and 740-2 on the first contact layer 712. A second n+ contact
layer 716 is shown formed on the oxide layer region 714 in the pillars 740-1 and
740-2. And, pad layers of (SiO,) 718 and (Si;N,) 720, respectively are shown
formed on the second contact layer 716 in the pillars 740-1 and 740-2.

30 In Figure 7B, a lightly doped p-type polysilicon layer 745 is deposited
over the pillars 740-1 and 740-2 and directionally etched to leave the lightly
doped p-type material 745 on the sidewalls 750 of the pillars 740-1 and 740-2.
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19 WO 03/015171 PCT/ US02/ 03426 Figure 6C represents the conpl eted sequence
of process steps shown in Figures 5A-5C, mnus the pad |ayers, form ng
i sl ands oWwaosisloigion on an insulator, where the insul ator @3/tsg/obeen
formed by oxide under cuts. Such a process includes the process described

in more det aplonk @mUo@_meﬁﬁﬁ&deiﬂ%’to the BA¢hiAS0ef thy pleséit d@hdolakides, entitl ed
"Techni que for Producing Small T1slands of Silicon on |Insulator,"” issued

11/ 25/ 1997, hghitlytdoped p-tpemobrsiicod liner & dirdstionadly stabed éo legmethedightiit ure shown
in Figure 6C,is.also simni.l to the .craoss sectional vj i i~oyre 5C and
shows a cont‘?%ﬁ%ﬂéy}iﬁlflatfe?ﬂgﬁé@? t&ffweﬁﬁiﬁ@(’g{t%ec @a@f&%‘{f %rﬁidﬁ' %-2 f or med
thereon, onlp,Berewidievwp Rk hBQkhtdlithickhdis 0P Pnh or $&RATAS SGudniens t he 10
substrate 610 by the insulator 613 which has been formed by oxi de under

cuts such amvascshowinmgFigure AB. process referenced above. Again, the pillars

640-1 and 640-2 j.nclude an n+_first contact | r 612, .an oxi de | ayer 614
f ormed t her eon, dleétsbegegm:aoﬁprqggmsimsq%;ggﬁ%ﬁgcpgp%&n% he oxiyde

| ayer 614. Tﬁgére@%rtﬂiswﬁt%néﬂﬁ@r £8a6H 865 a9thd A8 868 ddsiyiiat i on, the
sequence of process steps 15 to formpillars, as shown in Figures 5A-5C,

can incl ude dboveioag b bmpkyre taisotmopicdlyasth thipelysidicoh &4 nff af ypes 0bf
substrates as sho in Figqyres 6A-QC. Eigures 7A-7C illustrate a process
sequence con Fﬁﬁﬁv\?@l%&@pﬁﬁwsmp@gﬁwowﬁ P]iyd)ﬁoé]ﬁﬁgﬁiwﬁhr?iéhepmﬁﬁsded in

Fi gures pév 5%0-?%91 POV AfthisReregtihed bRl ESe paROWR doﬂﬁghﬁ%@,se.g%&@ngt o form

vertical ultra In body transi'stors along side of 20 the pillars, such as
pi || ars 540-dltratidn bddy Rarisistdss guyeorbde siderofpiltapos4ds1 @id 7#0L2ust rati on only,

Figure 7A illustrates an _enbodinment pillars 740-1 and 740-2 farnmed on a
p-type substrat e_éﬁg%ﬁacsg‘téﬁ%%gﬂn \ fg%@ﬁg@@}é@é%ﬂg}%&st@hneth?
descri ption Pl tickidibks CANUIRE iR Body GMsRtéyonfy ol bikikie S pifliQwaoa first
single crystalline n+t contact layer 712 a portion of which, in one

enbodi nent, 1 an®B0-hisshowh! yn FigunetC whe waten ishestediat approsin¥ddy SAhtoxi de
| ayer region_714 is d

| ayer 7135 ATQe8HES ho S%ntl%llﬂ’gs fthl’;tlﬁ %SG};(%‘H?% @%d ! ﬁgﬁg’ﬁgﬁl%gﬁ ];ller E;i ggnt act
15 9L SR Wy sy g o, (502
| ayer 716 i n7€hhe gingle arystald®-silicmct Te0oRtonB3ef thapiflagpifdd-178)d #0-2 ghll | y doped
p-type pol yséele(ii (t:hcl)g] crlyg}c legrrov7vt SaAdsandlﬁggtﬂr} s?r?gle crystalline film 746 will form
which can be used as the channel of an ultra thin single crystalline vertical
20 MOSFET transistor. In the embodiment of Figure 7C, where the film is left only
on one side of the pillar, the crystallization will proceed vertically and into the
n+ polysilicon second contact material/layer 716 on top of the pillars 740-1 and
740-2. If however, both sides of the pillars 740-1 and 740-2 are covefed, the
crystallization will leave a grain boundary near the center on top of the pillars
25 740-1 and 740-2. This embodiment is shown in Figure 7D.
As shown in Figures 7C and 7D, drain and source regions, 751 and 752
respectively, will be formed in the ultrathin single crystalline film 746 along the
sidewalls 750 of the pillars 740-1 and 740-2 in the annealing process by an out
diffusion of the n+ doping in the first and the second contact layers, 712 and 716.
30 Inthe annealing process, these portions of the ultrathin single crystalline film
746, now with the n+ dopant, will similarly recrystallize into single crystalline

structure as the lateral epitaxial solid phase regrowth occurs vertically. The
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over the pillars 740-1 and 740-2 and directionally etched to | eave the
lightly doped p-type material 745 on the sidewalls 750 of the pillars
740- 1 andwod@#251720 WO 03/ 015171 PCT/ US02/ 03426 | n one erfaadiSuens426

according to the teachings of the present invention, the lightly doped

p-type pol ysithicaRB id @#ehs Dwilih E5dur&At by 78! m%ewoﬂd%yfsm% {Heght I'y
doped p-type material 745 on the sidewalls 750 of the pillars 740-1 and
740-2 havi ngt wilhMuoddrstem) ypamrredtbng thimdis¢losure.c Arveggentibndl @atermemlatbess. The

structure is 5.now as shown.in Fjgur B. .The next..seque of . process
Steps | desEitBatoNA cEarmsLe wht e heE Petaige T 2e g "anot her
maski ng st epeith%?hBﬁforﬁﬁrB?W%é?l%ﬁerktﬁ%ﬁﬁéé DBDe RGN 1eAtheBg3@Pl Oyed to

isotropically etch the polysilicon 745 off of some of the sidewalls 750
and | eave5pol ysi | Asone ¢8ardontyyskilhirothe agiwidlwalderstihd hhen matdingtlss 10 740-1 and

740-2 if this is required. by sone. partj cul configuration, e.g. formng
ultra thin b g}owra%_ﬁwgtaaﬁ £ ngso# aglﬁ?é%?sps?t&eiyp _@avm o4 f‘%ﬁtfdmp- 2. In
Figure 7C  the qhodid Gl @Etaﬁ%?ﬂlfhgmgﬁs f&#n&ﬁ?oﬁﬂah%fﬁie £tes ¥agRl i ne
vertical transistors, or ultra thin body transistors, only on oné side of
pi | | ars 740- cristaltighe 740ical transstoospor ultra thingwrdy tAGsistole awafdng tosthbeat ed at
approximately 550 to, 15 700, degrees Celsius. In this_step, e polysilicon
745 wil | rec?ye9%11na$q qfAhe miseent fvention. epha diratin spdle grypiRtie fﬁ@g%r‘*gﬂ‘)ﬁv Wil
occur Vvegrjic i i . | : : {ine silicon at
t he bott gEr)n O?lldt & %?Fﬁaaﬁtgﬂ%%}e’l:&gﬁélﬁ%g%lcé&hﬁftsgoggg rztﬁﬁlile;gtl%{r 4{i‘jslt al growth

and an ul t r atduphedstoniy frsceysdcalayein®l X dndranidta Wiih kinflercogstaitimecterivaah be used

as the channel of an ultra thin_single crystalline vertical 20 MOSFET
transi stor. YS§ORMEOE %}nﬁéﬁpngﬁzW‘&ﬁ?%tofé?s?ﬂ‘?éﬁiéoﬁtﬁfékﬁe{Hq-sA]Peft only on

one side of nuy : -al | i ] Lgal ey and
into the n+ﬁlgglt§g il{ %%&ggzg r?dﬁ ltélgén\{égi%:(faatl #gg%ﬁg{gn/ﬁggg@%giéﬁggg@ggﬂof t he
pi |l ars 740-dr @posite] 40k éxidd laydroMe\aad colggedthsifdgsomde/titnin migidndtSd td40- 1 and

740-2 are _covered, the crystallization will |eave a grain boundary near
the cent éf ofhesggpndmoprce/dgiin region 4. 4n gfectathg “%H‘DE@P §1f§ieoodi ment is

Shoue L1 TS0 AR L RIS TRk e e
crystal line #&nid T2/épcatioeiy anliean sleckeioally coupdthetirdimhenduolul@rrsgidd)- 1 and
740-2 1n t he75alne?rﬁia7|5i2? %’hglg g%ﬁgn%elbig fgrrr]rle%l%herein by an applied potential. The
drain and source regions, 751 and 752 respectively, and the ultra thin body
20 region 753 are formed of single crystalline material by the lateral solid phase
epitaxial regrowth which occurs in the annealing step.
The dimensions of the structure now include an ultra thin single
crystalline body region 753 having a vertical length of less than 100 nm in which
a channel having a vertical length of less than 100 nm can be formed. Also, the
25 dimensions include drain and source regions, 751 and 752 respectively, having a
junction depth defined by the horizontal thickness of the ultrathin single
crystalline film 746, e.g. less than 10 nm. Thus, the invention has provided
junction depths which are much less than the channel length of the device and
which are scalable as design rules further shrink. Further, the invention has
30 provided a structure for transistors with ultra thin bodies so that a surface space

charge region in the body of the transistor scales down as other transistor

dimensions scale down. In effect, the surface space charge region has been
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diffusion of the n+ doping in the first and the second contact |ayers, 712
and 716. 30 In the annealing process, these portions of the ultrathin
single crysx@lohsrme film 746, now with the n+ dopant, w | [PCI/wsoRasd2y
recrystallize into single crystalline structure as the lateral epitaxial
sol i d phase fearadh REMsly kg aldBody Tagordf MONIBLPRP Lt (RETES02/ 03426
structure is now as shown 1 n Figures 7Cyor 7D. As one of ordinary skill in
the art will l@maerrdésand upon reading this disclosure. A conventional gate

i nsul ator can be gro or depgsited on this ultrathin single crystalline
film746. And, oPfR8 owﬁwaﬁﬁa\?ﬂ@@f&)fé%%ﬁff%@tag@memaé@% be for med
in trenches 3i§§ps1ﬁ ﬁ?at@r[éecogﬁu&fvﬁgfﬂ;g{ex d&dehibbd h&ted\Gndk geyéréeg bg”derSta”d upon
reading this |scFosure, raln and source regions, ? 1 an 52

respecti vél yaltdnmgelobaertyparsuellthat the aresedttinednfion isequglle applicablald i ne fil m 746
to forma portjon of the ultra thin single crystalline é‘ﬁrti cal

transi st or s, inghudgstrpciuyeshavigg plira thertagally oriegfed siglsgystellinge- ¢ eachi ngs of

the present LnveOl Altrarfiforkly AU il ot 6ihld ol hihitdcnow 10

i ncl udes an In single crystalline vertica Irst so rain
region 751 dsauiipshstdesdritedfabosd, thedliriatioh pxoeess/chi canifhverto fidrira t hi n si ngl e
crystalline vertical _second source/drain region 752 cqupled to the second

cont act | ayeRumbe of differgntihozizepaland vetfisal gate recteepabadiments 9dhe j cal body
i 7 j j: .0f : i jde | 714 d
Couples dhe FERRARS 120 A0Gs8it B conncBhorb BRATAS aulede® 00 1 250 & ain

regi on 752. | n ef Frotes 3A8CUllistatcddprocdds batensd fog f@ming y Bbéddontahgateer t i cal
body region 753 separates the drain and source regions, 751 and 752
respect i vel ystrugigre smbodinent.rpfesed {p heseip as horeongal applacement 8ipe &1 1 egi ons,

751 and 752, . i el |41 potential. The
drain and soﬁéﬁ%g&%(glg‘?gﬁg% %}g%ﬁgﬁgé%g ?gggggﬁsg%qsépg%%%dfﬁg‘%| tra thin body

20 regi on 75®liamend proged saps afet@bpeiatesd alol i mécromerr Cal tebhholdpy ahat er al
solid phase epitaxial regrowth which occurs in the annealing step. The
di mensi ods omay e sedled rqcardingly fpriother (dbsiaes. Jiigyrg SPricAressigt EUcEgst al | i ne
body region % Vi i e N i ich a
channel havi %lg%gpgoe{}l??s glgjwv\ﬁ]q{eltrliﬁg%&ﬁé Z)¢ ?g%ttsls ? i%k‘?%‘éﬁhﬁ‘?}??fgﬁﬂ%{em} %{r}%rlegg Al so,
the 25 di mensiysiaBine fitn8le allsy the sidelvsBESO Hiltiro 840-14hd 340 i/ 52

respectively, having a _junction depth defined by the horizontal thickness
of the ultr a{rmq]@egﬁ%@ ‘Ehe ultrathin single crystalline film 846 at this point includes an

ultra thin single crystalline vertical first source/drain region 851 coupled to a first

20 contact layer 812 and an ultra thin single crystalline vertical second source/drain
region 852 coupled to a second contact layer 816. An ultra thin p-type single
crystalline vertical body region 853 is present along side of, or opposite, an oxide
layer 814 and couples the first source/drain region 851 to the second source/drain
region 852. According to the process embodiment shown in Figure 8A an n+

25 doped oxide layer 821, or PSG layer as the same will be known and understood
by one of ordinary skill in the art will understand, is deposited over the pillars
840-1 and 840-2 such as by a CVD technique. This n+ doped oxide layer 821 is
then planarized to remove off of the top surface of the pillars 840-1 and 840-2.
An etch process is performed to leave about 50 nm at the bottom of trench 830.

30 Next, an undoped polysilicon layer 822 or undoped oxide layer 822 is deposited
over the pillars 840-1 and 840-2 and CMP planarized to again remove from the
top surface of the pillars 840-1 and 840-2. Then, the undoped polysilicon layer
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crystalline film 746, e.g. less than 10 nm Thus, the invention has
provided junction depths which are nmuch | ess than the channel |ength of

t he devi cowoansah1smini ch are scal abl e as desi gn rul es furt herpcalmwsonks42&urt her,
the invention has 30 provided a structure for transistors with ultra thin
bodi es so that a surface space_ charge_ region . .n.the hody of the transistor
scal es down 333 isgithe, ek As Py REE to Tﬁ%ﬁ‘lgﬁlg‘%‘éss é&ﬁgnab ess?llﬂ SHEP the

f i ' 426
o i D S0 PRBL A (P hohER R e sX0oPBEGNREL bs RiCRAMBAANI 120

e.g. 10 nm @howessd ufdeestedd oy chienaffordiskaylskill in theart sill unddrbtadidiig her

under stand upon reading this disclosure that th nductivity types
descri bed héerasite¢ayer bee pillgis 38yl iy 804 fue iaﬁbyagb‘ﬁﬁgquweﬁh&uch that the

pr esent %nvg&ﬁ&&@iéanggygé%%mqﬁggéﬁggle to include structures having ultra

thin vertic y oriented ngl e crystalline p- channel type transistors
430. The inventi GipursSB dllust@tes ithe dtadturéfoblowinpethp nextesguendestri pti ons

descri bed above, the fabrication process can continue to forma nunber of
di f f erent hdetiricatiemstensndn Fegure 8B 2 Beat dreatmenii GP@“‘@&B(S‘H&??@' r?ﬁ%n‘utwet he 10
trenches 730, as . de i i i j i ow.  Fi gures
s 8C 111 ustrars S GHhERSG R AIE R B P it Tl B R POl

structure eripedhiBiHgle drodtalinedirmh4bes additi@mllpdornz thetdadin kepbacemnent gat es,

in connection wth thelggesenp i nvention. The di nensjons suggested in the
fol | owi N pregienss 88k askd Ry espesvelpr Naxe as thowngn Fighre PBr sectEDeiBehnol ogy
and 15 may be scal ed accor di r [ -onEl Ligpresents a
structure éfﬂ?ﬁ%@e&éwg %%1sn%g%b%$g |g%ﬁém§§?§$ﬁ§?oﬁgbgP§%¥§¢§A shows an
ul trathin sijpneleturt Wongtaling Mes dibd103uB¢ o sdntg thiduepPSdelaned 823800 tid pi | | ars
840-1 and 840-2 in trenches 830. The ultrathin single cr @eal line film 846
at this poi modoprdinetisilican laysr 822 arexidednysyRe2 wrthe traneh §39- Vit i cal first
source/drain, reqgion 851 coupled . irst 20 contact |ayer 812 and an
ultra thin §PH8$§”§P?¥@§FP?néS@g%QW%§${second source/drain region 852

coupl ed {9 a secoustGRPiast SCay iin 86 oxille 805 iy @otvhias the-daypevidliteg| e
crystalline vertical body region 853 is present along sjde of, or opposite,
an oxi de | dsnewngnd undetstood py ese pherdinapsskilk By fhe artgrush as PEHeERI851 to t he

second sour ool il o fE0HGD AP Ane AERIMAN el BERIGSEGRETES Ment Shown

body transistors on the surface of the ultra thin single crystalline vertical body
region 853. Next, doped n+ type polysilicon layer 842 can be deposited to form
20  a gate 842 for the ultra thin single crystalline vertical transistors, or ultra thin
body transistors. The structure then undergoes a CMP process to remove the
doped n+ type polysilicon layer 842 from the top surface of the pillars 840-1 and
840-2 and RIE etched to form the desired thickness of the gate 842 for the ultra
thin single crystalline vertical transistors, or ultra thin body transistors. In one
25  embodiment, the doped n+ type polysilicon layer 842 is RIE etched to form an
integrally formed, horizontally oriented word line/gate having a vertical side of
less than 100 nanometers opposing the ultra thin single crystalline vertical body
region 853. Next, an oxide layer 844 is deposited such as by a CVD process and
planarized by a CMP process to fill trenches 830. An etch process is performed,
30 as according to the techniques described above to strip the nitride layer 820 from
the structure. This can include a phosphoric etch process using phosphoric acid.

The structure is now as appears as is shown in Figure 8C.
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25 doped oxide | ayer 821, or PSG | ayer as the same will be known and
understood by one of ordinary skill in the art wll understand, is

deposi t edwavssroisiie pillars 840-1 and 840-2 such as by a @d/tseehsigue.
This n+ doped oxide layer 821 is then planarized to renove off of the top
surface of the pill - gl 5 Wi inbShiper forned to

| eave about 50 nﬁﬁlsggé?E%ﬂ%(#%%%géﬁgﬁér%%@%gg&%ggﬂ 6151?',5&3% undoped

pol ysi | i condiselpeureSdataots camtiofiethed o the seeyrercog@t lagerdé p ositoredf thever t he

pillars 840-1 and 840-2 and CVP planari zed,to_again r ve fr he top
surface of PHESHA0 hand §WA to CQHHB‘B%Yﬂt CapATHAT fofl%%tl‘m?&‘ggg@%g&% i con |ayer
23 WO 03/01?130%8659/ US02/ 03426 822 is etched, such as by RIE to | eave a

t hi ckness o nmor less in the trench 830. Next, another n+ doped

oxi de | ager 823, Fiyurd39@-b@yldustrate d frocesansuendd fobformikrpoawertica gateder st ood by

one of ordinary skill in the art w |l und_erséggd, i s .depaqsi tfﬂ?over t he
pi | | ars 840Studig egvbodimen)a¢eorkingip the tepehigeeldhe preged inyeaionicthg e i s now as

appears in Figur ' idul; W&ofaq { owi ng the
ot sequenbiEng Syl Ryl e pARERS ol BP0 L Pt 1 <
appl i ed to diiédouser Uktebhitioyqs andepgrie seulied atcortieglh$@ dthyreCB sizes.g. 821 and
823 respectively, into the vertical _ ultrathin single crystalline film 846

to additi onHiguwe $drenressats@rsiupiughamilatfodbatshowagn Biggre E51Thaids g52
respectivel v, Next, i Fi i i f d,
e The e Figr o snRe h At O RiBRe aEEAba e Sy ooper] TS

art upon reagpiligrstdaiosl gidspioasiritenche y30mabe ultrehinangRSEyitaljiee fiBR3 and t he
undoped polysilicon |ayer 822, or oxide |ayer 822 in the trench 830. The
structure i 85@akthisoiypecidss ap ultrajhinesipgle caystalligervertical fsgpquecas@sainy ¢ pin

gate oxide 82501% %5]?%031%%@1??&%?& cgﬁﬂagé\‘yérblggnﬁl Qﬁm&ﬁﬂ%ir%@g%sﬁﬁt d by one of

ordi nary ski g such as t her ma oxI dati orr, r e ultra

thi n si ngl eveieslt bbidwuiceldidic adgidt @5Rédipdto aceconl tcomtatilayer Ob6dy
transistors on the surface of the ultra thin single crystalline vertical

body rédgi odngEna thippttyperdpsie ciystatlipseepinel kedyitegAn Pa3 isrpresent AlgRs pe
deposited to. form 2 .gat e i J > tal i ne
verti cal trglrﬁlgiog‘togrog?&étr%’ %ﬂ?ﬁigka&?%glhﬁg;&%lgsnggﬁ Sotr%gﬂg' hrea%s%/ u(gdt ure then
under goes a9V MeRE@TE sblrce/army fgidned52d opedrding toytheprootsgsi | i con | ayer 842

fromthe t Ogm%lcj)(riifn?e%? sl?ofwnt ig%iguinle birasco?l%gr-m]él gﬂgde layer of approximately 20
nm is deposited, such as by CVD, and directionally etched to leave only on the

20 sidewalls 950. A oxide layer 921 is then grown, such as by thermal oxidation, to
a thickness of approximately 50 nm in order to insulate the exposed bit line bars
902. The nitride layer is then stripped, using conventional stripping processes as
the same will be known and understood by one of ordinary skill in the art. The
structure is now as appears in Figure 9A.

25 As shown in Figure 9B, a thin gate oxide layer 957 is grown on the
sidewalls 950 of the ultrathin single crystalline film 956 for the ultra thin single
crystalline vertical transistors, or ultra thin body transistors.

In Figure 9C, a wordline conductor of an n+ doped polysilicon material
or suitable metal 941 is deposited to a thickness of approximately 50 nm or less.

30 This wordline conductor 941 is then directionally etched to leave only on the

vertical thin gate oxide layers 957 on the pillars forming separate vertical,
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840-2 and RIE etched to formthe desired thickness of the gate 842 for the
ultra thin single crystalline vertical transistors, or ultra thin body
transi st on® 03lmsiome 25 enbodi ment, the doped n+ type pol ysidicsoosayer 842
is RRE etched to forman integrally forned, horizontally oriented word

l'i ne/ gat e hapbggllpforsiet ivialilis/ geesOit 1 Al 28941 BaThtGfuctardsméens opposi ng the
ultra thin single crystalline vertical body region 853. Next, an oxide

| ayer 844 i gpprapoisifiiggredbech as by a CVD process and planarized by a CW
process to fill trenches-.830. .An et i erf v s accordi ng
to the techniquegnﬁg%%?' EQI%B§QEW?T éﬁ%?%§§§%L§P¥V#J§”?§§é?§8§% from the
structure. ThEH tR@&pactiCinUBeiranBBOSIN KUY Ecreth€ Berff A€ e&tical sintgraigos phor i ¢
acid. The structure is now as appears as i S shown in thure 8C. 24 WO

03/ 015175 PEmMyS0oR¢dEne Batesd4 Ignandod4 18 ofinetghposrg pillarsP40nkangr340pd-| |

under st and on readin his disclps cont act.s_can.he fo the
second conjtg[g’leolxéfﬁﬂ?y%%éh%p z #&ﬁ@&ﬁe{ngyg%@gb&lft%n%ﬂg%ﬁ %o continue
wi th capaci t92p-1f Qa2 NTAGhS tetfiah &l pBEdateriBl OIPERIER0 iSctth@is@h 9A- 9C
illustrate a process sequence for form I’l(ﬁ a vertical gate structure

enbodi ment asbyRIEntg removhEomehe toipred sheopillets ©4Prleandrt40ih et dorositrhe

di nensi ons s est i.n the follow n [ OCESS S a opriate to a
0.1 nicr _omg'?glg Oétﬁ%ééﬁﬂ@%ﬁ&%ﬁﬁ%&tggpg%ﬁﬁ %@'gg%%gég?%'gﬁgé for other CD
sizes. fij QUiBeRf i %B{V%%B%&rﬁinsﬁig&%‘ébm A S8 dfrdingrytisRAl inghoMmowiln Fi gur e
7C. That i1s 10 Figure 9A shows an ultrathin single crystalline film 956

al ong the siudwatahd upsdreadingphis disckos@aOthe peasgssoap0.nRw progged iéthes 930. The
ultrathin si ngle cr S%O?Iflin%. f”(?b g)gf at this point includes an ultra thin
singl e crystHP§GEP ifepatiop aad BERT Rraeess 8RS r egi on 951 coupled to a
first contact |aygg,9d@f é‘ﬂaﬂla%nsldﬂh i the bR VAlISInNAEY RN ay6h AlallinBehis ver ti cal
second source/drain region 952 coupled to a second contact |ayer 916. 15 An

ultra thin pliscgseres ihegirecass ytepaddsemtwdwabové pradugogiegralyifomads3 i s present
along sjde of, qr apposite,.an oxide e 4 ouples the first

sour ce/ d]rsgi Y eﬁé‘ﬁ‘ﬁ%Hng'gtﬁé“fOBdllr}%og‘ilt‘)g%ngg%ﬁ%@%B?ci?%E?gg%‘ﬁe@g?.s Accor di ng
to the procegscafpRetITRE eSS 1h8 piis/040-9 And 0400f irodlicks fle | ayer of
approximately 20 "nmis deposited, such ashii% CVvD, and directionally etched

to | eave onlopenbittling DRAM stowtiiré smb&liment wiichés $imyler the perspectiva&ewyr own,
such as by tor}%rigr{%!e 4 Xeingadtlei: &ross stegtional view taken along the direction of the bit
lines in Figure 4D.
20 CONCLUSION

The above structures and fabrication methods have been described, by
way of example, and not by way of limitation, with respect to an open bit line
DRAM with ultra thin body transistors. Different types of gate structures are
shown which can be utilized on three different types of substrates to form open

25  bit line DRAM memory arrays.

It has been shown that higher and higher density requirements in DRAMs
result in smaller and smaller dimensions of the structures and transistors.
Conventional planar transistor structures are difficult to scale to the deep sub-
micron dimensional regime. The present invention provides vertical access or

30 transfer transistor devices which are fabricated in ultra-thin single crystalline
silicon films grown along the sidewall of an oxide pillar. These transistors with

ultra-thin body regions scale naturally to smaller and smaller dimensions while
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a thickness of approximately 50 nmin order to insulate the exposed bit
line bars 902. The nitride layer is then stripped, using conventi onal
stri ppi ngmar@soesges as the sane will be known and under straaduseg/osne of
ordinary skill in the art. The structure is now as appears in Figure 9A
25 As shown preseRHggitte REormaidsiadvgadge ofxmeker deyses. 95He advagtagesofon t he
sidewal I s 950 of the ultrathin single crgstalline film9s6 for the ultra

thin singl e smalipsdimenpiqas foshighes density aad Bigheierormangeraze bothaclgyRd
transistors.. In FH.oure 9C rdl i ne conductor of an n+ doped polysilicon
mat eri al oﬂngﬁﬁ%%%ﬁggﬁgygFﬁgﬁ%mis deposited to a thickness of
approximately 50 nmor less. 30 This wordline conductor 941 is then
directionally etched to leave only on the vertical thin gate oxide | ayers
957 on the pillars form ng separate vertical, 25 WO 03/015171

PCT/ US02/ 03426 integrally formed wordline/gates 941A and 941B. The
structure is now as appears in Figure 9C. In Figure 9D, an oxide |ayer 954
is deposited, such as by CVD, in order to fill the spaces in the trenches
930 between the separate vertical, integrally 5 formed wordline/gates 941A
and 941B of neighboring pillars 940-1 and 940-2. The oxide layer 954 is
pl anari zed by CMP to renove fromthe top of the pillars 940-1 and 940- 2.
Then the remaining pad material 918 and 920 is etched, such as by RIE, to
remove fromthe top of the pillars 940-1 and 940-2. Next, deposit CVD

oxi de 955 to cover the surface of the pillars 940-1 and 940-2. The 10
structure is now as appears in Figure 9D. As one of ordinary skill in the
art will understand upon reading this disclosure, the process can now
proceed with storage capacitor formati on and BECL process steps. As one of
ordinary skill in the art will understand upon reading this disclosure,
the process steps descri bed above produce integrally fornmed 15 vertically
oriented wordline conductors/gates 941A and 941B which serve as vertica
gates along the sides of the pillars 940-1 and 940-2. This produces an
open bit Iine DRAM structure enbodi mrent which is simlar the perspective
view of Figure 4C and the cross sectional view taken along the direction
of the bit |lines in Figure 4D.
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20 CONCLUSI ON The above structures and fabrication nethods have been
descri bed, by way of exanple, and not by way of |imtation, with respect
to an opewdnstoikizne DRAM with ultra thin body transi st or CcThiSobesent types
of gate structures are shown which can be utilized on three different
types of subgtmatgsciam@pnsepen 25 bit Iine DRAM nenory arrays. It has
been shown that hi gher and hi gher density requirenents in DRAMs result in
smal | er and snal |l er dinensions of the structures and transistors.
Conventional, pl anar transi stor structures are difficult to scale to the
deep sub- milcron di merfs{fBRLOL SGPRESUShe present i nvention provi des
vertical access ofp;fif éx'téil'aﬁfgedut\?zEﬁﬁsfr%chrseﬂﬁéﬁnﬁﬁ&oﬂ/\ﬂibﬁﬂﬂatérﬁhd‘réﬁrﬂh@ ated in
ultra-thin single crystal ine silicon filnms grown al ong the sidewal | of an
oxi de pi I arpﬂlélfhaeiedd:sraammlstmystallmetﬂﬁst cohtactdlaydriand beglerayitdlise scal e
naturally to smalle ﬁr d| ons%)\ég L’r‘%’ 26 WD 03/015171

PCT/ US02/ 03488°1 é‘ V‘ﬁd’ %é‘?%ar Ati¥Sge of smaller devices.
The advantages ofy isfBbhghlfeRRRRPRMsIPr 1@!‘(91?1%& a%@%idte)bf@%mmgher
performance are both ac eved in open bit line nmenory arrays

03/ 015171 PGThduSQ2hOS4816 crywdnihel\/SrtmahtrmﬁstcbISnclmdes/antlﬂiam@msSlugle conpri si ng:

a pillar extendi out I from em conduct or .substrate erein the 5
pillar incl Jdgdal gg% ﬁ%gqggm\p/ F?Ha;éa?esc%h‘tlgﬁfh“il e leﬁhesl ngl e

crystalljge y eﬁf&a?ﬁfkt g&ﬂt@&fmﬂ 1RYRh M8 ah iR thin ﬁﬁ@@t@tﬁﬁnmeﬁfbapm de layer; a

single crystalline vertical transistor is formed al'ong side of the pillar,
wher ei n t he sscogl wucreidsdialkégione andrtical transistor includes an ultra thin

single crystalline vertical bod whi c rates an.ultra thin
single crystalli rpegai@om{niggléq:uﬁ,t@p%g&i?%ﬁ 13???3%8&%8 YEHRCSHN ultra thin
single crystalline vertical second source/drain region; and a gate

opposing the ultra thin single crystalline vertical body region. 2. The
transi stor df. clai m 1, Thertemsistortofielairh tly wherdeinthe il thincsingde efystalime

15 vertical body region includes a channel having a vertical length of less

than 100 nanometers.

3. The transistor of claim 1, wherein the ultra thin single crystalline

vertical body region has a horizontal width of less than 10 nanometers.

20

4. The transistor of claim 1, wherein the ultra thin single crystalline
vertical body region is formed from solid phase epitaxial growth.
5. A memory cell, comprising:

25 a pillar extending outwardly from a semiconductor substrate, wherein the
pillar includes a single crystalline first contact layer and a single crystalline
second contact layer separated by an oxide layer;

a single crystalline vertical transistor formed along side of the pillar,
wherein the single crystalline vertical transistor includes;

30 an ultra thin single crystalline vertical first source/drain region

coupled to the first contact layer;
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15 vertical body region includes a channel having a vertical length of |ess
than 100 nanoneters. 3. The transistor of claim1, wherein the ultra thin
single cryax@lohsrre vertical body region has a horizontal rdTddv208426ess
than 10 nanoneters. 20 4. The transistor of claim1l, wherein the ultra

thin single crystalli n@n uI‘fﬁrthm%ﬁiglé)&SiMal'hﬁg'V@r'ﬁchlsse&ﬁfd%drcfafd@dih s&iord phase
epitaxial growth. 5. A nenory cell, conprising: 25 a pillar extending

outwardly from a seni conductaplsithshe scend stmgactlayer he p| |lar includes a
single crystalline first act l.e cr aII second
contact |ayer separateﬁ“B@rE HSQE%E%Vﬁ@gpeVQi dy (%y?éﬁﬁngertica
transistor formed along si dgidgf)ﬂqlg%xmelw};ﬁ Whé@ggrtgé g}nélg@ry%gangjee crystalline
vertical transistor includes; 30 an ultra thin single crystalline vertical
first soubfce/drain region &clupdlé)ddym@dmcduptatthazﬂmtwcel’chgaermglm VO

03/015171 PCT/ US02/ 03426 an ltra éhl n shn e cryst II|ne vertical second
source/drain region coupl ed tq ets?‘ﬁé’n S ‘@ CEI P“a‘f/l an ultra thin

single crystalline vertigal E9LQfal BYd 8hang @éatgé 1B, oxi de
| ayer, wherein the si nglg Or‘p ta% I ne 5aver?qggall bodi/e reagl on rgoupl es the

first source/drain reglon bpaighte ozeleond source/drain region; and a gate
opposi ng the verti od nd separ ted therefrom b at e oxi de;
o buried bit |inedPBi ?FE ﬁ?@gﬁﬁﬁ?e%ﬁ@ﬁ 53 BHSSHE LB EAGAE | ) and
10 di sposggd regi on,
wherei b the TUALYIRn A} M t?éﬂ*l‘%@%ﬁfnwﬁ%*‘%% B SRSt | ]

capaci tor coh\mh@tbﬂbndis&oaldedmﬂheﬁrettaomtad:taym,, and a word |ine disposed

g” lhgrgo?glr | gdé?e;gg?‘é%{t;’l’gg%‘gleg tc|> I@g%eéoqld%o%{agtnlggerbgrlldow a top surface of the

a word line disposed orthogonally to the buried bit line in a trench below
a top surface of the pillar for addressing the gate.
15
6. The memory cell of claim 5, wherein the buried bit line is more
heavily doped than the first contact layer and is formed integrally with

the first contact layer.

20 7. The memory cell of claim 5, wherein the ultra thin single
crystalline vertical body region includes a p-type channel having a

vertical length of less than 100 nanometers.

8. The memory cell of claim 7, wherein the ultra thin single
25 crystalline vertical body region has a horizontal width of less than 10

nanometers.

9. The memory cell of claim 5, wherein the pillar extends outwardly
from an insulating portion of the semiconductor substrate.
30
10. The memory cell of claim 5, wherein the semiconductor substrate

includes a silicon on insulator substrate.
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6. The nmenory cell of claim5, wherein the buried bit Iine is nore heavily
doped than the first contact layer and is fornmed integrally with the first
contact |weyen3012017. The nenory cell of claimb5, wherein tHoa/usdokozu2t hi n
single crystalline vertical body region includes a p-type channel having a
vertical length of |ess than 100 nanoneters. 8. The nenory cell of claim7,
wherein the ultra thin single 25 crystalline vertical body region has a
hori zont al wildt h of | &% rhdmaery1ell ofialatms} ehaeinGhe Fite imbudezsy cel | of claim
5, wherein the pillar extends outwardly from an_ insul th%_ ortion of the
semi conduct or subetizentally aenierl gafe,avhestp pyerticp] si “@ﬁ%ﬁﬂ?@{ erein the

sem conduct or subs; i gﬂﬁﬁl Ld qlﬁhnioﬁl% tor substrate. 29 WO
03/ 015171 PCT/ US%%%%%Q% teh%%w e ﬁfelﬁ%grtggrg{eq 0 cﬁé%m 5, wherein the gate
includes & horizontally oriented gate, wherein a vertical side of the

horizontally oriented gate has a |length of |ess than 100 nanoneters. 5 12.
The memory cdék | of cl aibemsemegysetiof clapa Sgabaeindbe gee dnchudes avegigplly

oriented gate havoin%gtea &Xﬁ?‘t&@%}ﬁ \%e?tﬁ‘&tl %n%ndﬁ%g t%%ﬁ&g}%ﬁgﬁ?{%%mt ers. 13. A

menory cell, conprising: ar ex roma

sem conductor substrate, wherein the pillar includes a single crystalline
first contact |ayer and a single crystalline second contact |ayer

separat ed byl3an oxi de 4 @ggory §elp£omPHFINGi ngl e crystal i ne verti cal

transistors forned.al o 0sJ i . i Ehgﬁ L: ch single
crystall |P(§1e vert iagpéﬁérterr;{geﬁlg}(}%t%{}‘ggrggf fd%‘g‘?; Sg&l‘%ggﬁgh'{ Jtu?)%ﬁ%t i n eg%lﬁél‘l?eg

crystal | i ne pigsrtihdladesfal sirfdle SGutallkedirati ddntatidbpst and @uplgbderystalline fir st

contact layer; an ultra thin single crystalline vertical second
source/draiwe%§§H@HMC6@W§B@§“N@d%M@n§éE@ﬂﬁwﬁontact | ayer;

a pair of single crystalline vertical transistors formed along opposing
sides of the pillar, wherein each single crystalline vertical transistor includes;

15 an ultra thin single crystalline vertical first source/drain region

| coupled to the first contact layer;

an ultra thin single crystalline vertical second source/drain region
coupled to the second contact layer;

an ultra thin single crystalline vertical body region formed along

20 side of the oxide layer, wherein the single crystalline

vertical body region couples the first source/drain region
to the second source/drain region; and

a gate opposing the vertical body region and separated therefrom
by a gate oxide;

25 a buried bit line formed of single crystalline semiconductor material and
disposed below the single crystalline vertical body regions, wherein the buried
bit line is coupled to the first contact layer;

a capacitor coupled to the second contact layer; and
a pair of wordlines, wherein each wordline independently addresses one

30 ofthe gates for the pair of single crystalline vertical transistors.
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an ultra thin single crystalline vertical body region forned along 20 side
of the oxide layer, wherein the single crystalline vertical body region
coupl es tW® d3imst7isource/ drain region to the second sour aefTdrsazM342€gi on;
and a gate opposi ng the vertical body region and separated therefrom by a
gate oxi de a buri g‘ﬂ HlieI'nO by 881 $QudIRO R ivhsiengbah OF widpHid dne seni conduct or
mat eri al di spose % owthe single ¢rystalline vertical body regions,
wher ei n the bur i eardlies 1s|1nat®en®end:lgtdpﬂpesbdtm atag (ffltnestthesontoamsnll&yer a

capaci tor coupl ed to econ act, and a pair wor dl i nes,
wher ei n each wor 8ideh ‘f“ﬁa’i‘ﬁ rﬂ“?t %%?%é‘é‘é@llﬁ?f © ﬁ Btes for the
pair of single c L, lﬁ.ﬁgégf@[e 1130 WO 03/015171

PCT/ US02/ 03426 %&%&hﬁiﬁl\gf&%&? OI{)% claim 13)1 wherein each of the pair
of wordlisnes is independently disposed in a pair of trenches on opposing

sides of the pillar such that the pair of rdlines_are.or.t ogonal to the
buried bit Ifne and bgﬁléweﬁl%ﬁelkﬁlf&flﬁgbl%fw\?%%nﬁ? Wl t nilg °The nmenory
cell of claim13, )g@? [ §|ag)gtlt,,1g Hé'h}iéltlﬁalvﬂ ne vertical body
regi on includes a gn%e‘;gﬁt gﬁﬁbe‘w h%%%&lﬁﬂe 5 I engt h of | ess than 100
nanoneters. 10 16'erthhlelelﬁ@H'Of1ﬁs$ﬁhhh10@na:ﬂ<mne1m:r§.3, V\/ner ein the buried bit line
is fornmed integrally with the first contact layer and is separated from
the sem conductor substrate by an oxide |ayer. 17. The menory cell of
claim 1 rein eac | g A ki LAk RH ed gate having
a verti glal W{silgde | engt h%hg?{eﬁgggg%lﬁgpaﬁlgbﬁnanor}et ers. © . The menory cell of
claim 13, wherei fo@a@in@aially with thelﬁﬁstaontuﬂrlayemahdysseparehedé@ng‘dnee havi ng a

vertical length of |ess than 100 20 nanoneters. 19. An open bit |ine DRAM
devi ce, conpri si ngniconductor substrate by an oxide layer.

17. The memory cell of claim 13, wherein each gate includes a
15 horizontally oriented gate having a vertical side length of less than 100
nanometers.
18. The memory cell of claim 13, wherein each gate includes a

vertically oriented gate having a vertical length of less than 100

20 nanometers.

19. An open bit line DRAM device, comprising:
an array of memory cells, wherein each memory cell in the array of
memory cells includes:

25 a pillar extending outwardly from a semiconductor substrate,
wherein the pillar includes a single crystalline first contact
layer and a single crystalline second contact layer
separated by an oxide layer;

a single crystalline vertical transistor formed along side of the

30 pillar, wherein the single crystalline vertical transistor

includes;
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an array of nenory cells, wherein each nenory cell in the array of nenory
cells includes: 25 a pillar extending outwardly froma sem conduct or

substrat ewo ashoesgin the pillar includes a single crystall irca/fsoesss26ont act
| ayer and a single crystalline second contact |ayer separated by an oxide

| ayer; a single crystalline vertah%!raﬂmﬁﬁg@fcgrstélmerml@ahgﬁ@ side of the
30 pillar, wherein the single crystalline vertical transistor includes; 31

WO 03/ 015171 PCT/ US02/ 03426 an ul t r aoutce/dradi neglien exupbddd therfesiver ti cal
first source/drain region coupled to the fll rst contact layer; an ultra
thin single crystalline vertical secSAB8 8%dr ce/drain region coupled to

the second contact layer; an uljn#:d fidsinsehRtdhyStMidal B&oN@rtical body
region which opposes the oxide [ayer ?jl %ou%)}%es th elfl rstO and the second

source/drain 10 regions; and a gate cspmms/idmgntéyon/@nmiadatbt}tﬁcsdyondegl on and
separated therefromby a gate oxide; {3@ rality of buried bit lines forned
of single crystalline sem conductor SREREHE¥T and di sposed bel ow t he

th}ésﬁl

pillars in the array nmenory cell L& %rlﬁ‘é;\f,ér{']&ﬂ%& g first
contact layer of colum adj acentaiﬁllfh%ars |%I E}e% array of rre}}rjrrgr%i& cells; and

a plurality of word |ines, each mordvlrliinleopikspm&xe@xuietlhwgem%dqpl&so t he
plurality of buried bit Ilnes in a trench bci/ween rows of the pillars for
addressing gates of the single crystB¢irshand tespeond sopiepdradl or s that are
adj acent 4o the trench. 20 20. The qg@gnglahdl i ne DRAM devi ce of claim19,
wherein each single

a gate opposing the vertical body region and

separated therefrom by a gate oxide;
a plurality of buried bit lines formed of single crystalline semiconductor
material and disposed below the pillars in the array memory cells for
15 interconnecting with the first contact layer of column adjacent pillars in the array
of memory cells; and
a plurality of word lines, each word line disposed orthogonally to the
plurality of buried bit lines in a trench between rows of the pillars for addressing
gates of the single crystalline vertical transistors that are adjacent to the trench.
20
20. The open bit line DRAM device of claim 19, wherein each single
crystalline vertical body region includes a p-type channel having a

vertical length of less than 100 nanometers.

25 21. The open bit line DRAM device of claim 19, wherein each of the
plurality of buried bit lines is separated by an oxide layer from the

semiconductor substrate.

22. The open bit line DRAM device of claim 19, wherein each gate
30 along a row of pillars is integrally formed with one of the plurality of
word lines in the adjacent trench, and wherein each of the plurality of

word lines includes a horizontally oriented word line having a vertical
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crystalline vertical body region includes a p-type channel having a
vertical length of |Iess than 100 nanoneters. 25 21. The open bit |ine DRAM
devi ce of wd @ins1Z®, wherein each of the plurality of burird/isoe/obizees is
separated by an oxide |layer fromthe sem conductor substrate. 22. The open

bit 1ine DRAM deviigeorksCthai l‘@)(_iﬁanoﬂ(b@ér?bﬁpc@ﬁfghhgﬁhg_e cPftaAliRNeriical OW of
pillars is integrally fornmed with one of the plurality of word lines in

t he adj acent trenkddy regidnssher ei n each of the plurality of word lines
includes a horizontally oriented word line having a vertical 32 WO
03/015171 PCT/ US02/ 03426 side of |ess than 100 nanoneters opposing the

single crystgdline vertheglen ROGYe DRAM BSvicloX cldifi] R RAHRrdh badhl 2k DRAM
device of claim 19, wherei'n each gate 5 along a row of pillars is

integrall§ fornmedalong hromef pifllatshe iggégraldy farmedfvithwme of kiedsrality ethe adj acent

trench, and wherein gach.of the pluraljty . of word.li.nes includes a
vertically ori ent%fﬁrdvm”i‘ﬂﬁé‘qﬁ&g‘?tﬁ@en fl’\?éiit"‘ih@%ﬂmeffcgr?&t BPAEst t han 100

nanoneters. 10 24g,/y; FudiB Y eRicaflP BREALSA RErd Bk RFifa O&igBTOrYy cell's,
wherein each nmenory cell 1nthe array”of nenory cells includes: a pillar

ext endi ng out war dleygthrodiiesa tleenii0@andoatters. substrate, wherein the pillar
includes a single crystalline first contact 15 |layer and a single
crystalline second contact |ayer separated by an oxide |layer; a pair of

single crnystakline vergiﬁéhoﬂr(%gﬁgs&% -Sfl med al ong opposing sides of
each pillar, wherein each single crystalline vertical transistor includes;

20 an ultra thin s aglyeofangmséryldells)eavhesdsit eahlmémoytcell swthecevagiodi n r egi on

coupled to the firsE _c?n act layer; an ultra thin single crystalline
vertical secBygory cells includes:

a pillar extending outwardly from a semiconductor substrate,
wherein the pillar includes a single crystalline first contact

15 layer and a single crystalline second contact layer

separated by an oxide layer;

a pair of single crystalline vertical transistors formed along
opposing sides of each pillar, wherein each single
crystalline vertical transistor includes;

20 A an ultra thin single crystalline vertical first
source/drain region coupled to the first
contact layer;

an ultra thin single crystalline vertical second
source/drain region coupled to the second

25 contact layer;

an ultra thin single crystalline vertical body region
formed along side of the oxide layer and
which couples the first and the second
source/drain regions; and

30 a gate opposing the vertical body region and

separated therefrom by a gate oxide;
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source/drain region coupled to the second 25 contact layer; an ultra thin
single crystalline vertical body region forned along side of the oxide

| ayer andwonmsioaki7coupl es the first and the second source/MITAISV20BQ60NS;
and 30 a gate opposing the vertical body region and separated therefrom by

a gate oxide; 33 B Q&L -al i ied bit
| ges formed of s?ﬁgﬁg%’:?yst fﬁlﬁﬁgeggﬁ%%ﬁégﬁéﬁﬁ%g% %‘%ﬁﬁg‘?\ﬁ ug%bgposed

bel ow t he pibhtrial amd difpesal edyw tignmitlyrsde tesarfagmeniary e¢ltsofonect i ng with the
first contact |ayer of columm_ adjacent pillars in the array _of nenory
celI's; and sinderpinpesing Yiththeggstroptagelayereaf calupuy afiacenieoitps pythe grray

ort hogonal | y . lity of buried bit lines in a trench between rows
of the pill a?éﬂ?%p%aﬁgé’éégi ng gates of the single crystalline vertical
transi stofs that apkraily atwoid lires]daeh twoedtite dispordd vhiksginalleacihegat e al ong a
row of pillars is integrally formed with the word_ line in the adjacent

trench. 10 2slurafiipohfurisepitdigs sea Benchy batweerowspbiheiplas Ex addicssing ne

add essee 0245 0 LRSI BLFL G5 RLEALULAT AL RLnL < or o

bot h col umm acen r‘ow adj acen 4 no
24, wherei n gacwh@kinl cath gnehlodga raw of pilked isafitegallp fethet avithie s@ednd cont act
| ayer. 27. The nmenory device of claim 24, wherein each single crystalline
vertical bodyngiaghe peeat Henglr t i cal | ength of |ess than 100 nanoneters. 20
28. The nory device of claim 22, wherein each single crystalline

vertical ‘transistors has a vertical length of |less than 100 nanoneters and

a horizontapsw dth of Themsmbhadevidd dTanaElde hercabeadB wolEingermory devi ce of
claim 22, wherein each of the plurality of ) ) )
addresses gates for the single crystalline vertical transistors which are

both column adjacent and row adjacent.

15  26. The memory device of claim 24, wherein each pillar includes a

capacitor coupled to the second contact layer.

27. The memory device of claim 24, wherein each single crystalline
vertical body region has a vertical length of less than 100 nanometers.
20
28. The memory device of claim 22, wherein each single crystalline
vertical transistors has a vertical length of less than 100 nanometers and a

horizontal width of less than 10 nanometers.

25 29, The memory device of claim 22, wherein each of the plurality of
word lines includes a horizontally oriented word line having a vertical
side of less than 100 nanometers opposing the single crystalline vertical

body regions.

30 30. The memory device of claim 22, wherein each of the plurality of

word lines includes a vertically oriented word line having a vertical
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word |ines includes a horizontally oriented word |line having a verti cal
side of less than 100 nanoneters opposing the single crystalline vertical
body regi ws03/030780. The nenory devi ce of claim 22, wher eirCTaEsIR/0826t he
plurality of word lines includes a vertically oriented word Iine having a

vert i cal "3 W0 03, AA7 1 PETLUDBL Q342G obSHIY B LRSS, 100 nanoreter

opposi ng the S|ng Crys Irne ver egi o open bit line
DRAM devi ce, conpfetitdahBodyoregidngdl ray of nenory ceIIs wherei n each nenory
cell in the array of nenory cells includes: a plllar ext endi ng outwardly
froma sem conductor substrate, wherein the plllar i ncludes a single

crystalline first cont a si.n stalline second contact
| ayer 10 se[;’atr ated by OB%‘HKF‘FG@WQCM com1pr1 lnﬁgl e crystalline verti cal
transistogs for neg sta9d meARRP SéIRIwhEdRScadh nRatty Béll Indthe aMipesfei N each

single crystalline vertical transistor includes; an ultra thin single
crystal | i ne memetysalls frichsles:15 source/ drai n regi on coupl ed to the first

contact layer; an ultra thin sin | 1ine verti

source/ drain region cdti héﬁat%mﬁﬁé @ﬁﬁ’ o1p 3 e oy 8¥$1§ﬁi%n ultra thin
single crystalline verticalwhogy tﬁ@}ﬂll@ﬂnoﬁ@ésr@ﬁnéﬂeQﬂ&taﬂhrﬁﬁirﬁkfcoh’th@t oxi de

| ayer and which couples the first ‘and the second source/drain regions;

and a gate opposing the verlayerahd bsaglerayhitdhnasapon@sordegidayat ed t her ef rom by

Se%?égngﬁ%tor a plurality of mﬂ&d%gagb%x&lges formed of single crystalline

a pair of single crystalline vertical transistors formed along
opposing sides of each pillar, wherein each single
crystalline vertical transistor includes;

an ultra thin single crystalline vertical first

15 source/drain region coupled to the first

contact layer;

an ultra thin single crystalline vertical second
source/drain region coupled to the second
contact layer;

20 an ultra thin single crystalline vertical body region
formed along side of the oxide layer and
which couples the first and the second
source/drain regions; and

a gate opposing the vertical body region and

25 separated therefrom by a gate oxide;

a plurality of buried bit lines formed of single crystalline semiconductor
material and disposed below the pillars in the array memory cells for
interconnecting with the first contact layer of column adjacent pillars in the array
of memory cells; and

30 a plurality of first word lines, each first word line disposed orthogonally

to the plurality of buried bit lines in a trench between rows of the pillars for
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material and di sposed below the pillars in the array nenory cells for
interconnecting with the first contact |ayer of columm adjacent pillars in
t he arraywaood3/mermory cells; and 30 a plurality of first waad/vsoress26each
first word line disposed orthogonally to the plurality of buried bit |ines

in a trench gagﬁrtggs'l%eﬁn ga[te%svﬁ tﬁ)e]; si%gl% Cc?%/sgaltllgﬁs\lrefﬁ%al ’éénsﬁ% %1469 hrelef Bt ¢S02/ 03426

addr essi ng e sing ne vertical transistors that are
adj acent to fasti sfdefcFthestrélRhOdnd he trench; and a plurality of second word
| i nes, each second word |ine disposed orthogonally to the bit lines in the
trench between rawiurakityiafseqsind|vegrd lingy eachssependaveid linelisnogeh first word

ci de of tne TrBkIRTAGIE RIS ol B RSB SUBOERT 2 DETTTC

side of the gates o al line verti cal

transistoys 4 Mha%&te@ﬁ@ma&bﬁﬁeﬁwr@ lide 59 @R RBubitdeudf thhhle sé@ndvordizne The open
bit Iine DRAM device of claim31, wherein each gate 10 along a row of
pi |l ars adj dsedjeceat 4 jacond side of 8fe traneh prbaddsesses gateseditha sigelef or med with one

f th I lity.of the fi | ' - | ide of th
{1 ench, " andt S ERYeCoh vl oR g AR REp Y5EPnd & kel 20 1 °

side of the trench is integrally formed with one of the plurality of the
second word lines adjacent the second side of the trench. 15 33. The open
bit |ine DRAA devi ce dfheaipai hitdme DipdMedavicsof glaph 3 hwhersingagh g% of fir st

and secopd word |ines includes a.vertically, ori.ented, .nor j.ne having a
vertical ﬂ?engt h &hoqg@s@v‘i?fé’ﬁﬁTéédJﬁﬁ?%ﬁgﬁgfﬁe o e C}fﬁ%ﬁ%%ggugi t |ine DRAM
devi ce of clai m FumdhefiRbhe SRGB phirfgh Sf tHe ISt Rbidilies ¥&htdn€ Be firslansi st or s
has a vertical length of less than 10 manoneters and a horizontal w dth

of less than 10 miearfsheirench3sd whereincach gate elosg strewof pdiast adiagegta 25 a
processor; and an open.bit.]lipe M.devi ce coupl.ed to.t.he . processor,
wherein the oper?eff;) SF‘?%%“&?&W“@E@%@P cﬁ)ﬁ’a‘ (i:em r?ngrol'ftztil%/e o) raﬁ@rr%r y cells,
wherei n each memqfyse6hd woll L& AAjdcdit the second side of the trench.
15
33. The open bit line DRAM device of claim 32, wherein each of the

plurality of first and second word lines includes a vertically oriented

word line having a vertical length of less than 100 nanometers.

20 34. The open bit line DRAM device of claim 31, wherein each single
crystalline vertical transistors has a vertical length of less than 100

nanometers and a horizontal width of less than 10 nanometers.

35. An electronic system, comprising:

25 a processor; and
an open bit line DRAM device coupled to the processor, wherein the
open bit line DRAM device includes:
an array of memory cells, wherein each memory cell in the array
of memory cells includes:
30 a pillar extending outwardly from a semiconductor
substrate, wherein the pillar includes a single

crystalline first contact layer and a single
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of nmenory cells includes: 30 a pillar extending outwardly froma

sem conduct or substrate, wherein the pillar includes a single crystalline
first conwaxdaohsyyer and a single 36 WO 03/015171 PCT/ USO2/RE3A2s92/03426
crystalline second contact |ayer separated by an oxide |layer; a single

crystalline vertical tra”SiStOrdﬁﬁ%ﬁﬁﬂe&%8H£c&hﬂ§k8%rﬁ%gﬁﬁéﬁﬂféﬂ' having a

vertical length of |Iess than 10 nanoneters and-a rizontal w dth of
| ess than 10 nanonet ers, wher ei roxideclagérngl e crystal line verti cal

transi stor includes; an ultra thin single crystalline vertical, fifst
source/drain region coupl ed 0gle pystailing;vertiqy '@@ﬁ%séfgtfo‘f”&?iérl?n%ﬁdw ra thin

single crystalline vertical secqupilﬁpﬂéﬁﬁ%gg%ig%lg%%tggffégmqwo t he

second contact layer; an ultra n sing ne vertical body

region 1% forned al ong side of dahemetidend Hyeizoaabwidthofleschuplies t he
first and the second source/drain regions; and a gate opﬁosiqg t he
vertical body region and separ dteaamekEs sher By siglpgrastaliing xe 1080 a

plurality of buried bit lines f . sl ngl e crystalline sem conduct or
mat eri al and di sposed belom1theq%ﬂﬁﬁgggmﬁﬁﬂgthe array nmenory cells for

interconnecting with the first mantractnkiagRrerptalitgd worticadirgcent pillars in
the array of nenory cells; and 25 a plurality of word |ines, each word
line disposed orthogonal Iy to the plrEe(dgingegionequateddpihs fits in a

trench bgiween rows of contact layer;

an ultra thin single crystalline vertical second
source/drain region coupled to the second
contact layer;

an ultra thin single crystalline vertical body region

15 formed along side of the oxide layer and

which couples the first and the second
source/drain regions; and

a gate opposing the vertical body region and
separated therefrom by a gate oxide;

20 a plurality of buried bit lines formed of single crystalline
semiconductor material and disposed below the pillars in
the array memory cells for interconnecting with the first
contact layer of column adjacent pillars in the array of
memory cells; and

25 a plurality of word lines, each word line disposed orthogonally to
the plurality of buried bit lines in a trench between rows of
the pillars for addressing gates of the single crystalline

vertical transistors that are adjacent to the trench.

30 36. A method for forming a transistor, comprising:
forming a pillar extending outwardly from a semiconductor substrate,

wherein forming the pillar includes forming a single crystalline first contact layer
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the pillars for addressing gates of the single crystalline vertical
transistors that are adjacent to the trench. 30 36. A nethod for formng a
transi st owo @anpr7i si ng: formng a pillar extendi ng outwar digr/isoensae

sem conductor substrate, wherein formng the pillar includes formng a

single crystal]d i St - 03426 of
a first condﬁlcati?féﬁ({}fd'gl %‘g@w@grﬁh’lﬁ}{hﬁég S&%%ng%frl@% t§ %ﬁ%?lfl Eéaégc nd cont act

| ayer of t heoffthe fitst comblistivitywiyhy véryipsllyvephdatadl tyyanssiderlageed by an oxi de

| ayer; formng a single crystalljne vertical transistor along side of the
pillar, wherein PspHgRsiegle cystabine veripat Bamsister alenesident the piHar st or

i ncludes: 5 Sid i Lk r of a second
conducti vi ty‘gﬁé;%zl %%/ﬁe?l?lg? ‘i%ée&%@% Icé'rs ﬂgﬁl%qlgﬂ?éggﬁ%%%%%ﬂgag eghi ng the

pol ysilicen layer of t#gositiagadighdndowdd polysylidoyidgyet of a segand® only on
sidewal I s of the pillars; annealing the pillar _such that the lightly doped
pol ysilicon layer of 10 theonduetbity trpsense thanillyr and dizestimally elghitgzes and

| ateral epitaxial solid phﬁ?éafY%C8maS’Fp§#H% ec\ég&%&g@%%g}n@a% rma single

crystalline vertically orien erl € secon Ivity type;

and wherein the anneal i ng crEsasly be sdewglicofthy pilatd;i ne first and 15 second
contact |ayers of a first conductivity type seed a growt_h of single
crystal line material ofonepéngthe pillar é%%dh@tthqllglyl}t% pelysilicorelayerght | y doped

pol ysi | i gn | ayer of the s cggcg)ﬁé%ggdutc lvfggwe%?‘{rﬁt@@%%@y%@ﬁgﬁ%% ed first and

second source/drain regions 5 I'Ts u Separ ated by

the now single crystalline ygfakiatadlldphaké fgiceth odBireétibalBf totfbven second
conductivity type; and form ng a gate opposing the single crystalline

vertically oriented materi afinglefrysidlingercoieslly origuied mataripl efthe sepgd37. The
met hod of claim 36, wherein faormng.a single crystalline vertical
AR e eid

transi stor along side of t he e ides form ng the transistor

wherein the annealing causes the single crystalline first and

15 second contact layers of a first conductivity type seed a
growth of single crystalline material of the first
conductivity type into the lightly doped polysilicon layer
of the second type to form vertically oriented first and
second source/drain regions of the first conductivity type

20 separated by the now single crystalline vertically oriented
material of the second conductivity type; and

forming a gate opposing the single crystalline vertically oriented material

of the second conductivity type.

25 37. The method of claim 36, wherein forming a single crystalline
vertical transistor along side of the pillar includes forming the transistor
such that the transistor has an ultra thin single crystalline vertical body

region having a horizontal width of less than 10 nanometers.

30 38. The method of claim 36, wherein forming a single crystalline
vertical transistor along side of the pillar includes forming the transistor

such that the transistor has a vertical channel length of less than 100
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such that the transistor has an ultra thin single crystalline vertical body
regi on having a horizontal width of |ess than 10 nanoneters. 30 38. The

met hod of wdl @iors36, wherein form ng a single crystalline RravtSocads2e

transi stor along side of the pillar includes form ng the transistor such

that the transi St%négg%geééaﬁ’ﬂefsiacfﬁlst a?ﬁ%régg nd s%ﬂgz%nirﬁ% rg%%%a&lg%éggn%& 38 WO

03/ 015171 PCT/ USO nanoneters an as afirs

sour ce/ drai n regi finsanihthe sédont Beurcd/trait regiveks hbvee s kadtodtd oudih ef thsai N r egi ons
have a horizontal width of less than 10 nanoneters. 5 39. A nethod for
forming a menory ®an 10 naMetesi ng: forning a pillar extendi ng outwardly
froma sem conductor substrate, wherein formng the pillar includes
forming a single crystalline first contact layer of a first conductivity

type and for3g.ng a si nglwethod fir dbhiinea seawid celpbapkisingyer of the first
conductivity type vertically separated by an oxide layer; 10 formng a
singl e crystal | i nerminga piFpr extepdénesqubyargiotigma werieggmdpeier Hibsirate,  wherein

or I 19 e OB BRSSO o™l 0

pillar and difrefist ondubiyvigitgpé gl fothiRgRMiNgé tiystahineayendebntattdayecond
conductivity tgpe to 15 leave only on sidewalls of the pillars; annealing

the pillar sefdhe fitsheondystivity e yeisgbtsepataied; by a@atridelEe; of t he second

conduct | Y%t y typegt ecni%a[s s[tyéllg %%ygélll%%%e{rt;ﬁfaﬁ{é%sist&i&hér%x%i ofstﬁ‘l-: 19 ab hase

1
regrowt h occurs verts orm-a e Ccrys ine vertically

oriented matwhérein Bfmingehéagpdrystllineonaual irvisistortfladesand wherein the
anneal i ng causes the single crystalline first and second contact |ayers of

a first conductivity t9qresiiaed lightlydenadpodysilidondexer ef gsecand i ne material of
(ne (LT, conduet vty gLl LYo 0P AL SR .2 ©
regions of the first conductheWoly¥ilicy®Bryer of the second conductivity type to
15 leave only on sidewalls of the pillars;
annealing the pillar such that the lightly doped polysilicon layer of
the second conductivity type recrystallizes and lateral
epitaxial solid phase regrowth occurs vertically to form a
single crystalline vertically oriented material of the second
20 conductivity type; and
wherein the annealing causes the single crystalline first and
second contact layers of a first conductivity type seed a
growth of single crystalline material of the first
conductivity type into the lightly doped polysilicon layer
25 of the second type to form vertically oriented first and
second source/drain regions of the first conductivity type
separated by the now single crystalline vertically oriented
material of the second conductivity type; and
forming a gate opposing the single crystalline vertically oriented material
30 of the second conductivity type and separated therefrom by a gate

oxide;
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separated by the now single crystalline vertically oriented material of
the second conductivity type; and form ng a gate opposing the single
crystal |l i w® osamsizcal |y oriented material 30 of the seconccIowsbaosd2eity
type and separated therefromby a gate oxide; 39 WD 03/015171

PCT/ US02/ 03426 orm ng, a.bur.i bt . Si L e
sem conduct or na%%’ﬁ"?ﬁ QB%IF%%It ﬁee %: s%rrgollé aﬁﬁtgﬁ%% g %ﬁggn@%&fﬁ%& F]Jilér] st cont act
| ayer; fornpagwahépliaciddéoupidnb ek firet doaeacsRgand contact |layer; and

formng a word |ine disposed orthogonally to the buried bit lineina 5
trench bel ow a t &pming 4 eapacidor copplepite thaseqand cap@eeld¥srngd he gate. 40. The

nmet hod of claim 39, .wherein.formng,t burd | ] Jncludes formng a
buried bit |ine Iﬂg?g‘loﬁ‘g]r“ée 15}8% ?ﬁl Q%cﬁﬁ’géflfﬁ’atﬁ%ﬁllé&ﬂ?‘f %%?ﬁlcaont act |ayer
and is far MeghdnieRgl akdy suMich of iR pllldr Fér AaRdsaiak theagees,. 10 41. The net hod
of claim39, wherein formng a single crystalline vertical transistor

al ong side of the pillar includes formng the transistor such that the
transi stor s the ultra thin single.crystalline vert] . region with
a p-type ch ﬁ'nel havi Ebe?%%?fccigw%gn&ﬁe&%mggtgﬁg%ﬁ%t‘?jp%ggnanonet ers.
42. The nethod of,flRk Rihing WBEFE] Bit fifs Whitd i§ h@rd KREy abgdd tRaicthet hat  the
transistor has the ultra thin single crystalline vertical body region

i ncl udes f or ni ngfirdteonthctrlaydrhing isformgédkintagyaltyavith the frstqonsast lay@dy region to
20 have % hori zontal width of |ess than 10 nanoneters 43. The net hod of

cl ai m391, wherein formng a buried bit Iine of single crystalline '
semi conduct g nat eri alThR e ANBd Sl 02 vhbRed Rifsng 4 GnsleReysallter i ed bit ine
which is separated fromthe sem conductor 25 substrate by an_ insul ator

| ayer. 44. The metthicd tofnsttaialm@didotierepilarf inelwiesformingghe Bansigdrudes

formng a horizontal rient.ed gat rein a verti.cal si t he
hori zontal Iy ori éﬂ&’e‘bﬁ‘gﬁgf: & aﬂﬁgoﬁgarséﬁég‘flwg gl%mﬁg’sgze ?rﬁ%f?ifh% 4° 15%(;%8@{’ ers.
region with a p-type channel having a vertical length of less than 100

15 nanometers.

42. The method of claim 41, wherein forming the transistor such that
the transistor has the ultra thin single crystalline vertical body region
includes forming the ultra thin single crystalline vertical body region to

20 have a horizontal width of less than 10 nanometers

43. The method of claim 39, wherein forming a buried bit line of
single crystalline semiconductor material below the pillar includes
forming a buried bit line which is separated from the semiconductor

25 substrate by an insulator layer.

44. The method of claim 39, wherein forming the gate includes
forming a horizontally oriented gate, wherein a vertical side of the
horizontally oriented gate has a length of less than 100 nanometers.

30
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30 40 WO 03/015171 PCT/ US02/ 03426 45. The nethod of claim 39, wherein
formng the gate includes formng a vertically oriented gate having a
vertical Wwenagptohsiol | ess than 100 nanoneters. 5 46. A net lrad/dsee/o$46m ng an
open bit Iine DRAM device, conprising: formng an array of nenory cells,

pherei n formsng each yth&fl)fclglgh 34 RehoRlit Pnfthe HRMAInGRALS | nCl udes:

formng a pilTar extending ou froma semc tor 10 substrate,

wher ei n form ng tibénipglaleftidalle btldlﬁsd gate vige a vesicaldergth oy &tsathahn@0 f i r st
contact layer of a first conductivity type and formng a single

crystal |l i ne secorfdng@ftesct | ayer of the first conductivity type vertically
separated by an oxide layer; 15 formng a single crystalline vertical
transi stor along side of the pillar, wherein formng the single

crystalligie agertical A nafsddsfod forinied ard&n bitdpeDRAMdevitd, ght | y doped
pol ysilicon | ayer of a second conductivity type over the pillar and
directional ly 20osmekingg the pol ysilicon layer of the second conductivity

type to | eave onlfxégglglésab%% ,Fﬁle&oﬂweﬁs ‘%Ar{?l% ﬂnﬁgcondﬂn@ o ceel%l | ar such

that the lightly Icon ayer o con uc ivity type

recrystal | i z88 arrdPoBémbAt R incAfet:axXi aI solid phase regrowh occurs
vertically to forma single crf/stal line vertically oriented material of

t he second conducti vi tiprmipge: pi %rrﬂ;tqnﬁmgewmqrﬁbfmmwpmr@né%%s the single
crystallige first 30 and sgg &&le L 6 Forh Y {h%p?lflar mél{lcﬁe%tfoﬁ;rﬁﬂggcu vity

single crystalline first contact layer of a first conductivity
type and forming a single crystalline second contact layer
of the first conductivity type vertically separated by an
oxide layer;

15 forming a single crystalline vertical transistor along side of the
pillar, wherein forming the single crystalline vertical
transistor includes:
depositing a lightly doped polysilicon layer of a second

conductivity type over the pillar and directionally

20 etching the polysilicon layer of the second

conductivity type to leave only on sidewalls of the
pillars;

annealing the pillar such that the lightly doped polysilicon
layer of the second conductivity type recrystallizes

25 and lateral epitaxial solid phase regrowth occurs

vertically to form a single crystalline vertically
oriented material of the second conductivity type;
and
wherein the annealing causes the single crystalline first
30 and second contact layers of a first conductivity
type seed a growth of single crystalline material of
the first conductivity type into the lightly doped
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type seed a growth of single crystalline material of the first
conductivity type into the lightly doped 41 WO 03/015171 PCT/ US02/ 03426
pol ysi | i como d3aysr71of the second type to formvertically ormcanrsdos4zsst and
second source/drain regions of the first conductivity type separated by
the now single crystalline vertigaldiNcANheRbetheRcbBidaypMo Bimt he second
conductivity type; and formng a gate opposing the single crystalline
vertically oriented materi al ofvdrheal]srmntstddimst(audBcwntlyomyp{dralrand

separated therefromby a gate oxide; a urality of buried bit
lines of single crystalline seni 1@61’?8&8? ﬁ%(‘foﬁ‘ﬁicéll”ft?éftypgﬁapaﬂ?@%}%ed bel ow

the pillars in the array nenory I he plurality
of buried bit |ines couples the ?rngtal %?%@Baﬁlgsgﬁc?lwgﬁlgte& adj acent
pillars i the array of nenory cmhiesial @b $coomd exgndactptiyrtypé;tagdof word |ines
di sposed orthogonally to fm%&gl urality of bur| g(JlFbl t |ines, erein
formng the plurality of F’igr?e%a??ilﬂoﬁ’&‘gé ¢ gp ﬁ@’s@gl@a‘@ﬁl% ¢ of the
plurality of wordlines in a trengh, r

addressing gates of the single cryst ngalvog\rﬂt%%g ﬁ(?g)élﬁg%:ﬁ‘ﬂ{aﬁ@that are
adj acent to the trench. 47. Theantﬁebmdtedfthexd:%nnb&a,gamma n form ng each

single crystalling verti.cal transistor jncludes formng ultra thin
body region with @nﬁmgwﬁ%rabwaﬁfrmmeﬁamlwss af shegle F@/éiaﬂ}r@ﬁstnwoaguqt@ss t han

100 nano te gﬁﬁti, 48. The
met hod o cI %lﬁtr%ﬁ nav%%?ge‘% n o‘?lrtrﬁk#lfﬁ% lm ur a tey 0 é%hsﬁ% g@ﬁﬁg%{%‘ t lines
i ncl udes f oreiendf théwtufality aff buried bit lims b@fbldm the ﬁrsnesntscﬁp@reabﬁcblmman oxi de

| ayer fromthe sem conductor subhstrate. 49. The nethod of claim 46, wherein
forming the ¥iizgeat pillgrs g theggrayof mesmarneslisa@d i ntegral |y form ng each gate

i acent trench: SRt ARG el SRR RRAANRY Y REDUIRGREL" | nes

i ncl udes f oridried bit lines, wherein forming the plurality of word lines includes forming

15 each one of the plurality of wordlines in a trench between rows of the pillars for
addressing gates of the single crystalline vertical transistors that are adjacent to

the trench.

47. The method of claim 46, wherein forming each single crystalline
20 vertical transistor includes forming an ultra thin body region with a p-
type channel having a vertical length of less than 100 nanometers and a

horizontal width of less than 10 nanometers.

48. The method of claim 46, wherein forming the plurality of buried
25 bit lines includes forming the plurality of buried bit lines separated by an

oxide layer from the semiconductor substrate.

49. The method of claim 46, wherein forming the plurality of
wordlines includes integrally forming each gate along a row of pillars
30 with one of the plurality of word lines in the adjacent trench, and wherein

forming each of the plurality of word lines includes forming a
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42 WO 03/015171 PCT/ US02/ 03426 horizontally oriented word |ine having a
vertical side of |ess than 100 nanoneters opposing the single crystalline
vertical woansaistyor. 50. The method of claim46, wherein frRamisSvyoste
plurality of 5 wordlines includes integrally form ng each gate along a row
of pillars wth i ; AidN88e bP1kh@apdbgcent trench,
and wherein for %%%gmgg%&g?&%%@&%%alﬁ %H?Q{)‘% vvéarﬁ ?i nes 1 ncludes formng a

vertically ori enfaaémeetsthppbosifg tie\sinple aryselline vadtichlerasistonf | ess t han 100
nanoneters. 10 51. The nethod of claim46, wherein formng the plurality of

word lines includes in a trench between rows of the pillars for addressing
gates of t singl e { A } . @iq.ﬁ]['- [ es formng the
plurality (r)kﬁ'word i ﬁfeﬁsé%éegié d Cell lﬁ{egé%ﬁﬂlv%%l% I ﬁ@%ﬁg)}%ss lébqtgat es for the

si ngl e crystal | i ngordBAdsiiea@hddsrintegiatly dormingeadh gateealtrgs Hravobiipitiasdj acent and
row 15 adjacent. 52. A nethod of form ng a nenory device, conpri sing:
forming an array with peanfithe plarality ofyverddings i theisdgcet dngp /B yIeEm in  the
array of menory cells ingl : . 1 DO i -endi ng: war dl y
froma sem conductOr"es ﬁ@]s%ﬁg?sg{u%%% &;Wﬁ 6&%?1%%&%%5&%'53? gerQ]?lr?gl%des
formng a singl Q)rfdhiéﬂtvﬁ’drﬂiliﬂehﬁ‘i'iﬁ%bv@ﬂi@hlal@ﬁgth@ﬂe&s thfin 00 intsdmetesduct i vi ty
type and formng a single crystalline second contact |ayer of the first
conductivity type vertically separated by an 25 oxide layer; formng a pair

of single, crystalline yertica ansi st gr . i i of the
pillar, Wherein formn eéﬁ?:tﬁo%ﬂ%d%]m h?,r@wﬁ%#?&g}mgﬁx% %eljac?yst ai Fi ne
vertical transi stigfes ind&let £S5 trendheeBSédni roWs f tHe@hildry fdapddsying ysibd | con

| ayer of a second 30 conductivity type over the pillar and directionally

et chi ng the pol ysifithesingle apstalliste vierfecab tramsigiors nohdes Syrping the pberplityso2/ 03426

of word lines such that each word line addresses gates for the single

crystalline vertical transistors which are both column adjacent and row

15 adjacent.

52. A method of forming a memory device, comprising:
forming an array of memory cells, wherein forming each memory cell in
the array of memory cells includes:

20 forming a pillar extending outwardly from a semiconductor
substrate, wherein forming the pillar includes forming a
single crystalline first contact layer of a first conductivity
type and forming a single crystalline second contact layer
of the first conductivity type vertically separated by an

25 oxide layer;

forming a pair of single crystalline vertical transistor along
opposing sides of the pillar, wherein forming each one of
the pair of single crystalline vertical transistors includes:
depositing a lightly doped polysilicon layer of a second

30 conductivity type over the pillar and directionally

etching the polysilicon layer of the second
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conductivity type to | eave only on opposing sidewalls of the pillars;
annealing the pillar such that the lightly doped polysilicon |ayer of the
second conwduiston®i7iy type recrystallizes 5 and | ateral epirGxusbk/osabi d
phase regrowth occurs vertically to forma single crystalline vertically

oriented material of the second N : in the
anneal i ng causes the single crysct%gai{i?#ﬁ’y#ﬁ%?tl%%Oglﬁ%%gwﬁggcont act |ayers
of a first conductivity type segdbwallglo@Mepilbirs;si ngle crystalline materia

of the first conductivity type into the Iightly doped polysilicon |ayer
of the second type to for menpedingdhe Pijlapsychikat dhe lightly dened pelypslepn

source/drain 15 regions of the fiirst .go cld Vi y the
lfllyer of ﬁlens%gond L co H%(cit%/?/t? &p%ﬁﬁ&ﬁlﬁ&ﬁge?

now single crystalline vertical 'y oriente e e’ second

conductivjty type; and form ng angaiterabpigiif soliCfeke gateviiprRossNg t he
single crystalline vertically oriented material of the 20 second
conductivity type and separat ed vettéqally tofarmbysinglg srvstabiniedgerticeByni ng a

plurality of buried bit Iines of sipale.crustalline or materi al
and di sposed bel ow t he piIIarsi?F?¢:lggggéqg@ﬁﬁﬁp%g%ﬁéﬁ§§%&% Yat each
one of the plurality of buried bisg |ines couples the first contact |ayer of
colum 25 adjacent pillars in the array of nenory cells; and formng a

plurality of first word |i reereinghosmgalong ¢rogesrihe sipglesrystdlinedfingt al ity of
buried bjt lines in a trench between rows of the pillkars for. . ressi ng
g, P3P ol DG B ity S G

gates of e single crystalline are ‘adjacent to a

first side of the trench; and &%éwemargoﬁtmm[@lé@ stalliné gl word | i nes
di sposed orthogonally to the bit lines in the trench between rows of the

pillars and separated from each thefiset comdugtivity hpe o Hie lightlyidapet such t hat

the second wordline is adjacent 1?01?51‘1\'(%?1 a%r%?th%fseéorr]l% type to form

vertically oriented first and second source/drain
15 regions of the first conductivity type separated by
the now single crystalline vertically oriented
material of the second conductivity type; and
forming a pair of gates, each gate opposing the single
crystalline vertically oriented material of the
20 second conductivity type and separated therefrom
by a gate oxide;
forming a plurality of buried bit lines of single crystalline semiconductor
material and disposed below the pillars in the array memory cells such that each
one of the plurality of buried bit lines couples the first contact layer of column
25 adjacent pillars in the array of memory cells; and
forming a plurality of first word lines disposed orthogonally to the
plurality of buried bit lines in a trench between rows of the pillars for addressing
gates of the single crystalline vertical transistors that are adjacent to a first side of
the trench; and
30 forming a plurality of second word lines disposed orthogonally to the bit
lines in the trench between rows of the pillars and separated from each first word

line by an insulator such that the second wordline is adjacent a second side of the
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44 WD 03/ 015171 PCT/ US02/ 03426 trench and addresses gates of the single
crystalline vertical transistors that are adjacent to a second side of the
trench. 5®&0 oBrwesimet hod of claimb52, wherein form ng the plraTaisoeysqab first
5 wordlines includes integrally form ng each gate along a row of pillars

adj acent a f the first
word |ines fztillgjhg% 4%5&%5 grg%ts ﬂ%%ﬂlc%\g %@m%{%&%@ﬂ%@k%ﬁ fél:é%ar ormng the
plurality ohdpe&nnéavedodl sidesf iHeatendies i ntegrally forming each gate al ong
a row of pillars adjacent a second side of the trench with one of the 10

plurality of the second word |ines adjacent the second side of the trench

54. The method of claiy é]iléﬂ(lfvg-'o%rcﬂuﬂl §2°Wﬂe¥le?n ?o%%]l%gotke%) lpcgldfﬁ{%t y © first

and second rd |ines formmg vertica i nes

havi ng a sverti calydr@hgtshindiides @gsgraltpfordlifs éh%ﬁ(gﬁi%ta%ﬂ‘garbﬁ/ &pillakke net hod of
claim53, wherein formaffg’ each single crystalline vertical transistor
B

i ncl udes for ni ng adjasensi teSld,erqfsth%ﬂfmChéVIﬂemq afghe pluradits pE8firtto have a

Yﬁ;;l (1:8| n;ﬁg%[]e%f%ord Sgsatl acentltggﬁrs%rs]l o M andvsﬁe%ﬁ?&&n%g {Medt h of less

plurality of second wordlines includes integrally forming each gate along

a row of pillars adjacent a second side of the trench with one of the

10 plurality of the second word lines adjacent the second side of the trench.

54. The method of claim 53, wherein forming each of the plurality of
first and second word lines includes forming vertically oriented word
lines having a vertical length of less than 100 nanometers.

15

55. The method of claim 53, wherein forming each single crystalline
vertical transistor includes forming the single crystalline vertical
transistor to have a vertical length of less than 100 nanometers and a

horizontal width of less than 10 nanometers.

45



