FOLDED BI' T LI NE DRAM W TH VERTI CAL ULTRA THI N BODY TRANSI STORS 5 Cross
Reference To Rel ated Applications This application is related to the

foll owi ng co-pending, comonly assigned U S. patent applications: "COpen Bit
Line DRAMwith Utra Thin Body Transistors,"” attorney docket no.

1303. 005US1, serial number 09/780,125, "Flash Menory with Utra Thin
Vertical Body Transistors," attorney docket no. 10 1303.003US 1, serial
nunber 09/780, 169, " PODDERMBTRRINEE DBAM WATHMERTICAD ULLIRA a Thi n Body

Transi stors, " attorney docke ) serial nunmber 09/780, 087,
and "Menory Address and mcokﬁ&qﬂwcﬁ‘%ra Thin Body Transistors,"
attorney docket no. 1303. 006US1, serial nunber 09/780, 144, "Progranmabl e

Menory Address and Decode Circuits with Utra Thin Body 15 Transistors,”
attorney ddcket no. 1303. QossiReferenea TaRelatedvbpplic@ing80, 126, "In Service

Programmabl e Logi ¢,Arrays . t | Thi.n .Body Tr.ansi stors. " attorney
docket no. 1303. 00 applicaipn g!rd#ﬁ%{? ergg?“?%?%ﬁ fil%‘foélﬁmﬂ’?ye filed on even
date herewi t fisighell ©8CHhtdpt apMitfiond FOdnIHLIiBe DR ANEWRE WkATTIR Bedyat ed by

reference. Field of the Invention 20 The present invention relates generally
t o i nt egr at edTransigers{ sttoragytlocket np d303.003USH , senalmgmberddI#80,12%.ne DRAM wi t h

ultra thin bo hansi st ckqr. t | pvent i ] conduct or
menori es, sucﬁpi%sél\g%%oa w@ﬁ?%%ad’gﬁ]ng%gggﬁ%ﬁgﬁ%@%%%& (aﬁ)ﬁ&ﬁ?g(;&&g&é wi dely used
in conput el0 SyXB®OBUS kel Mirhtieg 09/28051 69 A PRbddvhm e DHAD Ayragedith t ypi cal |y

i ncludes an access field-effect_transistor (FBT) and a storage capacitor.

The access FEPIE ThigBodynlgansistorst attornsy depketnoe l303JAEUS L seriphnumbes m t he st or age

capaci tor dur pg)go GRS AAdrbR I DE0A CRs Wil 16 PTH BGRAT 065 on t he

storage capacitor’arée peri y refres uring a refresh operation. 30
Menory densi t Yransstorgfjiatarheydocketrino.dd0HY06HSH] serighmomber (957p0Aphi c feature size

(F) that is ipposed b | tho hi c ocesses . use urj fabrication. For
exanpl e, the %@W%EM&&&W ?Fog"eél’é‘f“ﬂt? ﬁﬂmtﬁagﬁ&)m access 1
menori es ({3RAlRhsisthRP GlorBéEdeRA AL 1802608%/S2! dcHAl minbe\DIMRI1LS, <¢f data, require

an area of 817z per bit of data. There is a need in the art to provide even
hi gher Service Programmable Logic Arrays with Ultra Thin Body Transistors,” attorney

docket no. 1303.009US1, serial number 09/780,129, which are filed on even date

herewith and each of which disclosure is herein incorporated by reference.
Field of the Invention

20 The present invention relates generally to integrated circuits, and in
particular to folded bit line DRAM with ultra thin body transistors.
Background of the Invention

Semiconductor memories, such as dynamic random access memories

(DRAMS), are widely used in computer systems for storing data,. A DRAM

25 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
operation. _

30 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



density nenories in order to further increase data storage capacity and
reduce manufacturing costs. Increasing the data storage capacity of

sem conductor 5 nenories requires a reduction in the size of the access FET
and storage capacitor of each nmenory cell. However, other factors, such as
subt hr eshol d | ezlages (DRAMOWisiclaarelcapbljéiaf soaingi266 Megatdts o€ dhts edqiurer r or s,

require that |arger rage a itaors be.uged. Thus, there is a need in
the art to incf® %°€§?78?r ‘Eféﬁgtﬁta@her%idp"ee%éﬁlﬁ’ﬁ\ﬂ*ﬁ%pﬁ"ﬁgeﬁ‘é“é‘h&ﬁhﬂstorage
capaci tors t halgef{iP¥leRBriestth bides 18 Blrthb N MbBAE Math RofBe b4HaRURI FdhdeeNt S and sof t
errors. There is also a need in the broader integrated” circuit art for
dense st r uct ur esnafaciuficgnosts.dnéreasing theldata glotage capacityd seteigendustor equi r enent s
becone hi gheg and higher. in igflbi.tthDRAl\/B and bgﬁﬁ tit becor‘pes nore and
more cruci al” t SHORPHACGUres & rqiuchion in theyize of theacoess SPEHPEL ure is the

fol ded bit |inefé&dch Hehdrfoelll HowbRr, 62ief faBtoRUsicH dubhtbshdl@Wakgs .  of MOSFET
technology to the deep 'sub-m cron region where channel |engths are | ess

than 0.1 mi cr owrengand giphaypartiqle oguord seftiereoss, s¢qyiie thatlarger gieregsl ens in t he

conventional tr i [ ract ures. Sho in Figure 1. ] tion depths
Shoul d be. much asott REwdr B hetPls < aBet AR b BBihlngy il 07, 1S

junction dept hsyile allowifuhe uRbTRMbra88 Gphdiithat PrsiuedAffizlvat inwnjtyct | ons are
difficult to formby conventional inplantation and diffusion techniques.

Extremel y hil§jh lsakaesicyrrests adsafk awrorsi o Hierrgs alsea pesd i the draader integspecbs s

short - channel L Or 4 -ﬁﬂsgf’ﬁ{ Ler lowering; threshold

vol tage roll o?&?ﬁgﬂogﬁﬁﬁggﬁgk@%ﬁgﬁc I on.qru ub-threshol d conduction is
particul arly probl eAsthealensity igAlvérhenestiecdntchighees and highed incgigabit DRANMsar ge st or age
25 retention ti on the capacitor cells. These .extrenel i gh doping |l evels
result ini ncr‘“@n‘i ‘“é’ﬂ“‘ii’éti’t?&‘ﬁ’écsé[‘ﬁ’de ?'\Qd‘&?é‘“eﬁf“@%!rt?f"é?‘mﬁ?ﬁﬁeﬁ%.g%us maki ng t he
channel  shor t gqsdifle DRERM¥BhiREutS R Rfl€edibk 1R8SRiRde DY | Ower carrier
nobility. Therefore, there is a need in the art to provide inproved nenory

densities whfl e avoilhé¢ eoptinknus shaling, bowayes oEMOSEES teshnalpgyrto theldsemnel ef fect s
such as 30 drain-i.nduced barrier l.oweri ng;, threshold voltage roll off; and
oot i eshol d UGS E0n el Einnel TRl Al tesk BRSO of O L O E AT
the sane tine [0b@AGeusst GprSent Kblehd i@fthd dofventibid] trhgisiiistichirde s 2 Surmi ga

of the Inventio The above nentioned problens with sem conductor nenories and
ot her shown 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.
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probl ens are addressed by the present invention arid will be understood by
readi ng and studying the follow ng specification. Systens and nethods are 5
provided for transistors with ultra thin bodies, or transistors where the
surface space charge region scales down as other transistor dinensions
scal e down. I n one enbodi ment sgihnfalleofiedngdition nvention, a folded bit Iine
DRAM device is provided. The folded bit_ |ine DRAM device includes an array
of nemory cells. Bigahoyrmentionedareblems yithsemisonducir memesiesandothes i ncl udes a
pillar 10 ex ' f.r ; ' C e. Each pillar
i ncludes a si ﬁﬁ’g‘{ﬂg"""%%‘%.da F%éy%hle gétg}‘@b‘ﬁ’?‘é% gﬁgﬁ%“ﬁ‘gag‘%sﬂ{% e crystalline
second cont actreddmgand stedyigrthd fotlowingapecificatit. |Syytems andl nsdtingh ececr yst al | i ne

vertical transistor is forned  alon | ternating sides of the pillar within
a row of pi |@r@}deﬂrﬁgt@vw@wehykfaéﬁnfgﬂ%es,%ﬁr%nﬁ'gtawVf aer%?s;‘rfg?e i ncl udes an

ultra thin SiRghe ofifsibdbl difs ¥R dsoor rhdsitor UinchAUECRAE RGN Tedi on coupl ed
to the first contact layer, an ultra thin single <crystalline vertical
second sour cel dr ai ln oneginbodimentpl thet ptaserit myestempnfblded bit ic¢ DRAM/er, and an
ultra thin single crystalline vertical regiop whi ch opposes the oxide
| ayer and cou ?é‘ge‘tgﬁé’v thhﬁrfﬂldt"ﬁwé‘tg'é"c%m%?c é‘}cgﬁd&ﬂ?aff_%ggns. A plurality
of buried bit celts CE4cR M{BRfdrPleliSh M3 laRaF b piRdnidr LIS iRRRbCARAMCt or materi al
and 20 di sposed below the pillars in the array nenory cells for

i nt er conned®i regtendingoutwardlyffronsa sepuenndadtor| sufstateo Eachglillaminchdgssecent pillars in
the array of nenpr Ils.  Further, l-urality. of d lines are included.
Each wor 8 |1 noviee sprebfins B bl Bfranf » Sl Toneliof el Potti S od b
lines in a trepsgdathFiaoRride tyer. A sihglecryithllih@VeitidaDliansiddr R¥Sieg al t ernati ng

body regions of the single crtystal |Tne vertical 25 transistors that are

adj acent to t Hdongalierading vides ofthenitlar grithin awwnipillage Ihe sipgle pyefalline f abri cat i ng
a met hod for ! -a f. oo L - BQA’M: I . met hod i ncl udes
form ng an ar rJgg{cH?(;%qs&g%%@{;%gf{Pgﬁ?g@gg PR r%%égﬁ%c%o hrms. Form ng each
menory cel [15 isoocice/dem régomcongled tqthe fist conkdcelagkr ey ubtcd tharsthigle from a

sem conductor substrate. .30 Form ng, each.pillar, includeg formng a single
crystal line fim“ﬁt‘ﬁl’( &ls?cﬁi}‘gfo dglnﬁ%cogﬂm@gﬁsgﬁ: C?Wé. and formng a
single cryst al1L9e9,ean§s‘&aﬁslmﬁp§5g&&7$tﬁu€éveeﬁcalwrégidnsﬁmampgyﬁ ity type
vertically separated by an oxide [ayer. Form ng each 3 nenory cell further

i ncl udes f or mia¥ifdedayst angiceupiesthe first anddhasseanidsares/drainseaionss Aplwplgy al t er nati ng
sides of the Rkl Ak i il fe forh@WoPlinghh kb Rliine ASESRAIRY rbfbcbNfia! 22N NTS

20 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.

Further, 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 alternating body regions of the single crystalline vertical
25 transistors that are adjacent to the trench.

The invention also provides a method of fabricating a method for
forming a folded bit line DRAM device. The method includes forming an array
of memory cells formed in rows and columns. Forming each memory cell
includes forming a pillar extending outwardly from a semiconductor substrate.

30 Fomming each pillar includes forming a sir;gle 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. Forming each

3



of the present invention form ng each single crystalline vertical transistor
I ncl udes depositing a lightly doped polysilicon | ayer of a second
conductivity 5 type over the pillar and directionally etching the
polysilicon | ayer of the second conductivity type to |eave only on

sidewal | s of t Ry ¢eliSrther RicdTorBsdh stightdrtalltdeWetidhl aRgstdr@ildngCal
transi stor includesannealing the pillar such that the |ightl K oped
v

pol ysi | i con | ayplerngfgsides efdbopilargathinacowef pijlarsy Aecording tpdhedra and | ateral
epi taxi al soli reqrawt h occurs vertically to. f.orm.a single
crystalline 10%581?$?§%[}t ye%{?olng(r)\ el}fer%%’fs&%l%‘#&o I%éﬁg&ggé&grnmsd&%ronduct Ivity type.

Furhter, the &ivheiet depgsitimgisRghtly deped polgdikiconnayed oflalseddad Estiduaivity second cont act
| ayers of a first conductivity type seed a growh of single crystalline
materi al of % hdvueioverthe pillygnd direetipnally ¢tehing the polysilicopilaygt efphessprad” pol ysi | i con

| ayer of the S%R&Qti%%?ﬁ‘pte}]tglefaw&ﬁ%f@&emgé Jfﬂxe&ﬁﬁa‘?&?tf%%fn' e2ch sg@ﬁ: second

source/drain regions I rst conductiVvity type Separated by the now
si ngl e cryst al Icryselline vertica kdaysisporiiehidednneakiigerthe gillarchict thet thelightlgd conductivity

type Forming the folded bif |i DRAM deyi ce further includes formng a
plurality of bd‘PP“é’cP"giSﬂ‘c?‘} é@*@ﬁﬁ%\hgo@niwwmrm% tres anclatsiel onduct or
material and Qi ; ' il Srrfd i fBgory cells.

Form ng the 20%ﬁﬁ{?ﬁ?ﬁdgﬁg%wg%rp‘?tggb%weﬁdﬁ@s&itfncI u%g%‘ef:}gslgpl Ing the first
contact | aydd oferticallynriented diaterialf theistdond sonductivitetype.r Biyhtef, teenory cell's. The

met hod further incl.udes form a plurality of word |ines ccording to the
eachi ngs. of t HENGHBE e s AAA g i AL ErRec Souipe VP 064 86 | | pes

i ncl udes for m n@n@REHRLWphebd Hgowiof Biagie drygthllifoaareadlloy the@irst he plural ity of
buried bit lines in a trench between rows 25 of the pillars for addressing

al ternating bodipngustivibrigpeoptotthelighilydepsd pelysilicon layeeof theseeqnd fpete ansi st or s
that are adjac . . r '?][gqmts, aspects,
advant ages, an?a{:%g%%aggo%%ﬁ%@st%@%@%}fé&%@%rgﬁ%ﬁq be set forth in part

i n the descilb ptdoaductititycippd separatedby thergow singlp exyitalling vertivattponentegdpar ent t o t hose

skilled in the art. eferepce.tq the follow ng 30 description of the
i nventi on and r’@?t@?agﬁtéﬂse@ﬂaﬂ?@?"??}yw practice of the invention. The

aspects, advant ages Foafiflg it Fb1déRbit 106 DRAM B Vit ithed BRhinged 4 and
attained by neans of the instrurnentalitics, procedures, and conbi nations

particul arly parlweisy obburied bittlines faprsdnéisingle rrstalline gricondystosaratesel on of the

Dr aw ngs and disposed below the pillars in the array of memory cells. Forming the

20 plurality of buried bit lines includes coupling the first contact layer of column
adjacent pillars in the array of memory cells. The method further includes
forming a plurality of word lines. According to the teachings of the present
invention forming the plurality of word lines includes forming each word line
disposed orthogonally to the plurality of buried bit lines in a trench between rows

25 of the pillars for addressing alternating body regions of the single crystalline
vertical transistors that are adjacent to the trench.

These and other embodiments, aspects, advantages, and features of the
present invention will be set forth in part in the description which follows, and in
part will become apparent to those skilled in the art by reference to the following

30 description of the invention and referenced drawings or by practice of the

invention. The aspects, advantages, and features of the invention are realized



Figure | is an illustration of a convention MOSFET transistor illustrating

5 the shortcom ngs of such conventional MOSFETs as continuous scaling occurs
to the deep sub-m chron regi on where channel lengfU are less than 0.1
mcron, 100 am or 1000 A. Figure 2Ais a diagramillustrating generally
one enbodi ment amifattainédbydrehns &f the instAencbizitfidsyprodedues, tahd edmbihdtivas t hi n body
transi stors according to the teachings, 10 of the present invention. Figure
2B i | | ust r at esPHHculasy painfad ot ig therappendedcdaims. i nvention for a folded bit Iine

architecture practiced havi ”%réfﬁ%&%ﬂt WP D te per vertical ultra thin
body tram stors fornmed on opposing Sfdes of pi rs according to the
teachi ngs of the (Higsehisanithsirstionnf a tdnveitgn MOSFEBtransidioadlustrating | ustrati ng a

vertical ultra,thjin body transistor. al ong..side of a pillar according
to the teachinf€s c?rﬁ’é‘gi)?‘réé‘ “YW@‘H’EWgEFW tigueuy SCAUNENEURB act | ve vi ew

illustrating ggngs @éetyl{ubolﬂﬁr(ﬁl SH WESE cHahneR1eRRRS A0 sOfha0 1 Alidlesd bit |ine
menory according to the present invention. Figure 4Bis a top view of
Figure 4A illud60amiond0ekerally pillars 20 including the ultra thin single
crystalline vertical. tragnsist.ors. .Figure 4C is a pesrspectiyve.yjew
illustrating anoth ‘g‘é‘ﬁ’géd? ?ﬁmelF“égé{‘Bglg‘f’lebaruyc?fw g‘“%%ﬁ‘ﬁ% Of\;‘? {oiqe&ne nenor y
array accor di ngitlife DRRMWRS Gedfical MyE Hin By trafdighits BccbhingSto thetésmifigsSect i onal

vi ew t aken al on? cut-line 4D-4D of Figure 4Cillustrating generally pillars

i ncl udi ng tHe of the pregant imventiagl e crystal line vertical 25 transistors
according to the te I resent i-naventiqn. Flgu -5C
illustrate an ini ti%&ﬁ?g?égémé%%uegnnbgé ﬂ%tlocgh eﬁ%r e'(#glrwr%néﬁ(gl fr°§i§f°?d§95 al ong side
of which verti éallinehrthifectutel prackicsdihating 8 single fofdlige/gatt pératertiest ulterthiad as part
of formng a folded bit |jine DRAM according.to the teachings_ of the present
i nvention. 30 BP¢frassistem fermed pp qerosiag sidespf pillapecensding to the iacbinge 8f descri bed
in connection gy [F¥e]WIY SA-5C can be inplenented with a bul k CMOS
technol ogy or a sl{r%flg(l)%}éoﬁﬁlf nsul ator (SOD technol ogy. 5 Figures 7A-7D

il lustrate ® procesEigsredueadiegrammljusiratingg vertioahuf tiecthimi Holly transfstor mat | on

enbodi ments prqvid i n_.Eiqur 5A-6C to . form.vertical ultra thin body
transi stors al gwgtegglagg ee ?qflt‘{’é’%%l' P‘I’cgfdé’fgtoﬂ‘ect)ea £ of e present feufioh

Figure 4A is a perspective view illustrating generally one embodiment of
a portion of a folded bit line memory according to the present invention.

Figure 4B is a top view of Figure 4A illustrating generally pillars

20 including the ultra thin single crystalline vertical transistors.

Figure 4C is a perspective view illustrating another embodiment of a
portion of a folded 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

25 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
as part of forming a folded bit line DRAM according to the teachings of the
present invention.

30 Figures 6A-6C illustrate that the above techniques described in
connection with Figures 5A-5C can be implemented with a bulk CMOS
technology or a silicon on insulator (SOI) technology.



Figures 8A-8C illustrate a process sequence for formng a horizontal gate 5
structure enbodinent, referred to herein as horizontal replacenent gates, in
connection with the present invention. Figures 9A-91) illustrate a process
sequence for formng. a vertical gate structure epbodi nen%hﬁj n connection

with the present inYsHEs & 70plugalesnresssSsraepss coptupine feom wepas nents 10 In
the foll ow ng dgiisbEen kY Gf FihRs 5 REND ki GG 1S made to
t he acconpanyi ng crgvvi n%gﬁﬁm%bé%hbﬁ%ﬂm S&Ba?tnhergof, vgﬁtgfxlﬁ{] which is shown,
by way of il | usiodntransisiorsgbengisideof theipdldisnent s i n which the invention may be

practiced. The enbo irren%gr{;g{)iﬁ i.ntended to desctrit?e .asgp) cts o he invention
in sufficient detai S48l BSURISAREOEE AYERCs IR PHRNG P PORZRBI 88 i ce t he

i nvention- ObhegtruditbreRBOHINGR Ve ferrd®ib HRfvildsi HoliZdthl ApfhcsihAbgas, ey be made
wi thout departing from the scope of the present invention. In the follow ng
descri ption, teennesherswiliethepreseahidtventioat r at e are i nt erchangeably used to
refer generally to any st r n which integrated circui.ts are forned,
and al so to such st %f%‘feﬁ%)é?ﬁjlupsﬁﬁdge %%r??egsusgquegfeaigreéng!fngfar‘{ Iglﬁarl §?t8d circuit
fabrication. BotctuRrefibodiehtlidohtpesh vitttthe pReacidvetiogem conduct or s,

epi taxi al layers of a sem conductor on_a supporting sem conductor or

insul ating material, conbi desszntionefthe Beoferred Pmbedimgatse| | as ot her such

iption of the Broferred Embed
structures Yhat  ar e g lobihe!61al besoclin bohb ARGy dekALbAYmafiescr Pt on. 1o
not to be taken in a [imting sense, ard the scope of the present invention

i s defined onl ytolthe dcbrenpapyiegdiedingt ahioh fordm darthenecef, 208 in svhivhds shgwam
illustrating generally one. enbodLment of a fold bit line DRAMw th
vertioar ultr a PRV SOuGERicarepelRe ol Rin Hiieh de OB R Wos  of ¢ he
present inventighetickd) 1HeRRbMimerts S iflerdf HNIRYGibE Rspbdts STESHP&ht6A fcui t 200,
such as a seniconductor menory device, incorporating an array of menory

cell's provi dedsuficienhdetailio enablethoseskilledhimthe rhtoPragticetheinventiop.cQther 200

i ncl udes nengry_ 30 ce [ hLays;.210 i array 210
i ncludes M ﬁgv\sexgtho lrﬁj’nlsc% yt}’r?%éh% atr’r‘ris‘?rhnlér8 esceﬁy{%ﬁ%gggﬂ%&ﬂ%g%aﬁlgggaﬁodi ment of
Fi gure 2A, eachtheesope yf thepresehtialention Ia the follobiag desdiptionsthe sxadwafer n- channel

cell access field-effect transistor (FET) ﬁ230. re particularly, access
FET 230 i ncl ude%“dé!‘bﬁ“étﬁé‘{elﬁtﬁ'é?},‘a"&ﬁtbhh‘é?ﬁ‘gF L& to agy sENCYIRPN.  control | i ng

conducti on bet Wgith digraaChedishabe fofmedBihd didoth sitR drR @& Whring various

stages of integrated circuit fabrication. Both terms include doped and undoped

20 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.

25 Figure 2A is a diagram illustrating generally one embodiment of a folded
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,
such as a semiconductor memory device, incorporating an array of memory cells
provided by the invention. As shown in Figure 2A, circuit 200 includes memory

30 cell arrays 210, such as 210A and 210B. Each array 210 includes M rows and N

columns of memory cells 212.



5 sourceldrain termnals. Access FET 230 is coupled at a second source/drain
termnal to a storage node of a storage capacitor 232. The other term nal
of storage capacitor 232 is coupled to a reference voltage such as a grow d
vol tage VSS. Each of the M rows includes one of word |ines W.O W.I ...
W.m 1, W.m whi ch sebitheeﬁﬁodimeﬂt(bfarge:emuﬁch@hetn@r;eceﬂimmde.gzaﬁr@sfeﬂ al ternating

r ow adj acent access FETs §30. In the ({rb i ment shown in Figure 2A, each of
the Mrows al s&Vichctehsd- ebfellv%ﬁ“reﬂ‘ fiq t ieggsistep (FET) 28nMore Ry coupl ed to a

second gate 'npa@éi&lﬁhga;yct&gﬁﬁmmae&egaéma&feemann;c d,%gg;édn RatlPRPY Y cells

212. As one of ord he art w | unders ng this
di scl osure, tveontoltiog cmﬂactmbemcaﬂbsacﬁﬁ?{FEﬁB 230 éirst andsetondequi red to practice
t he i nventiqn, but, rat represent one enbodi ment for the same, The

i nvention ngy ‘i?@r“ﬁlrdﬁ?&‘l "E‘é‘aalﬁaw ng a single wordline/gate per alternating

row adj acent aCCESS\c%FsIF%@%@Q%&H!&l a?@g&ohcﬁsdufclaldﬁﬁr[@ﬁﬁﬂal't@aﬁb@%@ e 2B. T_he
invention is not so limted he term wordline includes any interconnection

line for cont rnddle|0ﬁgStomsdwam@rﬂﬁeﬂheethelttmmal pﬁitorazﬂtawtt‘oxr?&sﬁour ce/drain 20

termnals of acce FETs 230. ccor ding to .the t [ t.he present

i nvention, andcoélglzi%? %??‘*ﬁ"é‘ae V‘H RSP g aig%?‘fndvgﬁ%ﬁfl, céég% @E‘I‘g 230 i ncl ude
vertical ultr ardeRiitlidesynelof #oed 16leOWE0ZRD.1.. BAGR 1 oWl W@hilh sepleli8Bs | ncl udes one
of bit lines BLO, BLI ... BLn-1, Bin. Bit |ines BLO-BLn are used to wite

to and readOdasra cpupiadtera fiet gate i altgmating row 3dipgentiaceesa BETS @30 W tbe and RO Rm ar e
used to acti va&g Aeh&l E’t?ownrlﬁ F{éﬁg{@dbﬁg%ﬂ&a& N?Po?v%%&o TRffedotd of RoRICCESS 2

particul ar rowo nenory ce witten or read. As shown
in Figures 2A Hmd ROPR2,acRindsRintgugled toaistdoyd pate il abternatinprbwddjdcent-or exanpl e,
address buffer 214 c ér ol s col uir}ﬁﬁgecoders ¢h .also jnclude sense

18,
anplifiers anda‘icﬁﬁﬁlﬂil 8 P Himemory: 12 t‘%‘a‘%“eog gﬁ‘ﬁ‘éﬂ ip thegrtvido | j nes
BLO- BLr L Addr egsyeRphf %f)on%é’du?étﬁﬁ OB two WeMIIARGRARESs BRP23dgw decoders

216 and colum decoders 218 sel ectably access nenory cells 212 in response
to address ¥ gn@tlrgluuta@to rascticptho inverdign.dnit catligr mprssint presebpdimgotrfong read 7 and

control | er _suchesns TROPEIRBLARP ol SRe SRRV B b Each of
menory cel |'s zamedmgmmmwegd FBT 1306t teabmes isilletratedin Fgde 28.Cor di ngl v,
only one nmenory cell 212 structure is descrjbed herein. The same are
described in e invention is not so limited. The term wordline includes any interconnection
line for controlling conduction between the first and second source/drain
20 terminals of access FETs 230. According to the teachings of the present
invention, and as explained in more detail below, access FETs 230 include
vertical ultra thin body transistors 230.
Each of the N columns includes one of bit lines BLO, BL1...BLn-1, Bln.
Bit lines BLO-BLn are used to write to and read data from memory cells 212.
25 Word lines WL0O-WLm and R0-Rm are used to activate alternating row adjacent
access FETSs 230 to access a particular row of memory cells 212 that is to be
written or read. As 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
30 lines BLO-BLn. Address buffer 214 also controls row decoders 216. Row

decoders 216 and column decoders 218 selectably access memory cells 212 in

response to address signals that are provided on address lines 220 during read



5 nore detail in connection with Figure 3. In one exanple node of operation,
circuit 200 receives an address of a particular nenory cell 212 at address
buf fer 214. Address buffer 214 identifies one of the word lines W.O- W.ra of
the particular nenory cell 212 to row deooder216. Row decoder 216

sel ectivel y act®d#fileopentionsadhe addrest sighglsdrg typieally@raxided by an exderdlt i vat e access

FETs 230 of ea . i sel ected word

| ne VLoV - eonRE b S8 hichbfocksforbfber HERF ESRENGS Enlifor>e) PE e MOTE |
of the parti culmenoyry ecilld 2 EXkac snestantiyllydddotica? dtPuctur nad acesrdinglyperdy at i on, dat a
received by input/output circuitry is coypled the one of  bit lines

BLO- BLn and thr%&‘?‘“?‘%é’eggg%mfg%‘s dosgrt eg?‘ﬁfﬁ‘&r gge ﬁﬂmecﬁ"s‘gﬁ%ﬂb&émt he 15 storage
capaci tor 238 Qfork B&aif R cBfleeSbn WiRPri¥ues! | 212 to represent binary data. For
a read operation, data stored in the selected nenory cell 212, as

represented by t helcémreganplemotlsofspenatiope cicai 200 teosivedaa address obaipl ed to t he
one of bit lines BLO BLn, j fi o] ) i voltage level is
provided to t heP¥HEB V‘S‘ﬂ?‘ﬁ&?‘wﬁ ?éﬁﬁ%g‘%akgc‘%‘i(ﬁ?sgg‘%%ag%@eﬁg%gct of the
invention, eachymebf thdofd lines WADIWESCARE palRil@Smethorf cAESR thRoly 230 is capabl e
of controlling the conduction between its first and second sourceMain

termnals, as odesedef Hiéd Rowt degpder 216 saleetivelytatinates Hie partigalemword ling wi t chi ng
functionalit effected be n first . source/drain
term nal s ofmag@gg%&%'fo ?&65\‘5?%&%&?@%%%3@1 %e&ofrg ?n?léﬁglﬁagls% particul ar

ones of word |icafecti € thE salestdd ward RSWROWINg. CoRmnkcoder Zi 8lsélagsthe RO- Rm  For
exanpl e, by i ndependentl moti vating word line W.O and word |ine RO both
of which are cotnsioébit tiggsBlO-Blanef thepartisnlarly addrepsedanqmorpeedl 2125 Fgependent | y

control |l ed inveggi n : ‘[ﬁ?ﬁi i 0. e phgk ng access
FET 230 by res%@f?egwfihﬁ%ﬁﬁ@%gggﬂ%‘%a egﬁ%@ﬁ%?ﬁ)t&%&égﬂ%g conducti on

bet ween t he fi rbitlissnBLE-BIoradd swonghehedrcesnFER230a0 shargkowr disdhange the® anot her
aspect of t i nvention h.gf th irst a cond tes ,of access FET
236 1 s capative BISBEHORUPITg e EM RNy PRI ER P ELORey 85 and. second
sour cel drai n t eréraR@kdSperdfidn, HAE stbiel & thesiech eRRBnoE1032 0k rdpRdsdatddul ar  access
FETs 230 are synchronously activated, rather than independentle{ oper at ed.

For exanpl e, bybwsthaetrasaitsisiprage capeitor A3 isouplpd fedhasneof bi line RO
both of which agp, GOURKEH alda ddRspaihg (e levd RV tR ifphOoutput

circuits.

20 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
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

25 particular ones of word lines WLO-WLm and corresponding ones of word lines
RO-Rm. For example, by independently activating word line WLO0 and word line
RO, both of which are coupled to the same row of memory cells 212,
independently controlled inversion channels can be formed in each
corresponding access FET 230 by respective first and second gates for allowing

30 conduction between the first and second source/drain regions.

According to another aspect of the invention, each of the first and second

gates of access FET 230 is capable of controlling the conduction between its first



5 synchronously activated inversion channels can be fornmed in each
correspondi ng access FET 230 by respective first and second gates for

al l owi ng conduction between the first and second source/drain regions. In
t hi s enbodi nent, synchronous activation and deactivation of the first and
second gates aﬁmnh@&&eadrﬁﬁwarsoar@fhetﬁmaxrnge@dmlgadessirp%hrchraytI ons in the
10 access FET 230 when it is in a conductive state. Synchronous activation
and deacti vat FiQmSS@&TS B0 uswchronqublyaptwamraﬂlerdmﬂrlmqpemiendu |y depl et ed
operating char t| CS s er.e diment in
which the fi rstgeartr% o’haH‘PgaP‘Z ﬁé%gt'%wor #‘8‘*2”6?9‘1 eriOndependent |y
activated, di filﬁéEm'[boﬂh(ﬁflw\hﬂ;hla&rtombdtammafb“b@fméhﬁ)@mlslzw to the first and
second gates of the access FET 230. For exanple, different voltages can be
provi ded to SySvishenisty aptivatediinversian dhnogls eanrhedforpped)in %br ceEsspandisge by
providing diff t nd gates of

t he access FET?%%% ﬁ%c%g%glgﬁg%gr |c€7gg?ecé€dséa?£ lJan)lg‘trVa |ng %glr acteristics.
Simlarly, difbewwesithefrtindsedondsouveldfgegioann be applied to the first and
second 20 gates of the access FET 230. For, exanp] e, different_ deactivation
vol t ages can be prmla%‘ qdym ﬁ&?&éﬂ?@ﬂ&a}%}w&é&&ﬂ‘%ﬁé‘itéﬁhm fihefittes WO and RO
and .corresponq{l drgsges Ms%%&é?@gntﬂ)‘?ﬁ 5 1 éﬁ&d?ﬂﬁtrﬁﬁﬂ_&s in order to
obtain particula esr re operating characteristics. Sim rIy, di fferent
activation #hd accabesaﬁEfIi zﬂatwlmmxtwnhtaagmkww&rstatﬁe Saypghireneds sativativdepéndent | y
operated word t gs such , 25 3 |s a di agram

i | lustrating afcaclization caabe us °10 Wé’&e a@%"cﬂiﬁ‘g&:%p TN ngs of the

present i nvent icRitadtdHsGdd oTakBssEHETR3POr ti on of the rrem)ry cells 212 shown in
Fi gures 2A and 2B. As shown in Figure 3, access FET 300 includes a vertical

ultra thin body trahmfytthﬁremb@dlm@mnwnsbﬂlgrﬁmte@ﬂwndlaateampmthrmo singl e
crystalline verg t S t he present

i nvention, the &ruc H@ﬁﬂfd@{)%dent cagtg‘ggeﬁégﬂggﬁt I ncbgrgggsuagg mﬁ) 301

extendi ng out \@plwﬁyoﬁxbﬁmmd&emndgmmac&sbsmalm I&ﬁBxaxﬂBln; pi I | ar i ncl udes
asrnglegcry |11 first, cont; r 304 and a, si stal l'ine
second contact % ¢ vol 96% PR P PRy F‘g/to nously %9%&?%9{33@%1‘&% 308. An
ultra thin singh@re/M&EH! drovi@n Mx%&h%hv&xﬁ@@&ka@&&&ﬂ%ﬁjrﬁah&s&&{dmd al ong side
of the pillar 30 1. Teutra% single crystalline vertical transistor 3

10 i ncl udes an gates pfthe #ricess & Eﬁ@ﬁ@tombym partiqulae desired operating characteristics.
Similarly, different deactivation voltages can be applied to the first and second

20 gates of the access FET 230. For example, different deactivation voltages can be
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

25 as WLO and RO.

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 2A and 2B. As shown in Figure 3, access FET 300
includes a vertical ultra thin body transistor, or otherwise stated an ultra thin

30 single crystalline vertical transistor. According to the teachings of the present
invention, the structure of the access FET 300 includes a pillar 301 extending

outwardly from a semiconductor substrate 302. The pillar includes a single



5 vertical body region 312 which separates an ultra thin single crystalline
vertical first source/drain region 314 and an ultra thin single crystalline
vertical second source/drain region 316. A gate 318, which may be
integrally forned with a word line as descri bed above and below, is forned

opposi ng the ul érysallidy fitstbitgdt taye€IMahdbd singdecrysallinessatond @eltact Rgéron 312 and is
separated therefromby a & n gate 10 oxide |ayer 320. According to

enbodi nents of {erepicalieisparatedepan axifle laypral 08y Apaltiaihin siwplegmtaligfy st al 1 i ne
vertical transiai@h @an%@tol-ﬁ‘l? i ?ﬁe@al&{rﬁ%ﬂﬁ@'ofﬁlg?wgﬁ}ﬂl”Qh@ul[ﬁﬁrﬂﬁﬂ cal length of
and a al’ W 0

| ess than 100 nanoneters ori zo [ ess an 10 nanoneters.
Thus, in one endingle crgstillind Veetical thansistodd 10 icluded @ ubtrathinasidgleveystalidei cal body
region 15 312 includes a channel _having a vertical length (L).of |ess than
100 nanonet ers. V& E‘eﬁdm%oqﬁqilﬂénqhﬁﬁw AR P iy single PW%@“%Y%%LI body

rogi on 3 12 Nasrd i @hion Y144l ok Wen i S e HAnoHheiANRERET 5. And, the

ultra thin single crys e vertical first solrceddrain region 314 and an
ul tra thin singsomrcefdyst eegion AE6. v gite 3H, whisk oy te miegratiy fatmad with egi on 316 have

a horizontal wdth of |ess..than 10 20. nan ters. According. to the teachings
of the present Wﬂ@é‘r’i‘f’ ia%‘iffcrtq‘?@g]ﬁﬂvf’ F‘Hizqe}ﬂwmlsq{gﬁ%ﬁal°gpoé¥‘§?ledﬂ?“} 8 i cal ’
transistor 3 10cr&§a1fi9ﬁ@t@cafl§d&?}e°gﬁﬂrﬂﬁ2&Klﬁﬁep@ﬁie&ﬂi&ié%’omt@r%@ate':i gure 4A is a

perspective view illustrating generally one enbodi nent "of a portion of a
fol ded bit |1heoxideloyer38dvi ce or array 410 forned in rows and 25 col utms

according to the present,.invention. Figure 4 ill|ustrate ort.iqns of six
menory cells 401-1, m!dzgqaﬂg%f“aﬁﬁsﬁ%ffﬁf’mé‘w&“ 1$8“%MSLP§8I ude ultra
thin single cryégdysthilihdertidl trdogislor 3 T0ERGIdeS OtrSns®P haviidvedticalledgth 61e t eachi ngs

of the present invention, these ultra thin single crystalline vertical
transi stors 430leasthan }i9mapermeters andeahorizoniad width efdess dhenilBmangmelsts=i gure 3, al ong

side of pillars t ' t . sql%q@ ' Eﬂhﬂﬂuﬁi strate 400.
These pillars a@f%&% %n %}g’nﬁlﬁws ghe 5{?@‘{%}8@ It 1 reeEMBOZ whi ch
represent palii 811 iacludeseshaheltiating h netical Bhghh Blyof 3dss thae 100 mandrheders.ol umMm
direction. Int er abodi nent shown .in Figure to.4 nduct.i ve ;segnents of
first word Ii ne%é?@%&%ﬂ?@e%m H"eveétfcgw&.r ﬁéggwaéWM| ch provide
integral l'y formashh (wpbf1631Ra 10 Qanorleters2 Alnll] e Gt @li€sin®6 WGhAlihd Ne verti cal

! | ; Esinglé . .
transistors 430 for row adjacent pillars, on one side of a. trench in which

the particul ar Vérkeal figpayrde/dmin 7pg®ni3$4 andran uBradhig singlyiceystalling Mertcal
second source/drain region 316 have a horizontal width of less than 10
20 nanometers. According to the teachings of the present invention, the ultra thin
single crystalline vertical transistor 310 is formed from solid phase epitaxial
growth. |
Figure 4A is a perspective view illustrating generally one embodiment of
a portion of a folded bit line memory device or array 410 formed in rows and
25 columns 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 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
30 outwardly from a semiconductor substrate 400. These pillars are formed on
conductive segments of bit lines 402 which represent particular ones of bit lines

BLO0-BLn aligned in the column direction. In the embodiment shown in Figure

10



5 dependant on the desired circuit configuration as presented in connection
with Figure 2B. Conductive segnents of second word |line 408 represents any
one of word fines W.O-W.n~ which provide integrally forned second gates for
ultra thin single crystalline vertical transistors 430 for alternating, row

adj acent pill ays, «anle i Il I L i:.cul ar second
word |ine 408 i4§ cfﬁ&l#lﬁ‘?eesrg%é%le%g&ﬁ%g%gi{)lﬁ{a%ﬁ?gk f%@ﬁéﬁﬁéﬁﬁ)@ﬂ&é\}@ Fi gure 3,

ul tra thin si nGVEO-8VTys twhichiproaide\igtegralbafornheddirst igateofos ulk3a Ghiasiagle or ned al ongsi de
of pillars that eéij,end Qutwardly from an ,under,{%%; ng sub,strfate 410. As
described bel oFyseliss ¥sratabiransistors 30 fordew adiasart R4, OB RBE BB &t ar ti ng

material, e GRAGHELAL AL HhABHAAL A WA SRR R hidisd® TS . or SO

material that is forne uctor starting nmaterial during
processi ng. ¥i giepeaddhbon the desiredatieesit oordigeratiophsypraaitetiinmemiectioswitty bul k si | i con

processi ng techpi ques. shown in FiLgure, 4A, .the pillars include an n+
silicon layer E@’?T’rﬁ‘ %‘??‘ﬁ&"t‘ﬁﬁﬁwwﬁiot%ﬁow P‘éet‘g)séi?%e%tsﬁ?yo%@g first
contact |ayer 4;10%4ﬁ{@esm-wmxelthw%vtdmegawﬁwg%%ﬁalgxteéﬁ&ﬁg@ed bit |ines

402 defining a particular colum of nenory rells shown as BLO - Bin in
Fi gures 2A and tRiBsingle crystalliee vdrtigabirandibtors 430fforatterdating, vow 4djacent pdlarst act | ayer

412. A further .n+ sil.icon |ayer .. for on oxide.l ayer.414 to produce
second cont act IPaJeighbape g WY‘H@"BFP‘FE‘?‘@?IS%P%W&‘éé‘“&éﬁ%@i tors 432 are
fornmed on the sgegoskdcontact |ayers 416 using any 25 suitable technique as

the sane will be known and understood by one of ordinary skill in the art
upon reading this diAsexpainadan conseciion withd ignes, wiraithin single caystafivsed

(interdigitate 101 r My d tine 406 is
i nterposed in ?ep%@hﬁ%%ﬁ%@{r\%\g&éﬁ%@m s@o&?ﬂiﬁ%@fﬁ%ﬁgﬁ%@% and bet ween
pillars 401-2 disn dddndélyifpembiateddnd Ak deseribéddelow, Sibstrané 400nadedtsi N a trench
432 between seni conductor pillars of memyry cell pairs 406-3 and401-5 and
bet ween pi | | ar LUlipSemacon¢gtos gattipe materiplysemicAndpntoroprinsulaien (ROD statingur e 4A, t he

ultra thin §5ngheddior 501 dhtoal MRS s/ tGifted HoR Wb Rbfcofid ok Satiigch are formed

along side of the pillars adjacent to the trenches 431 and 432 in
al ternating, romateail dgimgtprqsedsingr s. Accordingly, the folded bit |ine device

2ol VLS T VR 0G0 R A0R SEAYIR B ShuRilieoe g I
t he processing techniques. As shown in Figure 4A, the pillars include an n+ silicon
layer formed on a bulk silicon substrate 400 to produce first contact layer 412
20 and integrally formed n++ conductively doped bit lines 402 defining a particular
column of memory cells shown 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.
Storage capacitors 432 are formed on the second contact layers 416 using any
25  suitable technique as the same will be known and understood by one of ordinary
skill in the art upon reading this disclosure.
Word lines WL0O-WLm are disposed (interdigitated) within the .array 410.
For example, first word line 406 is 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
30 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. In the embodiment
shown in Figure 4A, the ultra thin single crystalline vertical transistors 430

11



5 ultra thin single crystalline vertical transistors 430 which are forned
along side of the pillars are also in contact with bit |ines 402 through
the first contact layers 412. In this enbodinent, bit |lines 402 contact

bul k i duct t 400. lati t h 42 431 d 432
orovi de 1 Sol at Nt REBH deeste phite s Sieeyt & 1oe Reier 42 bRt | cal
transi stors 430n eGP b Remitht SAdcSrcily, e 0 Rk QLnido 401- 4, 4015,

and 401-6. Columms of pillars along a bit lI'i'ne direction are separated by a
trench 420 t hatprovidediwithewpre hinds ¢0G arld| 498 seriving asoradiltessbiggatenfonl ati ng  mat eri al

such as silicon di.gxi . For exanpl e, ,a trench 420 pravides i,sol ation

bet ween pill ar graﬂﬂ%?rfqg%ﬂl%ﬂgfggﬂ%‘%ﬂ%&ﬂwp?ﬁéﬁ@lﬂgw 42‘?18‘3401-4. Rows of
15 pillars ipclikel thih siddfe dystaihe tvbrtibal Slafkidtéts 30/ whigh hrb BRm¥@AlbhEsMe t r ansi stors
430 are alternatingly separated by trenches 431 and 432, each of which

contain word |afHfepilarenae insontect with i dinatytdddhroggiche fvstragntaptdessrsw O W.m ar e
separated fro ubst rat 00 an erlving insul ating.layer, described
bel ow. Al so, arst1 l§'s Eno%lﬁ ef[f?oéllﬁlgnte l&‘&f }r"lr%:&ﬁ On(L# é tﬁ%slﬁn o8 ‘I,Clo\f\xg)?ba t? nes W.O- W.m
are separated byo20 a gate oxide fromthe ultra thin vertically oriented
single crystalline body regions of ultra thin single crystalline vertical

transi stors 430 whi dielation transhesddfit43d and Hi2 preyidgisefationbgtwegmeltra vn j

al ternati ng 1RO agl . NI l S tengh substantially
ort hogonal | y1 bt \(l)g“%@[ &?ﬁfel%eo‘}f@fﬁ tﬁiﬁsl%élrg Qg%aﬁi%ﬁﬁoéé%g%ﬁivlé QQ‘. ?’st and
second word | i n4d-30861-4401404d 4266 Celufrms nEpillat alang £bit et divegtionmkeal , such as
tungsten or titaniu I n angt er _enbodi rreqnt fi rskl and. second word |ines 406
and 408 can be YBFHEYPY? tréne 6&‘&!‘3“ %FV&?‘} ydillsd wath asyitgpleyos _ r suitable
conductors coul gaglia QudhGs Sifies didk le}f 'Fb§éxaﬁa'ﬂf£,a£§€rf‘cﬁﬁ?(l) ﬁﬁ?ﬁd«%i&dld’iﬁﬁ 406 and 408,

respectively. One of ordinary ski in the ar Wi urt her understand upon

readi ng this dibetvesspillars493tl anth 401 andi hetween pillars\A0d S aBd4@let cRoWef herein can
be reversed Ry alitering. dopi ypes,such .t hat t r.ese pnvention is
187 S s R A R e Bl

equal 'y appli vin Verticall y 12

oriented singl ealematibhgll kdpaRted bg Renthed 431 e 437, aqthio whick cohdin wétde | nvention is
not so limted, Burying first and second word |ines 406 and 408 bel ow
seni conduct or alines §Fl selegsribed aboyes rJuch ordjines YLO-WheAreieparatedii ¢ i onal

SEECS RSPRS0S540 4

shown in the embodiment of Figure 4A, word lines WLO-WLm are separated by

20 a gate oxide from the ultra thin vertically oriented single crystalline body regions
of ultra thin single crystalline vertical transistors 430 which are adjacent to the
trenches 431 and 432 in alternating row adjacent pillars. Trenches 431 and 432
extend substantially orthogonally to bit lines 402.

In one embodiment, respective first and second word lines 406 and 408

25 are formed of a refractory metal, such as tungsten or titanium. In another
embodiment, first and second word lines 406 and 408 can be formed of n+ doped
polysilicon. 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
will further undesstand upon reading this disclosure that the conductivity types

30 described herein can be reversed by altering doping types such that the present

invention is equally applicable to include structures having ultra thin vertically

12



storage capacitors 432. Increasing the area available for form ng storage
capacitor 432 increases the possible obtainable capacitance val ue of storage
capacitor 432. In one enbodi ment, storage capacitor 432 is a stacked
capacitor that is formed using any of the many capacitor structures and
process sequenggantedkidpMONitdline féhalel typllriifistot:LBON TR RS ertRH ishoBdoS0 be used
for inplenmenting storage ~capacitor 432. Contacts to the first and second
word |ines 406limidd.408, respectively, can be nade outside of the nenory

array 410. Figure 4B is t op, vi ew of . Fi Lhlustratin eneral ly

o1 ars 40110 G0 Puyigdrt R sy BTHOS ol ol ERIDRRRRE e Tt ¢
thin single cryspsatthdedethe Vorti¢alipiliaérovided B&diSdral $Hadefd théiipef ortfdR 1 | | ustrat es
subsequent|ly forned insul ator such as oxide 424, fornmed in trenches 420 to

provi de i sol &t iobmementelisn4@lhb 40612udfs3, 494,901 5 atng 40h6) fea famationsdful tra t hin
single crystall} i transisters. . 430. ‘ ' iment, first word
line 406 is i nsg) F’éa 3#05%%(5 V\%(Salﬁé @8 San%‘pazﬁlal}lggoétrg&n%pﬁe ﬂ)‘%&s havi ng t he

ultra thin singhmcitdrys? icleadee thé@bisittedbtdidablesiapdciimte 4a0s ofstigdgeas 20 bet ween
pillars 401-1 and 401-3 which are cougql ed to the sane bit line. As shown in
Fi gure 4A, no GrRagiprip.ninging gmbodimeni;siarage sapagidqrdde & a stackekqapacer 430 has

been fornmed on i 1 - [ Gy fﬁc‘]isp' . Thus in

Fi gure 4B, V\mélﬁa:?ﬁsefﬁx?%gu%g%\rﬂéﬁ% ‘g%‘i’s??pr?gmﬁ% I ne&gﬁ)éélcgr;e&g%e%%;of pillar
401-3 i n tidendhow3ih thdHotveOther techaigads@anld ialso be gaed dordiplementitigistoeagehi N si ngl e
crystalline 25 vertic ransi stor_430 has been forped on the side of pillar
401-1 which adj8Ra5gor #-eﬁene@-acﬁ%tf.ﬂ‘elﬁ{ﬁf@d%mgﬁwﬂhw@Sgﬁ‘fé‘)&m, wordl i ne 406
is serves as arg@g(ﬁve?’eoggg@;nqggmsi&agﬁw% 418 f1or the ultra thin single
crystalline vertical transistor 430 along the side of pillar 401-1 which

adj oi ns trench 431. Figuri4Bds b yop vaew sfitgwe #4 ilRistjating ganerallypillars4M-1 hi n si ngl e

crystalline verglca I iSto 0 has been.faor.ned aon t si de of
pillar 401-2 ool ép&;%?g%*f@i—riﬁlﬁﬁ%m%ﬁgg ¢ Mg s glﬁ&‘,ys‘g@f‘%l ine 406 is
only a passilfg vericaltiaisstéds 4BQ Eigdre dB ilistratey Jubsebuehly fatmied) irstlgtocsuck 31.

However, as shown in Figure 4A, an ultra thin single 13 crystalline verti cal
transistor 430 3a5dedih, iormedindregehes A2 toipryidsasqlption hetweemtho colyprscy adj oi ns

trench 431. Thyg -l&%iﬁgﬂm%&l {5 Gk S4B g\ghg“ cafhsisorsBoY as a gate
separated by gat gl oxi de 4 ?gr t he uét (r:g thin égﬁngl e grystal P}sne verti cal
transi stor 430 this emodihentsfirstevarl lips #06ds ind0tendch #Hi tetwezdicolims adjasentch 43 1.
Thus, in5 the fol ded bide iNGuPRAM STRAM TN aPlan @ B0 & 15U vord 1ine

406 is
20 between pillars 401-1 and 401-3 which are coupled to the same bit line. As

shown in Figure 4A, no ulira thin single crystalline vertical transistor 430 has
been formed on the side of pillar 401-3 which adjoins trench 431. Thus in
Figure 4B, wordline 406 is only a passing wordline along a side of pillar 401-3
in trench 431. However, as shown in Figure 4A, an ultra thin single crystalline
25 vertical transistor 430 has been formed on the side of pillar 401-1 which adjoins
trench 431. Thus, as shown in Figure 4B, wordline 406 is serves as a gate
separated by gate oxide 418 for the ultra thin single crystalline vertical transistor
430 along the side of pillar 401-1 which adjoins trench 431.
Similarly, as shown in Figure 4A, no ultra thin single crystalline vertical
30 transistor 430 has been formed on the side of pillar 401-2 which adjoins trench
431. Thus, in Figure 4B, wordline 406 is only a passing wordline along a side of
pillar 401-2 in trench 431. However, as shown in Figure 4A, an ultra thin single
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shared between alternating, row adjacent pillars including the ultra thin
single crystalline vertical transistors 430, which are coupled to different
bit lines 402. First word line 406 is |located in trench 431 that extends
between the pillars 401 - | and 401-3. As showa in Figure 4B, first word

l'ine 406 is sepgstaltiaélvédiicabirdnbistor 430 Haxbeta fékindd bl Besidbef piRartaoral |y ori ent ed
pillars 401-1, 401-2, 401-3, and 401-4 which are adjacent trench 43 1.

Thus, thin oxi #dichadioinsfronch 435 THhus s ghayeria FigeredB, wplling #dese57es| ar s whi ch
h the ult ip. S ¥ ' ' 0 id
nave e U1 st Dl Sk A 4 8 il AR elA0, O, 8 ST

enbodi ment of Ehgsister 44Balosthoside yipilthr K0 1¢ wARR adjsins ttench 83 Thugrieh 432 bet ween

colum adjacent, pillars having the ultrg thin single, crysfalline vertical
transi stors 54_3533 f_%ld lb@e@%@éﬁlbﬁ‘ih{nle%tr"zf?wf'@» Qﬁgwﬁr@i‘-“Sf‘ ich are coupl ed
to the same DI Gpdrddiorwdds atniihe, 1B GdiBthEniths inPAdiHg the1dathif sin?l'engl e
crystalline vertical transistor 430 has been forned on the srde of pillar
401-5 whi ch adjcoistalling verticahtradB3RtorsA30swhich &k gonpted 4Bifferenictili limes 4028 i s only a 20

Chown i nFi guREeCaeR e igprs aeatyh f e LBt el R b Y e 61 or
430 has been  fakuOL-9NAL dwh ifigh 4B] hikeNiord Be A0gabichladdloph i L T ench 432

Thus, as shown in Figure 4B, wordline 408 is serves as a gate separated by
gate oxi de 1018 okide 41&isom thetverdicallyl asientedhpillars 4Pl 4140112 #H -} end 4B transi st or

430 along the sj f pillar = 25, whi.¢c .oin ench 43. 1. Simlarly,
as shown in Fi }ﬁcﬁﬁ%@?aﬁ%nt%?cﬁg%}'mws gqx%ad%é?‘gée?vaeﬁ%%ém aretolx%:dael t ransi st or

430 has been f dorthebe pillatsiwhichibdee thé ulra iR EindO ¢ryStaliihé editiclifrakigSrst r ench  432.
Thus, in Figure 4B, wordline 408 is only_ a passing wordline along a side of

pillar 401-4 i 43¢ P%ﬁﬁﬁemmnﬁméﬂ=e£spi§h‘6\ﬂﬂl‘iﬁn thﬂ*-e 4A, an ultra thin
single 30 crystalli G t 1 of the side of
gg?léé@r‘i{%ﬁﬂ khe ehf%g%éh_%% gé‘g%&aiskéﬁ%c%@&}oid%m i9th

pillar 4014 which s'trenc ! own I n Frgure 4B, wordline
408 is servés adench 4p2thetwsepenlwireatjdeyntpiitaes hoaxing thedilith thinrsinglee ultra thin

single crystallinge.verti.c 14 tranpsistor, 430 al.on e si.de_of pillar 401-4
whi ch adj oi ns tF% Wezf?'b?ﬁ torg $30, 34k a3 by %eﬂpgfaﬁgﬁoﬁ%ea“%enbodi nent of
Fi gure 4B, secquﬂchvmebuFiemtﬂ@_&:deaa_it1ﬁ1b.améxmtmmeam,ﬁéﬁmm, row adj acent
pillars including the ultra thin single crystalline vertical transistors

430, which ar e Stglgsrstalling vertipsl dpesigtorii3 has hegm forped onghestden{@illibr d |i ne 408 is
located in tre %E]-S%c};[ﬁﬁ)tlns%hm RELIR %iku%, RlotdtiRE 208 is only a
20 passing wordline along a side of pillar 401-5 in trench 431. However, as shown
in Figure 4A, an ultra thin single crystalline vertical transistor 430 has been
formed on the side of pillar 401-3 which adjoins trench 432. Thus, as shown in
Figure 4B, wordline 408 is serves as a gate separated by gate oxide 418 for the
ultra thin single crystalline vertical transistor 430 along the side of pillar 401-3
25 which adjoins trench 431.
Similarly, as shown in Figure 4A, no ultra thin single crystalline vertical
transistor 430 has been formed on the side of pillar 401-6 which adjoins trench
432. Thus, in Figure 4B, wordline 408 is only a passing wordline along a side of
pillar 401-4 in trench 432. However, as shown in Figure 4A, an ultra thin single
30 crystalline vertical transistor 430 has been formed on the side of pillar 401-4
which adjoins trench 432. Thus, as shown in Figure 4B, wordline 408 is serves
as a gate separated by gate oxide 418 for the ultra thin single crystalline vertical
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401-3 and 401-5. As shown in Figure 4B, second word |ine 408 is separated by
a thin oxide 418 fromthe vertically oriented pillars 401-3, 401-4, 401-5,
and 401-6 which are adjacent trench 432. Thus, thin oxide 418 serves as a
thin gate oxide for those pillars which have the ultra thin single

crystal line vekhisttdr 430albdpAn&4iad Tpfllaf- 36} -PWhidh 8dj6ias RelicRU¥l. Mhu,ignch 432, e.g.
pillars 401-3 and 401-6. Fi gwlre Cis a peri%(,acti ve view illustrating
anot her enbodi fherfeldestbitdine JukAlY smbedimantobFiguig 48 secondigordting#B ity ray 4 10

according to t r Loy i . Fl.qL b portions of six
menory cells 4 %b%ﬁ-%%ﬁ ﬂ%e&fgﬁé’éw%i@bﬁm Soﬁ%ualhémghgaj@ﬁs@&\%\hl ch include
ul tra thin singlystaltiny gdriddal raagistoes 430 o@llich araoiplet ¢ diffdrentddQines™020r di ng to the
teachi ngs of_ the present invention, these uht ra thin si nﬁllee,1 crystalline

e

vertical trahsPgtst #oukme4PRisosated in trench Ai2dthatieniendsbtwegmtepllaSn with  Fi gure
3, along side Pl S { i : 1 tor
substrate 400. le’ gléalledﬁlfsl' Z’igsSﬁg‘?%ﬁgJé rﬁ%’#,‘éﬁ&@%%gﬁ{lﬁ@\?? %S%ts of bit tines
402 whi ch r epadsuerntidepél8tfiomithavertcably onéntdal filldrs #@1s3,BODBABION-S, dmd t he enbodi nent

shown 20 in Fi C, conductive s nts, of fir word | ine 406A and 406B
repr esent any%[ﬁgw Ch\ibE?r_ W?%E?%g{mﬁ?’%i%ﬂeﬁf%iﬂv&éaﬁ% _?I ly formed
first gates f gkiqukdritdsd Hildts Shitd hivethiifhld i1/ @YdtdIRR velticansi stors 430
formed along alternating, row adjacent pillars on opposing sides of a

trench in wH clransistorp430tdnca dideradjoining trengind 2, ¢.grpildarntd A and#0L66B ar e

i nterposed. Conductive ments qf secand rd 25 |ine 408 nd 408B

represent any one o l%?gq“f?ﬂ%?e%@emw'aﬁu\éﬁn%?ggﬂeﬂ%ﬁhoﬁﬁ%e&g?% ly fornmed

second gates f @brtish bf @foldai Bit fihe\@bRorgatsy 410l dcttRding to the presehf iaveamtisd.or s 430

formed al ong alternati nq, row adj acent pillars on opposiln? sides of a trench
at:

in which the p&fguredft ipstees padionintgix menasy adhis AVkh 04 Pa#013,401 At er posed.

Thus, word I|i 3 g% ;mﬂ- r r i .di SRS
(interdigitat eg)g%g%\%‘%l nt ﬁdﬂﬁﬁﬁ%ﬁﬁﬁ@?kg‘&%n coﬁsecti on with
Fi gure 3, ulir @30.nAccosdinph ¢thedteachingd dfithecpresemrinveatidn, thessgirsthorsingle30 are f or ned

alongside of pillars that extend ogutwardly, 15 fr an under| ying substrate 4
10. As descri b&®® nSO(fm%msm?@d’ﬁe 0 %M%W?@?ﬁcﬂ% tor starting

material, sem GRS aRhg Side bf piliitt Slt@Ming§Tatededly HoRlh sefioftick, or SO
material that is fornmed froma bul k sem conductor startin mat eri al during
processi ng. 5 Frptmte 400 Theps pillarp are deymedh en eondngsive sm@wﬁbigtiqm&@? ng bul k
silicon which represent particular ones of bit lines BLO-BLn. In the embodiment shown
20 in Figure 4C, conductive segments of first word line 406A and 406B represent
any one of word lines WL0-WLm, which provide integrally formed first gates
for ultra thin single crystalline vertical transistors 430 formed along alternating,
row adjacent pillars on opposing sides of a trench in which the particular first
word lines 406A and 406B are interposed. Conductive segments of séoond word
25 line 408A and 408B represent any one of word lines RO-Rm, which provide
integrally formed second gates for ultra thin single crystalline vertical transistors
430 formed along alternating, row adjacent pillars on opposing sides of a trench
in which the particular second word lines 408A and 408B are interposed. Thus,
word lines WLO-WLm and R0O-Rm are alternatingly disposed (interdigitated)
30 within the array 410.
As explained in connection with Figure 3, ultra thin single crystalline
vertical transistors 430 are formed alongside of pillars that extend outwardly
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processi ng techni ques. As shown in Figure 4C, the pillars include an n+
silicon layer fornmed on a bulk silicon substrate 400 to produce first
contact layer 412 and integrally formed n++ conductively doped bit |ines
402 defining a particular colum of nmenory cells showm as BLO - Bin in

Fi gures 2A and 2B. An oxide 10 layer 414 is forned on n+ first contact |ayer
412. A further from aiunderbiing subsinateidd0. Apdesetbed helowi sibstiateyA@P intludes 0 pr oduce
second cont act bIg(yser.c4106 Qf hp fhe pillars. . §t_or%ge%ca | tol.s 432 are
formed on the SSCORTCRINFRQLstartiag material, semiconductor-au-tmsulator S¥E%hni que as the
same will be knpmsiaboesandsesd eats Brmed domfa balkdenrbyduc®dKithting N the art upon
reading this disclosure. 15 Wrd |lines WO W.mand RO Rmare alternatingly
di sposed (i nt Epa¢igl QuEing @OCGHIBi n the array 410. For exanple, first word

| i nes 406A ard 4068 i ) ] ; pillars of 401-1
and 401-3 ang bet \/\Egﬁkgﬁqxpgﬁ%g%%f agl%eﬁ&%&é,ﬁ&ggg%%% by an insul ator
mat eri al such gaocessingaschniquesSAS clivtviin Fiutd 40; thepll B inclalleAA®B siicen | Nt er posed

in a trench 432 20_bet ween senj.conductor pillars of nmenory cell pairs 401-3
and 401-5 and B¥F {8 ?ﬂ4%srﬂlcorlﬁuttsﬁéteéﬂfg@mfemﬁ@@f@ﬁﬁctilwﬁ’&ure 4C, the

ultra thin si nolg i i AR Kidhiialy dob AN I5EOI A8ngs fucfigfiared al ong

side of the pillars adjacent to the trenches 431 and 43 n al ternating,
row adj acent pidolamsof méooor @llnghoywn as BEO - Bl io Eigutes 2Aland@Bddwiogidei s provi ded

with word li,pes, 406A . 406B, and, 408A, ., 408B seLVving ,as. or, addressi ng gates
for transi stlgr :1"‘%’3861 lﬁﬁg?‘f’%?‘?‘n%ﬁ ‘ﬁb‘_’oﬂf"‘f’ﬁ Q’Feé_gé'd%&“hegfos\av‘.wwyg%m in Figure
4C, the ultra t{3iRedondeide 185eyA%a proliRe ¥&bhd Sontact hydd 31 656Qh fhe pfiRR. Whi ch are
formed along side of tile pillars are also in contact with bit |ines 402

through the fi ritpragasapeeitersi4ay ate sormed on the secandcaatagolayarehi, usisBeny i nes 402
contact bul k Seﬁﬁtﬁb‘?%lr:ignﬁc@% Ia%éﬁ@%ﬁﬁ%iﬁ b‘é?&?vgi?%d'#z\&ér&&& Icéé\f:%f‘&%&%rypr ovi de

i sol ati on between u single crys ver ransi'stors 430 of
adj acent nenor yskilbinltise aff0ibod readiid thas distibburd, 401-4, 401-5, and 401-6. Col umms

of pillars along a Qjt . lin Lrectio re separated Qy a 16 trench 420 that
is s_ubsequeﬁtsl y fil R’lé%fd\}bf‘?sﬁvgb'ﬁf‘{‘é‘ﬂdq%&m?_ tmnﬁﬁaémsa‘% such as silicon
di oxi de. For exgamiiitatad)wiliiCthe 490.0}1‘6&%&1&%%@15&%09&‘1%%&1@' Ilars 40 1

-1 and 401-2 and between pillars 401-3 and Rows of pillars including

the ultra thin 4i6Bgreinterppseddn ptrorehid betwedn pillaanefi 498 drapd 48B3 amde al ternati ngly
separated 5 by,LieRohies A% A8% (3 2 £REReESy #hiRuGURhaL P RRS | T nes

W.O VfLm and RO
an oxide. Second word lines 408A and 408B are interposed in a trench 432

20 between semiconductor pillars of memory cell pairs 401-3 and 401-5 and
between pillars. In the embodiment shown in Figure 4C, the ultra thin single
crystalline vertical transistors 430 are formed along side of the pillars adjacent to
the trenches 431 and 432 in altemating, row adjacent pillars. Accordingly, the
folded bit line device is provided with word lines 406A, 406B and 408A, 408B

25 serving as or addressing gates for transistors 430 in alternating pillars along a
row. As shown in Figure 4C, the ultra thin single crystalline vertical transistors
430 which are formed along side of the 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.

30 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
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Rm as descri bed above. Such word |ines WO W.m and RO-Rm are separated from
substrate 400 by an underlying insulating |ayer, described bel ow, and
separated fromthe ultra thin vertically oriented single crystalline body
regions of wultra thin single crystalline vertical transistors 430 (as

described in eohi . i LOUT, . (. de, 0 descri bed
bel ow. Tr enchg%ﬂ%%béﬁig1519%%%@@%%%&5%1255&%1@%&@;E}ﬁ%giglnsgﬂz;is to bit lines
402. In one erntioh dipkide. Feespapld, ¥ @edchi30 pnidesiolativa barvedn pillass, 406A, 406B
and 408A, 408B respectively, are forned_ of 510{ efractory netal, such as

tungsten or tPtARpAN-7ap B‘feﬁ‘éPméfﬁ_ﬂ%?ﬁ% 4 agys of pitlazs Svor d |i nes,
406A, 406B 15 Mtr&%inﬁ%%t%lm%&kﬂmsmﬁQ@O B%aft&ﬁi&@%yg%paﬁfeﬂoloed

polysilicon. Simla er suitable conductors co so be used for
first and s&cdydrenchesl43li and 432, eabh®Awhith 6dhtan dvorDigres WIOSBLmemp®&Ot i vel y. One of

ordinary skill_in the art wl furgher dersta on reading this
di scl osure thﬁ‘n?%é“mﬂl&vﬁv#‘l‘z9W“a@&é%ﬂ‘qﬂ@%ﬁeéﬁ??% reversed by

al tering dopi Nghnt HiBERatSHHbylah BhdeHPiRg RISEIRGHY lagd?, deSBE Beldiv, iagd equal |y
applicable to include struCtures having ultra thin vertically oriented

si ngl e cryst alsepanatedpirerh thervlita thip yertical byrosiested sipgld 8@stalithebddy veginisoh i s not so
limted. Buryi irst . .and secon rd.lLin 4Q6A,., 406B and 408A, 408B
respectively, “gtgaf%\‘ﬁsé%gf’ﬁ %ﬁ@ﬂlftvfi cmﬁ%gi%@éggfm{eﬁé“?%‘f‘?cgg'él pillars
provides 36 afiei Fip@e3) bppgeSoxie, Alfdeshided baow! TaRAces 43emany2 cel I's, 401-1,

401-2, 401-3, 401 4,401-5, and 401-6, for formation of storage capacitors
433. | ncreasi rixtond substentally sithogopadlydo bib lingsd0%i ng st or age capacitor 433

i ncreases the pOSSiIPLI?e%mm@i&p&&%&g%&g%gn&labﬂ% 4854A0UG6E capaci t or

433. I n one enbodi ment, storag capacl IS a stacked capacitor that
is formed usi nmdd0¥A,0f08Bhespectively, Atk fompeaif b a¢frastoryraétal @sh astdngstencess

sequences known in the art, O her. techniqyes oul d. al sg,_ be ed for
i npl ement i ng s?r&taé't}’é‘"créﬂﬁ%tb?rﬁpg 9“%%‘3?"_&86‘%"0{‘ wp , L0A, 40 nd second word
lines, 406As 4&@30@&%9@%%@0&@ c&?ﬁ@ﬁﬁﬁéd’cﬁ!x%do?&’bo%ﬂi@&ﬂ%imﬂﬁy?' de of the

menory array 410. Figure is a cross sectional view taken along cut-Iline

4D- 4D of Fi gurahersatabld coaductars cauldglsn &e ased fordirsti and secpmbwerdlingg, t he ultra thin
7 19 crrstel kit s, B BSLTHETSud Sl MR AP0 41
adj acent pi | | afusthérivadeérsthdigpbiifadihg this didtioaure that the conductivity types
described herein can be reversed by altering doping types such that the present
20 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.
Burying first and second word lines, 406A, 406B and 4084, 408B
respectively, below semiconductor a top surface of the vertical pillars provides
25 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 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
30 capacitor structures and process sequences known in the art. Other techniques
could also be used for implementing storage capacitor 433. Contacts to the first
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single crystalline vertical transistors 430, such as between pillars 401-2
and 401- 4 which are coupled to the sane bit line in a given colum. In the
enbodi ment of Figure 4C, the ultra thin single crystalline verti cal

transi stors 430 have been 10 forned as pairs on opposing sides of the
pillars 401-1, anfecand vpgdili®s, 4004 44068 @nd 4085 408Eheesprotively, candsarade ngl y, in the
folded bit line tDF\’A%[gevi ce of t?@ present invention, wordline 406A is
separ at ed by ao‘t‘ﬂfi% STPHBOY B fromthe ultra thin si ngl e crystalline

vertical transistorpigde D94 88k sadtihd) vievdekenfalddp Chtdine 401412of Mgir®i Ni Ng trench
431 such that wordline 406A onl.i serves as a passing wordline 15 for this

ultra thin si ndfdluskgtinggenarally ingluding thg pradhip singlggrystellingwarieal v, wor dl i ne
406B i s sepag a . t hi i in single
crystalli nea§ vgr@%fsg%? %tof ra}‘r?gwg?%rﬁ@@ééjﬁ%ﬂiﬁgoy %nméagi@%%ldt) %I | ar 4014

adj oi ni ng t r en€imédadn ofpusifig §ibtof werich 4B Nadj4thipiltaes meladiag thanltiatiiggr al |y f or med
gate for this ultra thin si,gagl e crystalline vertical transistor 430.
Simlarly, wor8nglgsryaioiine verticab pagsistosgt3osusly asbetyicea pillgssi 494229840 r om t he
ultra thin singlg:&r ' i€ $d 4 fbbEdes! ONg si de of
pillar 401-4 agjvgﬁlﬁﬁgn%&?#lg%%ﬁh% esbat'c e%ﬁ%‘ %/\[géro ti h§9218§% onf[;ﬁ/ serves as a
passi ng wor dl i néFigare 4Chihs ultdatthia sinplie orystallige eertica) ftussiskars 43 O\bavetieeml  t r ansi st or

430. And, dli ne 408B i ar at.ed t hj ' 188 f th
irtra O n' W ndrBstismimpR paeegs perareot i DG A Bong 1 e or
pillar 25 401-§, adi4015i mcdraiﬁ%lghnmolaMtﬁmym&l&aeﬂﬂs}?{&eﬁ@rves as an

integrally formed gate for this ultra thin si n{gl e crystalline vertical
transi stor 430 inventing werdbe 406A; i bepsrted by a thick oxide 4 BA froactbedltra thipuence f or
formng pillars. along.side.of which tical, ult thi.n,hody transistors
can |l ater be f%lﬁlﬁgeﬁwﬁgllglg?’?ﬂlg%fh 3?%%%@%‘“%%?%‘51 “%elatffppilaﬁ%&l M according to
the teachi ngs adjoinitgy tencs431tsudDthatwoedline 06 A dhilg setvesais 3 ipadihig sdpltiast ed are
appropriate to a 0. pm cel |l di mension CD) technol ogy .and y be scal ed
accor di ngl y !4 orfordb‘ﬁéﬁa@“é‘i‘ﬁl@gys'iaﬂmﬁ H%ncaégrfﬂﬁ&ﬁ"_r‘?éﬁ?- %‘?“"P‘isﬂi{rr“@“ga € a p-type
bul k silicon Su.béék%&rﬁed]&mr%&élﬂid@ﬁi@éﬁ%\méulhémﬁ?&%leé%ﬂ%' and a+

silicon conposite first contact Tayer 512 is formed on ‘substrate 510, such
as by ion-i npl aetigalitensisten#30 dorimztl algnpsidenf piltar 404 adjoiningitenchd®Bl such

techni ques to fOr Si nal stalline first contac ayer 512. According
o tha-teachi o ol S0G I it AiFieill For O RBC o b mBE (OCE0VCH )
doped 5 | ower pinglelcpystallinetvBtticdlitiafdisteron0.aSimilafly Svorbling 4088 s sepatéd ons as the

bit line 502, The _ thickness of the n++ portion of first contact |ayer 512
is that of £he byadhilcexids 418A from the uitra thin single crystalline vertical transistor 430

formed along side of pillar 401-4 adjoining trench 432 such that wordline 408A

only serves as a passing wordline for this ultra thin single crystalline vertical
transistor 430. And, wordline 408B is separated by a thin gate oxide 418B from
the ultra thin single crystalline vertical transistor 430 formed along side of pillar

25 401-6 adjoining trench 432 such that wordline 408B serves as an integrally
formed gate for this ultra thin single crystalline vertical transistor 430.

Figures 5A-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 a folded bit line DRAM according to the teachings of the present

30 invention. The dimensions suggested are appropriate to a 0.1 um cell dimension
(CD) technology and may be scaled accordingly for other CD sizes. Inthe
embodiment of Figure SA, a p-type bulk silicon substrate 510 starting material is
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| ine 502 thickness, which can be approximtely between 0.1 to 0.25 jim The
overal |l thickness of the first contact |ayer 512 can be approxi mately
between 0.2 to 0.5 ~Lrn. An oxide |layer 514 of approxinmately 100 nanoneters
(rim, 0. 1Jim 10 thickness or less is formed on the first contact |ayer
512. In one enpodi BRMH ahd e silfobh I6mpAUS tirsPdohiabAByeP§15 R'dREd By thernmal oxide
growt h techniques. A second contact layer 516 of n+ silicon is formed on

t he oxi de | ayesulBtrate 51t such esbphign-implantation, ¢pitpial g8ovah, ar afcombation®fa t hi ckness
of 100 run or less. . Next~ a thin silicon dioxide |a (Siws18 of

appr oxi mat ety TouRGLs fo Bgh faBeBer Bt REPEulE R STz LA 516, A

t hi cker sili comhetedchingofltiyeesedt Bhviidtion, e thoad heard B AHAUTHVEY Yopd® to 50 nmin
t hi ckness is deposited on the thin silicon dioxide |ayer (SiQ2) 518 to form

pad | ayers, %. dowar agipa ofhefingtpeniotdayerpidsatsofunstionsas diediding 58hdlE20 can be

d Ited [ : " : ' | £.8 d It
(D), 20 A phot ettt Bt bt i in Bl PR Y MR ot KDDL G075

for the directinesed thizkakd, Miichicar beupploginatelpbetwesnld. [as Ol pheaitei ve ion
etching (RIE). The_  directjonal etching resul i's ina plurality of colum
bars 530 cont aioN¢maythigkaess pih firspeontac layen 613 cap be appyeximptely bgtwes0-2 ayer 5 |'S,

second contact 4} g_g?ghg t 8degav§gg![4lh(ﬁ¥ﬁlgt0x%éy Sl@gﬂﬁojn{egm w’t@cﬁm’l ayer 512.

Trenches 525 are e I Cl en o reach the
surface 53210f thicknsssraaiess &5 fdimed brethe Hiyst pontact biyerd 12.cjpama embwliménd i the en

conductively doped.bit_lines 502. .The photoresi | S.renoyed. Bars 530 are
now oriented i r?i’)‘?iﬁéayali Srlé(?f“}e% ogped Dy q“%%é’?‘%@? Feﬁﬁm‘é‘ﬁ'u%ﬁe"a??ect ion. In
one enbodi nent Batad 188 $160aNE sificonUs forh&d od HE oliciaer 8l 4. aPRIseephdmt el y 0. 1
mcron or less. The width of each trench 525 can be approxinmately equal to

the line 30 wi denagfaysatld isfoneditne thickngsstof i@0 a8 onless. as appears in Figure 5A
trenches 525, The wirkr aORkficod tiottdtayp SIS s el BRRRAORR S © L a1
mechani cA pab i siepesijédporathasecamit doatact(agik 6. Athivkeacilitophinddelaet Gi,N,)s appl i ed
renches 535 oo RbBIRHmagy Bh & tinen i iekesensS freoiedioa e GbGHeMb di r oot | on.
Ton et chi ng NE OB (aleP (410 SIS TomAl 1B SRS AR TR 1L, 02 nd the.

exposed stack dayernil8andiz20 cay be dpogited ysitg any syisabletpehniqe sgch asbrond cont act
layer 516, oxidge|,A¥Rhpd Hesosition (CVD).
20 A photoresist is applied and selectively exposed to provide a mask for the
directional etching of trenches 525, such as by reactive ion etching (RIE). The
directional etching results in a plurality of column bars 530 containing the stack

of nitride layer 520, pad oxide layer 518, second contact layer 516, oxide layer
514, and first contact layer 512. Trenches 525 are etched to a depth that is

25 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, e.g. column direction. 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

30 width of bars 530. The structure is now as appears in Figure 5A.

In Figure 5B, isolation material 533, such as SiQ, is deposited to fill the

trenches 525. The working surface is then planarized, such as by chemical
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and into the first contact layer 512 but only to a depth sufficient to | eave
the desired bit fine 502 thickness, e.g. a remaining bit line thickness of
typically less than 100 nm The structure is now as appears in Figures 5B
havi ng individual ly 10 defined pillars 540-1, 540-2, 540-3, and 540-4.

Fi gure 5C i || uBeshsnisal polighingéplangrzatipm(AYP)y i Aoteorsid Rhploresistip appliedandhown i n

Fi gure 5B t ake . 4] - L gur guous bit
line 502 conn%é%lgggg’giﬁgegethpgﬁﬁﬁgjrgssk @ggfﬁ%cﬁgn@%{@g?ﬂ@%%%?%n col urnL
Trench 53 5 r enligosaltothe bit insitdslereetionte.d. oowrdirécton. Cfrenwhesth3s nashe as descri bed

bel ow, in 15 between adjacent. rows of the pillars, such a row formed by
pillars 540-1 %ﬁw%ym%ktﬁgﬁmmeﬁE@Wﬁlw'apgm@a@?@ﬂ-and 540- 3.

Fi gure 6A-6G i Ipldas t Y b 68 155 i ' gn connection

wi th Figures 52—5&%3??3%%%@%%?& (I))n arslqottbj keg@%gﬁﬁg%gy substrate

or a silicon onitiidedayeat2l}, p¢dSBlide layec hirosesond wolastlayer 816, Fxidelayer §M,r epr esent s
the 20 conpleted,s epce o roc t sho 0. Fl gyres,5A-5C, m nus the
pad |ayers, fﬁqfélgﬂgﬁﬁ'ﬁ?‘fqn&ﬁﬁf‘wg@é@%"%ﬁ@%@"ﬁ{]ﬁu cé‘i“tglcf eglﬁb_strate 610.
The structure dadweumitlifle 5020HickneS e.bSa rSnfihingbitlife thidkn&sk 66t§pisAKlldsenal view in

Figure SC and shows a continuous it line 602 with pillar stacks 640-1 and
640-2 formed t HapdeenmTRbe stpicfureis Bovsavappeanigk igiwesdB hvingdndividualiy £ r st
contact |ay a i 014 rmed thereon, and a second n+
cont act Iaygq g%éwfi 51}%}@4@%,%@% ’3&‘?%@“&2%’%’ 614. Figure 6B represents the
conpl et ed sequence BiguRrsarittastraks £A8sssbaivhaliview & tikst@stufeAhSdR in nus t he pad

| ayers, formed _on a comercial SO _ wafer, such as_ SIMXX. As shown in Figure
6B, a buried o¥igEe }Biaken daog quiling 3s3nt Figprepfhehaws the penlipwusbit fing supstrate
610. The StrUCtsys Borslaa aliflcdsl Fithees B! kit R0n SV con, tHRGET 0SS
sectional view in Fi gu}rﬂgas)ccegn% ésrﬁows a contli nuo}ﬂ%l %lrctOu ine 602 wth pillar
st acks 640-1 arfds et fortheptisaghent Eomatianifwoidlines, adhwdesaibed belowanbi t i ne 20
602 is sepatated from.t he substrate 610 .by the _buried axi ayer 611.

Agai i tho- L5 PeE® Mt o p ey ot o v s P RBR SR LANE 0er 610,
an oxide | ayer 5304 anfl @d\® thrinBEBEsllars S0, Aand $40931d n+ contact |ayer 616 formed
on the oxide layer 614. 5 Figure 6C represents the conpl eted sequence of

process steps shoymFiE"Fe@'QGﬂ tratothajthe ahoye techniquep described i @nnecpRi ng i sl ands
of silicon on ain MgikdsL5¢C can be implemented on a bulk CMOS technology substrate

or a silicon on insulator (SOI) technology substrate. Figure 6A represents the

20 completed sequence of process steps shown in Figures 5A-5C, minus the pad
layers, formed on a lightly doped p-type bulk silicon substrate 610. The structure
shown in Figure 6A is 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. The
pillars 640-1 and 640-2 include an n+ first contact layer 612, an oxide layer 614

25 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

30 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
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where the insulator 613 has been fornmed by oxide under cuts. Such a process
i ncl udes the process described in nore detail in U S patent no. 5,691, 230,
by Leonard Forbes, entitled "Technique for Producing Snall |Islands of
Silicon on 10 Insulator,™ issued 11/25/1997, which is incorporated herein by

reference. The 60@lsrsbﬁ‘a&dﬂéde&&th%uﬂsﬂatEBMﬁhéﬁixdeﬂ oRIdE g&'GI‘l' Abaih,Ghd he cross
sectional viewin Fi %ure SC and shows a conti nuous line 602 with pillar

stacks 640-1 arnillas4@ 21anﬂéﬂ%mctuﬁememhﬁrsbwmsacmsfee6t%en@odniamé!ﬂ bit line 602
i s separat ed_ frtgmegqleeregsub g}:g 64-19011%1%e;gié‘%ﬂbéfqnﬁh?&xﬁdw ch has been

formed by oxide un as acc %S referenced
above. Again, tdie pillars 640 1 and 640-2 |ncI ude an n+ first contact |ayer
612, an oxi de |l ayer 614 forned thereon and a second n+ contact |ayer 616

formed on theé oxi deFiguipdC reprasents thesomplsted spaupnsg of propasestensshoWmgs of t he
present invent 'Srgglxrests'Aesé g@&%’lﬁ{%ﬂﬁaﬁ{&@ﬁg&%%sﬁa?ﬂ&fshi%oggﬁ & Rdidgr s, as shown

I n Figures 5A- can in rmng anme on at ast three
di fferent typeswlefe theinsilatet 13 hasbesh fotted by dxidpundear oG- 8ach d—'prgmses 7TA-7C
|IIustrateapro‘§w§s sequence contlnum fromthe pillar Brmatlon

h
enbodi nents pr oBsleEs the Rroepsy dpsedbed in grore ig S- pitertng- X0 BPAes  shown in
Figures OA 60 {@ulSFRCLIHERLTHRLAR bYARIRSIANBIS P RA AT o1 de of

the pillars, such as fars 540-1 540-2 'n Figure Sc. For purposes of
25 illustr atli()onlnmldtgx,” 1@@11&W7Iwm&mmmwdhﬁbmdxymfmenm Mhers 740-1 and

740-2 forned on ubst te 710 .and rat ed ench 730.

Anal ogous t o %g@lv?npxp 9|a!§88‘“f‘ﬁ’ c}ﬁ%‘g% 5“% ﬁ?él? 1§“§C Fi gure 7A
shows a first snﬂﬂlsﬁoﬁsrwmddowﬁtﬁﬁe@g%mcgmla!raméazd-za@dmrzl on of which,

in one enbodinment, is integrally formed with an n++ bit line 702. An OXIde

| ayer region 71igmeg thqmmﬂleberc the gpntingussbitAing-692 isrsgparatel frorg thet he fir st
contact | ayer 7 ?ﬁ jgfagq fgd on the

oxi de | ayer regﬁhésnme 368}2&%‘1 aﬁﬂ?:ggfg&fhgys%cm%ﬁ% & X pad | ayers of
(S ) 7|18 alrSdY(uSi M&ox&iﬁg)tolmepp&%refeeényecﬁab%% hoogaml tﬁccpmmmon?mBhe slecoEdI
contact |ayer in t pillars n . Figure alightly
doped p-type po%‘@’s%‘f‘?lﬁ‘g&“ %?"é’"’o@ﬁo"é‘imgwﬁf/@r‘“g 0% s 740-1 and
740-2 and di reCiddQ@@éoMnﬂE&l%@'la&&6h§ﬁ¥§ue&&?ﬂx¥:bﬁh&ia%er%lﬂo’PﬁiQ p-type material
745 on the sidewalls 750 of the pillars 740-1 and 740-2 I'n one embodi nent

according to t hecerdiag ka thgteacdfingslebthp peesenhinvemiipathe spquenchef prpdegitéry doped
p-type polysiligqto] AHGY, ab ShoWn'iff Fighf8 Shlst, SinGRAM BrmhififhE sirfifod 4 AN 1Y
20 least three different types of substrates as shown in Figures 6A-6C.
Figures 7A-7C illustrate a process sequence continuing from the pillar
formation embodiments provided in Figures SA-5C, and any of the substrates
shown in Figures 6A-6C, to form vertical ultra thin body transistors along side of
the pillars, such as pillars 540-1 and 540-2 in Figure 5C. For purposes of |
25 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
integrally formed with an - bit line 702. An oxide layer region 714 is formed
30 in pillars 740-1 and 740-2 on the first contact léyer 712. A second n+ contact
layer 716 is shown formed on the oxide layer region 714 in the pillars 740-1 and
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doped p-type material 745 on the sidewalls 750 of the pillars 740-1 and
740-2 having a wwdth (W, or horizontal thickness of 10 mm or |ess. The
structure is 10 now as shown in Figure 7B. The next sequence of process
steps is described in connection with Figure 7C. At this point another
maski ng step, #4)-2.h&nd; ambayeasofb@ed,) A8samd (Figdl) 72 wepctivelyrardshownpl oyed to

i sotropically etch,th | ysil i 745 .of,f t i dewal | s 750 and

| ave pol ysi | i Eoe e o der HRale sl AR AR P4FE° 12 740-1 and 740.2

if this is requi reCtanYguWE%aﬂl@ﬁtl)"ﬁﬂhﬁﬁ—%@%lbﬂ%&ﬂﬂy@ﬂ%%&msﬁt@&m ng ultra
lde O

thin body transistors only on one side of pillars 740-1 and 740-2. In Figure
7C, the enbodi a¥anthefpilars WPtk and 74 and diregtianplly.etelied ¢l leavethedishily i ne  verti cal

transi stors,c or,_ultra thin. y. transi skorSe anl v, o e si of pillars
7a0- 1 and Pa0dd ' desictial Rty R [ ot et a8 Bad

approxi mat el y #béhetembadiméitQccdedinieoIhdiedchingSof theprédentSnvehiedh, thehe pol ysilicon
745 wll recrystallize and |ateral epitaxial solid phase regromh wll

occur verti cal lightlysopedp;tyae polysiicgn fayer iy directiprally ptehaddo leayedthelighilyie si|icon at

t he bottom of i . | hi /stal growth and
an ultraffiin g%@e%ﬁ@?%ﬁﬁ#&ﬁ??%ﬂﬂ 7% (cheform %l%ﬁ%%?\ be used as

t he channel of havingd width (W) or Ioringitat tidckyess @F 10 e ovlesst Thastru2turdVEOSFET

transi stor. %n t he eﬁgbodiﬁent of Figure 7C, where the filmis left only on
one side of 1% 8OWes hawnin Kgure 7Pst ol ['i zation will proceed vertically and into

the n+ polysilicongarend AR AptockR; B a¥&hibelitPcRecdiopwtf, the pillars
740-1 and 740-2. If homev%r, both sides of the pillars 740-1 and 740-2 are

covered, the Eiguet™l.| Atzbis peint anpther hasking step,cps liesaohas begmydesegbed t he center on
top of the pillars 30,740-1 and. 740-2, Thi § enbodi S -Sho in Figure
707 s shown 1 fowPyp 26 Sty sifobiGuy Hch e BBRRLATEA) ol BRI ! "an *Tes
respectivel y, \#dsidealls BoaEdchve poliRilidbi T43tdAlyonSond ilewallrof ephllaisne fil m 746
along the 22 sidewalls 750 of the pillars 740-1 and 740-2 in the annealing

process by bkh Jd8@-1 aad 740t dhis is regpised byisoms prrtigulancopfigumtion.iegs formivg t he second
contact | ayers yhik tra%}iﬁo I s hese portions of
the ultrathin s’uilgnag];tﬁg%ggyyst a P@ﬁ%ﬁnﬁq@i@%@ﬁxﬁ%ﬂﬁ%ﬁffﬁgbh+ dopant, will

simlarly recrystal liBigure 7€ sheemigidandt for fortaidg thewdtra thin sidgle @ystadlinehe | at er al
AR T ORI PSR T
body regi on 753 &@7megd iskhovw) SnFiguyd FC, MR wiferdb healed aDdpBroximately 550 to
20 700 degrees Celsius. In this step, the polysilicon 745 will recrystallize and
lateral epitaxial solid phase regrowth will occur vertically. As shown in Figure
7C, the single crystalline silicon at the bottom of the pillars 740-1 and 740-2 will
‘ seed this crystal growth and an ultrathin single crystalline film 746 will form
which can be used as the channel of an ultra thin single crystalline vertical
25 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 covered, the
crystallization will leave a grain boundary near the center on top of the pillars
30 740-1 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
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enbodi mrent of the present invention, the vertical single crystalline body

region wll have a vertical length of less than 100 nmm. Ile structure is
now as shown in 10 Figures 7C or 7D. As one of ordinary skill in the art
wi || understand upon reading this disclosure. A conventional gate insulator

can be grown QidedsIROB00Ee pPfrst720-3 ahd 7408 fAItEE h8ilih8 pfocdss bthd duee il m 746.
And, either horizontal or vertical gate structureS can be forned in

trenches 730. diffustomef die ndrrddping fromgiie firkt andhthe lsecond conpict layern d& adand upon

reading this di s¢l osur,e, drain, and sour regi.ons., 751 d 752
respectivel y, v e dher G amste At rodpr LA S os8ie e 111 m 746
to forma portfl@r46fnowigitithé h-adépgahtwil sibilRly rédrysidlite ihtdSingRr t i cal .
transistors, or ultra thin body tran& stors, according to the teachings of

t he present Si riystlingrstruciire agthe epitagiahwlid phasg sagrgvwth aecutsi | m 746 now

i ncludes an ulgr hi i n rystallj varitd C first rcetdrain region
751 20 coupl edJeft%a@%eﬁfei%fas“?L@grgl %%{egif’ )’/2?1 %Zg%rﬂhgﬁsﬁgﬁeg%yﬁi n single
crystal |l i ne veletticalddinglesestilithebody fegiofl 750 forhalifel pLbge Garpileth éne t he second

contact layer 716. An ultra thin 13--type single crystalline vertical body
regi on 753 r erfiibedimeniefdhegprensntdpventiony the yerisal siaglecristallipe edy regier 714 and
coupl es the figst LAl i t gy drain region
752 I efect " IpifkIERat oo BRI 160k n WHENACEARY SAUNER 100 " 000
regi on 753 I8epip@ts?C 6d7D. diksone ofidinayukitidn thegitovill undevsdtandapeh 752

respectively, ang can electrically couyple.the drain and source regions, 751
and 752, when raadg%tﬁﬁéirw%ow eatioatligats lwﬁ&ﬁ CHLR SR PSFRIFDI | The
drain and Sour&nethfs%ﬂh@ﬂésinﬂééryﬁﬁlﬂngé%T4€§Rﬁ&,téit}i&hx)6ﬁz&}m&%ﬁiddi tra thin body

region 753 are formed of single crystalline material by the lateral solid
phase 30 epi t gatd iuctueey canterfommied dhirenches 730.i n t he annealing step. ' Me

di nensi ons of the structpre. now includ ultra.thin si.ngle crystalline
body region 753 ha\ﬁsnoélegy?/rgw\évlé#l“"i'g‘ﬁﬁ'ﬁﬁ‘%g?miegéagdtuﬁ%%ei Gn in which 23 a
channel havisngdigclosare] drainland Ssugdeltegiors, 15¢ 2fd 73PaRspteiThB@Bedddortedned. Al so,
the dinensions include drain and source regions, 751 and 752 respectively,
having a j unciasylteatin single saystalling film 146 to\form a partion of theajtradhin siggle; he

"nvent on has A AaRAHE] Eagsb, Ryl Sol ouBS0r Mo pan the
channel | engt hteadhingh ef tie presant mmehtiomhThehultzatiein sivgleziyistallins fithe 34Gmow ul es fart her
O Pt o AR L0 5 o S G5 201 07
20 coupled to the first contact layer 712 and an ultra thin single crystalline vertical
second source/drain region 752 coupled to the second contact layer 716. An
ultra thin p-type single crystalline vertical body region 753 remains along side of,
or opposite, the oxide layer 714 and couples the first source/drain region 751 to
the second source/drain region 752. In effect, the ultra thin p-type single
25  crystalline vertical body region 753 separates the drain and source regions, 751
and 752 respectively, and can electrically couple the drain and source regions,
751 and 752, when a channel is formed therein by an applied potential. The
drain and source regions, 751 and 752 respectively, and the ultra thin body
region 753 are formed of single crystalline material by the lateral solid phase
30 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
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charge region in the body of the transistor scales down as other transistor
di nensi ons scale down. In effect the surface space charge regi on has been 10
m nim zed by physically naking the body region of the MOSFET ultra fin, e.g.
10 run or less. One of ordinary skill in the art will further understand
upon readi ng t RicRannél h@hOSHirReal 1BAgth 1655 ARG hia thd de fodHS AlRSHE! bed herei n
can be reversed by altering doping types such that the present invention is
equal |y appl i cdistessions indude drdiniahd seurearegionse 35 lnemd i7Hyregpectively, havingeer t i cal | y

oriented single crys l.i ne p~ hann type transistors. The invention is
not so |im ted?““fi?‘}dl‘ﬁf"?h8"%’["’8_@%Sﬁ%@%?‘f%ﬁ%ﬂé@@%ﬁ%@%bove, the
fibrication pregeaBiné i TBNE &N tHa 16 AinMTRus) theBRentth tds pogident hori zontal
and vertical gate structure enbodinents in the trenches 730 as described in

connect i on wi t functien depieiwhish premgh lesgtham the ehagne kngtl of thedevicesand a process
sequence for f L N [i.zont al t.r u odi [k referred to
herein as hori g‘{)hgetha s?%lp?%%se @@%ﬁ%@;%&g@#@c Fgrﬁgem%'t%ﬁlta§ he present

i nvention. The pehvitRd s staRGrsegEasIsREs with il thid Kaldle9vé et d¥uefe@3pacst eps are
appropriate to a 0.1 mcrometer CD technol ogy and may be scal ed accordingly
for other CD sichageregipyinthe tndy ofihe dausitos seplesidpwr ay otherdmnsistor | ar t o t hat
shown in Figur -TRQ L I j | I d %ﬂgg crystalline
fibn 846 al ong%f e lgfﬁstcfgmg?@gggé%ﬂ%@t%%%}aﬁé?egsgg%ﬁﬂ%@a%gﬂgﬁ - ‘?n trenches
830. The ut 10 atihimizetd by pleysicaysmakihg the bddyl ragiGeld thd MOSFET pittantliinj e | udes an
ultra thin single cr?{stal line vertical first source/drain region 851 coupled
to afirst co P&E’(O"eé er 8 12 and an ultra thin single crystalline vertical
second sourcel drai nOﬁ@ofro?cﬂh&‘]'slgﬁ%xQQ&PWMer%n&‘?&%@pSQf&&g%misayer 816. An
ultra thin p-type single crystalline vertical body region 3 is present

al ong si de of , declospwpthat theconductivity types desoyibed Igtein camcbeaenepiedby t he fir st
sourceldrain region 951 to th econd sourcel.drain 24 regi,on, 852. Accordi ng
T the pr ocess AHkIPRERbBet i R ERraTRLR Rk R oy sbihifiode | aver 821
or PSG | ayens asndiktR seaiResHaling RRrakiia vwetiadg odbdel sig@doétystillinggpe of ordinary

skill in the art will understand, is deposited over the pillars 840-1 and
840-2 such as Shanneltyns trapsisiprsq e inyeptign i5-notisodispited x Frpmm thg pRLess21 i s 5 t hen

pl anarized to r(ﬁ&?iﬁﬁon??&ccm;egtahgvet&Qfa%ﬁ%[tﬁﬁ?m%%ss%ﬁ?coﬂhﬁt}}egﬁ gmgé}p- 1 and 840- 2.

An etch process Is performed to [eave abou nm at t ottom of trench
830. Next, an numbeqddifferhylsirizomaland sgrbcal 828 stoxctumeidpdinanisiioéel ayer 822 i s
deposi ted

trenches 730 as described in connection with the Figures below.

20 Figures 8A-8C illustrate a process sequence for forming a horizontal gate
structure embodiment, referred to herein as horizontal replacement gates, in
connection with the present invention. The dimensions suggested in the
following process steps are appropriate to a 0.1 micrometer CD technology and
may be scaled accordingly for other CD sizes. Figure 8A represents a structure

25 similar to that shown in Figure 7C. That is Figure 8 A shows an ultrathin single
crystalline film 846 along the sidewalls 850 of pillars 840-1 and 840-2 in
trenches 830. The ultrathin single crystalline film 846 at this point includes an
ultra thin single crystalline vertical first source/drain region 851 coupled to a first
contact layer 812 and an ultra thin single crystalline vertical second source/drain

30 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
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over the pillars 840-1 and 840-2 and CWMP pl anarized to again renove fromthe
top surface of the pillars 840-1 and 840-2. Then, the undoped polysilicon

| ayer 10 822 is etched, such as by RIBto | eave a thickness of 100 nm or
less in the trench 830 along side of, or opposite oxide |ayer 814. Next,

anot her n+ dop 'oﬂ)ﬁgf!eAchoPdgn%&?ﬁé%ocgzie@%i%@%ﬁéovgﬁntﬁﬁfmWrlI be known

and under st ood By oné o understand, is

deposi t ed over déped ofidé lapdr32 BAOPIG hiyek as BeGame S4lCbe P whyinduddefstopd ocess. The
structure is now as appears_in Figure 8A. 15 Figure 8B illustrates the
structure fol | Bwispf onlinapeskill ia dhesevall upderstandpisidepasitespver thppillas n Fj gure 8B, a

heat treatnment gig, he ' fd*ﬁf&ﬁh?ﬂd@ RE+ fi id he PSG
| ayers, e.g. 831@6‘%51@243&9?’5;1%&;%&% ve ty | t'otr%{'ﬁgl \(/ifejé%?ﬁ)gge%lgflét%rlégt hin single
crystal |l ine 5 i then pldfiarized tadethdvicoffalf the téposunfaterud tiobrplilans 340l axdB4@2. regi ons, 851

and 852 respectively. Next, as shown in Figure 8B, a selectjye etch 20 is
performed, as CREC QFPéeSW‘““lHerfaB’é“eﬂﬁ‘b\%"e B‘ltéﬁﬂg’r”éflﬁc?ﬁttwogﬁ@clb¥3oordi nary skill

in the art upo | b Rrcifll »ied ayer 823 and
t he undoped pSNF{i/tgiﬁﬂngg%Jd{bg?ggé%g%ﬁgﬁéﬁ &é’é’e?g%flag@z? %thﬁe trench 830.
The struct ur eove thepillaas84@pipmd 840-2 andFCHBmpéan8ized Meagain remove fpmr e 8C, a t hin
gate oxide 825 is gro as.th me, W | e 5 kno ngd. under st ood by one
of ordinary skquls“&?fe\fl)vﬂg‘egp{a‘zs(%é@@ﬁn%@%%’ ’Bﬁﬂrtﬁ%\?“‘{gli‘\ﬁqﬁ?g‘{sﬁmﬁg%r the ultra
thin singlejer ¥31 flelch&¥suthhad bFRIE th 1ahsh BicRh&s o100 Srdess i He trQRAY
transistors on the surface of the ultra thin single crystalline vertical

body regi on 8830 fleng sidedcor opposits axiderlayer B4 | Next, anetherqt doprg ostdleacent pill ars

which will be ct ot ch wordlipes for c ti N e folded bit

| i ne DRAM devi (l:ag’g@g %3’%‘} la%%%ose %aﬂ?et“i}géegé v‘{/nsﬂnfii“ggeﬁm%’ogyb roggﬁg can be
deposited to f ordifagy géll @ thdat will@hddritendyistdegositét dvesthogillars@agstaad | i ne verti cal
transistors, or ultra thin body transistors, The structure then undergoes a

CVP process t o3f&Aed 28 hea GyRaoqsss dhe sisaug isinpw & pprsars (nkigere 842 from the
top surface;pf the ﬁ@ﬁe%gqn@ﬁggi%@%c% %’ﬁﬂﬁﬂgéht eﬁ&é&g&qﬁto formthe

desired thickness of "the gate t In single crystalline
vertical transifairiostiop sps. UhFigaret 8, a htzd tyatineatnsapplied ©.diffuse thee-tpwbodi ment ,

5 formed, hori SoreErytbe i S 41 i e e R R el i de or
l'ess than 100 unatesh®s srySRRASHIACB46NE additionally fokf % didlh Enddodeet al | | ne
vertical body region 853. Next an oxide |ayer 844 is deposited such as by a
CVD process andegions, 851 and 852 respectively. Next, as shown in Figure 8B, a selective etch
20 is performed, as the same will be known and understood by one of ordinary skill
in the art upon reading this disclosure, to remove the top PSG layer 823 and the
undoped polysilicon layer 822, or oxide layer 822 in the trench 830. The
structure is now as appears in Figure 8B.
Next, in Figure 8C, a thin gate oxide 825 is grown as the same will be
25 known and understood by one of ordinary skill in the art, such as by thermal
oxidation, for the ultra thin single crystalline vertical transistors, or ultra thin
body transistors on the surface of the ultra thin single crystalline vertical body
region 853 for those transistors in alternating, row adjacent pillars which will be
connected to trench wordlines for completing the folded bit line DRAM device.
30 Next, doped o+ type polysilicon layer 842 can be deposited to form 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+
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pl anarized by a CMP process to fill trenches 830. An etch process is
performed, as according to the techni ques described above to strip the
nitride |layer 820 from 10 the structure. This can include a phosphoric etch
process using phosphoric acid. The structure is now as appears as i s shown

in Figure 8C. Atypepadysgicontayerfd? fromihd top surfateef the pillags 840-Liardifid82andi upon
reading this djisclosure, cqontacts,.can be.for t he second .contact | ayer
816 on top of t et%eﬁoafpgnglﬁé@sfegwigﬁfﬁf’ _?%aq%gﬁﬁgﬁtﬁ}%“kﬁa?lﬂn%%ci t or
formation and st@asiBieheRicel randiStoR] QGR&EIAN bbGUFSistBA: Hodelcnibsdimeite a process
sequence for formng a vertical gate structure enbodi nent according to the

t eachi ngs of t hthegdened antypepolypilicandayerdi2 is RiEetehefl imioms agintegrally i n t he
fol |l ow i adt . 1.CL: t echnol
and may e’ sca) ek iatally SRRISR P o e dvedTLACHIES gt 07000 0,

structure sim | 400 daforhdiers opgoeing therulthal thili siaglé Crysthiliat vertical bodjtregioDA shows an
ultraffiin single crystalline fifin 946 along the 3idewalls 950 of pillars
940-1 and 940- 2333 Nexlear pride loyes 844risdeppsited Sugl 35 byja o T2prepssaandl | ine film 946

at this point |r Eﬁﬁﬂ&%@ﬁ?ﬁ_@?ﬁ& Al ﬁ.%,{}g&%y,ﬁf Xﬁtea:%llp{-o@&sysﬁg b, &St

sourcel drain gl on to a first contac ayer and an ultra
t hi n si ngl e crysdatdrding taxhe teelidiquesdesaibed aisbve toustiiyethd nidde 1ayeg820frdddb2 coupl ed

to a second contact |ayer 916., ultra thin p-type sipgle crystalline
vertical bodf r@@iswwhgésﬁlgfﬁs\r%% PAPB ‘?j‘c_eé‘i?‘d’é °&$§,us'asp el an oxi de
llayer 914 and coHphifsid1end bSdppeRidsiSindhRid Fikggisen 951 to the second
soureddrain region 952. According to the procéess enbodi nent shown in Figure

9A, a conformal ni t rAsimelofprdinanfskillip theeitrwill shderstand ugon reading thisdeposi t ed, such

as by CVD, and directional et ched 1o .l eave,onl n i d s 950. A
oxide layer is PHER a}c%;&?:he gn?f{}(’fbr?g?‘??ﬁ? c&l%ﬂ’?‘%ﬁ?"?%’pé’%‘?hi ckness of
approxi mat el y 5@illdfsi849-1 afd 849-2 toQohtiifud vith €agabitor ExpaEGCandistanddrdBEOBr s 26 902.

The conformal _nitride | ayer on the sidewalls 950 prevents oxidation al ong
t he uItrathiWsPW@?sémcrystalline film946. The nitride layer is then

and Under st ood by anBis 259G BTG REERARIER Bilg Bvflfell . IS fow as
appears i n Fi gustaucBie embbodlsment aconrding té-thg trachifds, of the present iimvsntionpdhysi | i con
228 ) B il e B s e BRI Lo 1030
only on the ver iji&dhetsd CB\W&hhdlogy and may be scaled accordingly for other CD sizes.
20 Figure 9A represents a structure similar to that shown in Figure 7C. That is
Figure 9A shows an ultrathin single crystalline film 946 along the sidewalls 950
of pillars 940-1 and 940-2 in trenches 930. The ultrathin single crystalline film
946 at this point includes an ultra thin single crystalline vertical first source/drain
region 951 coupled to a first contact layer 912 and an ultra thin single crystalline -
25 vertical second source/drain region 952 coupled to a second contact layer 916.
An ultra thin p-type single crystalline vertical body region 953 is present along
side of, or opposite, an oxide layer 914 and couples the first source/drain region
951 to the second source/drain region 952. According to the process
embodiment shown in Figure 9A, a conformal nitride layer of approximately 20
30 nm is deposited, such as by CVD, and directionally etched to leave only on the
sidewalls 950. A oxide layer is then grown, such as by thermal oxidation, to a

thickness of approximately 50 nm in order to insulate the exposed bit line bars
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of the pillars 940-1 and 940-2. A photoresist is applied and masked to
expose pillar sides where device channes are to be fornmed, e.g. integrally
formed 10 wordline/gates on alternating, row adjacent pillars. In these
locations, the intrinsic polysilicon [ayer 954 is selectively etched, as
the same will log2 kydnforhtl nitfiiasRE QPHe BiewdlB 990 pevelistaidatiskdlbdg | N the art,
to renobve the exposed intrinsic polysilicon layer 954. Next, a thin gate
oxi de | ayer 956hq Wtraghipwngle arystaldine Blapide dhe nitiddeddyesis dtiientshripped, usipg hi n si ngl e
crystalline fihn 946 for.the ultra thin 15 single crystalline vertical
transistors, orcortﬁ‘fef‘?(gla&??%‘%@ms?saaﬁ i ﬁﬂ ﬁ]‘%lgwg’f’r%‘?fntﬁre‘é%olgg Ynow as
appears in Fi gwn€ofddinary sifil @1the ar Crhedstrudidlid iy £apsdftin Figafe 90 n+ doped
polysilicon material or suitable nmetal 960 is deposited, such as by CVD, to
a thickness df appPeshavatieFigus@Bpaminsinsic pelysiliqunilayen®idis denesitednduct or 960 i s
t hen directiong| t - anl r&ical sjdewalls; of the
pillars, incl ugﬁv%m%gﬂl?r&ug‘{b?ﬂ?nﬁ%%ggéggﬁﬁ é““?gi‘/éa;r}‘? %egléﬁ Hggt?ogflyer nating, row
adj acent pi | | arescheditodéave the itridsiy polysiiepelapdros¥ 6ily ba the vedtichleglerhllsy f or ned

wor dl i ne/ gates 960A _and 960B. The structure is now asg&ppears in Figure 9C
In Figure 91), ofthsmillars Yoilgad @4Q-h A phojasesishisanpliedand,masked O BPOBHp of the 25
remai ni ng i ntri s c: | 4. alnﬁe\é , | | sotropic etch
is performed, @%%ﬁﬂ%ﬁ%&e&mﬁ?ﬁ e %&aﬁégr%%ﬁﬁéi?‘g%%gg?@?%ne of ordinary

skill in the awdrdlinefgates oesltetmating row &ljavkeht pilfard He thesgerlacationsythent r i nsi ¢

polysilicon layer. 954. _An oxi l.ayer . 970 is.degosited, sych as by CVD, in
order to fill t‘ﬁ%‘“ﬂ‘éwlﬁ‘@g“fae‘!Frtdg%“b%/%ﬁE%&athS?’"’f sa¢ Filhks koowB) ysi | i con
llayer and the spaGRErdidbdblend 6ERERET si8iBth RO S WaRVe ihBexpRRAr ate verti cal

wor dl i nes; 960A and 960B nei ghboring pillars 940- 1 and 940-2. As nentioned
above, the sepaninsic pelysilicon layprft5d! Nexisa thin gatd oxidedayst 936 is grommogdhes on

al ternating, row adjagen ars....IThe oxide.layer i arized 27 by
CNO to renove ferxg?ﬁe{’ﬁge %lf)gg‘#]eflﬁéthﬁsllq er%y%e&fﬁ%r?ggg%éﬁe?ﬁé? pi ng on the
nitride pad192Gingld@ytilite vekidrtitahigon,ad ultiitdh bady ihSistond T Siniciir€t ched, such

as by RIE, to renove fromthe top of the pillars 940-1 and 940-2. Next,
deposit CVD ox5BeW osappeass adi@re ¥he surface of the pillars 940-1 and 940- 2.

The 5 structure is RPW 9@?9@@&@:&&n@%}c?d;%?g:?&?@é%?ﬂ?si{?%n%n%ﬁry skill in

the art will understand upon reading t € process can now
proceed with starssitpblecnga @60 srdepasitedatichas byn@VD, to a thickness of
approximately 50 nm or less. This wordline conductor 960 is then directionally

20 etched to leave only on the vertical sidewalls of the pillars, including on the thin

gate oxide layers 956 of alternating, row adjacent pillars in order to form
separate vertical, integrally formed wordline/gates 960A and 960B. The
structure is now as appears in Figure 9C.
In Figure 9D, a brief oxide etch is performed to expose the top of the
25 remaining intrinsic polysilicon layer 954. Then, a selective isotropic etch is
performed, as the same will be known and understood by one of ordinary skill in
the art, in order to remove all of the remaining intrinsic polysilicon layer 954.
An oxide layer 970 is deposited, such as by CVD, in order to fill the cavities left
by removal of the intrinsic polysilicon layer and the spaces in the trenches 930
30 between the separate vertical wordlines 960A and 960B neighboring pillars 940-
1 and 940-2. As mentioned above, the separate vertical wordlines will integrally

form gates on alternating, row adjacent pillars. The oxide layer 970 is planarized

27



BEOL process steps. As one of ordinary skill in the art will understand upon
reading this 10 disclosure, the process steps described above produce
integrally fornmed vertically oriented wordlines 960A and 960B whi ch serve
as integrally formed vertical gates along the sides of altemating row

adj acent pi | | absCMPH emeve trom dlees top offths pillats B40-1 and R402RMpbing puidieur e enbodi nent

which is simlar.the ective .view,of Fi e and the gross sectional
vi ew t aken al oﬂ‘é“#"ﬁé“%ﬁ’; Z@Frf %‘ﬁ r%‘fa_“l“f’gepad f?tegfl?ﬂ?i (ﬁéﬁel ‘%gﬁ‘fﬁg&‘é‘ #D. CONCLUSI ON
The above st r upj RIB; & efevd fdii thedp dTrheplafoTD- had 04B2eRelaRpdsitoed, by way of
exanple, and not by way of limtation, with respect to a folded bit line

DRAM Wi t h ul t rgvﬂﬂﬁiﬂeﬁgﬂﬁ qorerik sytfeqeof theipfliaes94Atl apd pls2.oFhegat e struct ur es
are 20 shown 'C&Fkigg%giwﬁ%unﬁy&m%_three different types of substrates
[ i ne

to form open nenory- arrays. It has been shown. that higher
and hi gher density Asdfi¢iof esdaiyskillin BleAtvBvill aadestdnd nporsteadidgahis and smal | er
di mensi ons of the structures and transistors. Conventional p]anar

transi stor st r Gie¢lesuEs thepeocess oo ROy progesd With ptaragecappratoOBPAIOR BG5S i cr on

di mensi onal regkme. sent invention provides vertical access or
transfer trans?gpgpr%%i%gg which are fabricated in ultra-thin single
crystalline silicoAsbnd ofordinavywkilhindhgart wWidl widelstamd dponfeading this de pil | ar.

These transjstqQrg wt ultra-thin bo regi qns .scal atyrally to smaller
and smal | eriqui ﬁ’éﬁgﬁ“&’t’n C\RHICPE SteB?%@@M%P@V?g@gbcéf‘?tWﬂg’n@@ dvantage of
smal | er devi Ce$ertifﬂ[l9oﬁ@dt&f‘&:&ﬂﬁ&s960@&d%@3%§ch@bﬁ@ﬁbﬁh@%\-'§ll{tafméli gher density
and hi gher performance are both achieved in folded bit |ine nenory arrays.

28 WHAT |'S CLAVER! g8es dlongdbaides pbaltetnating, rry adiscentddbirs i ThisipradecBRAM devi ce,
19 ot oS he B Bl FE IRk Which VTRt W oL, SO s

wherein formng eac rc ormng ar extending

out war dl'y fromvizwsFigueslligidalie GoHd Séctiiat viewwlikeh @long the divedtign ofitke pi | | ar
includes formng a single crystalline first contact layer of a first
conduct i vi t ¥° t PpdinssinFryrdhg a single crystalline second contact |ayer of
the first conductivity type verticdNciagianat ed by an oxide |ayer;

The above structures and fabrication methods have been described, by
way of example, and not by way of limitation, with respect to a folded bit line
DRAM with ultra thin body transistors. Different types of gate structures are

20 shown which can be utilized on three different types of substrates to form open
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-

25 micron dimensional regime. The present invention provides vertical access or
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
preserving the performance advantage of smaller devices. The advantages of

30 smaller dimensions for higher density and higher performance are both achieved

in folded bit line memory arrays.
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formng a single crystalline vertical transistor along alternating sides of
the pillar within a row of pillars, and wherein formng the single
crystalline vertical transistor includes: depositing a lightly doped
polysilicon |ayer of a second conductivity type over the pillar and
directionally etching the polysilicon |ayer of the second conductivity type
to | eave WHAY ISICIAINEBRIS:s of the pillars; annealing the pillar such that
the lightly doped polysilicon | ayer of the second conductivity type
recrystallizes and lateral epitaxial solid phase regrowth occurs vertically
to forma singlfedibd Rabihilg 2 16iibd 6RNhY DRANMUeSe, i@l Of the second
conduct|V|ty type; |n t he annea I ng causes the ngl e crystalline
first and secfomhingambagy of mearosy ofllsafofmed in oovvsdarct ¢olinnys, twipsein dexiniag gr owt h

of single stal li terial of the first conductivity type into the
lightly Bﬁ%éﬁmbﬂwfngF@gﬁs | ayer of the second type to formvertically

oriented first andfRgRNd pARH &M BumBI9"BoRl a tRGiddaftior QREYRLd Vi LY
type separated by the now single crystalline vertl cally oriented naterial
of the secondwheretuforiniig the mljrq;renclﬁ@snﬁongmg qo$mglalcarysyalb1ﬁe fitst centadsilayeri nes

formed of single.crystall.ine sem uct or teri and d bel.ow t he
bl ars i -t hat &ArkyShdhehtE e i 8 sindlF 5t g Sponnd SRRy tof
buried bit Ii ﬂﬁ&irbﬂ%hﬂﬁ&ﬁqt?%ﬁé'x*e%all?@eﬂakaft&i b}ﬁﬁﬂé)ﬁﬁ& ldygyer of colum

adj acent pillars in the array of nenory cell’s; fornlng a plurality of
word |ines, wherei formingmi ﬁlggtemqjalunewmyaldfanmtou alqngeétemahng sidessof them ng
each word I|ne sed ort nal | the Iura t f bu ed bit lines 29
" a trench bousSARRERaSk: ot HERS) e, pBeieit el o el itislay

regi ons of thﬁaﬁﬁﬂ@hﬁduﬁ&ysta||lne vertical transistors that are adjacent to
the trench. 2. The nethod of claim1, wherein formng a si r:x%ile crystalline
vertical transistor al dengsuinge lightly dgped HéESlb‘?OftlﬁléermfIaISmO conflrtiyity ow of
pillars includes f e i t ot i r an
ultra thin single {cyrb ({1' }ﬂlﬁngﬁl\z}grg{ﬂ} ?g?&bongwiétcth thﬁgﬁ(ﬂ%lm% %I‘I ztgt% al

wi dth of |ess thanséb@ndlladilﬁﬁietlﬁt}stypsto rémcmeyhmdidetvand &ff the pillavfier ei n form ng
a single crystalline vertical transistor _along alternati ng Si des of the

pillar within a row of peakng thenpilargaichthat the, jehthe denodrralisiligon I3y oft hat
the transistor hasya MEGHH ElaubAR She FRRUMANARL ah§ et 8N takE PRI pHREET S and

has a

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 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 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,
forming a plurality of buried bit lines formed of single crystalline semiconductor
material and disposed below the pillars in the array of memory cells, wherein forming the
plurality of buried bit lines includes coupling the first contact layer of column adjacent
pillars in the array of memory cells; and
forming a plurality of word lines, wherein forming the plurality of word lines

includes forming each word line disposed orthogonally to the plurality of buried bit lines
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first and a second source/drain regions wherein the first and the second
source/drain regions have a horizontal width of |ess than 10 nanoneters. 4.
A nmethod for formng a folded bit |ine DRAM devi ce, conprising: form ng an
array of menory cells forned in rows and col unms, wherein form ng each
menory cell in the array of nmenory cells includes: formng a pillar

ext endi ni duenchrhgtweenitoyys af themildass freddiessngalternating bodiieegaens afike ginglear

i ncl udes . éil{ﬁg'v%nfcaﬁ’één%lskdr?ﬁlig{e%h'aSQIRRé‘ﬁ%eée%Xﬁf and a single crystalline
second cORtac l'ayer separa eqd y al oxi de I"ayer; formng a single
crystalline vertical transistor along alternating sides of the pillar

within a row of pillars, wherein formng . the single crystalline vertical
transi st 8r i nehaideethod of glayg Lnwhereinaforming aisingle costplling yertieal eansistos| 1 r st
sour ce/ dyal EON L 3 [ 'r}gan?irg ltra
thin si néﬂ%ggglrté@f%a ?lgée)su(\;/}{et??ipggalrt@g%%h 5\2«'6)3‘%('{:‘12 d?né::h?égrf%rgl{@%mgoup eﬁ)yto t he
second ceutthathtt thayteansisfoo rhas ag wtna thin rsmgldhenystalling lvertoral body régien having aal body
regi on W?‘i ch a& &Eer?z. t he oxide | ayer and couples the first and the second
sour ce/ dPgfpnt 3‘8 lesg FBPRCEE i ng the single crystalline vertical
transistor includes formng the transistor such that a surface space charge
region for the single 30 crystalline vertical transistor scales down as

ot her di densi dhe mdthadhef claimnki whereins frainénglawmglé orystatigneavetical aransistonf

buried bit lipes formed of.single .crystalli.ne sem conductar terial and

i sposed 18R ANFTAUTRr i s it 3y Svnararyars Rl oo ARG e

plural it yudfthihé Benddtér Adsnerertidd? thiFRel I6RsR ol Nds (A 1f00mahomeRisnd Hagyer of

col um ag acent pillars in the array of mam)rty cells nmenory cells; and
243

fornmi ng &rshlandad isegondf sopenedirpinneegiongiehasein therfirsthand ilee peaond| souscesitainor d
lines includ form.ng.e rd. L ne di spos orthogonally to the
pl urali t§eg6 SE‘%Y?%E"%% 1?‘(&@@“&#?55}1 ﬁgﬁ}?ﬂglggt%gs\een rows of the pillars for
addressing alternating body regions of the single crystalline vertical
transistors that are adjacent to the trench. 5. The nethod of claim4,
wher ei n for mi Agnethed farferming g folded bitling DRAM denics, someprisng®  forning a
Egﬁ[ :'C't ty of ByliGflalbiray bPfRntd CIPfFmIPHErRGNId Yo1dAREIhdIaN hiink!' © St
each memory cell in the array of memory cells includes:

=

forming 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;
forming a single crystalline vertical transistor along alternating sides of the
pillar within a row of pillars, wherein forming the single crystalline vertical
transistor includes;
forming an ultra thin single crystalline vertical first source/drain
region coupled to the first contact layer;
forming an ultra thin single crystalline vertical second source/drain
region coupled to the second contact layer;
forming an ultra thin single crystalline vertical body region which
opposes the oxide layer and couples the first and the second source/drain
regions; and
wherein forming the single crystalline vertical transistor includes

forming the transistor such that a surface space charge region for the single
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| ayer and are formed integrally with the first contact |ayer. 6. The nethod
of claim4, wherein formng a single crystalline vertical transistor along
alternating sides of the pillar within a row of pillars includes formng the
transi stor such that the transistor has the ultra thin single crystalline

vertical body region wth a p- type channel having a vertical length of |ess

t han 100 nanormet er erystéllineheertiedlhghsidtorc kadle® downhay @ttier f dibdensigng [of the
transi stor such that the transistor has the ultra thin single crystalline
vertical body regi BAMSISI®) 5816 ming the ultra thin single crystalline

vertical body fdrﬁﬁigﬂ_pﬁ&af?@%ﬁf tﬁmieerﬂi@mws%nﬁ\é@fyﬁsiﬁgl_e'&?&?ﬁiﬂé@enl@oxg@%ﬂ ers

8. The method of claim 4, “wherein formng a plurafity” of burled t lines of
singl e oaesiahhhd dispesedi edowdube pillansainethic adrralg ehemonyheellsi Whereini focmingethe f or mi ng

I | t] f i. Lot i whi f h ] d
Cubst r ot BIofg o BEER aitdpes tpedesgebup i i AER Sy F Colfes SRERE: i ng.

the pl Urﬁiliairs\/lnf@lﬂeMﬁﬂnﬁ@ﬁo&%il%@ﬁo&d&l@%' ly formng a horizontally
oriented gate for addressing alternati ng body regions of the single
ere

crystal line vérmingp plueghisy of ovosd tlings, whereindfommang theopluradity rofrwedrd hiesrei n a
vertical . side.of .the horizontal.ly oriented gate,has a.length. of .l.ess than
100 manofSTAES fornine Bach b posd oftibeinafi It Farityoltugiefinil GRS, al ty
of wor dl ingfendhMettéss rowd o€ tHedlillats Fsrradtifssing Nedrhatidl Dody 9édi 61 sfdh&dhgef or
addressing alternating body regions of the single crystalline vertical

transi st erystallipeyertisal wansisiqrs that anetadiacentdo Hjtegpelt to the trench, wherein
the integrally fornmed vertically oriented gate has a vertical |ength of |ess
than 100 nanoneters. 11. A nethod for formng a nmenory array, conpri sing:
form ng &. f ol Gad nidthod ometaiad #awhekinnfp@img the phialitylogbairied bitrlifies gnatadds nenory
cell in the array of nmemory cells includes: formng a pillar _extendi ng

out war di forpyieg@ pludiy of hunied byt liagyhwhichrase mogh beayily dpn%{)mg theBirshpoentagt

i nclud j ' il i ' tact | f first
|l udes e e fukdhEntlly Rhhhd BB Lt gpnt act Laver ® of a firs

conductivrty type an a single crys ‘ine second contact |ayer of
the first conductivity type vertically separated by an oxide | ayer; formng
a single crystalline vertical ,transjstor. along alternating sides of the

pi l'lar whthi n1fe gt opictai 4, w e R mw?? REvstallig ¥ertiea)sirapsisiare
vertical qioh ARty shaCsEEpilASART b8 df dilafidondonathinetnestddsagn | aver
of a secggﬁécoﬁgugﬁge?ty tyE% over thé pilpgr and]ﬁgrégﬁyo ally gtching t he
pol ysi | i swth thatythe tmhsistoe has the ultra thin single crystalline vertical body region with a p-

type channel having a vertical length of less than 100 nanometers.

7. The method of claim 6, 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 have a horizontal width of less than 10 nanometers

8. The method of claim 4, wherein forming a plurality of buried bit lines of single
crystalline semiconductor material below the pillar includes forming a pluraltiy of buried

bit lines which are separated from the semiconductor substrate by an insulator layer.

9. The method of claim 4, wherein forming the plurality of wordlines includes
integrally forming a horizontally oriented gate for addressing alternating body regions of
the single crystalline vertical transistors that are adjacent to the trench, wherein a vertical

side of the horizontally oriented gate has a length of less than 100 nanometers.
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second conductivity type to leave only on sidewalls of the pillars;
annealing the pillar such that the lightly doped polysilicon |ayer of the
second conductivity type recrystallizes and |lateral epitaxial solid phase
regrowt h occurs vertically to forma single crystalline vertically oriented
material of the second conductivity type; and wherein the annealing causes

t he singl@ crybe¢ ahéthek ofi ¢laim an dviseeionfdrmingnthecplutaiyerod wbrdlinés rimtludes
conduct i vit e seed a .grpwth of. single.crystalline. terial of.the first
conduot | UreefaIl it v e R ke S B SoSHeyand Pieaing i refopsief Gcong
type to Eiapl orpdralli@ivedtical tramiférsfinrStovdg poleaoitht 256 UajacéItaithe heAeYNS of
the first conductivity type separated by the now single crystalline

verti cal Wi Baieigerily Earms vsrticeH o5 sh eale bATRverigpllgngth pisss ted 108r mi ng a
gate oppgaigﬂ¥&ge single crystalline vertically oriented material of the
second conduc IVity type and separated therefromby a gate oxide; 32
formng a plurality of buried bit Iines of single crystalline sem conductor

material _and di sBosed below the pillars in the array nmenory cells such that
each onelbf tAdnghed frifesmingp memory ARy, cOMPHERE oupl es the first contact

cach onelbf ¢ Aangh nB: ARG ples the Tirs |
2 prural ity ol mana o Bl lingitey ft ARSI oo MRINg ER RemBR el e

bit |i nem thelhrapofmémory cefjs idvdudek:ural ity of word lines includes form ng each

one of the plurality.of wordlines in a trepch, between.rows of the pillars
for addressing gat gﬁr}é‘é‘fg @ngillag; gxganding, 9§W£Vn%°‘9e?tqe%?m{$‘&tﬁ§i5§ ¥rade:t hat

are adjacent Wheilip ke pifer HABASERAREO SELRIkNind R Ehfladidping each

single crystalline vertic transi st or ude ormng an ultra thin body
regi on with aofa fiyspeonhmtiviy type\and dommiug atsinghd criystaljink seawindlcostactt lager of00
nanonet ers anaﬁg. hor i %180?1 atl wi dth.of |ess than 10 .gaporret ers. 13. The net hod
of claim11, & GonEUAY SYReETiRaLY SFRAFRICHPY HLPFIEEAYFE | i nes i ncl udes

form ng the plural ggnnif a Bingleadydalliné VaEiSaILRSERY AbnRl@RFhafiis $Red 8y@e from
the sem conductor substratée. 14. The nethod of claim11l, whéerein formng

t he pluralitypidlar woithini neewi ofc pilliess whereingfomming ther singly erystallist ecrtipflesent
in the adj aceﬁ_t trtench]] ?I ong alternating pillars along a row of pillars,
with one of t 8“%?%13?“ ?ls'of word lines, and wherein form ng each of the

depositing a lightly doped polysilicon layer of a second conductivity
type over the pillar and directionally 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 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 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 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 of the second conductivity type and separated therefrom by a gate

oxide;
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plurality of word lines includes formng a horizontally oriented word |ine
having a vertical side of |ess than 100 nanoneters opposing the single
crystalline vertical transistor. 15. The nethod of claim 11, wherein formng
the plurality of wordlines includes integrally formng, present in the

adj acent trench along alternating pillars along a row of pillars, with one
of the plural fdrimd a phrrality iof dariedibil liee b singleatrystaltine sevhicofiductee rﬂdteniail ity

of word lipes i des for vertical | riented word |i ving a
verti cal am{;ﬁl@m% @L OWégsptl{%w%tg@aﬁﬁ%laﬁ@P@y@?sw thatfach gpe e?t?lfa YelHY a

menory dgpbefed lﬁPHRés' Rupds tAOFifH Bhta 18k 8Y cAmABAPICYntGSi1ALS in YRS rbff orm ng
each nenory cell in the array of nenory cells includes: 33 formng a pillar

ext endi ngemorneglls} gnd r om a sem conductor substrate, wherein forming the
pillar includes form S talllne first.co of .a first
conductivity Wén%ﬁé’ﬂ%ﬁﬁ% an‘g%rﬁsl é p8?i¢s?rg}qg9ﬂaélys@c%‘ ‘braﬁ%'a%ftbulnﬁger of
the fir sbitqpesUghdrdint ﬁérrh};ﬂgethEQﬂﬁrlaH@l dfywERIPRc3 iBElubYs AimPng Bh! gheest theor m ng
a pair of S|ngle crystalline vertical transistor along opposing sides of

the pi || ahuralihef éi linss rin agranak hetyrsn apws loé theapitlarstfos pddressing gatesadf thae
verti cal ansi.st.or e Qsit doped polysilicon | ayer
of a secf)mgfe C%S i e|‘\§/e| V?h%sp&ogaﬁﬁa? E’edJ O%Pﬁgrth%{ﬁ%fl%I rectionally etching the

pol ysilicon | ayer of the second conductlvity type to | eave only on opposing

sidewal I s of the pillars; annealing the pillar such that the Ilghtlﬁmdoped
pol ysiliddn | apéme&hod ofiedaimeblo Meherayn urening sach singlrectystakline varticaltEansis

| | |
cryer al 1 FRUEK ki b Suf BRPoodyFREBRNIPE Sipe URIMECRYiE b SerddfiRefiaf, 1| ©
and wher ef Iesd then a@mﬁaiomgerc and & Botizvata midthef tdsy Hianl 110i fa@ometess. 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

ol ysili gen iy Gieala VRO Mhela(R forhind Ble NS S¥ba Bl SR Gitidd ! and

second sSource/draln regions Irst co IVIt ype separated by the
now si n@rming \the aplurabiey Vet buried | bit dlinies nsepdratet diyi ah oildé hiaysre dromal the
conductivit y and formng a pair of gates, each gate opposing the
singl e CF%‘%%“{WCE% substrate.

14.  The method of claim 11, wherein forming the plurality of wordlines includes
integrally forming each gate, present in the adjacent trench along alternating pillars along
a row of pillars, with one of the plurality of word lines, and wherein forming each of the
plurality of word lines includes forming a horizontally oriented word line having a vertical

side of less than 100 nanometers opposing the single crystalline vertical transistor.

15. The method of claim 11, wherein forming the plurality of wordlines includes
integrally forming, present in the adjacent trench along alternating pillars along a row of
pillars, with one of the plurality of word lines, and wherein forming each of the plurality
of word lines includes forming a vertically oriented word line having a vertical length of

less than 100 nanometers.
16. 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:
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vertically oriented material of the second conductivity type and separated
therefromby a gate oxide; formng a plurality of buried bit Iines of single
crystalline sem conductor material and di sposed below the pillars in the
array nmenory cells such that each one of the plurality of buried bit |ines
couples the first contact |ayer of colum adjacent pillars in the array of
menory cells; and fommgg@ pillal exédnding oftwiardlyt frovor @ dememnddctop cabsirate,

orthogonally to the.plural,ity . of. buriged bit l.ines in tr.ench between rows
of the pillar YOS i e piliar inglides; Srmmed sipels crystalline firs! sentach eyet o)
transi stors tBpj fiadt QoAdlicHGRP typend fhinfifif aSirfife Systhilifie sE@MatohActaj&iorat i ng

pillars along the first side of the trench; and 34 formng a plurality of
second word | thedistaiongdectivity dynevseasadly isgparated bpabpxide layes in  the trench

between rows of th Ll lars. and. s [ d from h.first word line by an
"nsul ator such t harortine §eRis R S afte VARG s rlnd BProntns Sy .G
trench and adflfespitiar, 9elie@sin Xorrhing @ch@®ne ofrthé pair|l dfnengle ichysealling Veéttied1St or s
that are adjacent to a second side of the trench in alternating pillars
al ong the secHAesidpgdncdadeshe trench. 17. The nethod of claim 16, wherein
formng the plurality o | 3 Jol M | cHﬁﬁs' gl 1y
formng each gate in al Pg‘;rdﬁgtﬁl}gnagl |t ﬁ%?g‘p%?%%%éi l;ﬁggrvdg% %l acrogaﬁcglgjhgcent
the first and the speawdr shadpillaf ahd directéonally reechirer thevigdlysiliédnhlagereofothet he
plurality of the first and the second word |ines, and_ isql|ating.fhe
plurality of firstSe%ARdSeRBIGHVIRLIAF fleave oply ok apRosingesideyalls of thePilarg t he

second side of the trengh d.6 bivisd Yuchi R ?lggﬁ}tﬂ | d19% i cofih A STt
pillars. 18. The net hod&g&} acﬁ%ﬂ%f{l}, %ﬁere&n&l?o m ngé%éag% %}’i‘hg{ hcejljag?ural ity
of first and seconthe seoomd ¢tamdestivityctype esrystallides gni daterat epitaxiad sokd peasewor d

| i nes having a vertical length of less .than 100 nanopeters, illg. The nmet hod

of claim 16, wher efS89BnPSYseuTHeallYnig form, 3 single ¢rystalline vegigally ogiguted; o

i ncludes form ng t fesanef Bie SEORHRbhARBVIFRPECR transi stor to have a
vertical length of l'ess than 100 nanoneters arid a horizontal width of |ess
than 10 nanoneters. 20. wheeimtiteramealingadansan thé singlecarystallifio finit agd seeoindsi ngl e
crystalline vertical .transistor. includes formng the single.crystalline
vertical transist oFO@ﬁ%ﬂaxeFﬁa?fo aaﬁﬁ_i)?(?lfiBﬁtt“éﬁy tj"ﬁ%ﬁ?ﬁ&rgmﬂﬁ’p{ﬁsq%? c‘%g'ﬁtéﬁlli]?r st and
the second source/ gia@drfdl '0€%hé® Tstl dondhctBYOypE lidtot the tVERly FopeH GPolysBfkdon than a
vertical length of the single crystalliné vertically oriented material of

t he second conduclayer tof thgpsecond 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 pair of gates, each gate opposing the single crystalline
vertically oriented material of the 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 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 in alternating

pillars along the first side of the trench; and
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21. The nmethod of claim 16, wherein form ng each single crystalline verti cal
transistor includes formng the single crystalline vertical transistor such
that a surface space charge region for the single crystalline vertical

transi stor scal es down as other dinensions of the transistor scale down. 35

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 trench and
addresses gates of the single crystalline vertical transistors that are adjacent to a second

side of the trench in alternating pillars along the second side of the trench.

17.  The method of claim 16, wherein forming the plurality of first and second
wordlines includes integrally forming each gate in alternating pillars along a row of pillars
adjacent the first and the second side of the trench respectively with one of the plurality of
the first and the second word lines, and isolating the plurality of first and second wordlines
adjacent the first side and the second side of the trench respectively from the gates in row

adjacent pillars.

18.  The method of claim 17, 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.

19.  The method of claim 16, 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.

20.  The method of claim 16, wherein forming each single crystalline vertical transistor
includes forming the single crystalline vertical transistor such that a horizontal junction
depth for the first and the second source/drain regions first conductivity type is much less
than a vertical length of the single crystalline vertically oriented material of the second

conductivity type.

21.  The method of claim 16, wherein forming each single crystalline vertical transistor
includes forming the single crystalline vertical transistor such that a surface space charge
region for the single crystalline vertical transistor scales down as other dimensions of the

transistor scale down.
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