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present invention relates generally to nenory devices and in particular the
present invention relates to NROM flash nenory devices with high storage
density. BACKGROUND OF THE | NVENTI ON 15 devices are typically
provided as internal, seni COHWE‘BI“STIAI:\EEBBIMM%D E¥ItEuits in conmputers or

ot her electronic devices. There are many different types of nenory
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access nmenory (DRAM, synchronous dynanm ¢ random access nenory (SDRAM, and
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BACKGROUND OF THE INVENTION

15 Memory devices are typically provided as intemal, semiconductor, integrated
circuits in computers or other electronic devices. There are many different types of memory
including random-access memory (RAM), read only memory (ROM), dynamic random
access memory (DRAM), synchronous dynamic random access memory (SDRAM), and flash
memory. One type of flash memory is a nitride read only memory (NROM). NROM has

( .20 some of the characteristics of flash memory but does not require the special fabrication
processes of flash memory. NROM integrated circuits can be implemented using a standard
CMOS process.

Flash memory devices have developed into a popular source of non-volatile
memory for a wide range of electronic applications. Flash memory devices typically use a
25  one-transistor memory cell that allows for high memory densities, high reliability, and low
power consumption. Common uses for flash memory include personal computers, personal
digital assistants (PDAs), digital cameras, and cellular telephones. Program code and system
data such as a basic input/output system (BIOS) are typically stored in flash memory devices

for use in personal computer systems.

30 As computers and software become more complex, greater amounts of memory

are required to store data. Memory capacity can be increased by reducing transistor size (e.g.,
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probl em with decreased NROM flash nmenory size is that NROM f | ash mam)ry _
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invention 25 and referenced drawi ngs or by practice of the invention. The
aspects, advantages, and features of the invention are realized and
attained by neans of the instrunmentalitie procedures, and conbi nati ons
particularly pointed out in the app %R ims. WD 2005/112119

PCT/ US2005/ 015624 3 BRI EF DESCRI PTION OF THE DRAWNGS Figure 1 is a
cross-sectional Vhesmbidizmests of &@rm@s@nbmvwmmnamp@ﬂ@ratmmdea@admw memage in
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15  doped region. A gate insulator layer is formed along facing 51des of a first pillar and a second
pillar of the plurality of vertical pillars. A control gate is formed overlying the gate insulator
layers and the pillars. A lower doped region is formed under a trench located between the
first and second pillars. During operation of the transistor, the lower doped region couples a
first channel that forms along the facing side of the first pillar and a second channel that
20  forms along the facing side of the second pillar. In one embodiment, the lower doped region i-

is not connected to an electrical contact.

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 description of the invention

25  and referenced drawings or by practice of the invention. The aspects, advantages, and
features of the invention are realized and attained by means of the instrumentalities,

procedures, and combinations particularly pointed out in the appended claims.



5 Figure 1 at a later stage in processing. Figure 3 is a cross-sectional
vi ew of one enbodi nent of the substrate portion of Figure 2 at a |later

'stage in preeeseiNgio. C Figure 4 is a sinplified plan vi - frate
portion show ng a/'pz)rti on of a nmenory cell array, in accg}rt‘va@%%@ﬁm%% an

enbodi ment of the present invention. 10 Figure Sis a cross-sectional view
illustrating a relationship between the structures of Figures 1-3 and the
plan view of Figure 4, in accordance witB an enbodi nent of the present
invention. Figure 6 is a sinplified plan view of a nenory cell array

Figure 4. in accordance MRrAesGRIBRRIE 8 PRRWIRGEL % nvent | on.
Figure 7 is a cross-sectional view, taker} al onc%&aecti on lines 7-7 of Figure

6, illustrating PHPES bi® &HOSHEEIUBhHEE A GricB Cadefettbsirse ReriopdhAte with
an enbodi ngpat ;0 roti:gk@i Ig%§§&?t§83dc€\ﬁﬁﬁ;dgﬁggnbg!ahg%ﬁ ?f ﬁqe'sg?eﬁnﬂngérﬁioie(:t i onal view,

t aken al ong~secti on nes 8-8 o ustrating part of an

i nt erconnection arrangenment in accordance with.an enbogdiment of the esent
vent on. Fi gur cFBARERE s AR, RIS otk P BB P b Blssaten ¥ el o
effects t g?fta@ﬁla(té\l%'@g'mpjdae@m%ﬁbstrate according to the teachings of the
prior art. Figure 9B illustrates the MOSFET of Figure 9A operated in the

forvard dir oot oneigg3 SRR SO fE0RGE ol BN RRAIEBAMLMAN Sicort &

el ectrons being trapped in e gate oxi aln regior over
gradual u$egurER @tis tat&@Gtdge imp@eeapimgshowi ng t he square root of the current
signal (lds) taken at the drain region of the conventional MOSFET versus

thgvol tage potenpii%aﬁeii\s(%)m st @M kS DRG ofhehiBRLile f)&@ioﬁ%&nﬁ@qyoﬁ%zﬁ&%rce
region. WO 2005/112119 PCT/US2005/ 015624 4 Figure 10 Ais a diagramof a

pr ogr amre cndvRBFETL whiay; in ecoordsecuwel ansmodimdnt pf Begpresegienientionaccor dance
with an enbodi ment of the present invention. Figure 10 Bis a_diagram
sui tall e for expl RigieriistahgossBtitathabyiewhiiladtratihg a réfisbrishipofetdbem theiktiuchatat e
cell of the present invention can_be pragr angd to .achi eve fhe

of Figures 1-3 and the plan view of Figure 4, in accordance with an embodiment of the

present invention.

Figure 6 is a simplified plan view of a memory cell array illustrating an
interconnection arrangement for the memory cell array of Figure 4, in accordance with an

15  embodiment of the present invention.

Figure 7 is a cross-sectional view, taken along section lines 7-7 of Figure 6,
illustrating part of an interconnection arrangement in accordance with an embodiment of the

(‘ present invention.

Figure 8 is a cross-sectional view, taken along section lines 8-8 of Figure 6,
20  illustrating part of an interconnection arrangement in accordance with an embodiment of the

present invention.

Figure 9A is a block diagram of a metal oxide semiconductor field effect

transistor (MOSFET) in a substrate according to the teachings of the prior art.

Figure 9B illustrates the MOSFET of Figure 9A operated in the forward direction
25 showiﬂg some degree of device degradation due to electrons being trapped in the gate oxide

near the drain region over gradual use.

Figure 9C is a graph showing the square root of the current signal (Ids) taken at
the drain region of the conventional MOSFET versus the voltage potential (VGS) established

between the gate and the source region.



5 enbodi nents of the present invention. Figure | OCis a graph plotting the
current si gnakoosiiga)y detected at the drain region versusp@ru@hha®Qs4 )
potential, or drain voltage, (VDS) set up between the drain region and the
source region (lds vs. VDS) in accordance with an enbodi nent of the present -
invention. Figure I | illustrates a vertical nitride read only nenory cell
that is part of a 10 nenory array of t hd present invention. Figure 12
illustrates an electrical equivalent circuit for the portion of the nmenory
array shown in_ Fipghiné 164 is Kt 4Pa bogAahBEMGLRET Ldl cafBhuval &Y i rouit
useful in illustrating a read” operati on on the novel nulti-state cell in
accor danceulti-ithte aall endrsdidaect wih at embpdiasanof thepresenantémion. Fi gure 14
illustrates a portion of a nenory array in accordance with an enbodi nent of
the present invemiduedioRigidiagkdfsilabléshs alptsnippehemeaddmonihie thehe gate
insul ator for the enbodinents_ of the present invention having a nunber of
| ayers. 2AOSEEIrof themuiti-statetach 0é dhertresepbimyertidrosanthstiaogremmsid to hehiend the - st at e
cel | é)f theb ,ﬁlenbﬂfgdi nts oft the present invention. Figure 16A illustrates
the oper &tT WS HRY Bt B§PLRHHGVEYOPhe nulti-state cell in the reverse
direction. Figure 16B illustrates the now programed nulti-state cell's
operation in theFEng HGaraeaph slottingthe surrent sizmabdds) detected @t Sedupipiregion n
this diff i i g i S, b D . .. Figure
17 11 usrrirae Rl B R o el ook LABSRRANR it RN b
channel fsbask regom(lds ¢€ MDY intabeoréarivedvitteat eniddditnegt ¢irtRs prebert iventiblon. WO
2005/ 112119 PCT/ US200S/ 015624 5 Figure 18 illustrates a cross-sectional
vi ew of another F{Eﬂ%jl_ MBRstrAks APeiBMicfdeash dﬁﬁﬁfe&o@fk&ﬂ it fshart@hodi nent s
of the present invention. Figure 19 illustrates an electrical schematic
equi Mal ememdrytamayefthedirasent mvedtionki gures 17 and 18. 5 Figure 20 illustrates
one enbodi nent for a nenory device in accordance with an .

Figure 12 illustrates an electrical equivalent circuit for the portion of the memory

array shown in Figure 11.

Figure 13 is another electrical equivalent circuit useful in illustrating a read
operation on the novel multi-state cell in accordance with an embodiment of the present

15 invention.

Figure 14 illustrates a portion of a memory array in accordance with an

embodiment of the present invention.

Figure 15A illustrates one embodiment of the gate insulator for the embodiments

of the present invention having a number of layers.

20 Figure 15B illustrates the conduction behavior of the multi-state cell of the

embodiments of the present invention.

Figure 16A illustrates the operation and programming of the multi-state cell in the

reverse direction.

Figure 16B illustrates the now programmed multi-state cell’s operation in the
25  forward direction and differential read occurring in this differential cell embodiment, e.g., 2

transistors in each cell.

Figure 17 illustrates a cross-sectional view of one embodiment of an NROM split

channel flash memory cell of the embodiments of the present invention.



enbodi nent of the present invention. Figure 21 is a block diagram of one
enbodi nent of an electronic system or processor-based system utilizing a

mul ti-stat exgphhs/g@pet ructed in accordance with the enbo e
present inventi 0?1. 10 DETAI LED DESCRIPTION In the fol |l ow %Sﬁﬁ%ﬁh@ "3“1

description of the invention, reference is made to the acconpanying

drawi ngs that forma part hereof and in which is shown, by way of
illustration, specific enbodi ments in whiTh the invention maybe practiced.
In the drawi ngs, 15 like nunerals describe substantially siml|ar conponents

Lhroughout the Seyeral | ¢lifateRERS: s REBOANVIRAL Safblifes ARBEENRAAH M QRO CI ent

detail to enable t e art to prac I'nven

enbodi nentfkshmentey oéll bf the dmbodinsdntLicfithé plesert @giegifibn. and el ectrical changes
may be made wi thout departing fromthe scope of the present invention. The

terms wafer and sphstd B giudsae arnemaﬁcpflgah&mtaag:qaﬁa&m cpfttheanb&ﬁhﬂﬂﬁ o Ny 20

structure having an exposed surface w th which formthe integrated
circuit (IRijurettlUatdit® of the invention. The term substrate is understood
to include sem conductor wafers. The term substrate is also used to refer

to semi conduct or Eigﬁtmwﬂl‘ﬁ&rdiwm‘bgenﬂfdﬂﬁﬁaﬁlfﬂlgam@ﬂx@ ider1ilabélRdanet Reth dnayer s
t hat have been fabricated thereupon. Both wafer substrate include doped

and undog&tbogimint ohthgaresest ingpntioaxi al - sem conductor | ayers supported by a
base sem conductor 25 or insulator, as well as other sem conductor
structures well kﬁigmre Zloismﬁaéocéd«iihgremdfrmnelambadimentdifmletleatmn’nmydumm or is
understood toin %e sen cqn ductorﬁ and the termjnsul a defined to

f ude aRyPSEEICEPRIAd SYRIgH, paliyiag & ittty qopSERsHhiaEPoRE a%fh‘f&h‘“EhH €material s
re erred L oasnd %%ﬁégfe'éent-mfenfli?ﬁ' ow ng detail ed description is,

therefore, not to be taken in alimting sense, and the scope of the
present invention is defined only by the appended clains, along 30 with the
full Scope of equivalents to which such clainms are entitled. WD 2005/112119
PCT/ US2005/ 015624 6 Fi gure 1 |s a ross nal. _view of a sem conduct or
substrate portion 20 at one hEBr@%g%iﬁlﬁEIONn accordance wth an

enbodi nent of the present |nvent| on The portion 20 includes etched or
i nci sed recesses he djswdng defpibersdezariptinn fghaingertigns referencrris made kethe

recesses b Sallhie RENSEs st R ke 205, A Blich ' RoRiPhy 6F e page
illustration, specific embodiments in which the invention may be practiced. In the drawings,
15 like numerals describe substantially similar components throughout the several views. These
embodiments are described in sufficient detail to enable those skilled in the art to practice the
invention. Other embodiments may be utilized and structural, logical, and electrical changes

may be made without departing from the scope of the present invention.

The terms wafer and substrate used in the following description include any

20  structure having an exposed surface with which to form the integrated circuit (IC) structure of
the invention. The term substrate is understood to include semiconductor wafers. The term
substrate is also used to refer to semiconductor structures during processing, and may include
other layers that have been fabricated thereupon. Both wafer and substrate include doped and
undoped semiconductors, epitaxial semiconductor layers supported by a base semiconductor

25 or insulator, as well as other semiconductor structures well known to one skilled in the art.
The term conductor is understood to include semiconductors, and the term insulator is
defined to include any material that is less electrically conductive than the materials referred
to as conductors. The following detailed description is, therefore, not to be taken in a limiting
sense, and the scope of the present invention is defined only by the appended claims, along

30  with the full scope of equivalents to which such claims are entitled.
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5 I n one enbodi nent, the doped regions 24 are inplanted n+ regions. In one
enbodinent“miﬂﬁvﬂgP d regions 24 are forned by a bl anket inIanL. In one
enbodi nent ' the ¢aps 28 are dielectric caps and may be F&THREGOIHg
conventional silicon nitride and conventional patterning techniques. In one
enbodi nent, the etched recesses 22 are then etched using conventi onal
pl asma etching tecl m ques. In one enbodigrent, the doped regions 10 26 are
t hen doped by inplantation to formn+ regions. The etched or incised

recesses 22 may _be formed by plasma etching, |aser-assisted techniques or
any ot her met hodFigPEskHa srosentsaionad vievheda seEYerndyeippsubstsate ppRiaR at one

enbodi ne - r Ses . tiall rtica
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surface, plus or mnus 15 ten degrees. Figure 2 provides a cross-sectional
vi ew of teressegBstern tennbes pxiandiog alongiagakis into gnd out ¢fdbepagerefdigure 1.
processing, in accordance with an enbodi nent of the present invention. The
portison 20 of Fi huwne ehbiodivherdethe Hbpakregionsl24 aeginpleiti-+ Eiyions elgiones 34
formed on sidewalls 36 of the recesses 22, gate material 38 and a

conduct i $@bpdipasnt.be depedgpgonsdtaretemmed Weblzgkf‘é&p@aﬁhﬂ%w%?mh@l@@mpmeses
conduct i ’ ' L1 COF | nventi onal
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pr ef er entomtenyiond] phtteraigaedhniques.i Id @na klbodimentfish@ettiasiretessdsii? drbthek oxi de
regions 32 are forned at the sane _tine as a thinner oxjide 42 on the .

si dewal | 8tcBed ugpgseanveptiongd plagmg gteking techngnyes Jn gne empadigspbdhe dejediegions and
26 f.rom ] b i e | t. ' I
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enmbodi NeB¢ forficdbydRaaia stclith@ IngRr-g5saed R¥lut@sesBR Yn P etheriple e Ghreskmt Pl wn
enbodi nent, spacers may be enployed. In one enbodi nent, conventi onal

t echni questhat may he deegipnedy broneenphadiment, e refiesse 4@ arafpaneditp kave an oxi de

| ayer 46 I.Sy;descr | r I LN N . I.zed
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El ect r one/By¥dig@ent, 8hbRdriiallyQbrticallmeR. at $0 degdrodsaolties subSPdte s@aceD@ids ddminus EEE
Cat al ogue No. 0741- 3106/00, or in "A True Single-Transistor

Oxi dé- Ni tenjdegreefi de EEPROM Devi ce" by T.Y. WD 20051112119 PCT/ US2005/ 015624
7 Chan et at., |EEE Electron Device Letters, Vol. EDL-8, No. 3, March, 1987,
pp. 93-95, | EEE Figure 2 provides a cross-sectional view of the substrate portion 20 of Figure 1 at

a later stage in processing, in accordance with an embodiment of the present invention. The
portion 20 of Figure 2 includes thick oxide regions 32, ONO regions 34 formed on sidewalls
36 of the recesses 22, gate material 38 and a conductive layer 40. In one embodiment, the

20  gate material 38 comprises conductively-doped polycrystalline silicon.

In one embodiment, conventional techniques are employed to oxidize the doped
regions 24 and 26 preferentially with respect to sidewalls 36. As a result, the thick oxide
regions 32 are formed at the same time as a thinner oxide 42 on the sidewalls 36. These
oxides also serve to isolate the doped regions 24 and 26 from what will become transistor

25  channels along the sidewalls 36. Other techniques for isolation may be employed. For
example, in one embodiment, high density plasma grown oxides may be employed. In one

embodiment, spacers may be employed.

In one embodiment, conventional techniques are then employed to provide a
nitride layer 44 and an oxide layer 46, as is described, for example, in “NROM: A Novel
30  Localized Trapping, 2-Bit Nonvolatile Memory Cell”, by Boaz Eitan et al., IEEE Electron
Device Letters, Vol. 21, No. 11, November 2000, pp. 543-545, IEEE Catalogue No. 0741-
3106/00, or in “A True Single-Transistor Oxide-Nitride-Oxide EEPROM Device” by T.Y.



Cat al ogue No. 0741-3106/87/0300-0093. In one enbodi nent, the thin oxide 42,
nitride |ayer 44 and oxide |ayer 46 conbine to formthe ONO | ayer 34, such

-as is enpl qu?dsﬂlﬁg\l% devi ces, while the polysilicon 38 &/fi@h§8n 820Nt rol

gate. In operation, application of suitable electrical biases to the doped
regions-24, 26 and the control gate 38 cause hot mpjority charge carriers to
‘be injected into the nitride |ayer 44 and becone trapped, providing a

t hreshol d vol tage shift and thus providi’ng multiple, alternative,
measurabl e el ectrical states representing stored data. "Hot" C charge
carriers i i i u i hel.r j Ofyx® 0

wor ds, ho?ﬁ§8%gﬁaﬁgééE%#?@%F%gﬁgékgégh?%gﬁgﬁf3&@?6%%§%%§b a g%%gngigﬁg%f

hi gh ki neGatal&nemndy, 00haBges/8a080®0893.exi st. Hot charge carriers may be

el ectrons or holes. SONCS devices are capable of storing nore than one bit

per gate 38. TypiHl%nlelémboﬁﬁﬁ‘eﬂﬂ,QEeﬂﬁﬁBkﬁEQZ%iﬁi&erlh)ﬁﬁ?tﬂlQQnH Bkl 93 Rr 3k demtlifieOr
47" of the ONO | ayer 34, adjacent a contact, such as the regi'on 24 or the

regi on 26 to fdrat thpONO thysr 34, ighasak enpldyedin SOBOE deviceBywhida/the pblygilicte 38
polarity of the potentials applied to the_regions 24 and 26, charg may be
i nj ected FOHW ac‘FPé‘tFBfl %?é?-all% iOH@%H ’aBP‘t‘%’?‘OBPfF‘Hg'*Ib?S\%‘F%?PZ?’%ﬁ? mf%g‘fpegour
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capabl e othestitriderigyeati4 hadbtcohoutrappied proadingat thre3Bold Foliageesh®t isd thus

cross-sectional view of the substrate portion 20 of Figuyre 1 at an_ 2(
al t er nat i VEOVa1ag émiltfplﬁ@He'é’sﬂgmg{waﬁwa@@é&cmgétaw fwr%ﬁﬁn@a%aneaém& oﬁiot? he
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regi o 42 ch#égeomvientremnsnt @ xitaldionrwherd 4 pejeilativewd fad gir kidetid enerdyoshar cammidrhe
floating gate _48, followed by deqosi tion of gate material 38. Floating gate
devi ces af&SkihshHACBHSE DY WFIed088 of Ijehot charge carriers, which may
conprise 25 electrons or holes, into the floating gate 48. Floating gate
devi ces can be prY¥gNeSmsdicesagichpahlent stetieg geord tbor pse bihaer gasm3 hd ypically,

el ectrical,l i stinct and,djstinguishabl e, , a lt, Lt iS possible to
pr ogram ng}%‘ogﬁf‘%’efsﬁéﬁlm%cﬁ%d h Or%nst“ie a%rh47f 6@%%“?@63%%% 36@@%&& A (’i‘?a@gch
ext er nal | yu@ddres fain©403ttRe ABidnies that BfovaRR aMilsh dlectiB4lfieldan one stored
bit. Typically, charge levels of 0, Q 2Q and 3Q m ght 30 be enployed, where

Q repiesent s sonegAmRUALL Othe ORFEEGRE pSERPISbiliel % ther84ibALI Y and 26, ch

di stingui shabl e out put s‘}%nsﬁ B oGRE PESRIE elfich Bo B eibdid and 26, chacge
may be injected into the other side 47 or 47 of the ONO layer 34. Thus, four electronically-
discriminable and distinct states can be easily provided with a single gate 38. As a result, the

structure shown in Figure 2 is capable of storing at least four bits per gate 38.

( Figure 3 is a cross-sectional view of the substrate portion 20 of Figure 1 at an
20  alternative stage in processing, in accordance with an embodiment of the present invention.
The embodiment shown in Figure 3 includes the oxide regions 32 and 42, but a floating gate
48 is formed on the thin oxide region 42. A conventional oxide or nitride insulator 49 is
formed on the floating gate 48, followed by deposition of gate material 38. Floating gate
devices are known and operate by injecting hot charge carriers, which may comprise

25  electrons or holes, into the floating gate 48.

Floating gate devices can be programmed to different charge levels that can be
electrically distinct and distinguishable. As a result, it is possibie to program more data than
one bit into each floating gate device, and each externally addressable gate 38 thus
corresponds to more than one stored bit. Typically, charge levels of 0, Q, 2Q and 3Q might

30  be employed, where Q represents some amount of charge corresponding to a reliably

distinguishable output signal.



8 Figure 4 is a sinplified plan view of a substrate portion show ng a )
portion of wo:wEmeIy9cell array 50, in accordance w th anpeifbg@b®t40f the
present invention. Figure 4 also provides exanples of pitch P, width W
space S and mininmum feature' size F, as described in the Background. An
exenplary nmenory cell area 52, the physigal area of a 5 single transistor,
can be seen to be about one F?. Wrdlines 54 are forned fromthe conductive
| ayer 40, and bitlines 56 and 58 are forned. Figure 5 is a sinplified side

view, in section,Fighle4sit bafmplificd fleh dlevaiTsubstRRé pereion sh\@inglalpeedot e of
Figures 1-3 and the plan view of Figure 4, in accordance with an _enbodi nent
of the prE¥Ewry pellamdy ¥hin auserdane withanzmbediment pbthe present inyémios. Bigurerdd 58,

Gons 1y oftheRiiS sPinplts bRlBLE RPN, atlb & ol BRERSR et 85 B qures
1-5 can AedHbéEinithé BhEQRAAH AANx8mpRIAYATIRINS célD@ba 92 fhephisiQMRLbes art

menory arrays. One enbodi ment of a new type of interconhection arrangenent
usef ub w singlsdnsistlonway be yeendnbe abgutdms ¢ | Weddlinek 6dvaw fotmedfremghee t o

Figures 6-8.. 15 Figure 6 js .a singplified plan,viewillustrating an
interconn%%%ﬁﬁ"%@%&ﬁ@e Ritlgss 5%]1(115{%@?6”@&3? cell array 50 of Figure 4, in
accordance w th an enbodi nent of the present invention. The interconnection
arrangenent 60 i diguieiéds aeimnlidied siiertiew riagedivadiiusirating asplationstap bettgers 4,

separ at ed nventional i vel diel ric,material 65 .(Figures 7 and
8). The @?é(‘ﬁg&?ﬁgﬁkgiﬁﬁeségtﬁﬁ%@% pg%%ﬁegioﬁ%ﬁwggdntagc%rﬁ% Cec‘%‘h pondence
Wi th the ghbafimEhiBitRSprasiht &b ehfiom IdicGred Bt GO fORE Y bitiiR| J6ad tsBERGH
i solation regions 67 isolate selected portions from one another. Figure 7

i s al@r osexpianed bhew ivinevg dataik withaelsrages tcFigores bides 7-7 of Figure 6,
illustrating part of an interconnection arrangenent in accordance with an
enbodi ment of th&hedessignif maneytamays sueh akitigi desciibed witheefesnics acFigareal-5vi ew,
taken al ong section lines, 8-8 of Fi i.llustrating part of an

i nt er connEBTPYRICARICHIFBFRHIN W?S@E@&géﬁ%&fﬁﬂ fRMPTIA AFIBFRERATHS (PR present
I nvent i o ”emﬁ/g%lﬂextﬁt‘%ffﬁrngﬂrct%%& ﬁg&%@%gt%miggﬁggﬁﬁfssﬁ%g %P%ﬂa%%fglbi’fsﬁ%r 62

ext ends upwar 0 nodes el ectric
comuni caikidestribed belew witereferonerctoiRigarbsag8rs 30 62 and sel ected portions of
t he doped region 24. The patterned conductive |ayer 62 stops at

15 Figure 6 is a simplified plan view illustrating an interconnection arrangement 60
for the memory cell array 50 of Figure 4, in accordance with an embodiment of the present
invention. The interconnection arrangement 60 includes multiple patterned conductive layers
62 and 64, separated by conventional interlevel dielectric material 65 (Figures 7 and 8). The
views in Figure 6-8 have been simplified to show correspondence with the other Figures and
20  to avoid undue complexity. Shallow trench isolation regions 67 isolate selected portions from |

one another.

Figure 7 is a cross-sectional view, taken along section lines 7-7 of Figure 6,
illustrating part of an interconnection arrangement in accordance with an embodiment of the

present invention.

25 Figure 8 is a cross-sectional view, taken along section lines 8-8 of Figure 6,
illustrating part of an interconnection arrangement in accordance with an embodiment of the

present invention.

With reference to Figures 6-8, the pattemned conductive layer 62 extends upward
to nodes 70, 70, 70" and establishes electrical communication between the conductive layers
30 62 and selected portions of the doped region 24. The patterned conductive layer 62 stops at
the line denoted 72, 72'.



the Iine denoted 72, 72'. WD 2005/112119 PCT/US2005/015624 9 Simlarly,
ot her portions of the patterned conductive |ayer 62 extend fromthe line

‘denot ed 74, withaod@ Xt end upward, providing electrical c lcation from
nodes 76, 76', 76" to other circuit elenments. The nodes g%%ﬂ%?b{%&

provi de contact to selected portions of the doped region 24. 5 In contrast,
patterned conductive |ayers 64 extend fromtop to bottomof Figure 6 and
el ectrically couple to nodes 78, 78" and® hus to doped region 26. Such is
but on exanple of a sinplified interconnection arrangenent suitable for use

with the menory dewiGes, i&erlFﬂo%'&ﬁ%f %ﬁespattg'r{éﬂrcoﬁ&lfcﬁogﬁ 165 ki ﬂ@ﬁgﬁ%&%q:l;r

Figure 9A is useful in'illustrating the conventiona peration o
such 10 aenateth7hé4lseicexitendapBiRAlVipasvidiyg elecgicalbcodfnuditatRinrfadre soddse’ sndé mal

hot electron injection and degradation of devices operated in the forward
directi on?gﬁ@ gt er&%ﬁ?’é?%@&’nﬁefgw,m%s ng7é?h7éq PEP\ACS FORCt i welqcteslapElionsedr ¢ he

drain the . effective in changing the device characteristics.

Fi gure QAﬁcgfoge(gF%é%e%?{agram of a netal oxide sem conductor field effect 15
transistor (MOSFET) 101 .in.a substrate 100. The FET 101.incl udes a source
regi oh 102, a dr Bicﬂnﬁr@éipélﬂe%‘ifo u&h&%ﬁ@@ﬁ%ﬁf‘@ﬂ 8 {oR ?h@tt%tﬁ’gF M %" 100
bet ween t il SlestkicAlly @AIbRNo hBdes )93 AR tﬂﬁ@iorﬁo?%téﬁibnlﬁb‘}- A gate 108 is
separated fromthe ‘channel region 108 by a gate oxide 110. A sourceline 112

I's coupled to thesdﬁ%ﬂlfsr&ﬁ f&eélgéﬁgle]&%'s&ﬁ?l?ﬁ%cﬁé@&fé}éécﬁ%g.a?r%gg%n?gltgﬁtatbtl] for Ar @i N

region 104. A wordline oupl e n -conventi onal

oper at i onuseawidli diemérgoralerizes viFibage 1150 Celdriagdangevisiis dré pastiblep bet ween t he
drain region 104 and the source region 102. A voltage potential is then

applied to the in%@re HA8;s VikuRiniRhMating thelBnvéMioRal dpRratigh 0?9 81O9F BT kLA
applied to the gate 108 surpasses the characteristic voltage threshold (W)

of the MIBHRER e whdimeDRAM afray.iigim Shdlustrdbet thanermal G0t dettwamanjechen airdai n
regi on 104 angd the _source region 102. Farpatjon ,of. the ch el 106 25
bermm 1 CORRIEHPB AT DE T et 8.4 oy i) Getioh A ethianebBrcw: fagi B 102,
and a Curél@&{'onssd'rtgﬁﬂ!\?eﬁ In@&)thfaﬁw%g%%{‘ﬁ%ee&ﬁ Qeralffeb e A RbAih S HeQevik@4. 1N

operation of the conventiona f Figuare 9A sone degree of device

degr adat i dnratdssstigs.adual | y occur for MOSFETs operated in the forward
di rection by
Figure 9A is a block diagram of a metal oxide semiconductor field effect

15 transistor (MOSFET) 101 in a substrate 100. The MOSFET 101 includes a source region 102,
a drain region 104, a channel region 106 in the substrate 100 between the source region 102
and the drain region 104. A gate 108 is separated from the channel region 108 by a gate oxide
110. A sourceline 112 is coupled to the source region 102. A bitline 114 is coupled to the
( drain region 104. A wordline 116 is coupled to the gate 108.

20 In conventional operation, a drain to source voltage potential (Vds) is set up
between the drain region 104 and the source region 102. A voltage potential is then applied to
the gate 108 via a wordline 116. Once the voltage potential applied to the gate 108 surpasses
the characteristic voltage threshold (Vt) of the MOSFET a channel 106 forms in the substrate
100 between the drain region 104 and the source region 102. Formation of the channel 106

25  permits conduction between the drain region 104 and the source region 102, and a current

signal (Ids) can be detected at the drain region 104.

In operation of the conventional MOSFET of Figure 9A, some degree of device
degradation does gradually occur for MOSFETS operated in the forward direction by
electrons 117 becoming trapped in the gate oxide 110 near the drain region 104. This effect is

30  illustrated in Figure 9B. However, since the electrons 117 are trapped near the drain region
104 they are not very effective in changing the MOSFET characteristics.



el ectrons 117 becom ng trapped in the gate oxide 110 near the drain region
104. Thi s wiorwey11261930 il lustrated in Figure 9B. However pcshiRefshig ’
el ectrons 117 are trapped near the drain region 104 they are not very
effective in changing the MOSFET characteristics. W 2005/112119 :
PCT/ US2005/ 015624 10 Figure 9C ill ustrlebt es this point. Figure 9Cis a graph
showi ng the square root of the current signal (lds) taken at the drain
region versus the voltage potential (VGS) established between the gate 108

and the source rRgire9Cl0dstraléahihngerigiretdteissl @ Bbwifethe Ri@ire ffot bes
versus VGS represents the change in the charge carrier nobility in the

channel ths cegent signal{Iguirtekenat the\draingpgies earsys thaeoligs prigntieh€¥g8) i n t he
MOSFET" s Le I vol t age .esul,t.ing from.el rons. gradual | y bei trapped
't he oRv i ERTHtysd e 398 108 3 e uicetfn 16 g thedlontete  on
due to devjc radatd,Qn.. _This,results in.a fixed tra .. char I n. the
gate OXi @8£ ‘ﬁf; ne&?rsl}sh\éag rrféﬁ’rﬁsef’&sgtﬁg fhapgg in %ﬁe&bafgf" CRIEiST g@@ﬂ% 1 ﬁ‘@%g?f’d’rebe
carrger fgy. nobility in the channel 106 for Figure 9A having no el ectrons
trapped in the gate oxide 110. Slope 2 represents the charge nobility in

t he channel 106 ] o ' ET FL gur Vi l,ect rons

117 trapped in thﬁ]g{%l%%]gc’otg?gggﬁﬁ%ﬁﬁle%%ﬁg a(ltlrglleﬁnﬁe }rg%!xleg\ﬁg%gﬁf S&El% S@ngn by a
conpar i s@tapé re%hmg flonBidctsdriNSadhiallp bEi:nglﬂfag%&Qn thé)at€ bRIEIENP0 Redrte HfagPpPed in
the gate oxide 110 near the drain re&é’on 4 of the conventional MOSFET do

not si griegiood @ ynden Borpiehaperatiore doh & drviceodeigradation. Thiswesisanndixed d@ppether e
are two conponents .to .th ffects,of stre d hot electron.injection. One
conponerftt? rg‘)?d}l glEFe%at%mflﬂ? _&(ﬁ{}?zﬁ %k‘/%ﬁi%&glgﬂ ﬁﬁ f“a%ﬁ%e fgep{ﬁsgmts ttgepﬂ'@ﬁée_e‘fa&?rr ons
andi@ sepeRfity BARPERRAREL 1|06qbypl@§rerm@hhﬁh%nale&bmtm@e Hﬁt#%%ai%%'i%é aal

scattering of carrier electrons caused by this trapped charge an
addi t i orfdbpsirdpacsents i dwrgasebilisy mdhe drannelnd}6 fMOBEETnZDitideg MOSEEToH i s

" st " tion.in.the f. direction, el ect dual |
got 1 it RE e 1 D penbed iR HeR e PRB 11 B o G SEba ne AR TRl o
porti on (Bhwhihg a GRIP4EEs @mépé\mfﬂoﬁe@fneﬁfg&m?dq Ttﬂéaélédfroﬂﬁ 1ehaapsld iHader neat h

the gate oxidé. Thus the trapped charge nbdulates the threshol'd voltage and
char ge rgabd ¢xide 1 bhigar Sie dyhinl rggiond p# ot tetcoheantiond WIGSEEY ddewt sighditantly

o Roarenmass e Shirkr PeR i e chetieD) Wecs and ¢ echnol ogy | order To form

g A & A xS fowo componants fo the o(feots of stress and hot eléction injection. One
component includes a threshold voltage shift due to the trapped electrons and a second
component includes mobility degradation due to additional scattering of carrier electrons
caused by this trapped charge and additional surface states. When a conventional MOSFET

20 degrades, or is “stressed,” over operation in the forward direction, electrons do gradually get (|

injected and become trapped in the gate oxide near the drain. In this portion of the
conventional MOSFET there is virtually no channel underneath the gate oxide. Thus the
trapped charge modulates the threshold voltage and charge mobility only slightly.

Applicant has previously described programmable memory devices and functions
25  based on the reverse stressing of MOSFET’s in a conventional CMOS process and
technology in order to form programmable address decode and correction. (See generally, L.
Forbes, W.P. Noble and E.H. Cloud, “MOSFET technology for programmable address
decode and correction,” United States Patent Application Serial Number 09/383,804). That
disclosure, however, did not describe multil—state memory cell solutions, but rather address

30 decode and correction issues.



Forbes, WP. Noble and E.H. C oud, "MOSFET technol ogy for progranmabl e
address decode and correction,” United States Patent Application Serial
‘Nunber 09/ 3@ #d41211bhat  di scl osure, however, did not de%%'i‘hﬁ?ﬂﬂ%i%t(h state
menory cell solutions, but rather address 30 decode and correction I ssues.
WD 2005/ 112119 PCT/ US200i / 011624 11 Accor di ng to the teachings of the
present invention, normal MOSFETs, including split-channel NROM devi ces,
can be programred by operation in the revérse direction and utilizing

aval anche hot electron injection to trap el ectrons in the gate oxide of the
MOSFET. \Wen the - qyﬁg war d
direction the 5 e gédt}glo S tra%@d%g g%ﬁg{g%gé%&ﬁhg%ﬁ#w %ﬂ%ﬁg&%ﬂg{%ause

t he channeplit-chahaslNROM deviders entbe ﬁr@greﬁqhiﬂdd)y\t@leia@gﬁ i §@irovesse diRetiBOMeE]
programed MOSFETs of the present invention conduct si gnlflcantl | ess

current t hEHZ@8RYEARTHSARE clreisrEmicctipniq irauelgetras an thegmtedpadaof the %%T
Th |
These oL SR EPRE IR, S0 o PLAE A FEBRBAE . 92

when posi fele¢@of trgped itk @xide ArOhéRYRSsoRF R AMBRhERAhe EHASEIE ha P twWaLdifferent
acconpl i shed la/ appl yi ng negative gate vol tiges and/or increasing the
t enper at uitlreskioldveltaga regrensg dhe npyed pragsarnined MOSERETsef thheretsmapmnem ectrons

to b to.th | FET

gener al | y corauch EplRty Rl M sEREGRER YORERTS Mol o e
re-em ssi QBIt@es er1egt ERBSords APResaintrappe® in thh%ﬁ% o'ﬁlid%ﬂﬁﬂess Ele%%/é%ﬂte%ﬁbg‘o@
vol. ED-26, no. 11, pp. 1816-1818 (Nov. 19 and 15

L. (For bes are apuhnélThﬁgal@;ttansmeli mﬂbeermngged)ﬁomrtbfngfae dxtdf: mmwpmhvc)f)r msatc raps
in

(Junerogxpiiizes ARpled Brim Rt e %%%wﬁﬁ%dﬁ?’mwmgaﬁlﬁﬁg by ndior”

limtati opgréidRpltRe t&aipemt@f@%gﬂm%gﬁp@ ) blas laElﬁE:dl thlcause Eh&@ApRA eldRbEAS bM 0.
Washi ngton D. C.,” De 1975 ures |OA-10C are useful in

i | lustrat rengntth?d h@plemtheasnimmqh@mql nf thmMﬁSHE'&u(@me generdly, & Gerbegadyn, i n

d h the d

i eoti ontaARSHBRLh A FoL bR T80T QLT By O aRRRY SO AEER SRSy var d
di recti ong|deh@H TRviee bl En@aihagnagpomﬁ mgqnavnmwwﬁo& Mt HEaRs, heg used
as a multi- state cell according fo the teachings of 'the present invention.

As shéwn LnFéibgs “&umrngrwd Thgtrnal-eptissien fretn|a digtibuinen efesp trapOSFHD..” FEEE

substrate_ 200 wh a fi rs our e/ dr 0 con
source/ dr ﬁﬁﬁmr%‘bhﬁ’ﬁtr%ﬁ)evﬁﬁ% val. g a‘?fh p PP- égpﬁd%aﬁé'e“gsgg%é §1Ahguﬁ)fi dd%l@d
Dockerty, “N-channel IGFET design limitations due to hot electron trapping,” IEEE Int.
* Electron Devices Mtg,, Washington D.C., Dec. 1975, pp. 35-38).

Figures 10A-10C are useful in illustrating the present invention in which a much
( 10 larger change in device characteristics is obtained by programming the device in the reverse

direction and subsequently reading the device by operating it in the forward direction.

Figure 10A is a diagram of a programmed MOSFET that can be used as a multi-
state cell according to the teachings of the present invention. As shown in Figure 10A the
multi-state cell 201 includes a MOSFET in a substrate 200 which has a first source/drain

25  region 202, a second source/drain region 204, and a channel region 206 between the first and
second source/drain regions, 202 and 204. In one embodiment, the first source/drain region
202 includes a source region 202 for the MOSFET and the second source/drain region 204
includes a drain region 204 for the MOSFET. Figure 10A further illustrates a gate 208
separated from the channel region 206 by a gate oxide 210. A first transmission line 212 is

30  coupled to the first source/drain region 202 and a second transmission line 214 is coupled to
the second source/drain region 204. In one embodiment, the first transmission line includes a

sourceline 212 and the second transmission line includes a bit line 214,



second source/drain regions, 202 and 204. In one enbodinent, the first )
sour ce/ dr awp e@gitemi19 202 i ncl udes a source region 202 forpdhgsbFfikhiand the
second source/drain region 204 includes a drain region 204 for the MOSFET.
Figure OA further illustrates a gate 208 separated fromthe channel region
206 by a gate oxide 210. A first transm’e)ision line 212 is 30 coupled to the
first source/drain region 202 and a secofid transm ssion |ine 214 is coupl ed
to the second source/drain region 204. In one enbodiment, the first
transm ssion IInﬁsbﬂafddtu&sse,anmﬁ%%@@éum@é@mgﬂ@bdtm 8 dd'ADRFESS| ONn
line includes a bit line 214. WO 2005/112119 PCT/US2005/015624 12 As stated
above, milhis programmesiVIOSHET hias achareei?d 8 drappedainghogate onidd 2V08HETent tathies ‘
progra MOSEET hasacg&r e 217 tr ed int ate.oxi de 210 adjacent to
Phe " T St SEtteeri deibt A5 Sieh Serh e CRRas om0 it et iredthae
first volré%&? 15 880kbond ¢8It tﬁr\ég}l&ld?é%?o VESFANe ¥pdh@GR)el ol d region
(Vt2) in the Qrbla?mel 208?l I'n fgér%e 5 enbo |rrt€§1t;eft heec argle Zig{ﬁfegpped in the
gat e 5o0xi embadinent]jtheerargd Dl % thappled irsthe pateraxddedt 1d adjacerigivdine BR2souncd/didims a

trapped el ectron charge 217. Accordjng to the teachings of the_ present

| nvent i ofeeeni2Yingider  baepeisiPR clriga ] 7 4IcoTding MRtechings of e SEREtcan be
prograrn : i ) ' gate
sl at o e ibEand R GilRah e PUEHEL Bl HRAAR AALEUT ol BB

channel he@ e cTQGuniblel ohehaegelelréls stipped|ih dgepatdringslator ddikbent @giberdir§tVt | ) and a
second volta‘%e threshold region (Vt2) and such that the programed

rrH ti - st sQusce/dran wavnA02such thabthe channgt rgiondoreid] haye pdisst vo awhéesht/ﬂ?
egiiBn’ St RN 4 foebbPy SRR OR OB AR sl ol e o BllERE " "

sour ce/ dfmalti-sfa@Otelibpéfdes at AlOEdldrat dolrdet@nt/achi ngs of the present
i nvention, Vt2 has a higher voltage threshold than 15 Vtl due to the charge

217 trapped in tmgu@%ﬂgﬁwﬁeﬂz \@f’irﬂ'g@ Bharngl mﬁsfahfa\%ﬁt%1%@1%@@@/&&1{ €gi on

202. Multiple bits can be stor on t nulti-state ce lgure |l OBis
a di agr aragiu 202dnd thatrtheXpl @i the nlgpninble? Ofas hdydcdny thehsecdnd sverceMpBR Edgiod 20he

multi-state gell 201 of .the present |nventi an pe. progra d.to achi eve
the emboAFFRIANE tefhettﬁ%dwé&éﬁhe PRSFShITEROnAY 2 ﬁmﬂghgrﬁf tageresoatre hod
i nclyudes ) ' ; | | : i ng the
IVDSI'}ET i thtz Pl M@%ﬁt}i‘%ﬂ@&: ﬁ% (ﬁaﬁé dogiétfeg).p’)]@r acehf BGhd ARt s&rQIEAHRT NY

e reverse Ire plyfng a first voltage potenti al
VI to a rhgin202eylultipl2Bits odn bdrgtotddBRETe multihsteteecB@Oddi ment, applying a first
voltage potential V1 to the drain region 204 of the

Figure 10B is a diagram suitable for explaining the method by which the

MOSFET of the multi-state cell 201 of the present invention can be programmed to achieve
the embodiments of the present invention. As shown in Figure 10B the method includes
.20 programming the MOSFET in a reverse direction.. Programming the MOSFET in the reverse |

direction includes applying a first voltage potential V1 to a drain region 204 of the MOSFET. |
In one embodiment, applying a first voltage potential V1 to the drain region 204 of the
MOSFET includes grounding the drain region 204 of the MOSFET as shown in Figure 10B.
A second voltage potential V2 is applied to a source region 202 of the MOSFET. In one

25  embodiment, applying a second voltage potential V2 to the source region 202 includes
applying a high positive voltage potential (VDD) to the source region 202 of the MOSFET,
as shown in Figure 10B. A gate potential VGS is applied to a gate 208 of the MOSFET. In
one embodiment, the gate potential VGS includes a voltage potential which is less than the
second voltage potential V2, but which is sufficient to establish conduction in the channel

30 206 of the MOSFET between the drain region 204 and the source region 202, As shown in
Figure 10B, applying the first, second and gate potentials (V1, V2, and VGS respectively) to
the MOSFET creates a hot electron injection into a gate oxide 210 of the MOSFET adjacent



MOSFET i ncl udes grounding the drain region 204 of the MOSFET as shown in
Figure 10B. A second voltage potential V2 is applied to a source region 202
of the MOSF 25 enbodi nent, applying a second vol tage potential V2
to the sour S“eT’Orzgg’(‘ggﬁ%oz i ncl udes appl ying a high positiVe '6521%%5(5‘53624
potential (VDD) to the source region 202 of the MOSFET, as shown in Figure
| OB. A gate potential VGSis applied to a gate 208 of the MOSFET. In one
enbodi nent, the gate potential VGS includés a voltage potential which is

| ess than the second voltage potential V2, but which is sufficient to

establish Lon i e _channel .3 &) he MOSEET .bet ween .t rain
Fagi on 2045 NaSEES B 202 iR s Aol i, g ISt e
first, secoptndiGeadspedVeBNbidfidesedbughVeherddng WEhat &5R8SrE et YlectBns, t he
MOSFET creates a hot electron injection into a gate oxide 210 of the MOSFET

adj acent \WBiEHOBKNgRd agorait dspoebliFitbaancelBe chargheargens mrengae tliccou02. | n
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el ect rons,souRRirBgiof Q08 Y& theadbhR Tatrites g&&@&@?}agggﬁ that, once the charge
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ited i ' 0 | . ' 202.
Per e the char ge o Prera R B r B BB e oo d B Bl BT, Coemt

i nvent i on,subbeuerihestritigCROMOBRET Bythe Sarvaandiedtiby irnkep@dbiangneédaaddefibyd i n
the forward direction in its programed state during a read operation.

Accor di nglafead pperpien Asgendingl v tha i¢ed opaatioly wowdeheyrounding Sigrseurcesegion2@h 2

P s e e e R S A S L TR
Wil fie def@dmheeshpid thifiee 2it€IRACe nduadhsg el wefdetmiid byhp pRsdeebhe gate

insulator. That is, a gate potential can be applied to the gate 203 by a
wor dl i ne Zbeeros o stogdds dhergetin thegats inselateadet na grapatentiplcande appling tother ce

and the drai | ONS,.as ne wt.h, addressin nd read conyent i onal , DRAM
ool s roviabLibd £2h RBRu R 218 NEa Ltk APORE A RHARE AR PRERMRILI 5 of
the 15 MOSEEHraM tdgidha ¥e dénd with hddtedsiipomdtrbidesh el ilefitesiaPDR(AWI Ick112d] acent to
the drain region 204 and a second voltage threshold region (Vt2) adjacent

to the source ¥ eOiflctizngdt B Boiditledfighe, &t@%ﬁﬁt.ﬂ?ﬁgg el %ddpc?f'ggee "

connection with Figure f Acc ng to the teac
i nvents on MOSFEM RilHave a fystoattege thodshaldaegibn 66t1phdjatdnato thhdraih Fegiere2G4antine

hot electron ipjectign 217 into ate oxide 210 of the FET adj acept to
t he sourcé s,eggﬁcg%tfﬁ@ggaxres%mid region (%’tz% adfacent to ‘fahe source region 202, as explal%Je an

described in detail in connection with Figure 10A. According to the teachings of the present

invention, the Vi2 has a greater voltage threshold than the Vt1 due to the hot electron
injection 217 into a gate oxide 210 of the MOSFET adjacent to the source region 202.

20 Figure 10C is a graph plotting a current signal (Ids) detected at the second
source/drain region 204 versus a voltage potential, or drain voltage, (VDS) set up between the
second source/drain region 204 and the first source/drain region 202 (Ids vs. VDS). In one
embodiment, VDS represents the voltage potential set up between the drain region 204 and
the source region 202. In Figure 10C, the curve plotted as D1 represents the conduction

25  behavior of a conventional MOSFET which is not programmed according to the teachings of
the present invention. The curve D2 represents the conduction behavior of the programmed
MOSFET, described above in connection with Figure 10A, according to the teachings of the
present invention. As shown in Figure 10C, for a particular drain voltage, VDS, the current
signal (IDS2) detected at the second source/drain region 204 for the programmmed MOSFET

30  (curve D2) is significantly lower than the current signal (IDS1) detected at the second
source/drain region 204 for the conventional MOSFET which is not programmed accérding
to the teachings of the present invention, Again, this is attributed to the fact that the channel
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In contrast to the above work, the present invention discloses programming a
20  MOSFET in a reverse direction to trap one of a number of charge levels near the source
region and reading the device in a forward direction to form a multi-state memory cell based

on a modification of DRAM technology.

Prior art DRAM technology generally employs silicon oxide as the gate insulator.
Further the emphasis in conventional DRAM devices is placed on trying to minimize charge
25  trapping in the silicon oxide gate insulator. According to the teachings of the present
invention, a variety of insulators are used to trap electrons more efficiently than in stlicon
oxide. That is, in the present invention, the multi-state memory cell employs charge trapping
in gate insulators such as, wet silicon oxide, silicon nitride, silicon oxynitride SON, silicon
rich oxide SRO, aluminum oxide Al,O3, composite layers of these insulators such as oxide
30  and then silicon nitride, or oxide and then aluminum oxide, or muitiple layers as oxide-
nitride-oxide. While the charge trapping efficiency of silicon oxide may be low such is not

the case for silicon nitride or composite layers of silicon oxide and nitride.



trapping at isolated point defects in gate insulators (see generally, L.
Forbes and J. CGeusic, "Menory using insulator traps,” US Patent Nunber
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As shown in Figure 11, a gate 309 is separated from the channel region 305 by a
gate insulator 307 in the trenches 340 along rows of the vertical pillars, 301-1 and 301-2. In
one embodiment, according to the teachings of the present invention, the gate insulator 307
(, A0 includes a gate insulator 307 selected from the group of silicon dioxide (8i0;) formed by wet
oxidation, silicon oxynitride (SON), silicon rich oxide (SRO), and aluminum oxide {(Al,03).
In another embodiment, according to the teachings of the present invention, the gate insulator
307 includes a gate insulator 307 selected from the group of silicon rich aluminum oxide
insulators, silicon rich oxides with inclusions of nanoparticles of silicon, silicon oxide
25  insulators with inclusions of nanoparticleé of silicon carbide, and silicon oxycarbide
insulators. In another embodiment, according to the teachings of the present invention, the
gate insulator 307 includes a composite layer 307. In this embodiment, the composite layer
307 includes a composite layer 307 selected from the group of an oxide-aluminum oxide
(Al 03)-oxide composite layer, and oxide-silicon oxycarbide-oxide composite layer. In
30  another embodiment, the composite layer 307 includes a composite layer 307, or a non-
stoichiometric single layer, of two or more materials selected from the group of silicon (Si),

titanium (Ti1), and tantalum (Ta). In another embodiment, according to the teachings of the



froma doped region inplanted in the bottomof the trench. A second

sour ce/ dr ai WO¥B1/HA11915 306-1 and 306-2 respectively, is eoupSe@sHoeas
bitline (not shown). A channel region 305 is |ocated between the first and
t he second source/drain regions. As shown in Figure 11, a gate 309 is |
separated fromthe channel region 305 byj@a gate insulator 307 in the
trenches 340 along rows of the vertical pillars, 301-1 and 301-2. In one
enbodi ment, according to the teachings of the present invention, the gate
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multi-state cell. In one enbodi nent, as
transistors share the common sourceline 415.

In one embodiment, colummn adjacent pillars include a transistor which Opefates as

a vertical multi-state cell, e.g. 401-1, on one side of a shared trench, the shared trench

20  separating rows of the pillars as described in connection with Figure 11, and a transistor |
which operates as a reference cell, e.g. 401-2, having a programmed conductivity state on the
opposite side of the shared trench. In this manner, according to the teachings of the present
invention and as described in more detail below, at least one of muliti-state cells can be
programmed to have one of a number of charge levels trapped in the gate insulator, shown

25  generally as 417, adjacent to the first source/drain region, e.g. 402-1, such that the channel
region 405 will have a first voltage threshold region (Vt1) and a second voltage threshold
region (Vi2) and such that the programmed multi-state cell operates at reduced drain source

current.

Figure 13 is another electrical equivalent circuit useful in illustrating a read
30  operation on the novel multi-state cell 500 according to the teachings of the present
invention. The electrical equivalent circuit in Figure 13 represents a programmed vertical

multi-state cell. As explained in detail in connection with Figure 11, the programmed vertical



shown in Figure 12, the nunber of bit lines, 411-1 and 411-2, are coupled to
the second source/drain region 406-1 and 406-2 al ong rows of the nenory

array. A nusaesoosfiimrd |ines, such as wordline 413 in FipgyhRd201RbE
coupled to the gate 409 of each nulti-state cell along colums of the

menory array. A nunber of sourcelines, such as common sourceline 15 415, are
coupled to the first sourceldrain regionf e.g. 402-1 and 402-2, al ong
colums of the wvertical nulti-state cel %, 401-1 and 401-2, such that

adj acent pillars containing these transistors share the comobn sourceline
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MOSFET as described in connection with
voltage threshold region (Vt1).

Figure 14 illustrates a portion of a memory array 600 according to the teachings of
the present invention. The memory in Figure 14 is shown illustrating a pair of multi-state
cells 601-1 and 601-2 formed according to the teachings of the present invention. As one of

( 20 ordinary skill in the art will understand upon reading this disclosure, any number of multi-
state cells can be organized in an array, but for ease of illustration only two are displayed in

Figure 14.

As shown in Figure 14, a first source/drain region, 602-1 and 602-2 respectively,
is coupled to a sourceline 604. A second source/drain region, 606-1 and 606-2 respectively, is
25 coupled to a bitline, 608-1 and 608-2 respectively. Each of the bitlines, 608-1 and 608-2,
couple to a sense amplifier, shown generally at 610. A wordline, 612-1 and 612-2
respectively, is couple to a gate, 614-1 and 614-2 respectively, for each of the multi-state
cells, 601-1 and 601-2. According to the teachings of the present invention, the wordlines,

612-1 and 612-2, run across or are perpendicular to the rows of the memory array 600.

30 Finally, a write data/precharge circuit is shown at 624 for coupling a first or 2
second potential to bitline 608-1. As one of ordinary skill in the art will understand upon

reading this disclosure, the write data/precharge circuit 624 is adapted to couple either a



Figure 11, is coupled to the source region 502. A bit line, or data |line 511
i s coupl edvoogsheztigdrai n regi on 506. The nulti-state celﬁrﬁggw_ g, in
Figure 13 is an exanple of a progranmed 10 multi-state céf 00 havi ng one
of a nunmber of charge levels trapped in the gate insulator, shown generally
as 517, adjacent to the first source/drgin regi on, 502, such that the
channel region 505 will have a first v | tage threshold region (Vtl) and a
second voltage threshold region (Vt2) and such that the programred
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hi gher tsgtﬁ'lnthgt[)tge géﬁsl i Ased as'a (}iﬁ'erential cell and/or the cell is compared to a reference or

dummy cell, as shown in Figure 14, and multiple bits can be stored on the multi-state cell.

During read the multi-state cell, 601-1 or 601-2, is operated in the forward

20 direction with the sourceline 604 grounded and the bit line, 608-1 or 608-2, and respective
second source/drain region or drain region, 606-1 and 606-2, of the cells precharged to some
fractional voltage of VDD. If the device is addressed by the word line, 612-1 or 612-2, then
its conductivity will be determined by the presence or absence of the amount of stored charge
trapped in the pate insulator as measured or compared to the reference or dummy cell and so

25  detected using the sense amplifier 610. The operation of DRAM sense amplifiers is
described, for example, in U.S. Pat. Nos. 5,627,785; 5,280,205; and 5,042,011, all assigned to
Micron Technology Inc., and incorporated by reference herein. The array would thus be
addressed and read in the conventional manner used in DRAM?’s, but programmed as multi-

state cells in a novel fashion.

30 In operation the devices would be subjected to hot electron stress in the reverse
direction by biasing the sourceline 604, and read while grounding the sourceline 604 to

compare a stressed multi-state cell, e.g. cell 601-1, to an unstressed dummy device/cell, e.g.



5 operation in the reverse direction, or alternatively grounded during a
read operation in the forward direction. As shown in Figure 14, the array
structure 6600 z003gindé ng multi-state cells 601-1 and 601-gZar/hafoiRs64
capacitors. Instead, according to the teachings of the present 1nvention,
the first source/drain region or source region, 602-1 and 602-2, are
coupled directly to the 10 sourceline 604. In order to wite, the sourceline
604 is biased to voltage higher than vDDldnd the devices stressed in the
reverse direction by grounding the data or bit line, 608-1 or 608-2. If the
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addressed by the ®SF elofﬂrgl,m rrg(% ‘%ﬁ‘ebafz‘y@, ur{dﬁlés&an%iu[pgné@ﬁg&thsﬁﬁc W41 be
deter m nedyubly afr\R FHAIERES: émlsaapém@meﬁtgt Rl Ay mellifRhesesk SRANM e

trapped in the date insulator as neasured or conpared to the reference or
dumylcel liechmdlogy. Ae®rding txthedeashingg of the psesaseinuenpionfa gate i@3datoThthepeiltt i on

f DRAM RA i d i,bed, .f | N . S. Pat )
o 627, v SRS o Rslydes e inauGiBs T form InCHRNR af ticker s T S BT RLYY
Inc., and JdeRidRRbRIRN RiichbebRVARGR, SROKIIRon He o@dde?xh%mnﬁmmxm,

addressed and read in the conventional manner used in M's, but progranmmed
as mul ti- cetmpbsiteclaydérs andhimaplaned bxidas with irap8 (L. IRertmsand i i GenstdyEMgawiry asingoul d

b bj ected,to hot el ect t ' h [ [ by..bi [ th
Sour el | ndvaiSr tiks RIS BRI ERGECRHT 1 Rsbet Ghbbe Thhe0ah.Coetigidar 0a
stresged htikosd B §ddiels decSdedlandGehde Bkifikrs {4 RITabVISHdETRE thi S 4B With

devicel cell, e.g. W 2005/112119 PCT/ US2005/ 015624 19 601-2, as shown in
Fi gur e 14 nofthal thini gate inslatoossf shliewnexatee f eat ure coul d be used during

Figures 15A-15B and 16A-16B are useful in illustrating the use of charge storage
in the gate insulator to modulate the conductivity of the multi-state cell according to the
teachings of the present invention. That is, Figures 15A-16B illustrate the operation of the

( 20 novel multi-state cell 701 formed according to the teachings of the present invention. As
shown in Figure 15A, the gate insulator 707 has a number of layers, e.g. an ONO stack,
where layer 707A is the oxide layer closest to the channel 705 and a nitride layer 707B is

formed thereon.

In the embodiment shown in Figure 15A the oxide layer 707A is illustrated having
25  athickness of approximately 6.7 nm or 67 A (roughly 10" cm). In the embodiment shown in
Figure 15A a multi-state cell is illustrated having dimensions of 0.1 pm (10”° cm) by 0.1 pm.
For purposes of illustration, the charge storage region near the source can reasonably have
dimensions of 0.1 micron (1000 A) by 0.02 micron (200 A) in a 0.1 micron technology. If the
gate oxide 707A nearest the channel 705 is 67 A then a charge of 100 electrons will cause a
30  threshold voltage shift in this region of 1.6 Volts since the oxide capacitance is about 0.5
micro-Farad (uF) per square centimeter. If the transistor has a total effective oxide thickness

of 200 A then a change in the threshold voltage of only 0.16 Volts near the source,



manuf acture and test to initially programall cells or devices to have
simlar or Y&Ai/H3119conductivity before use in the fiel dpciriusemwsaess2i he
transistors in the reference or dummy cells, e.g. 601-2, can all initially
be progranmed to have the sanme conductivity states. According to 5 the
teachings of the present invention, the gense anplifier 610 can then detect
smal|l differences in cell or device characteristics due to stress induced
changes in device characteristics during the wite operation. As one of

ordi nary séirédponding hel Gelectwars| iswestieatst anchanpe therteadistog chlterst beidlwsure  such
arrays of nulti-state cells are_conveniently realized by a nodification of

DRAM 10 t AdHstsdgy). Tecsner sraplitier dpecribed ehsangectsm witle Figuess Bhovhielvissimidsr a

gate insul at fr the Lid - state cell .jncludes.gate insulators | ect ed
Prom the. ST oSl st i s @b By SEhaaph hifes Sft ety B PR
silicon oyNéhbbdifentStRe sthiddcphrgeidefferondeds, th&dAR3r BltEsRHMBRG0dRmto CONPOSi te
| ayers and i nplanted oxides with traps (L. Forbes and J. Geusic, "Menory

usi ng5 i n€atlands (fC)ayyss 4 seuse patiahof Numserse@ndd(mS)81, i ssued Cctober 31,
2000). Conventional 15 transistors for address decode and sense anplifiers

can be fabri cat edl'willusitaté tieSe sdPbery)ithé capacitdiet, CihoNthgatracturesdépaidyrdn thé
silicon oxide. Figures 15A-15B and 16A-16B are useful in illusfrating the

use of chéielgetrprcongiant, Siip(viie PasidicomdioridesiiOr equatrsp 4106/2 R0 Coemetandi ty of

the nul ti | > d : i 7 .Lnvention.
That s, BPOOPERSTOE ORIl b Eeh B85 800 30 b EABEP L LAY
nul ti - st af(eos& 107 Fleni/(¥ REF ACEOLEANRYOSX 10TERdr@Redi N@icnd™). THE vilue aReh
invention. As shown in Figure 15A, the gate insulator 707 has a punber of

| ayed®, eovgr thachargs staragkregiopneaethe sgeree, zom A0ingn x HEO0 oy ere? ¥ &0 ercma’, sesabs to
the channel 705 .and a,nitrjde.layer 70 i fqr med. t her.eon. . ] n .t he

enbodi mon asgariee At OAEADThEhradsy §Eus, Tor afiain (€ ol Uattad aE0Vng

25 a thick ' n oL Ay Ll I m-he
embodi et T Shoos ESRERELARGbcthe O DT PG (b CFRHAT, ¢ RoRoTL s U 0

di nensi onGowlbn®s.1Simke(Q 6-18q,ah} niwyibé:. of ebectrofostoed ipggesxinfatdly QUeE{ BEixor) 't he
charge storage re%i)gn pear the source can reasonably have dinensions of 0.1

nmi cron (16edompsp 01®7 Gauembs)erdB0 plecktensa 0. 1 micron technol ogy. 1f the
gate oxi de 707A nearest the channel 705 is 67 A then a charge of 100

el ecifons will caustfed, tho pragrammetl dnulibistateyerlls b odified MMOSFEE g$ @ progianimed

Vol ts sing oxi. de capacjtance |,S about .0.5 ..mcro-Farad (tF er square

cent | met OSFET, iinea AERET bpien IR e uR peatiboset B et tommesiialeressi. 500

A then a hapae rbfod, REcH (HaBBRAShIEPtdoRRENRT BE W61@ed BirddBbldrepRaT Vi) andaur ce,
second voltage threshold region (Vt2), where V12 is greater than Vt1, and Vt2 is adjacent the

source region such that the programmed MOSFET operates at reduced drain source current.

20  For A Q=100 electrons in the dimensions given above, if the transistor has a total effective |
oxide thickness of 200 A then a change in the threshold voltage of only 0.16 Volts near the
source, corresponding to 10 electrons, is estimated to change the transistor current by 4 micro
Amperes ( JA). As stated above, the sense amplifier described in connection with Figure 14,
which is similar to a DRAM sense amplifier, can easily sense this charge difference on the

25  data or bitlines. The sensed charge difference on the data or bitlines will be 40 femto
Coulombs (fC) over a sense period of 10 nano seconds (nS) for this representative one of a
number of stored charge levels according to the teachings of the present invention. A number
of different charge levels can be programmed into the gate insulator adjacent to source region
such that the cell is used as a differential cell and/or the cell is compared to a reference or

30  dummy cell, as shown in Figure 14, and multiple bits can be stored on the multi-state cell of

the present invention.



WO 2005/ 112119 PCT/ US2005/ 015624 20 corresponding to 10 electrons, is
estimated to change the transistor current by 4 mcro Anperes (.sA). The
sense anpl i fyweroskasenbbed in connection with Figure 14, W@U&ﬁﬁ(hmz&ar to
a DRAM sense anplifier, can easily sense this charge difference on tHhe data
or bitlines. In this enbodinent, the sensed charge difference on the data

or bitlines will be 40 fento 5 Coul onbs (fC) over a sense period of 10 nano
seconds (nS). To illustrate these nunber2! the capacitance, G, of the
structure depends on the dielectric constant, E i, (which for silicon

di oxi de Si &2 equatlz?@ré %ﬂaﬁ@étﬁﬁfﬁh@pﬂﬂugrgé )gl{glc(s)_ngurkgio 1%'33&&%? ﬁg{ﬁ%epbugh? It =

i nsul ati ng | ayers, (given here as suc
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Thi s val ue, taken 10 over the_charge storage region near the source, e.g. 20
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= (1.6 x 10"17 Coul onbs/1.6 x 1019 Coul onbs) or 100 electrons. 15 In
ef fect, t Hédeprlory Bomaebiangslinithesdrainesovwkelvoltage (dodDE) sxthivOSEET ab sleatrigrfwlt efmred
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sugh that pfdw @P@grsamd_s YOSAEV2qipe vl es Sahppregtaedubitiaitonsnertsedai rent . 20
For~A Q = 100 el ectrons in the dinensions given above, if the transistor has

a totHl efchgentiprevidexilie (3hjtdkizs S 08.1000ltAxtheNolis)chahgel .6 pAt-hé whrsshol d
vol t age of oré{%’ 0.16 Yolts ne the so rcg i:orresr%)ndé)ng to 10 el ectrons,
i s estimatfi@HFUIFUR ainfurreptiD parresponds e AR eleglyons trapppd I tg gatedasiaton or ag
stated ab : Lf i job i 1l i i 4,
i oh o SR B e o R O b Pl
di f f er enc @ratucehe cibert ah shedbitlietdf UOEE (e Ehe pdens@dS ehdngH) diddubrmbe on the
data or bitlines will be 40 femo Coulonbs (fC) over a sense period of 10

nano seconds (nS) rfefestiBisSandeBRERARRE 1HeDpeRBoR hndpropttRBin g (8 RvePmalar ge
| evel s according to the teachings of the present invention.” A nunber of
di f f erfent stitaealbas| deyaribed ahover Eloweygr, Higweed i6dt and HB gfaa belp albustrateon adj acent
to source regi on such tfhat the.cell,.is udsed as_a diff regti al &el | and/ or
the cell iaiteg’ﬁﬁﬁ%?réqy Gopfiguration Pvélﬁaeeadéarcent evices are compared and oné of theé devices
on the opposite side of a shared trench is used as a dummy cell transistor or reference device.
Again, the reference devices can all be programmed to have the same initial conductivity

state.

20 Figure 16A illustrates the operation and programming of the novel multi-state cell
in the reverse direction, A transistor 801-1 on one side of the trench (as described in
connection with Figure 11) is stressed by grounding its respective drain line, e.g. 811-1. The
drain line 811-2 for the transistor 801-2 on the opposite side of the trench is left floating. A
voltage is applied to the shared sourceline 804 located at the bottom of the trench (as

25 . described in connection with Figure 11) that now acts as a drain. The neighboring (shared
trench)/column adjacent transistors, 801-1 and 801-2, share a gate 807 and the wordline 813,
e.g. polysilicon gate lines, coupling thereto run across or are perpendicular to the rows
containing the bit and source lines, e.g. 811-1, 811-2, and 804. A gate voltage is applied to
the gates 807. Here the multi-state cell 801-1 will conduct and be stressed with

30  accompanying hot electron injection into the cells gate insulator 817 adjacent to the source

region 802-1.



30 dummy cell, as shown in Figure 14, and multiple bits .can be stored on the
mul ti - st at eWsEIW3/6R2119% he present invention. WD 2005/ 112119 cRGk»44520054 015624

21 Figure 15B aids to further illustrate the conduction behavior of the
novel multi- state cell of the present invention. The el ectrical equival ent
circuit shown in Figure 15B illustrates,a nulti-state cell 701 having an

equi val ent oxi de thickness of 200 A The ‘Charge st orage region near the
source 702 can reasonably have a |l ength dinmension of 0.02 mcron 5 (20 nm

ina 0.1 mcron tikghedbBdjlustiatdy tBe VoWl o gtartiBies naiti BtatOecll’ TbFdrbon i ARk mJ)
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g o e
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an alternative g%sﬁg’% concm SE l]i 1(1)1%119 er%znﬁlg& ggqalgoew (ﬁggg}lé&gaﬁ%uéged and
one of t haufligstiof differ@it chitge (Dem@ﬁsdah ®e P @geazﬁfnea ib alieeghtd frR0katbriss 7 U8Rberd so a
dummy cell transistor or reference device. Again, the reference devices can

al | Bbe prwgrmanﬁewm compatsdrie therrefaresice ov Aamay aelly §02-2¢ Bhus, azordigyior e
16A il the er nand mn_n f nQ | ti,;state cell
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801-2 t h

appl i egnt%‘pgﬁ%@ a#s soﬂ'&g% I aﬁlghe%f}){lfglragcat?i ugtﬁutr% 9@%{ Hic fé%m%é%ei rg@ﬁ%?] (as

25 descriibwed fromcaboneatricach mitdorFeaiuroasiting ¢fmate transistac hﬂhaag an dreaiof 2FThe
nei ghboring (shared trench)/colum adjacent %8 nsistors, 801-1 a 801 2,
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transistor where the reference transistor is in close proximity, e.g. the embodiment shown in
Figures 16A and 16B vs. that shown in Figure 12, results in better matching characteristics of

transistors, but a lower memory density.

20 Figure 17 illustrates a cross-sectional view of an embodiment of a vertical NROM  {
flash memory transistor of the present invention. Use of vertical device structure increases the
channel length while keeping the area occupied by the cell to four square feature sizes (i.e.,
4F%),

This embodiment is comprised of one control gate 1704 and two split channels

25 1710 and 1711 along the sides of two pillars 1701 and 1702 respectively. An n+ region 1703
under the trench connects the two channel segments 1710 and 1711 during transistor
operation so that the structure acts like two transistors in series. In the present embodiment,
the two transistors in series have at least two charge storage areas. Alternate embodiments

may include different quantities of storage areas.

30 The transistors each have a nitride storage region 1706 and 1708 that, in one

embodiment, is part of an ONO gate insulator layer. Charge can be stored in the gate



containing the bit and source lines, e.g. 811-1, 811-2, and 804. A gate
voltage is applied to the gates 807. Here the nulti-state cell 801-1 wll

conduct andvwagagkliessed with 30 acconpanyi ng hot el ectron m@%dﬂ%@bﬁzpto t he
cells gate insulator 817 adjacent to the source region 802-

2005/ 112119 PCT/ US2005/ 015624 22 Figure 16B illustrates the nOM/progranned
multi-state cell's operation in the forward direction and differential read
occurring in a this differential cell e diment, e.g. 2 transistors in
each cell. To read this state the drain and source (or ground) have the

normal — CORRetsd iARELATH bbhﬁc}ﬁﬁﬂéi%@%rhyd& Y719 arddhe 1 MUt d n-5te@idhsA9hb ahB 1721 in

determ ned. The drain |lines 811-1 and 811-2 have the normal forward
di rect i on tipotpeet patioapel ddgatenfirBars HA0 Eendbil2cel anati804 solroe egemh @ta drhe

bottom of the trench (as, described.in conn t| on with rounded
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di scl osure, ferent char evel's can be ogramed I nto the
gat e |5nsuhaa:1rdinn68€bitratigeaeem4to 10 source region 802-1 and conpared to the
reference or dummy cell, 802-2. Thus, according to the teachings of present

i nvention multi plehdibdtntanthbeerdloiRtho fopk BE tHEilldrs Bhed & Gelld dieRstft at ed
above, these novel nulti-state cells can be used in a DRAM | i ke array. Two

transi st onmtestah bgt@@a@#leaaub@tr@aam the ponteqt gatet Y84 Hematin ambodbgerdpmay: useat ur e
si ze) v\/nent élgng above el each nmenory cell consisting of one :
transi st of tt?f f’ﬂ%ﬁ%f’fm MGIACYS. o E> * 15 Each transi st or can now, however,
stofe many bits so the data storage density is nuch hig than one b|t for
eac(l: |F2 unit arekhe %li’cr@msntrcgf%glgﬁé%wtra Frity) TREPS h%@g “Héﬁﬁ’rfypet €
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ool o et el o R S LB baF Bl o 3BR PR Rl Syl
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invention. Use of vertical device structure increases the channel |ength
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1702 res ectivel region 1
15 P nygure 1@ 111ustrates a sczlemgtlc diagram of the electrical equivalent of the

embodiments of Figures 17 and 18. The transistors illustrated in Figures 17 and 18 are shown
as two field effect transistors (FETs) operating in series with the drain of one coupled to the

source of the other.

( The reference numbers of Figure 17 have been used in Figure 19 to illustrate the
20 relation of the components of Figure 19 to those of Figure 17. While Figure 19 illustrates the
drain 1721 and source 1720 being a certain orientation, if the transistor is operated in the

opposite direction, the drain and source regions are opposite.

The floating n+ diffusion area 1703 couples the separate parts 1710 and 1711 of
the channel. There is no electrical contact on the n+ region 1703. The single gate 1704

25  couples the two transistors,

The flash memory cells of the embodiments of Figures 17 and 18 can be
fabricated using modifications to the fabrication techniques discussed previously. The
structures of Fignres 17 and 18 use the same etched vertical pillars but the NROM flash
mermory structure forms two channels along the sidewalls of the adjacent pillars and an n+

30  region forms a transistor channel along the bottom of the trench. The single control gate is

formed in the trenches between the pillars and the n+ source/drain regions at the tops of the



under the trench connects the two channel segnments 1710 and 1711 during
transi stor wipswstizon so that the structure acts |ike two goranSI@iQES41 N
series. In the present enbodinment, the two transistors in series have at
| east two charge storage areas. Alternate enbodinments nmay include different
guantities of storage areas. 30 The tranﬂstors each have a nitride storage
region 1706 and 1708 that, in one enbodinent, is part of an ONO gate

i nsul ator |ayer. Charge can be stored in the gate WO 20051112119

PCT/ US200 941052 the dativbituingt.dn theerebdddentaf Figird 18 hagmeinsslagirend shel 710 and
1711. The n+ regions 1720 and 1721 in the upper fportions of adj acent

pi | | ars 1roatreigateifpon agatt ofdheghanagl agrospihedstipmgidhe Bendd drain  regi on,
depending on the direction of operation of the transistors. The source/drain
regi ons are coupCeavebtiontdchirmet hdtieleson rgectientoan be abahfyr plogrammuigsin

substanti al |, erpendicular to the 5 wrdline/cantrol. gate, 1704. The hottom
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al ternate enbodi nents ?ay dope p+ regions into an n-tépe substrate. Figure
18 i | | ust AgYiegcar hertsed fardwpiihwprags- dvie Gnarg ét viened 8tdhe e and thg dgwies 1scal

NROM f | as LSk i ' 2. C tored
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n+ regi onsheldRdtiandf di3atioacindaschageytorel siiatinerdsgif drschangk] nbs the b Redidn
depends on the direction of operation of the transistor. 15 Figure 19

i | | udOr at aithg sedaeenat i ¢ di agram of the el ectrical equival ent of the

enbodi nents of Figures 17 and 18. The transistors illustrated in Figures 17
and 18 are shown Inalfemate dnpteidimesits, substtateaaidiantadriet RETe) inggetipacambe usedser i es

with the drain of one,c e source of t ther. Th ef erenge
unber s ofor proaamant e e ERIG oL mréser v etior. Agefiopely sibrlsahany

rel ation gind {3ehanQ THRRERE ddbedh@WoR: iAfclith ERORLuRH 67 GNifs thécel¥)i | © Figure
19 illustrates the draih 1721 and source 1720 being a certain orientation,

i f the transi st orpm ' | It ect '

source regions arﬂie%lg@???éﬁgﬁlg O%Pgré’tbg‘%gr%%ﬁog i E%lﬁ%)‘ﬂg‘gf 8&%%@2‘@%%% t he
sepanat e fherpr&edtihOertiod. Additiondl gate insulator compositions include: oxide - nitride —

aluminum oxide composite layers, oxide — aluminum oxide — oxide composite insulators,
oxide ~ silicon oxycarbide — oxide composite layers, as well as other composite layers.
Additionally, the gate insulator may be thicker than normal silicon oxides formed by wet
oxidation and not annealed, silicon rich oxides with inctusions of nanoparticles of silicon,

20  silicon oxynitride layer (not composite layers), silicon rich aluminum oxide insulators (not i
composite layers), silicon oxycarbide insulators (not composite layers), silicon oxide
insulators with inclusions of nanoparticles of silicon carbide, as well as other non-
stoichiometric single layers of gate insulators of two or more commonly used insulator

materials including, but not limited to, Si, N, Al, Ti, Ta, Hf, and La.

25 In Figure 20 a memory device is illustrated according to the teachings of the
present invention. In one embodiment, the device is an NROM device of the present

invention. In an alternate embodiment, it can be a DRAM device of the present invention.

The memory device 940 contains a memory array 942, row and column decoders
944, 948 and a sense amplifier circuit 946, The memory array 942 consists of a plurality of
30  multi-state cells 900, formed according to the teachings of the present invention whose word

lines 980 and bit lines 960 are cdmmonly arranged into rows and columns, respectively. The



t he channel . There is no electrical contact on the n+ region 1703. The
single gate 1704 25 couples the two transistors. The flash nenory cells of
t he enbodi mekO<0@f11RIIgures 17 and 18 can be fabricated uspamusmel/fissati ons
to the fabrication techni ques di scussed previously. The structures of
Figures 17 and 18 use the sane etched vertical pillars but the NROM fl ash
menory structure forms two channel s al ongsthe sidewall's of the adjacent
pillars and an n+ 30 region forns a transistor channel along the bottom of
the trench. The single control gate is forned in the trenches between the
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can be use progranm ng I n which ce region is grounded and

drai n regidwmoda HBawask a!mpliﬂa cmsnt@#@m&mhﬂ@edwﬂ%andérddsedwmmodadgacﬂe has
a posi t i ve progranmm ng v fﬁ plied. Conventjgnal negative gate

Fowl er 2 Nor WHE 45 ¢ssrimitgRihed HS% tﬁé%‘—‘d@%?%@@é’ﬁﬁ t he cel I's. In the present
enbodi nents, the device can be used for two bit storage. The charge is
stored near the dfherolant dd@@d@&ﬁﬁdéwr@ectﬁ@mhﬁﬁertshé rfier geeutivesta on.

Ei ther end_of anne gan b use N onse

di rection ‘&“%L%rﬁa“to W SHee 3l@ﬁ§ l{n?)l? %egecg m S(r)?fi‘r gﬁﬁg Reig a?lﬁép%rhcé‘r?ﬁlér%?]ear
the n+ regiepfdes &@n@ifatat&b@uﬁéarfbaﬂﬁ méxﬂo@'ah%ﬁ;@ak an@ FhpdisRiiSad SuMTheE at e
enhanced hot electron injection can be used for programm ng the NROM cells
of ¢ he prewmemonanayPdlower ingul eutpwl/O) datgdinss Pad. @aémtsawiemomtﬂm@llsof thand

oy abe? DR RS R bR SRR I b SR BBl
15 the pres@ap mchoeNEdiRRorréintingn8 kha8 3ofd lifste! @éﬁé&nmpﬁﬁés@@n@hﬂcﬁ%ﬁhﬁe

oxide - nitride - alum num oxi de conposite | ayers, oxide - alum num oxide -
oxi de conpibscolsming slithetapray, Onorr were biklindsG6h am@&amdﬁw@@d Woen dpagioniaosi t e

oy e by ERGIE AR SO AT CE PR s ot o 0 SRR et b B ot

anneal ed, it liACQMhhh abieX afl@ ampitibs !h@%bﬁtﬁicﬁﬂﬁ s@lseBRORA L 4iCéLHuRf st§tle lckig,on,
20 silicon oxynitride |ayer (not conposite |ayers silicon rich al um num

oxi del§ nsuwhere irsthe mead op@tamwm souregmegion of sigivengn lwwalreﬁpd@mnsl@ﬁ atrey s ( not
conposi te llaibé?nost)showh)l Iat(l:é) prans)ferred its bit line 960 by measuring the potential difference
between the activated bit line 960 and a reference line which may be an inactive bit line. The
operation of Memory device sense amplifiers is described, for example, in US Patent
Numbers 5,627,785; 5,280,205; and 5,042,011, all assigned to Micron Technology Inc., and

(20 incorporated by reference herein.

Figure 21 is a block diagram of an electronic system, or processor-based system,
1000 utilizing multi-state memory cells 1012 constructed in accordance with the
embodiments of the present invention. That is, the multi-state memory cells 1012 utilize the
DRAM or NROM flash memory cells as described previously.

25 The processor-based system 1000 may be a computer system, a process conirol
system, or any other system employing a processor and associated memory. The system 1000
includes a central processing unit (CPU) 1002 or other controller circuit (e.g., a
microprocessor) that communicates with the multi-state memory 1012 and an I/O device
1008 over a bus 1020. The bus 1020 may be a series of buses and bridges commonly used in

30  aprocessor-based system, but for convenience purposes only, the bus 1020 has been
illustrated as a single bus. A second I/O device 1010 is illustrated, but is not necessary to

practice the invention. The processor-based system 1000 can also includes read-only memory



i nsul ators with inclusions of nanoparticles of silicon carbide, as well as.
ot her non- Wl08H1@Wetric single |ayers of gate insul ator 8CHUSLWS00I62h0r e
commonly used insulator nmaterials including, but not limted to, Si, N A,
Ti, Ta, H, and La. 25 In Figure 20 a nenory device is illustrated accordi ng
to the teachings of the present inventigf. |In one enbodinent, the device is
an NROM device of the present invention. In an alternate enbodinent, it can
be a DRAM devi ce of the present invention. The menory device 940 contains a

menory ar (ROMUI 1 4rasdmaydndbdaperipdesd devises soanas 9fleppindisladgens@0%angla f i er

circuit 946, ons sts of a Iur mul,ti.-state
cell's 900° O‘F‘B?%&%Wfrﬁggﬁﬁgm ﬂlcﬂlﬁgmélfc gﬁ@&ﬁ%ﬁ} }?1@8 elrgH: bWﬁose
word |'inegpd88s aRekibidowd inege 460 are comonly arranged into rows and
colums, respectively. The WD 200 /112119 PCT/ US2005/ 015624 25 bit |ines

960 of the menory cuit

046, whi o Tts wbrul P¥ aiaeqRe LIRSk E kAR, AR QA GARR Y Ao ess
and cant r ebntedl ik cah Be ptovidtd, ol thdthe ashtentedte | 00EEasYedn binipdified €0 HEPOT Yy
devi ce 940 and connected to the colum decoder 948, sense amplifier circuit

946 and r Bwua@aéhmmvgztwnaﬁaleaﬁ@ne@é&ietmvl@aitﬁe ﬁ@l&dnaﬂaoyl ifi2tiacladessss, anong

other thin s 4 e nnected
to the seﬁsgg%lﬁéﬁf%m lchl ﬁ V?rgppe ot rﬁl’oég?gr{‘g 1%9 %ﬁ%?c%nelt%(%:tfcsgl ghal s on
col um Seb(ﬂﬁbﬂ/ﬂtaﬂﬁﬁ:ﬁ%%r sbfceSBHISR, SRR tiat HRIchehrict b'd:g‘ior%ﬁ a fiRCedlgs | nput
data destined for the menory array 942 and outputs data read fromthe C

menory ar thagshokbregipar(Vit Hwti/acsa@qndtvwmg@ﬁu efhold regine VH93whea V42 isgreatanthin om

" ow dBcod¥Fl-dy 2 B phpreEeitor ol st HEmr e R RS R R o

t hat wor dréth&i&&rfa%%ﬂ%%h&ﬁt. bit lines 960, which define the coI ums of the
array. One or nore bit |ines 960 are also activated V\hen a particular word

ine 980 and bit i {yehe Ahfbss AGl itAhRAdink e SARAPH ATRELN iflufldcl t 940
connected to a I ne co etec S an anp [ |es §¢ conduction sensed
t hrough aemgbydimentifor ielestratie symérh cirditryhie mhidhrthe hevel eathapeeldd oftthe plwgergour ce
region of a given cel| is.couple to a grounded array_.plate (not shown), and

t r ansf er r Byeniien yeused. The QbatrBWWasgﬁteﬁthOPhe %Wé‘ﬁt‘ |Fa$ur%h2¥=f1é indended (et ween
the ggtivat o ene{'a'ilg?&%g ggfi‘f 5 &5 ﬁ@ﬁﬁnlfbpﬁ]e@t}h&ﬂrem SEIS'I dbfrt , tive bit

| i ne. "The" operation device sense rers i1s for
exanpl e, preséd ilantion, anllisrie istehddddd s@tbas & c&&@le%scﬁpﬁdarﬁof@ﬂl&h@ dlbmentsl

assi gned zEu?d fhéiagurrgsnof-lag%gle%(t)rlc)gl%%ysltgrg usmagrtge novel memory cell structures. Further, the
invention is equally applicable to any size and type of memory device 1000 using the novel
memory cells of the present invention and is not intended to be limited to that described
20  above. As one of ordinary skill in the art will understand, such an electronic system can be f
fabricated in single-package processing units, or even on a single semiconductor chip, in

order to reduce the communication time between the processor and the memory device.

Applications containing the novel memory cell of the present invention as
described in this disclosure include electronic systems for use in memory modules, device
25  drivers, power modules, communication modems, processor modules, and application-
specific modules, and may include multilayer, multichip modules. Such circuitry can further
be a subcomponent of a variety of electronic systems, such as a clock, a television, a cell
phone, a personal computer, an automobile, an industrial control system, an aircraft, and

others.
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to incorporated by reference herein. Figure 21 is a block diagramof an
el ectronic system or processor-based system 1000 utilizing nulti-state
menory cel | 3vQQAZ1¢Umst ructed in accordance with the enbdWilgswes/whc2s he
present invention. That is, the nulti-state nenory cells 1012 utilize the
PRAM or NROM fl ash nmenory cells as described previously. 25 The
processor - based system 1000 nay be a conpyter system a process control
system or any other system enpl oying a processor and associ ated nenory. The
system 1000 includes a central processing unit (CPU 1002 or other
controller circuit (e.g., a mcroprocessor) that communicates with the
nmul ti-state menory 1012 and an 1/0 device 1008 over a bus 1020. The bus
1020 nay be a series of buses and SﬁLﬁéﬁgﬂconnDnly used in 30 a

- based h
E;gﬁesfﬂfusf?gt ezkfgnéﬁg&esl%lg fiss 'ieugémk? f}%ﬁ% Pi)i 9{8%?150&9'3[3 ecfllﬁgmlti\ll’iliois)f)ﬁ%h as

evi ce 1 ustrat ed,
but is notméeegssalyyTwo traﬁmtots caﬁ ocbigyi anvaeed 661 wiiee viswedebannbbas Bdclsyst em
1000 can al so i ncl udes read onl menory WD _2005/112119 PCT/ US2005/ 015624 26

(ROM) 31014VghHan@sfor 68 1n9He %ﬂ%ﬁ?r&m‘&@w@& sq thehthedatp storgge density is mpsky e
1004 and qb%ﬁgﬁﬁ%&%WQMﬁﬁb%ﬁg1FR§%&Q&’Ve 1006 that al so -comrunicates with the

CPU 1092 0 as I's we known in the art. It mnll be
control “stgnals o BT heinHiore Brsthis e e eIbNAL Bden
simplifi egyof feshfkiRe, M@Eﬁ&h@z%rﬁl?&hﬂn@ﬂt@%ll B8 %@%@@%s@ﬂﬁsm it i‘h%a h-state

cells in NROM 1012 incl'udes a programed havi ng a charge trapped in
th e( gat e iredewatgthe abyvaclentripttionallis scope ofthaimehtiomslwuld ghevefora be écucmnmed

reglo suc, at 't he channe i on has VO reshol.d r
AL RS R MRS NS TR - AN e A
10 Vt1, anghiMsard Sitmdipacent the source region such that the progranmed
MOSFET operates at reduced drain source current. It will be understood that
t he enbodi nent shown in Figure 21 illustrates an enbodi nent for electronic
systemcircuitry in which the novel nenory cells of the present invention
are used. The illustration of system 1000, as shown in Figure 21, is
intended to 15 provide a general understanding of one application for the
structure and circuitry of the present invention, and is not intended to
serve as a conplete description of all the elenents



and features of an electronic systemusing the novel nmenory cell structures.
Further, the invention is equally applicable to any size and type of nenory
_device 1000 using the novel nenory cells of the present invention and is
not intended to be limted to that described 20 above. As one of ordinary
skill in the art will understand, such an el ectronic system can be
“fabricated in singl e-package processingzgnits, or even on a single

-sem conductor chip, in order to reduce the communication tine between the
processor and the nenory device. Applications containing the novel nenory
cell of the present invention as described in this disclosure include

el ectronic gens for use in nenory nodul es, device 25 drivers, power

nodul es, conmuni cati on nodens, processor nodul es, and application specific
modul es, and may include nultilayer, nultichip nodules. Such circuitry can
further b subco nent of a variety of electronic systens, such as a
clock, a t§W§@P§F§H£E§“Ee|| phone, a personal conputer, an autonobile, an

i ndustrial control system an aircraft, and others. 30 WD 2005/112119

PCT/ US2005/ 0 Aopdti-staié NROM tignsivtor chiprizingel nulti-state cells of the present
invention can he used in an NROM flash_ nenory array. Two_ transistoQrs can
occupy an ar @substratetaviggaplysaliticef veriisal allave cathpilarromprising anipst éopedan
now, however, sthégﬁwltiple bits so that the data storage density is much
hi gher than one bi or each IF 2 unit area. It is to be understood that the
above descr i pghteinsulator bR dBnddalbny facingSidedlof v €irstdiltar a0dta seafidrpiltir ofehe Many
ot her enbodi nents wil]- be apparent to those of skill in the art upon C

revi ewi ng the abopkralibyef vgstifdpillarie scope of the invention shoul d,

therefore, b r.m ' feren clains, along
wth the fulf °§'€%°2§%3‘3 e %ql‘g‘éﬁ\ﬂé’%‘?%‘i‘? §gt\ﬁﬁf‘5§‘§atéﬁ%&agéﬁ‘guﬁ’e§3’q§r 4é‘ﬁt itled. 28
G ai m What i gl¢weidopel tegionlforrieduhder attentie lddaebervasaithd fifst ahguchad pillarsa
substrate having a_plurality of vertical pillars, each pillar conprising an
upper doped wherein during transistor operation the lower doped region couples a first channel

{ that forms along the facing side of the first pillar and a second channel that forms

along the facing side of the second pillar.

2, The transistor of claim 1 wherein the upper and lower doped regions are n+ doped

regions in a p-type substrate and the upper doped region is located substantially at the top

of each pillar.

3. The transistor of claim 1 wherein the lower doped region is not coupled to an electrical
contact.

4. The transistor of claim 1 wherein the transistor operates as equivalent to a transistor

having a size of less than 1.0 lithographic feature squared (1F2).
5. The transistor of claim 1 wherein each gate insulator defines a charge storage region.

6. The transistor of claim 1 wherein the first and second channels are formed between the

upper doped region and the lower doped region during a program operation.

7. The transistor of claim 1 wherein the gate insulator layer is comprised of an oxide —

nitride — oxide composite structure.



region; a gate insulator |ayer fornmed along facing sides of a first pillar
and a second pillar of the plurality of vertical pillars; a control gate
formed overlying the gate insulator layers and the pillars; and a | ower
doped region fornmed under a trench | ocated between the first and second
pillars, wherein during transistor operation the | ower doped region couples
a first channel that fornms along the facheng side of the first pillar and a
second channel that forns along the facing side of the second pillar. 2.
The trandg. st orTheftrassistomof clginarievhereindhaigase msulatoriianes is ehopprised ofi oprapesite n+

doped regions,in a pst . substrat.e and the u r doped.reqion i.s | ocated
substantially S&iuc?lﬁeégﬁ %%;po O?XIg%lEHﬂBﬁFI_ ‘?m’é‘P‘"ﬁ‘ﬁ@‘?“t’ Pﬁ'{%@i—szfl%lp %’f@? mof“adte’
wherein the | gpekidoPgdcsfaityRarbide Netideoupl ed to an electrical contact. 4.
The transistor of claiml1l wherein the transistor operates as equivalent to a

transistor having a size of less than 1.0 |ithographic feature squared
(IF2). 5., The t,ransistor .of .clai,mnl erein each.gate insul ator defines a
char ge st90r ag eﬁfegba[ngﬁor Oé c{m'rﬂé Wl?eéﬁg;% %&e &S“%I%%il%ﬁr IWf_é’?%?Sﬁa P ﬁgnef ?tlrtgl? and
second channelfgjighmgl RhiEMRAIMRARNES silkdRVhkidd BsrehddF Wt oxiAtibA and RYET
doped region during a programoperation. 7. The transistor_of claiml

wher ei n t he gaansealed silegoprich s wathooelpsioneaf winopartiebes désilicor, sHicae oxymittidge
conposite strycture.. 29. .8.. The transi.stor of .claim1 rein . the te
Cnsul at or | aydP sl LAmgRon ogdR it sl v serBroe sRulagpr o ipicon
nitride - al UrdgdinSwfdes with iktusiod| JFRaAGIRRLECST silicdnidfbide. O OXi de -
silicon oxycarbide - oxide. 9. The transi'stor of claim1l wherein the gate

i nsul ator layer is conprised of one of the follow ng non-conposite

t t C Sl i des, f b: t i dat i ad not . | ed,
A e o T S O I
oxynitride | ay§thiofetrdCHAglE 14M@r.al um num oxide insulators, silicon

Si

oxycar bi de i nsul ators, or | i'con oxide insulators with inclusions of
nanoparticles of silicon carbide. 10. The transistor of claim1l wherein the

gate 1nsy At oty A¥isistor ot i’ 1 WheRbin Thd Soh-stlcRicThenS Single Tayer Snprise Rt of

S1, N, Al, Ti, Ta, Hf, or La.

12.  An array of multi-state NROM transistors comprising:

a substrate having a plurality of vertical pillars each separated by a trench, each pillar
comprising an upper doped region, each upper doped region coupled to a first
bitline of the array;

a plurality of gate insulator layers, each layer formed along facing sides of adjacent
pillars of the plurality of vertical pillars;

a control gate formed in the trenches and overlying the plurality of vertical pillars, the
control gate forming a wordline between a row of NROM transistors of the array
of multi-state NROM transistors; and

a plurality of lower doped regions, each region formed under each trench, wherein during
operation of the transistors each lower doped region couples a first channel that
forms in a first pillar along a first side of a first trench and a second channel that
forms in a second pillar along a second side of the first trench, each lower doped

region coupled to a second bitline of the array.



11. The transistor of claim 10 wherein the non-stoichionetric single |ayer
conprises one of Si, N, Al, Ti, Ta, H, or La. 12. An array of nulti-state
NROM transi stors conprising: a substrate having a plurality of verti cal
pillars each separated by a trench, each pillar conprising an upper doped
regi on, each upper doped region coupled to a first bitline of the array; a
plurality of gate insulator |ayers, each s@ayer fornmed al ong facing sides of
adjacent pillars of the plurality of vertical pillars; a control gate
formed in the trenches and overlying the plurality of vertical pillars, the
control gate formng a wordline between a row of NROM transistors of the
array of nmulti-state NROMtransistors; and a plurality of | ower doped

regi ons, 18ach mgfanslisfoo ofreldin rlaevhee&in thetsubstedte iswloenpeised dfia sitigon mpteriat amlrthef
the transistars e | ower do e couples a first channel that forns
inafirst pi ICPB?g]aga(%’g‘}C&mfPPF B‘gy% 18- first trench and a second channel
that fornms in a second pillar along a second side of the first trench, each
| ower doped region coupled to a second bitline of the array. 30 13. The
transi st du. of 'Bie&fanrsi]a&arvyﬁe]ahhﬂzuﬂmra'mﬂﬂplwaﬁty of lowepdiped degibnsare nbt aassible
material and the control ate is conprised of a polysilicon. 14. The :
transi stor of &31eleGHion CoMARtsi n t he plurality of |ower doped regions are not
accessible by electrical contacts. 15. The transistor of claim 12 wherein
the gate insulator is conprised of one of a conposite structure or a

non- st oi clisi. oneTHei teansistog lo€ clainy 4 2 . whkfein THeegate meslatl v confiprised iofioA@ofhenmepasite
during transi stor operation, Lhe fi.rst and second channels act as series
coupl ed transﬁé‘i‘-‘ﬁ?%”’?aﬂlﬁ%ﬁa’cc Jometric sipgledairge storage areas. 17. An

el ectroni c system conprising: a processor circuit that generates nenory
control signals; and an NROM fl ash nenory device coupled to the processor
circuit, tehe fTieshansiztoniof chiénil@evhenein] duging trinkisok bpsratidn, nhe fitst sddseeonROM
tran5|stors each transistor conprisin a substrate haying a plurality bf
vertical pil| &hannelsad %F?G%POB@%WI%@S ARViRg 3k feas erétavg@@%g%aas

separated by a trench from adjacent pillars;

17.  An electronic system comprising:
a processor circuit that generates memory control signals; and
an NROM flash memory device coupled to the processor circuit, the flash memory device
having a plurality of multi-state NROM transistors, each transistor comprising;:
a substrate having a plurality of vertical pillars, each pillar comprising an upper
doped region and separated by a trench from adjacent pillars;
a first gate insulator layer formed along a first side of a first trench;
a second gate insulator layer formed along a second opposing side of the first
trench;
a control gate formed in the first trench and overlying the plurality of vertical
pillars; and
a lower doped region formed under the first trench, wherein during transistor
operation the lower doped region couples a first channel that forms
adjacent to the first gate insulator and a second channel that forms

adjacent to the second gate insulator.

18.  The system of claim 17 wherein during operation of the transistor, the first and second

gate insulators each comprise a charge storage area.



a first gate insulator |layer forned along a first side of a first trench; a
second gate insulator |ayer forned al ong a second opposing side of the first
trench; a control gate forned in the first trench and overlying the
plurality of vertical pillars; and a | ower doped region forned under the
first trench, wherein during transistor operation the |ower doped region
couples a first channel that forns adjacent to the first gate insulator and
a second channel that forns adjacent to the second gate insulator. 18. The
system of claim 17 wherein during operation of the transistor, the first and
second ate insulators each conprise a charge storage area. 31 19. The
syst em of9cl ailhesystomer elatmilfavhgreinthe fest aud sneand gete Insylaterdaysrs prgyromprised
conprised of an oxide - nitride - i conposite. 20. The system of claim
17 wherein an® %ggldg(?diéﬁﬂtcé'g?’%%e %‘?‘R@Sﬁ?'r st pillar adjacent the first

trench acts as a drain region and an upper doped region of a second pillar
adj acent the first trench acts as a source region. 21. A nulti-state NROM

t ransi st 8P. corfheisystey of glasmydtwhereinipavipper dopsd gegion pfa Grst pdlar pdigpensthe firsts |
each pillar c i si.ng a,doped. region; a_gate.insulaior | aver. forned. al ong
Facing sides ofoneh frf & £ afff ot XopDel e BF € borgR Bty B e
vertical pill gr§;trepol adts 6OREORCe Apich.f ormed overlying the gate insul ator

| ayers and the pillars wherein during transistor operation a channel forns

bet ween the doped region of the first pillar and the doped region of the
second pi4,lar.,22,.Th istar, of clai.m 21 wherein during transistor

oper at i or%la fi‘?&“1%'83&&?2&3&@318?5F%W@rsls‘ﬁ%' a source region and a second
doped regi on QRAb&AEAShAILE ApMrdlRYoPRertidd pillks, éabﬁ@ﬂlaﬁbgrhpﬁiingh@bﬁéc?ﬂegi@ﬂ?r ein

the transistor operation is a progranmm ng operation. 4. An"array o

nul ti-state NR@insulatoslayesiocme alosigfecingsideatia fstpillanindp secpndipidlar efthef

vertical pillars wth trench pbetween each pillar, each pillar conprising

a doped region; a aﬁ‘ﬁﬁﬁﬁyﬂfy’eﬁ’ﬁagaﬁ‘a“r ﬁ%‘ﬁl ator | ayers, each layer forned

al ong 0pposi NG hHEEgaRE fRAed oVEPRE the gate insulator layers and the pillars wherein during
transistor operation a channel forms between the doped region of the first pillar

and the doped region of the second pillar.

22.  The transistor of claim 21 wherein during transistor operation a first doped region

operates as a source region and a second doped region operates a drain region.
23, The transistor of claim 21 wherein the transistor operation is a programming operation.

24.  An array of multi-state NROM transistors comprising:
a substrate having a plurality of vertical pillars with a trench between each pillar, each
pillar comprising a doped region;
a plurality of gate insulator layers, each layer formed along opposing sides of each trench;
and
a control gate formed in each trench and overlying the plurality of vertical pillars to form
a wordline wherein during transistor operation a channel forms between the doped

region of a first pillar and the doped region of the second pillar.



and a control gate forned in each trench and overlying the plurality of
vertical pillars to form a wordline wherein during transistor operation a
channel fornms between the doped region of a first pillar and the doped
region of the second pillar. 32 25. The array of claim 24 wherein the doped
regions are coupled to bitlines that underlie and are substantially

per pendi cul ar to the wordline. 32

25. Thé iiaxray of claim 24 wherein the doped regions are coupled to bitlines that underlie and

. are substantiaily perpendicular to the wordline.



