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powered in order to retain data, and the stored data are lost when the power is interrupted.

15  Nonvolatile memories are capable of retaining data without requiring electrical power.

Other types of memory can provide read-only or read-write capabilities and non-
volatile data storage, but are much slower in operation. These include CD-ROM devices,
CD-WORM devices, magnetic data storage devices (hard discs, floppy discs, tapes and so

forth), magneto-optical devices and the like.

20 Still other types of memory provide very high speed operation but also demand
high power budgets. Static RAM or SRAM is an example of such memory devices.

In most computer systerné, different memory types are blended to selectively
gain the benefits that each technology can offer. For example, read-only memories or
ROM, EEPROM and the like are typically used to store limited amounts of relatively

25  infrequently-accessed data such as a basic input-output system. These memories are
employed to store data that, in response to a power ON situation, configure a processor to
be able to load larger amounts of software such as an operating system from a high capacity
non-volatile memory device such as a hard drive. The operating system and application
software are typically read from the high capacity memory and corresponding images are

30  stored in DRAM.
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Such areas are often equal to about 3F x 2F, or less, where “F” is defined as
equal to one-half of minimum pitch (see Figure 4, infra). Minimum pitch (i.e., “P”) is
defined as equal to the smallest distance of a line width (i.e., "W”) plus width of a space

20  immediately adjacent the line on one side of the line between the line and a next adjacent
line in a repeated pattern within the array (i.e., “S™). Thus, in many implementations, the

consumed area of a given DRAM cell is no greater than about 8F>,

However, because DRAMs are volatile memory devices, they require “refresh”
operations. In a refresh operation, data are read out of each memory cell, amplified and
25  written back into the DRAM. As a first result, the DRAM circuit is usually not available for
other kinds of memory operations during the refresh operation. Additionally, refresh
operations are carried out periodically, resulting in times during which data cannot be
readily extracted from or written to DRAMs. As a second result, some amount of electrical

power is always needed to store data in DRAM devices.

30 As a third result, boot operations for computers such as personal computers

involve a period during which the computer cannot be used following power ON initiation.
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vertical structures roni ¢ nmenor ced apart a
di st ancenegers Icellse:onﬁgubditd stm‘b aaleast nnasrlnmpqmohc | oTheaﬁembcelthﬂasdopiﬂga

str Y§ t Ul st r grlgx\ll !)fd A Sethi con c(?tlof'a Sbsteat msmé/ the sggsﬁxa%qo%;o%l onfm%urF d to store
substantially vertical edge surfaces. Pairs of the edge surfaces face one another and are
spaced apart a distance equal to one half of a pitch of the array of edges. The method also
includes doping second regions between the pairs of edge surfaces and disposing respective
structures each providing an electronic memory function on at least some respective ones of
20 the edge surfaces. The method also includes establishing electrical contacts to the first and

second regions.

In another aspect, the present invention includes a method for making an array of
memory cells configured to store at least one bit per one F?. The method includes disposing
substantially vertical structures providing an electronic memory function spaced apart a

25  distance equal to one half of a minimum pitch of the array and establishing electrical

contacts to memory cells including the vertical structures.

In a further aspect, the present invention includes an array of memory cells
configured to store at least one bit per one F* formed using vertical structures providing an
electronic memory function spaced apart a distance equal to one half of a minimum pitch of

30 the array. The structures providing the electronic memory function are configured to store
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These and other embodiments, aspects, advantages, and features of the present
15  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
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.

20
BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention are described below with reference to the
following accompanying drawings.
25 Figure 1 is a simplified side view, in section, of a semiconductor substrate

portion at one stage in processing, in accordance with an embodiment of the present

invention.

Figure 2 is a simplified side view, in section, of the substrate portion of Figure 1

at a later stage in processing, in accordance with an embodiment of the present invention.
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section, of the substrate portion of Figure 2 at a later stage in
processing, in accordance with an enbodi mnent of the present inveQiEDrillb
Figure 4 i i (Jied plan view of a substrate portion _showi ng a portion
of a neno??agiq4{apia8lr];r ay, in accordance with an enbodi ner?FTGfsz?%@9gﬁ9%sent
invention. 5 Figure 5is a sinplified side view, in section, illustrating a
rel ati onship between the structuressof Figures 1-3 and the plan view of
Figure 4, in accordance with an enbodi nent of the present invention. Figure

6 is asinmplified an vie f.a penor ell .array i|lustrating a
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accor dagt@adated dtdpedn prd2esigoihi Ateittiamt withenRrdséinient sfB O presHnt inkbigiohe 7 IS a
sinplified side view, in section, taken along section lines 7-7 of Figure
6, illustrati ngigaay4 isef sipplifiedtpincAenech kubsu e panios BRfwing _a%:_a@i@ﬁbﬂ@nce_ with an
enbodi nent of the present invention. Fjgure 8 is a sinplified side view, in
sect i onMemaResll gl gn aecordagse yith aa egbediment of the pyesert 1gventipn.yst r at i ng part of
an interconnectjon arrangenent in accordance with an _enbodi rent of the
predent i nvent FiNre Fisqsiaplifred;sideyigy.de rectipmdlusiatng arelptionshinhetyeen

seni congctubi 6} Bland WAIS] ALQot FYRRFER adebrafnctUiiRl 41 € according to
t he teachi ngsturg% tlﬁgﬁ%%?oranartcﬁ:ﬂ F‘lﬁgurog 1%iﬁf?:ﬁ-uaétcr at es tﬂ{e MOSFET of Figure
9A oper emealimenttofithefpyesgatitvenfonli r ect i on showi ng sone degree of device
degradation due to electrons being trapped in the gate oxide near the drain
regi on over gr &tuat 6 ssesimpliffrdrdarodew of amgmaphcedlemay ntpstrlengsquar e root of the
currentﬁel ganal | ds teakep a the0 drglkn recgJﬁonro%Tit hcec(r: nyent onal MOSFET
ver sus PRECHIEre iRy hans B 5 thevedfory o) el R i R Yl 85 e
soumnce &mbidinent DB tHei f@esent ikAtibs. a di agram of a progranmmed MOSFET whi ch can
be used as a multistate cell in accordance with an enbodi nent of the
present invent Fidure FisQibiRplifiddRidesvidv,dh s@tian) tsientabidl Sedtioh ligagdl-Abhi ng the

met hod by which the MOSEET of the pultistate cell of the present invention
can be P8t Hinstating pestnf 8y erpenneeiny ARangsiest Braceeidanse 84090 i nvention. 1 4
DEC 2008mbodiment of the present invention.

Figure 8 is a simplified side view, in section, taken along section lines 8-8 of
5  Figure 6, 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
0 direction showing 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.

25 Figure 10A is a diagram of a programmed MOSFET which can be used as a

multistate cell in accordance with an embodiment of the present invention.

Figure 10B is a diagram suitable for explaining the method by which the
MOSFET of the multistate cell of the present invention can be programmed to achieve the

embodiments of the present invention.
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current signal (lds) detected at the drain region versus a voltage
potential, or drain voltage, (VDS) set up between the drain regitdnl2ith t he
source regi z&ﬁﬂ& %f. VDS) in accordance with an enbodi nent of the present
invention. Frgure I illustrates a portion of a nemory ZCFAP20AOWaEor dance
with an 5 enbodi nent of the present invention. Figure 12 illustrates an

el ectrical equivalent circuit for thg portion of the menory array shown in
Figure 11. Figure 13 is another electrical equivalent circuit useful in

illustrating a.rea eration_ on the noyel jsta | I.i.n_accordance
with an enbodia]?ﬂ\gﬂliedlgpa 1? ﬁ&ﬁ?bé’@%ﬁlﬁg tThE) cﬁl‘ﬁ‘??g W%Kidtsﬁ%ﬁieg aiﬁ‘ei FHRLGEW es a

por t i onvedus @ vOR{BRMGteRLiAIRYr drilindoRase] AVDS) ot ipibaReerai® @i ®RBion @hd thee present
invention. Figure 15A, _illustrates one enbodi nent of the gate insulator for
the preSHite regioRdes Yso N DS argorslanaertibly anpgmboginasng of e gresentdnveRlistst ack, wher e
the layer closest to the 5 chapnel includes an oxide layer, and a nitride
| ayer is formeBigtiseldBustrates g podiopss amearory aopyintagerdance yathagt e t he
C0”@UCH&&%Hﬁﬁgﬁﬁf9&@&%&&@%@9@&%' multistate cell of the present invention

Figure 16A 1llustrates the operation and programm ng the novel nultistate

cell in ther i i -0 1F 1 : rogr amred
t

nul tistate cel F@%@e’?{g{nﬁo&tﬁ aﬁﬁle%: ‘ﬁlgal éfqgﬁﬁgg?%@l?fﬂr lg(%'tﬂl? %%&gﬁﬁo%f?ig@eéﬁfi al read

occur r i axgyishowiinsFigoreflér enti al cell enbodinent, e.g., 2 transistors in each

cell. Figure 17 illustrates a nenory device in accordance with an enbodi nent

of the presenFigureviSns aoother 2lecficgleqeiviBnt drcait nbefolkin dihvestratanp aofeadan el ectri cal
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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 present
invention having a number of layers, e.g., an ONO stack, where the layer closest to the

5  channel includes an oxide layer, and a nitride layer is formed thereon.

Figure 15B aids to further illustrate the conduction behavior of the novel

multistate cel! of the present invention.

Figure 16A illustrates the operation and programming the novel multistate cell in

the reverse direction.

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

transistors in each cell.

Figure 17 illustrates a memory device in accordance with an embodiment of the

present invention.

25 Figure 18 is a block diagram of an electrical system, or processor-based system,

utilizing a multistate cell constructed in accordance with the present invention.



In the follow ng detailed description of the invention, reference is made to
the acconpanying drawi ngs which forma part hereof, and in miqu[Ci-mnﬁshovm,
by way of illustration, specific enbodinents in which the invention may be
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conponent sWP[}wO‘i‘)‘HﬁH‘gﬁt the several views. These enbodi nents are described in
sufficient detail to enable those skilled in the art to practice the
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pl asma slilidd inghd &t Hiteqer@s conldoctoniz vaddstdodrenhcluddendapdactoremid dnste® are t hen
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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

0  appended claims, along with the full scope of equivalents to which such claims are entitled.

Figure 1 is a simplified side view, in section, of a semiconductor substrate
portion 20 at one stage in processing, in accordance with an embodiment of the present
invention. The portion 20 includes etched or incised recesses 22, doped regions 24 and 26
and caps 28, The etched recesses 22 form trenches extending along an axis into and out of

5 the page of Figure 1.

In one embodiment, the doped regions 24 are implanted n+ regions. In one
embodiment, the doped regions 24 are formed by a blanket implant. In one embodiment,
the caps 28 are dielectric caps and may be formed using conventional silicon nitride and
conventional patterning techniques. In one embodiment, the etched recesses 22 are then

30 etched using conventional plasma etching techniques. In one embodiment, the doped

regions 26 are then doped by implantation to form n+ regions. The etched or incised



8 recesses 22 may be fornmed by plasma etching, |aser-assisted techni ques or
any other nmethod presently known or that may be devel oped. I 9p@ 006
enbodi ment, the recesses 22 are forned to have substantially verti cal
sidewal I's relati 0 a top surface of the substrate i n one
enbodi rrent‘,vgéﬁ‘%'@;égsr(#i ally vertical neans at 90 degr eespl?%lwty%gosgogﬁg%rate 5
surface, plus or mnus ten degrees. Figure 2 provides a sinplified side
view, in section, of the substrate pgtion 20 of Figure 1 at a |ater stage
in processing, in accordance with an enbodi nent of the present invention.

The portion of Figure,2 includes thick oxj egi ons 32, .ONO regions 34
for rrgd %ﬁesg?sgf%\/@ﬂ ]%e %gn%‘% b’f 51331?%%2@2%23555?55’6%?2“%3?5 Oélan?%gthﬁﬁd a gonducti ve
| ayer 4fethbd pfesailly koA @i (Raninay bode NhtoRe edbodithet reGeBses 22

co%ducti veli?dgagelg pol éa?l{ yst alali,ne ‘gj‘jpi@fclzon. I n gn eeg@ﬂﬁgli rrents, grgnventi onal
t echni qPEEeGIoa¥AHbSPRERIoY BYsa Fidev isae Y540 = PRBFBREOAAS SR _ _

pref er epdrigh by, W dnB em®sBiReht, sRostnteNPYdricabReariSit 80 HETEEslto tHeBbduRieck OXi de

regions 32 are forned at the same tinme as a thinner oxide 42 on the

si déwal $usfage pluptes sunusgen degseas] so serve to isolate the doped regions 24 and
26 fromwhat will becone transistor 5 channels along the sidewalls 36. O her
t echni ques f or Figus Zptogidesayinmifiedpide yisw. inmgetione abip sebstrptg poviendfbodi nent ,

hi gh depsg: I q i oly| i.pent,

epacer SOrtipite ' e AU (LGR TR PPN B ermbllufdfh qrHRAIE Y L ¢ ¢ hen
enpl oyenhvemtionr he gertian 20iof Figiee 2 myklesifick pglida regiotisde, ONYeregidtis 34s 1 S

descri bed, for .exanple, .i.n "NROM. A Novel . . Q Localized Trappji.n 2-Bit
Nonvol aliringd R A Baior tassoas 22 ceeaigiaL At and A gppfienue EFEHODAY: ce

Let ter s pnev@hboddnent,MRe gakd mabdpMETD&S, &conBiti 1 iad glliqmue No.
0741- 3?(])86/ 000, orn in gA ?raue Si ngln}fgl%r ar?;li sttlg??go?gcg?oN?%e-O(i]de EEPROM

Devi ce” by T. Yy ofedibodiméit; oonbédEonti@bhiqass &Eé’rhglﬁyé@tbt(ﬁlcﬁze tH@H(E}JeEDL' 8, No.
3, March, 198 | EEE Cat al o No. 0741-3106/87/0300-0093. >.5

7, pp, 93-95
I'n one isissaRar 26 prEramiy B depac f ﬁ%ﬁﬁll@éﬂ ayeresulf, iadhigkenide | ayer 46
conbi ne egﬂ)n%)g? Hel e gtgeas}i@% tiilﬁe,as%l{ﬁiﬂn&%xld%t4g%ﬂltﬂé’§&’e\ms FNpfsgevi ces,

whi | e tf’u ysilicon ns a control ga n operation, application of
sui t abl exidésmdtorsenalto ohsethe tiopedirbgoniddennd 26 gioonwh@4vill D6cameiransistocont r ol  gat e

38 causeg hot [OLIty. char rriers to.be .injected into the nitride |ayer
24 3nd_ Greors BhRlselicWaRL SR Sofps e FE b dlofany t hus

provi di eghniph, tin phesembdldigdm,digly densiie plasihafpben@kiries mag bk etipRiek Inepeesent i ng
stored dﬁt . "Hot" char eca{rigrs are not in thermal equilibriumwth

their efPPPBIARnPAcITHMEY fHEFpmploye

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

'0 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 Deyvice” by T.Y.
Chan et al., IEEE Electron Device Letters, Vol. EDL-8, No. 3, March, 1987, pp. 93-95,
IEEE Catalogue No. 0741-3106/87/0300-0093.

15 In one embodiment, the thin oxide 42, nitride layer 44 and oxide layer 46
combine to form the ONO layer 34, such as is employed in SONOS devices, while the
polysilicon 38 forms a conirol gate. In operation, application of suitable electrical biases to
the doped regions 24, 26 and the contro] gate 38 cause hot majority charge carriers o be
injected into the nitride layer 44 and become trapped, providing a threshold voltage shift

30 and thus providing multiple, alternative, measurable electrical states representing stored
data. “Hot” charge carriers are not in thermal equilibrium with their environment. In other



1 4 DEC 2006 WO 2004/001802 PCT/ US2003/ 019303 9 words, hot charge carriers

represent a situation where a popul ation of high kinetic energylétﬁ%g?[gg
carriers exist. Hot charge carriers nay be el ectrons or hol es. Vi ces

are capabl ay@hosshsh1g nore than one bit per gate 38. Typi he hot
carriers are injected into one side 47 or 47" of the O\Ié%:rg[%g(iox/glz??&adj acent

a contact, 5 such as the region 24 or the region 26, that provides a high
electrical field. By reversing the palarity of the potentials applied to the
regions 24 and 26, charge nmay be injected into the other side 47" or 47 of

t he ONO T I EQniscal | v-di i m .e..an i stinct
stat oo B9 lor req e (ebsanE FabASLMAR, L MR LM G0 B *' 1
st r uct uclerghawiers exidti ot cha?gd cndapaly e electadno bt hgeat | east four bits per
gate 0 38. Figure 3 is a sinplified side view, in section, of the substrate

portion 20 of SBINDS deviceatreavapablé of si@irg\fors tiagent bit PeogRs38. Mypidally,accor dance
wi th an_enbodi nent of, the. present jnventjon e enbodj.nent shown in Figure
3 incl p@@g‘tg’fi W%&WG@JF‘ﬁﬁflﬂtng‘?f‘é}nﬁ orlf% ,ijﬂhﬁ OQBH%%{@?@J@C&P@ WPREcls £ or med on
t he st hi gucBsk BR rEGaH PNorkBe rédidiOryY @it Ffwﬂhs PificH eleiricA Mild.r i de insulator 49 is
formed on the floating gate 48, followed by deposition of gate material 38.

Fl oating gate @gvbwRdn@iie pbﬁﬁ%ﬁﬁ@p&&ﬁfaﬁ;ta% 14 b MeELEione MM Shar ge

carriers, which may conprise ‘el ectrons or Rol es, info the floating gate 48.
Fl oat i nghagea wayles/inisetsd dutn theeotharsigledrnadi 7tof thei GNQrlexer 3¢hdherefduevel s that can
be el egl.Lid LSt - G st [ . A4l .l L.l $q POSSi bl e
o proge BBl gk Ele S5 R T PER Ty pR B ok bk 320070
each exismanesultythasidrcass alidven pdtigur88 id dapable of steripont denst founiitsepet il one st or ed
bit. Tyﬁ'%cally, charge levels of 0, Q 2Q and 3Q m ght be enployed, where Q
reproese ‘s sonme anmount of charge corresponding to a reliably-

di sti ngui shabl e, out put si |, .Fiqure 4 is a i ified plap.view of a
SUbst rate. port S TEEARHLHS Bvap sertba SRy Folpr 29960, i n
accor dapfp@ret Athn aRerfAPRAHIFR i pRtedsg, ia6dtncd WitB Bh eMBodilettdfehed al so
provi des exanples of pitch P, wdth space S and mninum feature size F,

mpl es ] W [ .
as deseresesd invertionn eTisepbndimend shown ndiense 3 includsphepxidsrrgignss¥ amd ¢ he
physi cak 34,22 1i84in gafd! forlfed B ) s F£€ e ge F2.
Wor dl i nes’ ggé‘gr elngc%rarredgqlfr (ﬁ#ﬁzt helt&tctg%cfégat%i ?/% aye‘#gl Cg&eagﬂl?gﬁ Fl&rr]les 56 and
58 dr e hidrdesidsulator 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 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 possible to program more data than
!0 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
be employed, where Q represents some amount of charge corresponding to a reliably-

distinguishable output signal.

Figure 4 is a simplified plan view of a substrate portion showing a portion of a
)5  memory cell array 50, in accordance with an embodiment of the present invention. Figure 4
also provides examples of pitch P, width W, space S and minimum feature size F, as
described in the Background. An exemplary memory cell area 52, the physical area of a
single transistor, can be seen to be about one F%. Wordlines 54 are formed from the

conductive layer 40, and bitlines 56 and 58 are formed.



1 4 DEC 2006 WD 2004/ 001502 PCT/ 0S2003/ 019303 10 Figure 5 is a sinplified
side view, in section, illustrating a relationship between the, Bi(r 208% ur es
of Figures 1-3 and the plan view of Figure 4, in accordance with an

enbodi nent_ of esent invention. The trenches 22 coid@sd bitlines
56 and 58,W§§0&4?’§18§§<pl ained below in nore detail with ?{(; er egdgglisgs Fi gures
6-8. 5 The density of nenory arrays such as that described with reference to
Figures 1- 5 can require interconnectpon arrangenents that differ fromprior
art menory arrays. One enbodi ment of a new type of interconnection

ar r angenent us ful th ) SCri ow W th
reference to F {ﬁﬁ'esls H@%ﬂ&f%é(w’ n o’ﬁ’d 1\‘% gﬂgﬁfe% W@%&W"E&t rating an
@ntercoﬁlgeﬁﬁdtms_, @ﬂmgmgennﬂgﬁd@& plﬁl?l%ﬁfﬁ%ufmm ¥ecoRlahcawithyn 50 of Figure 4,
in accordance w an enhodi nent t present invention

i nter co?fH ;&efﬁﬁsﬁﬁgm’eﬂ@@% RRShesRA OrpiRong 49 ]P‘gf‘}?ééﬁé‘éfﬂ%é%l ve

| ayers @%x@age@eem\se@afo%@ampmmﬁeelt@p@mesrst@rI evel dielectric material
65 (Figures 7 and 8). The views in Figure 6-8 have been sinplified to show

cor sespondence it fhsith 6f RleRBfy arflyd Wich%s ﬁﬁ@dés@nﬁ’éﬁqlv& G GOFRLRY 1L Y -

Shal | ow trench i solation regi'ons 67 isolate selected 5 portions from one
anot her 5 @i sgauire intefopnpectionpirpigeantsitaps diffee fWwom prics et mpesrory orkysn Queong sect i on

[ines e lmelofH b frnd dAfBE AR AL By AANLALSRARRSIGON AT angement

i n accordance WI resent i nvention gure 8 is a
si npl i fs;ad:nsuszlécsmulmﬂ,beldww&htrefen&ncettammmlﬁe&g section lines 8-8 of :0
Figure 6, illustrating part of an interconnection arrangenent in accordance
w th an enbodFigerd6 Bfa sﬁﬂnﬁlijﬁnsdqﬂﬁxmiewm\mmﬁngm JWetdmnnaileﬁeﬁmgemenﬂ%Ogur es 6-8,
t he patterned conductive_| ayer 62 extends nodes 0 70", 70" and
bot A1 L Tagray e arove S b s Bt ance e cotRgma ouh fthe present s 62 and
sel ect eghvBRfon! RS ifércéiiRcERPAFnb&HLR BO ;ifhudw@mﬁ@ué ﬁ’tt@ﬁ{éd%&mﬁl#ﬁ\tel ve |ayer 62
?5 stops at the |ine denoted 72, 72'. Simlar ot her portions of the

ot ¢ er niRdels 65 Bub e, Searsigby Gmenicomkineers! diviciic mece (3 Egura] and:  and

extend EP"’ﬁ{e%evtR fY¥ éggx"r9 $6.89la ﬁ%éég%ﬁ@ﬁ%%‘%%dy%?pd‘ d@ﬁ“&eﬁwgﬁﬁﬁ ¢ ffler 761, 76"

to other” circul rovi cont aCt to
sel ect eHigupsand torwoxdfmlﬁhecmlpiexit}r Shialjow Brdnch isolation regions 67 isolate selected

5  portions from one another.

Figure 7 is a simplified side view, in section, 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 simplified side view, in section, taken along section lines 8-8 of
‘0 Figure 6, illustrating part of an interconnection arrangement in accordance with an

embodiment of the present invention.

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

5  stops at the line denoted 72, 72",

Similarly, other portions of the patterned conductive layer 62 extend from the
line denoted 74, 74" and extend upward, providing electrical communication from nodes 76,
76', 76" to other circuit elements. The nodes 76, 76', 76" provide contact to selected

portions of the doped region 24,



1 4 DEC 2006 WD 2004/ 001802 PCT/ US2003/019303 11 In contrast, patterned
conductive |ayers 64 extend fromtop to bottomof Figure 6 and, giletliically
couple to nodes 78, 78 and thus to doped region 26. Such is but on exanple
of a sinplified /| r;géer connection arrangenment suitable fgler F03M§3513 t he

e. b

menory deviV0ELMgM gures 1-5. O her arrangenents are possl Figure 9A
is useful inillustrating the conventional operation of a MOSFET such as
can be used in a DRAM array. Figure 9A illustrates the normal hot el ectron

injection and degradation of devices operated in the forward direction. As
i s explained be| i n e re.t ar. th ralp they are
not very effec?ll1 g%}’m;a?]f,8%%ﬁ%nc8n§%§9%g§%}§ggec %Jr%@?@g? {s})ﬁ?og Wf%”éige 9A is a
bl ock duatylemmically zoupie & nabes 08 7Seandabndodopsd regieh d6ef f ect  transi stor
(MOSFET) 101 in a substrate 100. The MOSFET 101 includes a source region

102, a drain r ggiiol tiPén exmgacndimpeiddinteiddtndctioh Aearpehsht saitsbld iR bet ween
the source region 102 and the drain region 104. A gate 108 is separated
from t h8secHEHhe memgy g7v1as@f Figuzes 1o Qhgsgrrppeanients mEpgssible| i ne 112 is
coupl ed to the_source .region 102. A bitline 114 is 15 coupled to the drain
regi‘on 104. A ReFEF PAds useBliinilivsizasmg theconyepsiopal operption of m@éﬁ%ﬁp%nm

oper at i Qfloan®e A5 if) alTIR ARVASS,. MO Q0L ilﬂ%&rgtglé hﬁlnoﬁﬁ%t bigctiRlinitRionRa Ween the

drain region 104 and the source region 102. A voltage potential is then
appl i ed degradatipre ofdavices Opergted imthadorvpidrdirecti@. Aonis explhineq bélowpingsdbcent i al

applied g‘ﬁﬁ ract erd silc. v t hreshold (Vt)
of the E?%i C g%%%%%@@%?%@%%}@#&%ﬁ% s]klr%é%n%'%qbggag’?%en the drain
regi on theactndtithe source region 102. Formation of the channel 106 permts
conducti on between the drain region 104 and the source region 102, and a

current si gnal FigulsYAdanbloek diapaai ¢d mdtaltdxdedemicondegordieldéifect | N operati on

of the convent] ET of, Fi A, r.e f device . degradation
does grmtqrw&mflmﬁﬁwggé‘grﬁeéﬂagﬁﬁgﬂﬁf‘ ? 8 S FEECECBn by 25

el ect r ong, hlifaiR RGMH 113, & CRRRECefibn | EindRd SubSikdisl 00 8Qwh&Ahe Sdiecedegibh T €gi on
104. This effect is illustrated in Figure 9B. However, since the electrons
117 ar e 197 andlpbeidiaitiesiond Oty 4i gate 1084 ssmarntsd fame (e ghennsbregiperl{8 by fect i ve in
changi g BEVPREEL SRREAR! A01SLdubfed 1S 118 Ub e egldnl 108! WiiBe b4 & POI NT.

Fi gure % is a graph show ng the square root mg the current signal (1ds)

t aké&n atouphad td thei draineggiom 1661 4 vwrdling 16 Istagpled &t hngatall 08.VGS)

In conventional operation, a drain to source voltage potential (Vds) 15 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
20 the substrate 100 between the drain region 104 and the source region 102. Formation of the
channel 106 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
25 electrons 117 becoming trapped in the gate oxide 110 near the drain region 104. This effect
is 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.

Figure 9C illustrates this point. Figure 9C is a graph showing the square root of
the current signal (Ids) taken at the drain region versus the voltage potential (VGS)
30  established between the gate 108 and the source region 102. The change in the slope of the



30 established between the gate 108 and the source region 102. The change in
the slope of the 1 4 DEC 2006 WD 2004/ 001802 PCT/ US2003/ 019303 %2 pl ot of
| ds versus VGS represents the change in the charge carrier mobl fi EQ 2006 t he

channel ]‘gg.zo(wb hgure 9C, AVT represents the m ni nal pzjmamompsbjﬁe
MOSFET' s thres oPc? voltage resulting fromel ectrons gradually being trapped

In the gate oxide 110 near the drain 5 region 104, under normal operation,
due to device degradation. This resullEs in a fixed trapped charge in the
gate oxide 110 near the drain regi on 104. Slope 1 represents the charge

carrier b n channel for. Figure 9A having no el ectr

trapped? {Tﬁ é@y‘é‘e&f‘@%"ﬁ GPTes RS ﬂ’glc e F’&%ﬁ@%ﬁ@eﬁlﬂgb@%w&ﬁ%ﬁw ity in
the chafpggel 106 for the conventional MOSFET of Figure 9B having el ectrons
117 trapped in the gate oxide 110 .0 near the drain region 104. As shown by

a conpari son Ofy F AR, Nﬁre’%k&&ﬁs%e&rﬁmﬁia@&ﬁaﬁ%@ﬁtheM@Sﬁ'leﬂlﬁ«%ﬂéldlﬂ trapped

I n the gate oxide 110 near the drain region 104 the conventional MOSFET
do not soltpge fasuling lﬁymcrbiaq:tgms etadudlydege traphed intthe gate otide tHameaethe 8860 Ther e

are WO_CO ent e effects of stress .and t. elect.ron injection. One
conponeﬁ%g‘qm(cb?uwgr DOTPRAF QR OF- 5 P gﬁvéces%gfﬁda@?i’e hﬁﬂs feﬁ'gl&tlp 33‘&8@ el ectrons
and a seasgped chdrge Bitho paoloxideql des tiraivaih rdgiorHI Mlael 10ap@seats the addi ti onal

scattering of carrier electrons, caused by this trapped charge. and
addi t i oﬁ%rges%rfreaé@bslrtareﬁl e chgra] HoderRighieidonka mmﬁqma%grp&aeelﬂ%r i s

" St ressegte oxig¥ €10, 0PSp&D kéﬁ?esbﬁ‘tshl@%h&@é}%Bﬁltﬁinrtﬁ@&lhﬂﬁel 06e&iheoNns do gradual Iy
get injected and becone trapped the gate oxide near the drain. In.this

por t i on cerventinmabMQAEHT er{aguwegﬂlgqmg hlerteomsllvxlmmnrdlm thergatechriderid under neat h
t he gat t | d vol t age
and Chafed teifain WS, 1 Acthonh Rt EiRAR AL BhE ol b FE08  beg

progr arrrﬂmml@umrﬁﬁwaqbp@d mehe gateloilden t10 measthb dsddregiont 1 of ﬁme;omnﬂbmaés si ng of

MOSFET' onvent i ess technol o in order to form
progr anﬁ@@ﬁ%@‘ﬂ?‘%@ ‘J&‘ecfg[ﬂ?e@ aégfﬁnBﬂiﬁg’(lggge&BBﬂegﬁg‘{sl y, L. Forbes, WP.
Nobl e and E. H. 1%' oud, "MOSFET tech oI r gL n%]'acgr e.25 addéess decode
and correcti on, "PegATE BYP Smpopentiio thsp ?f%‘rﬂ ek§lechion igicsiop

091383, 3%ﬂonefmﬁéluﬂlés?acth&§hﬁl§ worrug%mrdueehﬂe dpe@%?&&bﬁ’:ﬁmﬂ‘é' skéczijat e menory

cell solutions, but rather address decode and correction issues. According

to the cempseagaclsdesmebihiyasamdationdenta asditional sealfermpof Erserelertngns
caused by this trapped charge and additional surface states. When a conventional MOSFET

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

20 trapped charge modulates the threshold voltage and charge mobility only slightly.

Applicant has previously described programmable memory devices and
functions 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

25 address decode and correction,” United States Patent Application Serial Number
09/383,804). That disclosure, however, did not describe multistate memory cell solutions,

but rather address decode and correction issues.

According to the teachings of the present invention, norrnal MOSFETs can be
programmed by operation in the reverse direction and utilizing avalanche hot electron
30 injection to trap electrons in the gate oxide of the MOSFET. When the programmed
MOSFET is subsequently operated in the forward direction the electrons trapped in the



programed by operation in the reverse direction and utilizing aval anche hot
electron 30 injection to trap electrons in the gate oxide of the MOSFET.
When the programmed MOSFET is subsequently operated in the f Jrandlr(d2006

ey Us2003 DI BBI MBS, e Br e near e source and caufE AR o

have two different threshold voltage regions. The novel progranmed MOSFETs
of the present invention conduct sigpmficantly |less current than
conventional MOSFETs, particularly at |ow drain voltages. These electrons

will remain trapped in th ate oxide unl ess negatiy te voltages are
appl | edo0es R ST R IR ofe fhrhanel Brhave g ook rghold vallete when
posi ti VRglhs. ZElidndR] SrophinRgIOSBEEs & presbnt Evastiohofditt bignifieaiypl | shed by
appl yi ng negati ve gate volt and/or _1ncreasing the tenperature with

s

\ ages I X
negat i vVESATEnhan copypntional Mgsggﬁ’é;é’aftﬁélaflb’&blﬁébdfé‘Pé@F?g?ﬁsT ¥ be re-enitted
back in{ 1 5‘%‘ 3 £ -&% ORnasal ;e FOr bes, E.
Sun, R %%?;ﬁ%&. J.uﬁg{gpfﬁ%&geﬁeﬁﬁﬁﬁtﬁgﬁg-e ési (])né%fdr%‘?pg%??'ons trapped
i n Si O2The ¢lgmpnewill agide réthexsdfom thegate@xidgorhen ppsitive onmsro gate voljages1816- 1818
(Nov. 1 REJRC R Y Q... 1N, n Far ot nelin nd Ther mal
em ssi 0%31?i %’%‘rﬁﬁaﬁﬁg Eferclagl]ffj F%cr?mg?ﬁ%gé% HSPlgiﬁlg n%g%g%igﬁf ,V'%ﬂ?%één Plgns. on
El ect r oincioasing s teniperatuddOyithnuegative gape bidslapplidd B afstubetrdPRd plecttorfto Abbas and
R C. Dogkerty, = hannel .| GFET desi i M i gns due_t ot. el ectron
{r appi ni e nbied Dark IRpr B hoon compr e MO B aregath le POt 1078, pp.
35- 38) . i, Ri. AdepSankiI MolIOFiadendteed el erhibsion bfbddirdhd Rhpkd & HOSSEAEET Nventi on
in which a nuch |arger change in device characteristics is obtained by

pr odr anfiang Blerdrog Sevice, Yoh EDrd6rmoy &1.aw. 180i6r 84 8iMav-d1d9)s S5sBfeM: | y r eadi ng

t he devi e L TR Yk fsli i AElLaqur 1S a

di agr am%’?“%%?%@?@m%?%%%ﬁ{’can %Sgdnlr}?g{c’i aggg tc}iﬂ:dn%glotﬂliésep a(at%gé cel l
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soursce regi on FAwdsaDAL o MOBEET ia fithstrien pSe prefent diveatindihaitich 4 @géton 204
includes a drain,region 204 for the MOSFET. Figure 10A further illustrates a
>. 5 gat Brgenshangp iy davaeg chaasenisies sphiired by duesamong e deviepipdhegerees 210. A
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Figure 10A is a diagram of a programmed MOSFET which can be used as a

multistate cell according to the teachings of the present invention. As shown in Figure 10A

10 the multistate cell 201 includes a MOSFET in a substrate 200 which has a first source/drain
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

15 gate 208 separated from the channel region 206 by a gate oxide 210. A first transmission
line 212 is 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.

As stated above, multistate cell 201 is comprised of a programmed MOSFET.
30 This programmed MQOSFET has a charge 217 trapped in the gate oxide 210 adjacent to the
first source/drain region 202 such that the channel region 206 has a first voltage threshold



coupled to the second source/drain region 204. In one enbodi nent, the first
transmssion line includes a sourceline 212 and the second transmni Ssi on
line includes a bit line 214. As stated above, nultistate cdl4 DElodllG s

conpri sed gif'oiuoﬁ’/htﬂ%zammd MOSFET. 30 This programred N@Eﬁgg@%ﬁﬁﬁgchar ge
S

217 trapped 1n the gate oxide 210 adjacent to the fir I n region
202 such that the channel region 206 has a first voltage threshold 1 4 DEC

2006 WO 2004/ 001802 PCT/ US2003/ 0193034 14 region (Vtl) and a second voltage
threshold region (Vt2) in the channel 206. In one enbodinent, the charge
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second tisesholdeéglom({Vily agl osecaiivolidgeibradhald réghord (Va2) amdahclingat thé t he present

i nvention, Vt2 has a . hi gher voltag@a Ereshol d than Vtl due to the charge
217 t r aBPSHmec HWtigiatesell operates gixe it] $0UFGS UHENY | st source/ drain region
202. Multiple E:i,ts C@‘Q°IB.}es stored on the nultistate «cell 201. t5 Figure | OB
is a di agram sd&iguH A {igpiralghis VA2 pythe fanpeli208as sljacept thefifhe  MOSFET of the
mul {g St dhRedidthin &idn o2 AELARSPNLin HVGRRAP RS ANdPER RGLAHIED t O achi eve
the enbodi nents of the present invention. As shown in Figure | OB the nethod
i ncl ude souwrgedrginaegivmg04- hacoumbEEp thateachings@f dhe mesentdnyeationPr@dasami ng t he

MOSFET i I L i i | i ' . age potenti al
W to a b s SUERAGA Wit Bl MEHIES BRI Bl Sligd 17 P07 PRS2
first vedjhcgetopht Brst scakcelfrdintrepiah202d idulnipledidts omn Bstored bn theemdBSEET i ncl udes

gr oundi n% é@e drain region 204 of the MOSFET as shown in Figure | OB A
second * ge potential V2 is applied to a source region 202 of the

T o1 RSO R L SRBLYAR o ST aRg BP0 BRI 2 (.1 . o
to the SMOSKRET 6fAHE ARltREde &I 201 of the present invention can be programmed to achieve
the embodiments of the present invention. As shown in Figure 10B the method includes
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
20 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 voliage potential V2 is applied to a source region 202 of the
MOSFET. In one 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
25  the MOSFET, as shown in Figure 10B. A gate potential VGS is applied fo 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 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
30 respectively) to the MOSFET creates a hot electron injection into a gate oxide 210 of the
MOSFET adjacent to the source region 202. In other words, applying the first, second and



25 the MOSFET, as shown in Figure | OB. A gate potential VGSis applied to a
gate 208 of the MOSFET. In one enbodi ment, the gate potenti ah m[%%aﬂﬂﬂh(\:/l udes
a voltage potential which is |less than the second voltage po é i but
which is s (o o establish conduction in the chanpnel 206 of the
MOSFET bet V\q/{éé%&)lf'ﬁgmrai n region 204 and the source regi 82:%%20.09’0%03sh0m in
Figure 1 OB, applying the first, second and gate potentials (V 1, V2, and
VGS 30 respectively) to the MOSFET cigates a hot electron injection into a
gate oxide 210 of the MOSFET adjacent to the source region 202. In other
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However, now in its progranmmed state, the conduction channel 206 of the 5
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with Figellse 10A. According to the teachings of the present invention, the
Vt2 has a greater voltage threshold than the Vt1l due to the hot electron
i njection 217 Huwever, gaw @ ibsxprdgragib®daiatd, ke dviabBicEdn aldpaclddo of thet he sour ce

region ! i gur 0C.,i s raph pl i\ng. a current.signal,.(lds)
det ect eyl(gqﬁflﬁgﬂgl@%g ﬁgpus]té’ g‘ﬁ?&?éﬁ‘&&f?‘ﬂmfgg@ﬁgh)?g'ﬁcvgtjosthg H%?“{/IS OB&Q'Q‘ pot enti al ,
or drai and/®éccagbvollayPbleshélt rédloEtRER acent to the source region 202, as explained

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

present invention, the Vt2 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
0 202.

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

15 and the source region 202. In Figure 10C, the curve plotted as D1 represents the conduction
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,

30 VDS, the current signal (IDS2) detected at the second source/drain region 204 for the
programmed MOSFET (curve D2) is significantly lower than the current signal (IDST1)



t he second source/drain region 204 and the first source/drain region 202
(lds vs. VDS). In one enbodi nent, VDS represents the voltage potential set
up between the drain region 204 ?5 and the source regi on 202.1 § BE(Fil§fure | OC,

t he curve D represents the conduction behayj

conventi onﬂak}@g@Mi ch is not programed according t C&‘F’r@g{{%@'@ﬁwngs of
the present invention. The curve D2 represents the conduction behavior of
the programred MOSFET, descri bed abgye in connection with Figure | OA,
according to the teachings of the present invention. As shown in Figure |
OC, for articul ar drain, .voltage, VDS, the. curr i.gnal. (1 DS2)
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( Seq genRmdty dovidd-stritird (e gaherally, B) Bita¢ b1 ZHatRerRAtid\FRndlelot El ectron

I njection by the Subthreshold Sl ope of NROM device," |EEE El ectron Device

Lett., WUisctropbieckign by the Sypthrasheld Spe of NROM doies,” [EE Electapn Bevier ., "NROM A
novel | B [ NGsr 2=Bi | at &4 o Ly, Electron
Devi ce E‘gt?i Y,ngﬁo’lﬁ.g'g?&pNgsﬁ %?L@m%g(%gﬁ?,ﬁb’ﬁ%ﬁ "?/%o’v%@go 9°V%§§réé‘g‘!’ dter appi ng

i n sili Toppimgt 2-BaNgaovletilederhary diedl, \IESEtHiectioa$legich Letic Nahi2d nNasldd i n MNCS
menory devd (see rall S, .Sze, .Physics of . Sem conduct or . Devi ces,
Wl ey, W'§4$%%§@%Vp%$6§0§h§'égﬁap@ﬂ%Pgséll %Mﬁ%@at? ngl‘a iRty eg% e gates
V\ﬁs.St henﬁ?cdg&ﬁi mgﬁm(}m&ﬂn@@ deeives ?sea@nbﬁﬂﬁ, g Sgg Riesies off l)y, gé) Sze, .
Physi cs _of , Sem conduct or, Devices, Wley, N Y., 1981, pp.. 504-5 , an

Appl i caﬁﬁmwa%du%rgk?m%w & Yc 'olsgégd’%é%'éb%r ﬁﬁfﬁerfﬁapaﬁlgilgéﬁug’c"é‘ﬂn point

def ect s okifle gabLwas B rdiiRh i 8 iniI0S RREAYY Jevides (O LBRFaIBNS. She, Ceusi C,

"Menory using insulator traps,” US Patent Nunber )
Physics of Semiconductor Devices, Wiley, N.Y., 1981, pp. 504-506), and Applicant has

previously disclosed charge trapping at isolated point defects in gate insulators (see
)0 generally, L. Forbes and J. Geusic, “Memory using insulator traps,” US Patent Number
6,140,181, issued October 31, 2000).

In contrast to the above work, the present invention discloses programming a
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 multistate memory cell based

25 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 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

30  insilicon oxide. That is, in the present invention, the multistate memory cell employs

charge trapping in gate insulators such as, wet silicon oxide, silicon nitride, silicon



6, 140, 181, issued Cctober 31, 2000). In contrast to the above work, the
present invention discloses progranmng a MOSFET in a revers?Aﬁgme@ggon to
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transistors including irst source/drain regl on, 302-1 and 302- 2,

r espect Presdny invemtiont the sumbengfvertisebpiliars, 30¢di and 308@2serveasdragsistors, i s coupl ed
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pillars, 301-1 and 301-2. In one embodiment, according to the teachings of the present

invention, the sourceline 304 is formed from a doped region implanted in the bottom of the
trench. A second source/drain region, 306-1 and 306-2 respectively, is coupled to a bitline
20 (notshown). A channel region 305 is located between the first and the second source/drain

1£g8I0NS.

As shown in Figure 11, a gate 307 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

25 includes a gate insulator 307 selected from the group of silicon dioxide (SiO;) formed by
wet oxidation, silicon oxynitride (SON), silicon rich oxide (SRO), and aluminum oxide
{Al1;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,

30 silicon oxide insulators with inclusions of nanoparticles of silicon carbide, and silicon

oxycarbide insulators. In another embodiment, according to the teachings of the present



trench. A second source/drain region, 306-1 and 306-2 respectively, is
coupled to a bitline '0 (not shown). A channel region 305 is I1q'0ﬁtte¥] et ween
the first and the second source/drain regions. As shown in Figure R a

gate 307 i weanaiAasRd fromthe channel region 305 by a p doslsrdsat or 307
in the trenches 340 along rows of the vertical pillars, ggﬁﬁﬁ and 301-2. In

one enbodi ment, according to the teachings of the present invention, the
gate insulator 307 ?5 includes a gaté8insul ator 307 selected fromthe group
of silicon dioxide (SiQ2) formed by wet oxidation, silicon oxynitride
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(ONO) gate insulator 307. Figure 12 illustrates an el ectrical equival ent
circuit Cﬂfﬁi)“qlo]r and {1y S IR ‘gFé-tlﬁPéhi’Gmﬁ%l%‘Fl?StétPP% 4§ﬂlﬁvﬂﬁ‘di4ﬂl12i gure 11. As

shown i mndrid@yh Brsl ourd/dHiRRESioR 40¥ Al doll 9832 kbRt Rufee/dtfh E-e?iorfmﬂs;ll and 401-2,
are provi ded. Each vertical miltistate cell, 401-1 and 401-2, includes a

first saeod ¢-Yrghannebisigion, 404 0etveen e frgand thegecand saerce/dinit givpaiand pegi on
4061 3 1985 FORTAhakGS Gp30% ARNGRI IR, 1 5L and the second

source/drain r ons, and a ga para om t he channel region by a
gatfy nol oor A el TR AR PR RSB e,
of each timdetdrdisaiiree/dmin region 4064 amddO6H e edch multistate cell. In one embodiment,
as shown in Figure 12, the number of bit lines, 411-1 and 411-2, are coupled to the second
source/drain region 406-1 and 406-2 along rows of the memory array. A number of word
lines, such as wordline 413 in Figure 12, are coupled to the gate 409 of each multistate cell
20  along columns of the memory array. And, a number of sourcelines, such as common
sourceline 415, are coupled to the first source/drain regions, e.g. 402-1 and 402-2, along
columns of the vertical multistate cells, 401-1 and 401-2, such that adjacent pillars
containing these transistors share the common sourceline 415. In one embodiment, column
adjacent pillars include a transistor which operates as a vertical multistate cell, e.g. 401-1,
25  on one side of a shared trench, the shared trench 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 multistate cells can be programmed to have one of a number of charge

30 levels trapped in the gate insulator, shown 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



as 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 E?e menory
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adj acent pillars containing these transistors share the common sourceline
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the g eaghd g araf rebidd 06 AN gale JOTLERLAEN o MR Bhf Fdgidl 508y la\aleent circuit
in Figure 13 represents a programed vertical nmultistate céll. As explained
i n det aiitsulaipr.chbewie genesllynasOh7Fi gure 11, the programmed vertical nultistate

cell 500 includes a vertical netal oxide senm conductor field effect

transi st or ( MOSEEIYWS dOFignted3di werdiinet S48 istoppled dorthe colglddF r Atsewrcqhine MOSFET has
a sour reqai qn r.al i n redion het ween t he
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or data line 511 is coupled to t . ]
insulator, shown generally as 517, adjacent to the first source/drain region, 502, such that

the channel region 505 will have a first voltage threshold region (Vtl) and a second voltage
threshold region (Vt2) and such that the programmed multistate cell 500 operates at reduced

20 drain source current. According to the teachings of the present invention, the second
voltage threshold region (Vt2) is now a high voltage threshold region which is greater than
the first voltage threshold region (V11).

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 multistate

25 cells 601-1 and 601-2 formed according to the teachings of the present invention. As one of
ordinary skill in the art will understand upon reading this disclosure, any number of
multistate 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

30 respectively, is 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



15 drain region 506. The nultistate cell 500 shown in Figure 13 is an
exanpl e of a programmed nultistate cell 500 having one of a nunber of charge
| evel s trapped in the gate insulator, shown generally as 517, 4 bdj @&nt to

the first ??6]\5/@?/?85@ n region, 502, such that the changg%}lrsfe@agn 505 will

have a fir age threshold region (Vtl) and a secon 3Phr eshol d
region (Vt2) and such that the programed nultistate cell 500 operates at
reduced 20 drain source current. Accogding to the teachings of the present
i nvention, the second voltage threshold region (Vt2) is now a high voltage
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608-2, coupl.e to, a sens lJfjer hown efally at, 610.. A wordline,

612 1 antiPiectirasbs b a8 Db dme it Thyeere) YRDGharet sy erermtoninibe

respect ifyea ditedti®® URS Snel oF oddifiaY Skill @d the hrtanl ubdedstend @oRQGddiNg&h¥, for each of
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pot ent i dbrwand birectiome 608-1. As one of ordinary skill in the art wll

under stand upon reading this disclosure, the wite data/precharge circuit
624 i s adapt ed Asshownpd Bigeiet Hethearray stawhae 600, idviuding miltista®@8Hs160ul i ng a
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al t er natshy fHe e Gt QURAESRAd tHiht Rdiefe dREGi0R B bRIuhGRg ke dabifor bitamePE0R- Pér €Ct i on.
608-2. If the multistate cell, 601-1 or 601-2, is selected by a word line address, 612-1 or
612-2, then the multistate cell, 601-1 or 601-2, will conduct and be stressed with

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

region, 602-1 or 602-2. As one of ordinary skill in the art will understand upon reading this
disclosure, a number of different charge levels can be programmed into the gate insulator
adjacent to source region such that the cells is used as a differential cell and/or the cell is

compared to a reference or dummy cell, as shown in Figure 14, and multiple bits can be

25 stored on the multistate cell,

During read the multistate cell, 601-1 or 601-2, is operated in the forward
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 ‘_.'oltage of Vdd. If the device is addressed by the word line, 612-1 or 612-2,

30  then its conductivity will be determined by the presence or absence of the amount of stored

charge trapped in the gate insulator as measured or compared to the reference or dummy



As shown in Figure 14, the array structure 600, including nmultistate cells
601-1 and 601-2, has no capacitors. Instead, according to the teachings of
the present invention, 15 the first source/drain region or sbaBEe 2§06gi on,
602-1 and &Pz 204056 coupl ed directly to the sourceline 99%9’085 er to
wite, the sourceline 604 is biased to voltage higher than

devi ces stressed in the reverse direction by grounding the data or b|t Iine,
608-1 or 608-2. If the nultistate cetl, 601-1 or 601-2, is selected by a
word |ine address, 612-1 or 612-2, then the nultistate cell, 601-1 or

601- 2, h hot el ectron
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i n DRAMAscorging & thsrteaghimgsretithe prepant inventiomethe e¢rise ainplifierrd § gkn thas Hetegi. | n

oper at i e t. | n the
reverse%{ ﬁ?%%?e%\éé §%e@9¥h&1£%?%§8§%s&1ﬁc§e etgs %%ﬁndugg&d"rh%ﬂ%g n\ql\ﬁl e gr oundi ng
thelSoumhmhatth@d\rhxgﬂmwmperaaomtressed ITU| tistate cell, e.g. cell 601-1,
to an unstressed dummy device/cell, e.g. 601-2, as shown in Figure 14. The
wite and possiAd @eefasiindrestil irethe ad hdll badernsed whonh readinkQhisdisclbaet ur e and

test to initiall rogram,all cells vi.ces to. have sjuil or matchin
such arrays oiy mgltistgte cn]ls are convement?y re ?zed %y a modlttl]catlon o{' M 9

technology. According to the teachings of the present invention a gate insulator of the

multistate cell includes gate insulators selected from the group of thicker layers of Si0;

20 formed by wet oxidafion, SON silicon oxynitride, SRO silicon rich oxide, Al,O3; aluminum
oxide, composite layers and implanted oxides with traps (L. Forbes and J. Geusic, “Memory
vsing insulator traps,” US Patent Number 6,140,181, issued October 31, 2000).
Conventional transistors for address decode and sense amplifiers can be fabricated after this

step with normal thin gate insulators of silicon oxide.

25 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 multistate cell according to
the teachings of the present invention. That is, Figures 15A-16B illustrate the operation of
the novel multistate 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,

30  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



conductivity before use in the field. Likew se, the transistors in the
reference or dummy <cells, e.g. 601-2, can all initially be prqgéﬁfﬂﬁ to
have the sane conductivity states. According to the teachingé

present i ny@pbdo@oisszne sense anplifier 610 can then det g trmsiﬂfg 930
differences in cell or device characteristics due to stress 1 nduced changes
I n device 15 characteristics during the wite operation. As one of ordinary
skill in the art will understand upoB2reading this disclosure such arrays
of nmultistate cells are conveniently realized by a nodification of DRAM
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over the charge storage region near the source, e.g. 20 nm x 100 nm or 2 x 10 em?, results

in a capacitance value of Ci=10""" Farads. Thus, for a change in the threshold voltage of
20 AV = 1.6 Volts the stored charge must be Q =C x AV = (10" Farads x 1.6 Volts) = 1.6 x
107 Coulombs. Since Q = Ng, the number of electrons stored is approximately Q/q = (1.6
x 10" Coulombs/1.6 x 10™'® Coulombs) or 100 electrons. In effect, the programmed
multistate cell, or modified MOSFET is a programmed MOSFET having a charge trapped
in the gate insulator adjacent to a first source/drain region, or source region, such that the
25  channel region has a first voltage threshold region (Vtl1) and a second voltage threshold
region (Vt2), where Vi2 is greater than Vtl, and V12 is adjacent the source region such that
the programmed MOSFET operates at reduced drain source current. 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,
30 corresponding to 10 electrons, is estimated to change the transistor current by 4 micro

Amperes (LA). As stated above, the sense amplifier described in connection with Figure



near the source, corresponding to 10 electrons, is estimated to change the
transistor current O by 4 mcro Anperes (gA). The sense arrpllf”a @?@Eri bed
in connection with Figure 14, which is simlar to a DRAM sense anplitier,
can easily vw@¢hmgosBes charge difference on the data or pPiflshddSsrosdsn this
enbodi nent, the sensed charge difference on the data or bitlines wll be 40
fento Coul onbs (fC) over a sense period of 10 nano seconds (nS). To
illustrate these nunmbers, the capaci 2ance, C, of the structure depends on
the .5 dielectric constant, E i, (which for silicon dioxide Si02 equates to
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region, _su ht Sychannel re has a first voltage threshold region
(vtl) aﬁfa“’ 0élecon tls‘%ﬁ“ﬁé’? PEERY %’ E%Ibl on (M?2), V\/nere Vt2 is greater

than Vvtl, and e rece i.on.s e progranmed
MOSFET operate fse%ﬁid%ﬁ’ @F&?‘“ﬁﬁ%%ﬁf tg g%‘r?f‘be VFOIR %’emi el ectrons in
t Ee ogi n‘ﬁmiiistml@cegl ofale pre@yeinverftionh @hé élﬁdﬁﬁbeﬁqurlzhﬁﬁ camlhosmkwnenﬁ ngﬁtej ve oxXi deI
t hi ckness_of 200 A then e.in the thres vol ta y 0.16 Volts
near thisg [Prsf‘f%tes?sﬁl 3t ?&%&%ﬁ 3@1@@%?*18?18“0@5%@35‘)%3 ®t 0o change
the trapgirgd Qbrage egﬁrﬂtneﬁ}ﬁhé’fsdﬁéérﬂz ATRAEAbI) BVe a DE%EH%&QN%W@ the sense
anplifier describ in connection with Figure 14 06 WO 2004/ 001502
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cell is uSed cell” He cell i's
current provides Ip = (50 pAfV x5x0.16 Volts x0.1 Volts) 2. 5 x1.L6pHA=4 pA, As

noted above this drain current Ip corresponds to 10 electrons trapped in the gate insulator, or
!0 charge storage region 707 near the source 702. Sensed over a period of 10 nanoSeconds
(nS) produces a current on the bitline of 40 fC (e.g. 4 yAx 10 nS =40 x 10" Coulombs).

Figure 16A and 16B, illustrate the operation and programming the novel
multistate cell as described above. However, Figures 16A and 16B also help illustrate an
alternative array configuration where adjacent devices are compared and one of the devices

!5 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. Figure 16A illustrates the operation and programming the novel
multistate cell in the reverse direction. As shown in Figure 16A, a transistor 801-1 on one
side of the trench (as described in connection with Figure 11) is stressed by grounding its

30 respective drain line, e.g. 811-1. As shown in Figure 164, 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



conpared to a reference or dummy cell, as shown in Figure 14, and nmultiple
bits can be stored on the nmultistate cell of the present invention. Figure
15B aids to further illustrate the conduction behavi or of the \npREl 7036

mul tistate he present invention. The electrica I t. circuit
shown in Fi‘gﬁ%dg#&fﬁ% illustrates a nultistate cell 701 3@@%"\6%‘%@ ui val ent
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programmi ng the novel nultistate cell in the reverse direction. As shown in
Fi gure Zdmpsigorsippasheeldy Teoend thip platgrike drgingad spures@r grospdrhayathedescri bed in
connect i i EQur )eial . fF O i I.5: tive drain
e, o 2ot bhibebt iy ibkohduoll P ORREHiHANNH Meridded IIHASREE 1 17

t r ansi stdorin Bl 821-0rand BE! -2 pmes temosmaldoxsfard diecctiorepatbntiad appdied tekda@t i ng. A

vol tage.is appl|ied 1.0 1 4. DEC 2006 2004/ 001802 PCTI US2003/ 019303 24
shar od 258 EER 1o8slit 10 Tafs e ORGP (NASRPERLR PIEHB e 1 bod i 1
c Io nrect Ivmlh Fignirb 1 Ul%'s gwhﬁdell]éqd\ﬂﬂb@ér'lgaﬂ%qaﬁtﬁ?oﬁ?e.%i(ﬂ,ﬁi gated\&stagdﬁ@\ﬁf)g;ﬂeﬂl this
electrica equl va ent circujt, t . nergnporing (share trenc] col umm

adj acento the gales §Q7pr%% O@G)f-o{d%ﬁ 318‘51‘-1 the %ﬁﬁ%lém%erﬂé‘!de“%?eadgfg&h{she wor dl i ne
813, €. QiscRAr¥Sd hunfiRPofidiferehi dHafze 16RIah BE ploRRMBAQ! D théEAte ffultor ar €

817 adjacent to source region 802-1 and compared to the reference or dummy cell, 802-2.

Thus, according to the teachings of present invention multiple bits can be stored on the

20 multistate cell.

As stated above, these novel multistate cells can be used in a DRAM like array.
Two transistors can occupy an area of 4F squared (F = the minimum lithographic feature
size) when viewed from above, or each memory cell consisting of one transistor utilizing an
area of 2F squared. Each transistor can now, however, store many bits so the data storage
25  density is much higher than one bit for each 1F squared unit area. Using a reference or
dummy cell for each memory 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.

In Figure 17 a memory device is illustrated according to the teachings of the
30 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



5 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. He4r
multistate cell 801-1 will conduct and be stressed with acco aﬁgﬁ hot

el ectron i Ry@séosepshnt 0 the cells gate insulator 817 adjp%qﬁjg5003,5 s4she source
region 802-1. Figure 16B illustrates the now programred multistate cell's

operation in the 0 forward direction and differential read occurring in a
this differential cell enbodinent, e2§. 2 transistors in each cell. To read
this state the drain and source (or ground) have the normal connections and

the con Y ' J o . 1] A the drain
l'ine, 8?%?%&%%%51%@ %E}%ﬁ%&, ;f %}en%% g‘rx%g#nllg g’rﬁ\l}\gﬁé&rﬁ%@tﬁ? eér@%%&%ﬁ%“é‘ltp applied
t her et owhoseheord ltiaes$B0smd ibitdinen B6(Biré commahlydirrahgeidtintolrows amd @lurhdye trench (as
described in conpectian with Figure 11) 1s grounded and once again acts
as a soEﬁSB‘?.t'V‘iPid f}ﬁa%ﬁ{@]?%8|0§§&én?rgoraﬁgﬁy é’ﬁi arg 30%9?8‘633‘1&8%?. As one of

or di nar ¥mpkfidrlciredit H4% wikik itéhwlokd HNGSBE bRNGnARERA t6 BRGLRUetdeP944]i sCl osure, a
nunber of different char | evel s can be progranmmed into the gate i nsul at or

e
817 Sadj Addites 1y coplplsignabgroPr- addepsvicantnplines 61 it the mesmay érdes or  durmy
cell, 893%%1d cohfibed t@%oéowd‘%cgdérrﬁs,ts%ﬁ&{%i:ﬂ]ﬁﬁgpéﬁo(ﬁftgaga dfd%b’@é%&aé?” multiple

bits can be stored on the Wnultistate ce st at ove, these novel
mul ti st &ébansdrt ysed 4m gdin readeadd ivmitaadoRmMuhorigeother tlaygs, tolthe ntenmmsarsdyor s can

occupy ggzarea of 4F squared (F = the mininum|lithographic feature size)
when vi ewed from above, or each nmenory cell consisting of one transistor

utilizing an ea of 2F sgu d. Each .transistor n no wever, store
many bits so t S e e bit for

o Fl® Gafimnesth S48 cqmrefe o RE e wblRAoh 2 ¥Re b1 ¢
eachy | Fcoiitid bedlcdhithih scléct dignals bh dolamnhetiesteineeosy. THIwEHK abplified @icugach menory
transistgr where the reference transistor is in_close proximty, e.g. the

enmbodi nEf® rSAYGHIPY dpfagiestined ferdhe mymepmnay 942 gad owRwsAate seaditipm e 12 Tresul ts

in  bet G JRLE 19 SBAnBeIRHkR (/O PdRS 1ides 9651 BhaiSrea®HbmAhd QIR LS RO Y
density. In Figure 17 a nenory device 1s illustrated according to the

t eachi ngesmsky ey B8 byraetentingianvasd line AS0 (Firethereavodseodeniddl vaudh couplesi ns a
ci rou ¢ 2D Bt ok s 3RteRhisgh  AENAHTIR. B rtepei BLNS SBENRE00,) 01802
PCT/3US2 @efddeth® 8AEmnL& the auray. | Dne axfmore bit linesh6® acedlbcaddiftled.f Biterd according to
(he. L eachine, oLhhe B SSoR NG LoD, EpSe vel ] e 050 apd bt 11 nes
connected to a bit line column detects and amplifies the conduction sensed through a given
multistate cell, where in the read operation the source region of a given cell is couple to a
grounded array plate (not shown), and transferred its bit line 960 by measuring the potential
20 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 incorporated by reference herein.

Figure 18 is a block diagram of an electrical system, or processor-based system,
25 1000 utilizing multistate memory cells 1012 constructed in accordance with the present
invention. That is, the multistate memory cells 1012 utilizes the modified DRAM cell as
explained and described in detail in connection with Figures 2-4. The processor-based
system 1000 may be a computer System, a process control system or any other system
employing a processor and associated memory. The system 1000 includes a central
30 processing unit (CPU) 1002, e.g., a microprocessor, that communicates with the multistate

memory 1012 and an /O device 1008 over a bus 1020. It must be noted that the bus 1020



respectively. The bit lines 960 of the nmenory array 942 are connected to the
sense anplifier circuit 946, while its word lines 980 are connected to the
row decoder 944. 5 Address and control signals are input on abléDeE M ont r ol
lines 961 iwpaodsh@istEenory device 940 and connected to the faQlosiTbsgiecoder
948, sense anplifier circuit 946 and row decoder 944 and are useé to gain
read and wite access, anong other things, to the nenory array 942. The

col um decoder 948 is connected to t12é sense anplifier circuit 946 via 0
control and colum sel ect signals on colum select lines 962. The sense
anplifi I ' < y array 942
and out%&? §?§£f§§§§?ﬁﬁﬁﬁﬁﬂ§§Cﬁ@ﬁﬁﬁng%fgﬁﬁ§%§§§€§%§£ B%??bu ﬁ%t (170
data |i ne@eﬁﬁﬁce atcses enly ghalbdsr 020 hhebeer illvstrattd ehesingte bos. yA agcond 1/042 by

activatin nd.lin 0, {via the r M/dec coup les all of
the nemdryee P E W PERBERS R Pres SRt AR I R Ve, SRR ERBEOE: £ i nes
960, \Ahlbﬁshedsysﬂaﬁumi) dahelsddhelihs rédfd-dnemambBROME] (14 aﬂ@hﬁybﬁdludel nes 960 are
al so aCtIVaheﬁag paétlcul r wor d Ilge 980 and bit |ines 960 are

act iVat GEFPher deaces ‘g?ﬁﬁ qney diskdeiye d 0Umnd acoppactdadk CRIRPAEIVG ne col um
det ect s 1906l naao Johﬁl%rﬁ&?es%ﬂfjﬂig 0P 092 85&49nd His0wad a@xs%élﬁ&owﬂ% frestate
cell, where in the read operation the source region of a given cell is
couple fag.- a grounded array plate (not shown), and transferred its bit line
960 by neasuring the potential ?0 difference between the activated bit |ine
960 and a r ef erlewillebd appecciatiddly these skidled in theat thay edditiénal picevétry aide oper ati on

of Menor ens f | SCI | , US Pat ent
Number o B ieis BERRG B, ah iR b fBRE) 4R 100RbafRNR A e 0

Technol dglp fodus@n thedinderitiono Ap teastioad obthe heflstae cdl NROM 1(HR2dwheled8 i s a bl ock
di agram of an e | cal system or praqcessor-based system 5 1000

it o1 R PSS b Mpphos R Bt JBraior R0 SkcRP 8 RRe with t he
present soirby/@aini région, drdburk&regidne st liah fedhSnrdERRIoN Ha&h Kigst #Odage Ut i | i zes the
nodi fied DRAM cel I as explalned and described In detail_in connection with

Fi gur es thresholdmmgiop (Yid ¢ aada sesgrdweltagy SwesholdaemoneN2h avhsrecBidpsggatelsyst em  a

process : | sor and
Bssoci ot e e B e e B e e OO S g Ui ¢

(CPY 1epaateeatgeducad diain spwescassol , t hat conmunicates with the nultistate
menory 1012 and an 1/0 device 1008 over a bus 1020. It nust be noted that
t he bus 1020 1 ItwilHE wEGtoN0 R0 Gty kbR nPADWISA (SO 193 8trat@Gin

embodiment for electronic system circuitry in which the novel memory cells of the present

L

invention are used. The illustration of system 1000, as shown in Figure 18, is intended to
provide a general understanding of one application for the structure and circuitry of the

20 present invention, and is not intended to serve as a complete description of all the elements
and features of an electronic system using the 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
above. As one of ordinary skill in the art will understand, such an electronic system can be

25 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
drivers, power modules, communication modems, processor modules, and application-

30 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



may be a series of buses and bridges commonly used in a processor-based
system but for convenience purposes only, the bus 1020 has bﬁ?ﬁ b
illustrated as a single bus. A second 1/0 device 1010 is illu ggg@{ but
IS not necaggadoyodiRoPr acti ce the invention. The processqQis stem 1000
can al so includeg read-only nmenory (ROM 1014 and may i%@?ﬁggﬁggg%%ipheral
devi ces such as a floppy disk drive 1004 and a conpact disk (CD) ROM drive
1006 that al so conmmuni cates with the2TPU 1002 over the bus 1020 as is wel
known in the art. It will be appreciated by those skilled in the art that

additio ' | r ' I.ded hat the
menory gﬂtvﬁg&%gkkkﬁggﬁglgﬁﬁgﬁﬁgkrﬁngﬁb§“ﬁ3§aﬁ§P§5f gﬁggg%ggggiinvention

At | eastndwibernf the nultistate cell in NROM 1012 includes a programred
MOSFET having a charge trapped in the gate insulator adjacent to a first
source/drain region, or source region, such that the channel region has a
first voltage threshold region éVﬁIk and a second voltage threshold region
(Vt2), where V2 is greater t O and Vt2 is adjacent the source region
suchy that the privgaReTd Mbdi&liorof ARG EMIBhAIDRANIEESholipHald §:@sfsCe current.
It wll be understood that the enbodi nent shown in Figure 18 illustrates an
enbodi niil servsyto afferd angipexpensive mgmeryrdevice Whighcapke maﬁ%é apdisrasabieifory cel | s
of the. BfGaRhation Ty A hAMEE HRGiher HEiddy MPMEBMLUHRONYSTIRIMiP00. as
shown in Figure , Is intended to provide a general understanding of one
appl i cademsity bOPRAM amay stotctires witichfford the storage of a tange ®ume efSdigital deteent i on, and

is not intended to, serve as.a~complete description of, a th | enents and
{ oat ur oL A7 verClor e R BE A ESTRir R0t Mhef ipHatadr® of 8L L o

Fur tther writtbea liinfité@ Atnnbér of SintegUht low csipdfitkab hRniotie@Rill mhkeit mofk t ype of nenory
devi ce 1000 usi.ng the novel nennr¥ celrs of:ﬁggggresent invention and is
not int eHiegt ogu HF‘Werﬁ rmeRon e PeECt B _é-r.lenm 8> Bthy di nar y

ski Il i BnghRGindhé eMid ndiBERI AR AftaystHd & UoAB vaIhQREAASh Méalb AR, CAR be 25
fabricated ' n single-package processing units, or even on a single

semi condoisl onltistatgcells gan be wred in ® DRAM bke ey dovminanisisiars ean acPupy et ween t he
process ol A : : nmenory
el of ARGt kEreTRF o AR oy BB AL S R BB SbBS B!

el etd r omadh neapsiry well ansistisg of onerteangistyr widthinges, archefi2E squated. igack sughower

nodul es, conmuni cat i,on node rocessar dul es, .and appljcation 30
Speci 11 EaRRR B RO PR e FIRE TeRe e HHepeh o IRy § Mish it B,
Ci r cui t loyle biefor eddh IFs0aie@ vait St C UBRG Aesttreffe @ duaimeicyl fof eah feinoni ¢ syst ens,

such as a ¢lock, a .television, a 1.4 DEC 2006 .
transistor where the reference transistor 1s in close proximity, e.g., the embodiment shown

in Figures 16A and 16B vs. that shown in Figure 12, results in better matching

0 characteristics of transistors, but a lower memory density.

It is to be understood that the above description is intended to be illustrative, and
not restrictive. Many other embodiments will be apparent to those of skill in the art upon
reviewing the above description. The scope of the invention should, therefore, be
determined with reference to the appended claims, along with the full scope of equivalents

25 to which such claims are entitled.



WO 2004/ 001802 PCT/ US2003/019303 27 cell phone, a personal conputer, an
autonobil e, an industrial control system an aircraft, and othef8EC 2006
Conclusion 5 Utilization of a nodification of well established DRAM

technol ogy and arrays wll serve to ahgord an inexpensive nenory device

whi ch can be regarded as. disposable if the information is later transferred
to another nedium for instance CDROMs. The high density of DRAM array
structures will afford the storage ofLAIM& ge vol une of digital data or

i mges at a very |low cost per bit. There are many applications where the
data need only be O witten a limted nunber of times, the |ow cost of these
menories will neipethioll fofmskinghl gayesl mérforylédlls stniflphi7ed (& sIBRYYL NERBTENE bitf r ay,

and di spose of the ol.d menory array, rathér than'trying to erase and reuse
t hese arrays a@et@ed'i)weDIMBMgcurrent flash menories. The novel nultistate
cells can be u d |n e arr ransi stors can occupy an area
of 4F squar ed trFFﬂiC‘Prﬂ F?’PW%‘%&W\Q@’%@% ure size) when viewed from
above, or 5 ea TR t [ g an area
of 2F squar ed. (ﬁllizbach sgéﬁsﬁ’{alﬁeaﬁmlgé hgg#%{loof\(}vagﬁol&gﬂg S%ésa%n(girﬂewkgﬁlgnbl ts so

t he data storage demdgct.surfasesrrpmks dsﬁtlg't\mmtdiadgesmﬁctsfacmgmneamlﬂmtf squar ed

unit area. Usi a refer%nce Oli) el|l for each ne transi stor where
the reference tPEREASFEANGTSEIOR E‘l“(?g'éeﬁi rr?lft"’ﬁrt‘c 4ge sy e%rrbodl ment shown

in Figures 16Ag gsn]xg %Sécthg‘%ioﬁ?ﬁ’é’iﬂre Back it é%pcfc@&bﬂx&%e&ﬂ% etter

mat chi ng ?0 cha cte ICS transi s ors, ower nmenory density. It
is to be understood fnﬁmbnbhlycﬂhhwpmdsasfahtmﬁtm’l edge surfaeexcieathtGNOe
illustrative, and not restrictive. Many_ other epbodi pents will be apparent

to those of skill i ftraefaregxtendpmgio theedﬂve@vﬁ%andf%l%%am g9¢ famed The
scope of the invent 'oﬂglixégh‘w xﬂ?ﬁ{ ?%ﬁ%&p%m&%x;&qgﬁr%%ﬂ dw{)*%trﬁ rence to

the appended cl ai ns scope o ul val en to which

such clainms are ent chin@ﬂsesjatﬂm%o?@&ﬁorﬂ?&djﬁleﬁtﬁﬁhe:ﬁrﬁﬁém ahdr making an
array of menory cells configured to store at |east one bit per one F2

conprising: dostablishing ?1%“?3&59@%%?0 the Sestand sreord BRINShSt r at e;

2. The method of claim 1, wherein disposing comprises:

creating respective gates on the ONO structures.

3. The method of claim 1, wherein disposing comprises:
forming the oxide layer of the ONO structure along a horizontal surface of the
mcised substrate such that the oxidc layer is thicker along the horizontal

surface than the remainder of the oxidc layer.

4. The method of ¢Jaim 1, wherein disposing comprises forming respective

polysilicon gates on respective ones of the surface edges.

5. The method of claim 1, wherein disposing compnses:
forming a first gate diclectric on the surface edgc;
forming a floating gate on the first gate dielectric;

forming a second gate dielectric on the floating gate; and



incising the substrate to provide an array of edges having substantially
vertical edge surfaces, pairs of the vertical edge surfaces fagi Nk O
anot her; doping a second regi on between each pair of vertical A'ge
surfaces; disposing respective ONO structures each providing an el ectronic
menory function only on the pairs of theggvertical edge surfaces, each ONO
structure extending to the doped second region, and a control gate forned
on the gate ingyl i j i yver of each ONO structure
conprises a th?%’@gég?ﬁbghﬁgﬁp%%&fgﬁa@eﬁé@glc% e first region; and
establishing electrical contacts to the first and second regions. 2. The
met hod of claim1, wherein disposing conprises: creating respective gates
on the ONO str dbe fredpd of clappd , whemstedisrosmgLomprises thenosing sUNEWSsi ng

CurTace of 1 he ORRINBE 5k S8 Yl e oK BB AL Bolal D 7 TCker el ong

the horizontal surface than the renainder of the oxide |ayer. 4. The nethod
of claim1l, wherein disposing conprises formng respective polysilicon

gat es on respedht methndeaf claimtlnwhengirf digposinggompnises: The net hod of claim 1,
wherei n di sposifn .corr?lri Ses:,. fgrrm' n@ a first, gate dielectric on the surface
edge; formng P& g5 fisdectic ombeptfase edsbie dielectric; forming a
second gate di gBfihg b Foth éh?e & %Eﬁxﬂ%aﬁ%ﬁﬁéctﬁ@,%ﬂ&eim ﬁ&ﬂﬁg g&%_ii ormng a
control gate on the second gate dielectric. 6. The nmethod of "Claim 1,

wher ei n di sposi ng coomfifisabtodicsposieihas bneibit perefloatioggatej si ng gat es each

configured to gtore nore than oegéac bi t ﬁer ate. 7. The nethod of claiml,
wherei n di sposiHPRSAPTOLESAC dy MG ¢ eflopling §4t¢fi el ectric on the surface
edge; form ng %ﬁﬂiﬂ@&b&ﬁr&?&t@oﬂ@hé&@oﬁd A dRfkhicdi el ectric, wherein the
floating gate Is configureéd to store re than one bit per floating gate;

formng a second gate dielectric on the floating gate; and formng a

contr ol te on,the second.gate dielectric. ] .
g%. l:i'he: method osz:?au% 1, wherein the semiconductor substrate comprises silicon.

9. A method for making an array of memory cells configured to store at least one bit

per one F comprising:

incising the substrate to provide an array of substantially non-horizontal edge
surfaces, pairs of the edge surfaces facing one another and spaced apart a
distance equal to one half of a minimum pitch of the array of edges;

disposing oxide-nitride-oxide (ONO} structurcs providing an electronic memory
function spaccd apart a distance equal to one half of 2 minimum pitch of
the array, each ONO structure comprising an oxide layer along and
immediately adjacent to each substantially vertical edge surface being
thicker than a remainder of the oxide layer;

doping first regions under a horizontal surfaces of the incised substrate; and

doping second regions between the pairs of edge surfaces, wherein:

disposing comprises disposing the non-horizontal ONO structures on the
substantially vertical edge surfaces; and

establishing electrical contacts includcs establishing electrical contacts to the first

and second regions and to the non-horizontal ONO structures.



8. The method of claim1l, wherein the sem conductor substrate conprises
silicon. 9. A nethod for naking an array of nenory cells configured to store
at |east one bit per one F2 conprising: incising the substrat 4tD(EEﬂBQ§vi de
an array of substantially non-horizontal edge surfaces, pairs of the edge
surfaces facing one another and spaced aggrt a distance equal to one half
of a mninumpitch of the array of edges; disposi ng oxi de-ni tri de-oxi de
(ONO) strygtur netd rt a

(i Stance agual T meNbE baiRfo, WReLh SpRRE P coniifbd BhBRIREnARE

struct ure conpiayer uﬁhammstdlmtdmydbnghhmmadsunfmﬂtlmtmmtdasﬂbﬂmt to each
substantially ve cal edge surface being thjcker than a reminder of the
oxi de | ayer; déb‘ibrfgatfth? QQﬂﬁioéFji‘ sydace quide laéfchlﬁrqnfléfﬁtﬂaﬂn the rompinder of thehe i nci sed
substrat e; and ,)gg second regi ons between the pairs of edge surfaces,
wherein: di sposr ng "‘conpri ses di sposing the non-horizontal ONO structures on
the substantially vertical edge surfaces; and establishing electrical

contacts includes establishing electrical contacts to the first and second
regions ard-to thn@lqﬂmiq{@imm&rwprem\mcgqu@mp@yldmgﬂnem@mgmeﬂ@@y 10. The

met hod of claim9 wherer | further es di sposing the oxide
| ayer of the %?Pﬂ%ctﬁfp ﬁﬁg‘hﬂ %rﬂnﬁgqg’g az‘é’e of the incised
substrate such that the horizontal surface oxi de layer is thicker than the

remai nder of the oxide layer. 11. The nethod of claim9, wherein the
struct ured2pr omhqudrﬁchlm& wheretn dispnsing nohthonizomdal sametuvasrcbinpusasd to store

nore than one od of claim9, wherein disposing
non- hori zont al %"1’9"'8 6‘?@5“5 ?qtg%gn%% P& first gate dielectric on the
edge surfaces; hofink Qﬂoﬁlﬂé@?ébrpﬁlegﬁﬁtega@hé}@&né '\ﬂé}mﬂﬁ{eeﬂdi'nﬁ%gr i C1 wher ei n

the floating gate i3 configured to store nore than one bit oating
gate; formng a secmnﬁg;m@rbtodtcebHmrmtlmnombﬂhperfﬂcmang ggegate; and formng a
control gate o t he secong] ate dielec 13. The method of claim9,

wherei n di sposr ORFURE  SFROAD BF dIsrTs oy 6](9?%‘?53%3 Bi0d he

forming a control gatc on the second gate dielectric.

13,  The method of claim 9, wherein disposing the non-horizontal structures on the
substantially vertical edge surfaccs compnises:
forming a first gate dielectnic on the surface edge;
forming a floating gate on the first gate dielectric;
forning a sccond gate dielectric on the floating gate; and

forming a control gate on the second gate dielectric.

14, The method of claim 9, wherein disposing comprises forming respective

polysilicon gates on the edge surfaces.

15.  The mcthod of claim 9, whercin disposing comprises forming respective

polysilicon gates.

16.  The method of claim 9, wherein disposing compriscs disposing a structure that 1s

configured to provide an electronic memory function by storing holes.



substantially vertical edge surfaces conprises: formng a first gate
dielectric on the surface edge; formng a floating gate on th bttagﬁgate
dielectric; formng a second gate dielectric on the floating gé : d
formng a control gate on the second gate dielectric. 14. The method of
claim9, wherein disposing conprises formjng respective polysilicon gates
on the edge surfaces. 15. The nethod of Claim9, wherein disposing conprises

form ng respectd K-l cpn.gates. 16. The nethod of claim9 wherein

di sposi ngei?b mﬁ?‘%i‘é’*‘ﬂg"i%‘z%%"ﬁ??g’ hg{eph@g;Eﬂsgxgtx}?gt?hquzontégﬂwc&hr?secanpgs% ovi de an
el ectroni ¢ memgigpodits elkisemntiBty ¢driédl sguddakes. 1 4 DEC 2006 31 17. The net hod
of claim9, wherein disposing non-horizontal structures conprises disposing
substantially vertical structures. 18. A nethod for making an array of
menory cel.l,s configured to.store at |east one Dbit r..one F2 conprising:

di sposi ng @ubst‘%ﬁf’&ﬁfj&}r ’98‘?‘?3 B AT ¢ ?‘B‘P’é’sceﬁ§ E’Rﬂﬁﬁ“ﬁ% tﬁﬁ{g’é‘f %i‘?ars'bﬁﬁé’“nermry
function space ##* dniriingnce equal to one half of a mnimumpitch of

t he array, Me:f’g?% t he stru;(‘:‘?ures provi ding the el ectronic nmenory function
are confi gur ed disposihg substantielly harticad sieudtires prviding en eloctrandormembryof an oxi de-
nitride-oxide (ONO structure forned under a control ate such ,tt@# t he
nitride is adapted tBPObensPIcsdApATt & fistanerequal oonghalfof asninimym pitchaf oxi de

| ayer of the ONO str, ' | ' .
substantially verti éla %&géﬁé@%gg@?@ﬁfﬁﬁ@‘mﬁ%ﬁ%?ré’f’ﬁ‘&g’?ﬁ@f’“‘%'he oxi de
| ayer; and est abl i shiexpnfigertins state roorsttieat onethit gee patc)and ebdssst bhad axddarg t he
non- hori zontal structures, array,  of nmenory cells co ured to store

19. Al fi
at | east one bit pemigagorme (@B]@g%?%:&‘mwweé%W@%ﬂf‘ﬁﬁg‘g{}gﬁt@? ows and
col ums each coupl e%(i:ﬁéiﬁr. ﬁs??%\%{l g&é §°; S %Eé"ﬂoragg {a%man%ea%%&got%fo%ﬂet ry,

wherei n each nenory
layer of the ONO structure along and immediately adjacent to each

substantially vertica) edge surface is thicker than a remainder of the oxide
layer; and
establishing clectrical contacts to memory cells including the non-horizontal

structures.

19.  Anarray of memory cells configured Lo store at least one bit per one F
comprising:
memory cells arranged in rows and columns each coupled to respective row and
column decoding circuitry, wherein each memory cell comprises:
first doped regions formed on a surface of a semiconductor substrate;
an array of incisions forined into the substrate to provide an array of
substantially vertical edge surfaces, pairs of the edge surfaces
facing one another and spaced apart a distance cqual to one half of
a pitch of the array of edge surfaces,
second doped regions formed between the pairs of edge surfaces;
respective structures each providing an electronic memory function
disposed on at least some respective ones of the edge surfaces,
wherein each structure consists of an oxidc-nitride-oxide (ONO)

structure formed under a control gate such that the nitride is



first doped regions formed on a surface of a sem conductor substrate; an
array of incisions fornmed into the substrate to provide an ar nay)Egf 2006
substantially vertical edge surfaces, pairs of the edge surfaces facing one
anot her and spaced apart a distance equal to one half of a pitch of the
array of edge surfaces; second doped regggns formed between the pairs of
edge surfaces; respective structures each providing an electronic nenory
function disposed on at

| { ti f th d f ,
wherei n each structure c8?\33’1?%@?’gig%yafeg%gﬁ%%‘b‘iﬁ?e}feggggmgw %E?&%en (?,g”@er 3gte 3r e
formed under a control ggiyer SMROONTREtrdcife Bioh iaﬁ’&irhrﬁedﬁalélfy%ﬁc@ﬂ!@&eacﬁz

adapted to be a charge st‘;)brjage | ayer wherein portion of an oxide |ayer of
the ONO structure al ong awhstantiatistivestied] gdgejunfaenis thickes sivan 2 eobwidandfi al | y
vertical edge surface is thi qu(é% t han a remai nder of the oxide |ayer; and
electrical contacts to tHE P9EYeEmPdecond regions and to the structures

providing the el ect papiftalERBIK (b WAl s8ind HifoRdhdo Bc sEhatufas 19, wherein

the structures providing an el ectronic nenory nct1on erein the ONO
structures conprise: sil pooididg theielbetronioweniorg faretiba.con conpri si ng the edge
surfaces; silicon nitride forned on the silicon dioxide; and silicon

di oxide forned on the silicon nitride. 21. The array of claim 19, wherein

the st ructigr es 7t aih I Rgla01 & hekdid HeurIEURE Yol AL bl R FREDRERIRY | S

respectiveé polysrlicon gate on respective ones 0 face

edges. 22. The faictiol whicrein thieONQ stritdterce comphg: st ruct ures providing an
el ectronic nmenory function each conprise: a first gate dielectric formed on
the edge surf adiison dipxidedmowm fopsikiconsompaisivg theawdep swifacegjat e diel ectric; a

second gate di gﬁﬁgﬁéj“g%{@“ﬁ?@f*@&%ﬁ?@oﬁldﬁ’&t‘&%@ate; and a control gate

formed on the S€cCO
silicon dioxide formed on the silicon nitride.

21.  Thearray of claim 19, wherein the structures providing an electronic memory
function each comprise respective polysilicon gates formed on respective ones of

the surface edges.

22.  The array of ¢laim 19, whcrein the siructures providing an electronic memory
function each comprise:
a first gate diclectric formed on the edge surfaces;
a floating gate formed on the first gate dielectric;
a second gate dielectric formed on the floating gate; and

a control gatc formed on the second gate dielectric.

23.  The array of claim 19, wherein the structurcs providing an electronic memory
function each comprise structures each configured to store more than one bit per

gate.

24, The array of claim 19, wherein the structures providing an electronic memory
function each comprise:

a first gate dielectric formed on the edge surfaces;



23. The array of claim 19, wherein the structures providing an el ectronic
menory function each conprise structures each configured to store nore than
one bit per gate. 24. The array of claim 19, wherein the strddtialezs

provi ding an el ectronic nmenory function each conprise: a first gate
dielectric formed on the edge surfaces; %4 DEC 2006 33 a floating gate
formed on the first gate dielectric, whe 3in the floating gate is

configured to store nore_t han one bi th | oati n at e; %.second gate

t /
diel ectric for AdQatRe gatefoomed op Iéft%“‘é‘ﬁ ctrg, B‘%’P‘%dhe Heatipgreated®&d on t he
second gate diel ect E&ﬁ'}%u?a%'togﬁg%ﬁir&@%ax%n%i%épﬂo%ﬁn gLein the sem conduct or
. ray o

substrate conprises silicon. Anar menory-cells configured to

store at | east agegnlightefdidicowie fdrhed on thy fleting gatepanmdr y cells arranged in rows
and col ums each coupled to respective row and. colum decoding circuitry,
wher ei n each néﬁﬁ?‘?"lcgéﬂelfoﬂmﬁﬁﬂ'gl€§@°°ﬂ§|8§§tdéﬁ1&ql%ﬁ-l y vertical structures
providing an electronic nenory function spaced apart a di stance equal to one
half of a mnimumpitch of the array wherein each substantially vertical

struct ur e260NsThb S offdlaifik ] HQvhitkdis tHéQeidot@uctdr@biraté éopriseesifiesned under a
control gate such that the nitride is adapted to be a charge storage |ayer

wherein a portion of an oxide |ayer of the ONO structure al ong and

i mredi at el,y adj,acent t.o a substantial l vertical, ed sur f is thicker
than a refi ndé® ﬁaytokgegmragaisag?ghgurgﬁao et f“iailaﬂ“eggﬁ’%%e to the menory
cel I's includi ngohpRsifpbstantially vertical structures. 27. The array of
claim 26, further conprising: incisions in the substrate that provide an
array of subst aremany cglis\aeranpetin revws end soluihaceash cpupledtookspebiveadyeandur f aces

aci g one anolher a0t spRcct, gpart 2 iliot s0ce coel fo,one Bl of -
formed between shfinpighy Perfibal SHAGuRY plAEdRg an\BIBERIHK memory function spaced
apart a distance equal to one half of 2 minimum pitch of the array wherein
each substantially vcrtical structure consists of an oxidc-nitridc-oxide
(ONO) structurc formed under a control gate such that the nitdde is
adapted to be a charge storage layer wherein a portion of an oxide layer of
the ONO structure along and immecdiately adjacent to a substantially
verlical edge surfacc is thicker than a remainder of the oxide layer; and
electrical contacts to the memory cclls including the substantially vertical

structures.

27.  The array of claim 26, further comprising:

incisions in the substrate that provide an array of substantiaily vertical edge
surfaccs, patrs of the edge surfaces facing one another and spaced apart a
distance equal to one half of a minimum pitch of the array o€ edge
surfaces; and

second doped regions formed between the pairs of edge surfaces, wherein:

the substantially vertical structures are formed on the substantially vertical edge
surfaces; and

the electrical contacts include electrical contacts to the first and second regions

and fo the substantially vertical structures.



the substantially vertical structures are forned on the substantially
vertical edge surfaces; and the electrical contacts include electrical
contacts to the first and second regions and to the substanti allyw@%[pﬁcal
structures. 1 4 DEC 2006 34 27. The array of claim 27, wherein
substantially vertical structures on the,,substantially vertical edge
surfaces each conprise: respective gates ™ forned on the ONO structures,
wherein the structures providing the electronic nmenory function are
configured to store nore than one bit per gate. 28. The array of claim 26,
wher ei n t g, st mhehihesT ARy 2 T iwldrdiMehe alisedntiany GerfRAMMIMctutddRARON are
configured to store nore than one bit per gate. 29. The array of claim 27,
wher ei n each sgﬁ@t@nﬂlhwwca)@dmmfac@tqaciccmnmmnpr| ses: a f| rst gat e
dielectric forned nthe esurf ; .a float tef theflrst
gate dielectri EeSpW%’é’FégiaWS ‘efiIC'Bé}anﬁﬁag%‘P‘&‘“F@ b?}%’f"iqgﬁﬁw b“ nore t han
one bit per floating,0at&ronf i &g‘?u&%ﬁaf@c%hggﬁfcu@o dt@fcf’fﬁ&c%ntdﬁ@bft' oating
gate; and a control gate torned 0n the second gate dielectric he
array of claim 27, wegat.n each of the substantially vertical structures on
the substantially vertical edge surfaces conprises: a first gate dielectric
formed on the surface edge; a floating gate formed on the first gate
dielectri gy M=Tod YdSoryand  a
control gate fg?‘?rg %ﬁg%lﬁlg?ggcon lﬁﬁ}esp{é \%gfb‘&hﬁ % eglgrray 8t claim
27, wherein th@mubsh&rﬁdnﬁgﬁmdmftbnceﬁdreﬂ{ahmbbrtq:%r gaeh include respective
polysilicon gates fornmed on the edge surfaces. 32. The array of claim 26,
wherein the substantially vertical structures conprise respective
polysilic ga T8 in the
substanti %BI y ﬁ?tﬁn (%%ﬁfgﬁgﬁ ?tﬁ%gﬂg?sé‘:hcgnﬁtﬁt{aﬁé(y%]cg s%’u@?u?e cong}FsEse

a first gate dielectric formed on the edge surfaccs;

a floating gate formed on the first gate dielectric, wherein the floating gate is
configured to store more than onc bit per floating gate;
a second gate diclectric formed on the floating gate; and

a contro] gate formed on the second gate dielectric.

30.  The array of claim 27, wherein cach of the substantially vertical structures on the
substantially vertical edge surfaces compriscs:
a first gate dielectric formed on the surface edge;
a floating gate formed on the first gate dielectric;
a second gate dielectric formed on the floating gate; and

a control gate formed on the second gate dielectric.

31,  The array of claim 27, wherein the substantially vertical structures each include

respective polysilicon gates formed on the edge surfaces.

32.  The array of claim 26, wherein the substantially vertica) structures comprise

respective polysilicon gates,



to provide an electronic nmenory function by storing holes. 34. A nethod of
programming a nenory cell in an array of nenory cells configureFADtgzamore
at | east one bit per F2, conprising: coupling a first electrode to a first
potential, where the first electrode is coupled to one of a first doped
regi on di sposed on a surface of a sem congductor substrate and a second
doped regi on di sposed on a bottomsurface of one of a plurality of trenches

fornmed in3ghe gubairhpbeclgit H6GHicraPthelsubdaiiafovenidalehasiradf: doafigmegcond
potential, where the second electrode is coupled to another of the first

and second dop&ipPToxigeanslecironipmenpry funstip by song boles.t o a gate for med
adj acent one of a plurality substantially vertical structures each
providing electronic menory functions and that are spaced apart a distance

equal to gae hg lfncﬁhf)d%fgmgfﬂnﬁfﬁﬁ?gmrﬁ&ﬂoﬁfcgﬂ e bAoAt RN Wnsipaiereal | s of
the plurality of trenches betweezn the first and'second doped regions,
wher ei n the sto storewat dsastomebitdiend”, tchmprgiegt r oni ¢ menory functions are

configured to stqre re.than one_bit pet te gnd, consist of a

oxi de-ni tri de- Bﬁ‘i‘ﬁ’@g a(%“éﬁ"ﬂﬁfﬂ 3 fiest pojE g‘ﬁa\‘ﬂEF egiréWB eﬁé’f’%&%@n t hat
the nitride is ada : ) j rtion of an
oxi de | ayer of thegg%%fétﬁrrsgg?]ﬁerd gQ@Prggléﬁgs%g%?mﬁgoe%@@%ogg%ﬁﬁot 0 each
substantially vert isulstraiedgd asecdnd depedreglunakgiosédmna bottoenmirfzdesf afe t he

oxi de | ayer; and storing charge carrjiers in_ the one substantially vertical
structure. 35. The ﬁﬁﬁﬁg\ﬂalﬂy Ogﬁﬁ‘icif%ﬁ’,m%m@}’—ﬁ“‘?sﬁétessﬂﬁéqeanti ally vertical

structure conp Eﬁ@gﬁ%cg%&ﬁgﬁg Eoue{ &chc}t@xﬁiaﬁ,W%@th% gé{oinﬁ refecﬁgtfgeig I se

el ectrons, and ructure’ 1s ¢ I gure 0 be a to store

charge at at |east oogpled loenigerr of tht fiest atdNG3cShd dejedregodidpat are di sposed
adj acent the first, and second doped regions. 36. The method of claim 34,
further conpri §P¥RIingadbid slsceds tor@atfpaeed sdiacent onef@iptwaliy ef fective to

renove charge carri &l Stﬁ‘t‘igfr%fs?‘%}??lﬁgﬁ%ﬂ%}?giéh@i%ﬁ@%gd%ﬁé' Cén?o 6 36 37. The

met hod of clai m 34, erei one” substantially

vertical structure geigiohsan thitQké §Ace @00 dsthfidedyBalab ode hilf 6fa physi cal
| ocation in the one substantially vertical structure, and further

conpri si ng rever si ngnipiveun piteh of the array on opposing sidewalls of the plurality of
trenchcs between the first and second doped regions, wherein the

structures providing the electronic memory functions are configured to
store more than one bit per gate and consist of an oxide-mitride-oxide
(ONO) structure formed under a control gate such that the nitride is
adapted to be a charge storage layer wherein a portion of an oxide layer of
the ONO structure along and immediately adjacent to cach substantially
vertical edge surface is thicker than a remainder of the oxide layer; and

storing charge carriers in the one substantially vertical structure.

35,  The method of claim 34, wherein the substantially vertical structure comprises an
ONO structure and the charge carriers comprise electrons, and wherein the ONO
structure is configured to be ablc to store charge at at least one of edges of the

ONO structures that arc disposed adjacent the first and second doped regions.

36.  Themethod of claim 34, further comprising exposing the ONO structure to

conditions effective to rcmove charge carriers stored in the ONO structure.



and second potentials to store charge carriers at a second physical |ocation
within the one substantially vertical structure.

14 DEC 2006

36
37.  The method of claim 34, wherein storing charge carricrs in the one substantially
vertical structure comprises storing charge carriers at a first physical location in
thc one substantially vertical structure, and further comprising reversing the first

and second potentials 1o store charge carriers at a second physical location within

the one substantially vertical structure,



