| NROM Menory Cell, Menory Array, Related Devices and Met hods TECHNI CAL
FI ELD This invention relates to a NROM nenory cells, arrays of such nenory
cells, electronic devices enploying such nmenory cells and arrays, and

met hods related to such nenory cells. BACKGROUND OF THE | NVENTI ON Vari ous
types of nenory devices are used in electronic systens. Sonme types of
menory device, such as DRAM (dynam ¢ random access nenory) provide |arge
anmounts of readable and witable datal storage with nodest power budget
and in favorably small formfactor, but are not as fast as other types of
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to retain data, and the scored data are | ost when the power is
interrupted. Nonvol atile menor TESHMEAdaBEBIE of retaining data without
requiring electrical power. O her types of nenory can provide read-only or
read-wite capabhikifveadomriatann-a NROM heenaiptelss taysyd, sutlumernogy neitsh

sl ower in operation. These include CD evi ces, VWORM devi ces,
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forth), rr%%net oj-optical devices and the like. Still other types of nenory
provi de™ f/'yﬁ?&n speed operation but also demand high power budgets.
Static RAM or SRAM is an exanple of such nmenory devices. |In nbst conputer
systens, different nenory types are blended to selectively gain the

benefits that each technol og can offer. For exaﬁlog\1 read-only nenories
or ROM EEPROM and the IB& YHH OB THE IN¥EN ore linmted anounts

of relatively infrequently-accessed data such as a basic input-output
system These n¥anouelypers menplydpeites aresisol m deateonihststemsn Somgplypeeot o a
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application software are typically read fromthe high capacity nmenory and
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powered in order to retain data, and the stored data are lost when the power is interrupted.

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-opticaj devices and the like.

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 systems, 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
infrequently-accessed data such as a basic input-output system. These memories are
employed 1o store data that, in response to a power ON situation, configure a processor 10
be able to Joad Jarger 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

stored in DRAM.



fetched fromnenory. As a result, sone SRAI\4 or other high speed nenory
is typically provided as "cache" nenory in conjunction with the processor
and may be included on the processor integrated circuit or chip and/or
very near it. Several different kinds of nenory device are involved in
nost nmodem conputing devices, and in many types of appliances that

i ncl ude automated and/or programmbl e features (hone entertai nnent

devi ces, tel ecomunications devices, autonotive control systens etc.). As
system and software conplexity increase, need for additional nmemry
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menory cells in each chip. Typical one-transistor, one- capacitor 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 (1.e., “P?) is
defined as equal to the smallest distance of a line width (i.e., "W”) plus width of a space
immediately adjacent the linc 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
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 datain DRAM devices.

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.



3 During this period, operating systeminstructions and associ ated dat a,
and application instructions and associ ated data, are read from
relatively slow, non-volatile nmenory, such as a conventional disc drive,
are decoded by the processing unit and the resultant instructions and
associ ated data are | oaded into nodul es incorporating relatively

rapi dl y-accessi ble, but wvolatile, nenory such-as DRAM O her consequences
flow fromthe properties of the menoBy systens included in various

el ectroni c devices and the increasingly conplex software enployed with
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per Onehfe:gé'da@fccgﬁts ogh i ncl udes di sposing substantially vertical
structur providing an electronic nmenory function spaced apart a

di stance equal to one half of a mninumpitch of the array and
establishing electrical contacts to nenory cells including the verti cal

structures. In a further a&wf‘ﬁ%?%ﬁ?ﬁﬁgﬁ\}ﬁﬁﬁéw on includes an array
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first region of a semiconductor substrate and incising the substrate to provide an artay of
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
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 F2. The method includes disposing
substantially vertical structures providing an electronic memory function spaced apart a
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

the array. The structures providing the electronic memory function are configured to store



4 nmore than one bit per gate. The array al so includes electrical contacts
to the nenory cells including the vertical structures. In a still
further aspect, the present invention includes a vertical netal oxide
sem conductor field effect transistor (MOSFET) extending outwardly froma
substrate, the MOSFET having a first source/drain region, a second
source/drain region, a channel regiong between the first and the second
source/drain regions, and a gate separated fromthe channel region by a
gate insulator. A sourceline is formed in a trench adjacent to the

verti cabre tNGSERE bit phegatn Theeray also irshudes eledirigahconsasitoie the mesopy eells o t he
sourceline, Atransnjssion line is coupled to the second source/drain
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pr esentoperatesat resiuceddRiysMEcarENh sinplified side view, in section, of
the substrate portion of Figure 2

These and other embodiments, aspects, advantages, and features of the present

invention will be set forth in part in the description which follows, and in part will become
apparent to those skilled in the art by reference to the following description of the invention
and referenced drawings or by practicé 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.

BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments of the invention are described below with reference to the
following accompanying drawings.

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.



at a later stage in processing, in accordance with an enbodi nent of the
present invention. Figure 4 is a sinplified plan view of a substrate
portion showing a portion of a nenory cell array, in accordance with an
enbodi nent of the present invention. Figure 5is a sinplified side view,
in section, illustrating a relationship between the structures of
Figures 1-3 and the plan view of Figure 4, in accordance with an

enmbodi ment of the present invention. Figure 6 is a sinplified plan view
of a nmenory cell array illustrating an interconnection arrangenment for
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embodiment of the present invention.

Figure 8 is a simplified side view, in section, taken along section lines 8-8 of
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
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 (1ds) taken at
the drain region of the conventiona]l MOSFET versus the voltage potential (VGS)

established between the gate and the source region.
Figure 10A is a diagram of a programmed MOSFET which can beusedasa

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 1o achieve the

embodiments of the present invention.



versus a voltage potential, or drain voltage, (VDS) set up between the
drain region and the source region (lds vs. VDS) in accordance with an
enbodi ment of the present invention. Figure 11 illustrates a portion of a
menory array in accordance with an enbodi nent of the present invention.
Figure 12 illustrates an electrical equivalent circuit for the portion of
the nmenory array shown in Figure 116 Figure 13 is another electrical

equi valent circuit useful inillustrating a read operation on the novel

multistate cell in accordance with_an enbodi t. of .t resent .
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behavi or of t he "present invention. Figure
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read occurri ngk%u%e?ﬁ?%&yiagggirlenti aIa c@fl enbodi nent, e.g., 2 transistors
i n eaghragehbwnfh Fysge 17. i | l ustrates a nenory device in accordance with an
enbodi nent of the present invention. Figure 18 is a bl ock diagram of an

el ectrical systame 18%s B8 ehRtridheqddvalyst drnit wtful inzilngraings readt at e
cell constructed in accordance with the present invention.. 7 DETAI LED
DESCRI dpEr4en@n thoPREFERRED ENBOBFETANSE Mith aeepbt l@ﬁP‘rﬂr:}L‘B%P’é?P?"éd
description of the invention, reference is made to the acconpanying
dr awi A§¥E/HIeh form a part hereof, and in which is shown, by way of
illustration, specific enbodinments '%n whi ch the.i nvens i ng%%nbe
practiced. |n Hgee 14 illustrates a portion of a memory array 11 accordan

embodiment of the present invention.

Figure 154, 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

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

Figure 15B aids to further illustrate the conductibn behavior of the novel
multistate cell of the present invention.

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

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.

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.



drawi ngs, |ike nunerals describe substantially simlar conponents

t hroughout the several views. These enbodi nents are described in
sufficient detail to enable those skilled in the art to practice the

i nvention. OQher enbodinents may be utilized and structural, |ogical, and
el ectrical changes may be made w thout departing fromthe scope of the
present invention. The terns wafer and substrate used in the foll ow ng
description include any structure having an exposed surface with which
to formthe integrated circuit (1C) structure of the invention. The term

Substrate is h | | T ern
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22, doped regions 24 and 26 and caps_ 28. The etched recesses 22 form
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t echni ques or any ot her met hod presently known or that may be devel oped.

I n one ¥alisbintbeaart. The tarmceenduetopd understood to include semiconductors, and the term

insulator is defined to include any material that is less electrically conductive than the
matenals referred to as conductors. The following detailed description is, therefore, not to
be taken in a limiting sense, and the scope of the present invention is defined only by the

appended claims, along 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
mvention. 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

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 wsing conventional silicon nitride and
conventional patterning techniques. In one embodiment, the etched recesses 22 are then
etched using conventional plasma eiching techniques. In one embodiment, the doped

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



formed to have substantially vertical sidewalls relative to a top surface
of the substrate portion 20. In one enbodi nent, substantially verti cal
nmeans at 90 degrees to the substrate surface, plus or mnus ten degrees.
Figure 2 provides a sinplified side view, in section, of the substrate
portion 20 of Figure 1 at a later stage in processing, in accordance

wi th an enbodi nent of the present ingention. The portion 20 of Figure 2
i ncl udes thick oxi de regions 32, ONOregions 34 formed on sidewalls 36

of the recess, ate rlal d a conductive |layer 4 In one
enbodi ﬁ‘“ecr?ﬁses Z'Ef‘eﬂ’r’i‘ﬁ?@gaé? asgg@ eéé %9@5 d@bﬁﬁ‘ifﬂ‘éﬁ@%‘i’%ﬁ CEI'&B@&Pt lycry
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same tine_as_a thinner oxide 42 on _the sidewalls 36. These oxides al so

serve PeTtigultitla angembsdinentcyibairatially wmtcal errnot Wdngredsitp trewbatpate
transi %Hﬁce énlg%p%]gvsagegg@g}ﬁ sidewal | s 36. Qther techniques for

i sol ati exanpl e, in one enbodi nent, high density
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enbodinent thin pxj.de 42 er 44 a de

conbi ne-to'f or 1t PHERE iRy fomipniigntliectBiees aif sy errd § e rpeLs,

whi | e &88onP ¥sd 26 pRArdSdIRT Wi ?es?é\ﬂtté SldeqalL£36.| As QRALAL i}férihlcﬁBmdecat on
of suitable electrical biases to he doped regions 24, 26 and the

cont r olregjane33gredammed dche sapotineyas atbinger cade 4208 thealdmval]srﬁGedﬂmb into

t he nltrL econe .trappe viding a threshol d voltage
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thermal equilibriumwth their environnent- In oth

example, in one embodiment, high density plasma grown ox1des may be employed In one

embodiment, spacers may be employed.

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

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 control gate. In operation, application of suitable electrical biases to
the doped regions 24, 26 and the control gate 38 cause hot majonty charge carriers to be
injected into the nitride layer 44 and become trapped, providing a threshold voltage shift
and thus providing multiple, alternative, measurable electrical states representing stored
data. “Hot” charge carriers are not in thermal equilibrium with their environment. In other

§



words, hot charge carriers represent a situation where a popul ati on of
hi gh kinetic energy <charge carriers exist. Hot charge carriers may be

el ectrons or holes. SONCS devices are capable of storing nore than one
bit per gate 38. Typically, the hot carriers are injected into one side
47 or 47" of the ONO | ayer 34, adjacent a contact, such as the region 24
or the region 26, that provides a high electrical field. By reversing the
polarity of the potentials applied to%the regions 24 and 26, charge may
be injected into the other side 47' or 47 of the ONO | ayer 34. Thus, four
el ectronical |l y-di scri m nabl e and

disti t stat Lk i ded
Wi th owerdrghel yates coBrers Rprerepsfanop Rt BP TSR Met R Rt IS
capabl ff;,ilagge 81 0Ling. atpbeashod htfieRinis) REdled@Ring oBBoleki gure 3 is a

si npl i B sTdé view, In secttion, of the substrate portion 20 of Figure

1 at an alternaf] tage_ in processi ' felzgamyeidangi ment
of the pyeseﬁ#@e&vf%ﬁ?raﬁ?%aﬁﬁﬁggéogeﬁﬁﬂdg%mq{ng igure 3 inc}ﬁudegthe
oxi de eol A0SR 48 hiedd itbnésibl a7loh AT GIREORD layed B4, msfhoat o dostahi n

oxi de region 4Z2. conventional oxi de or nitride insulator 49 is formed
on t he shdipatthaggiat Bt ddthe redibndb,dhyprawgdess bighielestrigghfigld. nat eri al  38.

Fl oati ng gate devices are known and operate by injecting hot charge
carriers, whi B?r%&‘siﬁ@fﬁérﬂoﬂiﬁit o€ eHerpaentials dppliedto thatregionse24 angadf. ng gat e
48. Floating gate devices can be programred to differe harge | evels
that cahailze maiednjectedlint the sthenside é%cprd‘ﬁékfithrgﬁmgﬁf%?‘{-éh‘&ﬁ&ul t, it
is possible to program npre data th J k1l Ahfd L Dgeagt e
devi ce,ele&ﬁan@a%dgg?@ﬂ _W’Cﬂ‘ﬁa‘?‘é"ié‘ggﬁse‘:&gg gllsglg ]{}{Zl‘ﬁggég%%lrae%g%%gsep 0 nore
than ong §%¢9{|ﬁth§t}ucn};¥ﬁh8@{1 Y Figthe® eecapadielos sefing at RastFquilits @0gate ght

be enpl'oyed, where Q represents sone anmbunt of charge corresponding to a
reliabl3g8 distinguishable output signal. Figure 4 is a sinplified plan
view of a substrate portion showing a portion of a nenory cell array 50,
i n accordance Widde 3R £5iagdifEanideofiew ia spetimsenf thersubsitatoportipn glioé 4 ~al so

provi des exanples of pitch P, width W_space S and mini n feat ke size
F, as Kgeerl ¥ad alltarmative Bagk By RIOERFSINANINGAS PW&%%FV%@?“@P@ ©52, the

physi cal area of.a i nal I i . e SRABs thR dRfIcAeBidhs 9P and2.
Vor di i iEESEYFRIGT, %ﬁ%‘%?ﬁ"ﬁ‘gkﬁ%’g‘%ﬁ’uﬁ’ i \??ellnayer 40, and g}iét lines 56
and 58 47 @uf PRERshg gdfte 48 is formed on the thin oxide region 42. A conventional oxide or
nitride insulator 49 is formed on the floating gate 48, followed by deposition of gate
material 38. Floating gate devices are known and operate by injecting hot charge carriers,

which may comprise 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
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
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 ofa
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.



Figure 5is a sinplified side view, in section, illustrating a

rel ati onship between the structures of Figures 1-3 and the plan view of
Figure 4, in accordance with an enbodi nent of the present invention. The
trenches 22 correspond to bitlines 56 and 58, as is explained belowin
nore detail wth reference to Figures 6-8. The density of nenory arrays
such as that described with referencejgo Figures 1- 5 can require

i nt erconnection arrangenents that differ fromprior art nenory arrays.
One enbodi msnl;_ of a new type of interconnection arrangenent useful with
such menory sygl”@r’%lsiassw@ggﬁql Bea Visay, hsestion. lestertmgeaclabiopsyp betsvegn 8.

Fi gureyQ dJ Sl i fed i ew ] | rati an_intercannection
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Wi th aembodiartnBhhe PhesehEinRERTRN Thel tAERsI DNcorbRForld Yo BHBABE §E b8, as
arrangenent 60 includes nultiple patterned conductive layers 62 and 64,
separ atse¥pipmeddelaw in owat detall evithorefrirerde ¢d Eggurésc-fat eri al 65 (Figures 7
and 8). The views in Figure 6-8 have been sinplified to show

cor r espondenceliwi dénsithef aiearsry afrhgiuueh aathd Hescaved dithReféferee 'i@Fi?iﬁfetsM-
Shal | ow trench isolation regions 67 isolate selected portions from one

anot hep CAETegyHe intejconpeasionfnangerdents that giffspfrormpriescirt mamoryimaysalQuveg

sectio ' - Figure 6, illustratin art.of .an interconnection
arr angg}nn%%@%lscﬁz?a%%g%\ﬁ %%%Pﬁ“&ﬁ“‘@%&?ﬁ%_ﬁ?ﬁd’ﬁe@ﬂ & ‘%FBE%H’(e“}(’lW_e ntion.
Fi gur esyitdrss 8 debditell eRfv SiifiGefer&ive 1d RighRGId-n., taken along section lines
8-8 of Figure 6, illustrating part of "an i nterconnection arrangenent in

accordance wt ' - he- 2 invention. Wth refe ce
fo F gures o & 2.5 STGHPIBES pin AT HDSERENL A BUSE a0y istuge et

nodes 0 th&BiemorPieibagiay S0 abFigahes, igbesrddrea witPiemhbsdmeaoBé pREENtt he
conductive, layers 62 and sel ected portions of the doped region 24. The

pat t er ANt dlke nteaconneetiomarangegsat 6 inclisles mwdtiple pattestied; condpptive

Siml e Bt ti f _the..patt. d ductive | .62 t end
From ¢ s G SRl RS b ol B RLVRERE™ SRS e S aelY pla
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nodes 76, 76', 76" provide contact to selected portions of the doped
r egi onFiEgres|and to avoid undue complexity. Shallow trench isolation regions 67 isolate selected

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

embodiment of the present invention.

With reference to Figures 6-8, the patterned conductive layer 62 extends upward
to nodes 70, 707, 70" and establishes electrical communication between the conductive
layers 62 and selected pbrtions of the doped region 24. The patterned conductive Jayer 62
stops at the line denoted 72, 72",

Similarly, other portions of the patterned conductive Jayer 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.



In contrast, patterned conductive |ayers 64 extend fromtop to bottom of
Figure 6 and electrically couple to nodes 78, 78 and thus to doped
region 26. Such is but on exanple of a sinplified interconnection
arrangenment suitable for use with the nenory devices of Figures 1-5.

O her arrangenments are possible. Figure 9A is useful in illustrating the
conventional operation of a MOSFET such as can be used in a DRAM array.
Figure 9A illustrates the normal hot électron injection and degradation

of devices operated in the forward direction. As is explained bel ow,
since the elegtrons are.trapped, near, the drajn.they are.not v

o foctive in chaRgTTorRueHEl ORRERIkER o7 BlePa bl BB & Blewpe o
di agr amrafel@ i@l codpleds nd8ds TONGURHFushtb AbPe®ldsfiii 26.t r ansi st or  (MOSFET)
101 in a substrate 100. The MOSFET 101 includes a source region 102, a

drain region 1 1 QN.; ' r ok t he
source region %B‘i%aﬁng%ﬂ %%@E’%%snﬁ%é% o%édﬁagfpgﬁ&égt? ée"% ]‘:‘Iexgl g‘é@%&%@? Z%I from
t he chaiseetit $@nfdindidebitedof Biahfes 933, dBthéd ArarfyefiRutscet bogivld2 i s coupl ed
to the source region 102. A bitline 114 is coupled to the drain region

104. A wordl i ngjch.k 9@ iks&ari igﬂsﬁa?inélﬂ?e &%@&t?&?{/ﬁg}a I&PMGEPM Te%uch

operation, a drafn to source voltage“potentia S set up ween
t he dr atsrcan dgiveed iADRAM tahey S Figneed A ¢ilisomatet @Re ndvmad hbiegectfuatigjetticn ands
then applied, to_the gate 108 via a wordline 116. Once the voltage

pot ent i $8eradapen efideicesmperpedintbaiorwardritestion A¢ iz emlaipedbelew; enetoibe age

thr eShOél?wg)\%)areotfra eg in%%}rag% gﬂ?'?apeellxotlvg éf%cgiﬁfe 'nﬁ‘%a;@ﬁ@ﬂ? ﬁ%\ﬁgg e 100

bet ween rain he  'Source Tt egi on rimati'on of the
channel clik@fztegptics)i t s conducti on between the drain region 104 and the
source region 102, and a current signal (lds) can be detected at the

drain regi on 1Q4syrkA0RG EHbIOM S ﬁ&ﬁl\’%g% ?e{}gilcomaﬂﬁe@é efid@ur e 9A,

sonme degree of dévice degradation does gr occur for MOSFETs
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MOSFET characteristics. Figure 9C il trates this point. "Figure’9C is a
gr aph spoebmgetli6. dosearelined 2 of coupled to trersentcesegionll 02 dshitlirrkiéd imt t he

gat e 108U P G EEiPolHions YBBIPHACEN SPHR0A T gRe Bbe of the
In conventional operation, a drain to source voltage potential (Vds) is set up
between the drain region 104 and the source region 102. A voltage potential is then applied
to the gate 108 via a wordline 116. Once the voltage potential applied to the gate 108
surpasses the characteristic voltage threshold (Vt) of the MOSFET a channel 106 forms in
the substrate 100 between the drain region 104 and the source region 102. Formation of the
channel 106 permits conduction between the drain region 104 and the source region 102,

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

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

established between the gate 108 and the source region 102. The change in the slope of the



|2 plot of ]ds versus VGS represents the change in the charge carrier
mobility in the channel 106. In Figure 9C, AVT represents the m ni mal
change in the MOSFET's threshold voltage resulting from el ectrons
gradual |y being trapped in the gate oxide 110 near the drain region 104,
under normal operation, due to device degradation. This results in a
fixed trapped charge in the gate oxi #& 110 near the drain region 104.
Slope | represents the charge carrier nobility in the channel 106 for

Fi gure 9A haying no electrons trapped in the gate oxide 110. Slope 2

r epr es &t of t\ﬁé? cteasugeV (b BepTesapls the change iratheathangegafrear mételitydo mlvecitanoeial
MOSFET §g Figure 9B having el ectrons 117 trapped in the gate oxide 110
near tﬂ drain region 104. As shown by a conparison of slope |I and sl ope
2 in Figure 9C, _the electrons 117 trapped in the gate oxide 110 near the
drain region 1bFignaHe A¥hvepresentathe mvDSREThatgerinthesMRE Rathreshobhange
the charge nobil.ity in the chanpel 106. There are two ¢onponents to the
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and be : 0. 5h t xide near.the drain. | i s, portion of
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charge mobility only S|Ight|é. plicant has previously described
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address decode and correction,™ United States” Patent Application Serial

Nunmber — 09/35 3T§%)arff WE?IHP&%]%H rt%e ?f?é%\f@txfeﬁrcsg%% B8t qg‘%lg H_]Q&l n. One

mul tistate nenory cell solutions, Ut tat her address decoddant’

cor r ectomponas iedudedacthratholg vodlagdishift dae o hgsraphed Hlecpsiesmata sedmeNt i on,

nor mal MOSFETs.can. be ,ogé ammed by operation in the reverse direction

and ut FPPPPRH é’i‘é‘l’%ﬁ?éﬁ@%@t epradatipp due 1o additional scattering of carrier electrons
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

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
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, normal MOSFETS can be
programmed by operation in the reverse direction and utilizing avalanche hot electron
injection to trap ejectrons in the gate oxide of the MOSFET. When the programmed
MOSFET is subsequently operated in the forward direction the electrons trapped in the



injection to trap electrons in the gate oxide of the MOSFET. Wen the
programmed MOSFET is subsequently operated in the forward direction the
el ectrons trapped in the 13 oxide are near the source and cause the
channel to have two different threshold voltage regions. The novel
progranuned MOSFETs of the present invention conduct significantly |ess
current than conventional MOSFETs, particularly at |ow drain voltages.
These electrons will remain trapped i3n the gate oxide unless negative
gate voltages are applied. The electrons will not be renoved fromthe

gate oxi de when positive Qr zer at e vol.tages |i ure can
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the revgisg. Ag'&egé‘ﬁﬁd PMVBNIFRIS HeRdedtd-smissiad iof glethensteappee ib§i Qo dERE ng i t

in the Torwar Irection. Figure 1 QA is adii}?ramof ?a?_grogrﬁ d MOSFET
whi ch cBanhElessea Reviee, vl BD-26,a100 1 bain- 18ECAB I QY% 97 Re >R F)rﬁs of the

present_invention._ As shown .in Figure 10A .. {. ' - I
i ncl udedwangaaer Forpes, gﬁ%@r‘%ﬁ @dgﬁi‘f Viike uslgllgg g %P%ﬂ%&ﬁ?gﬂ ggﬂ;ti:l-%ps
regi on 2020, a \ERREOMGS OHHEEASh DeVide8IAMR B4, 6,390 1 200G hE0IFlne BFI3S.206

between the“first and second source/drain regions, 202 and, 204. In one
enbodi nabbas dndeR .0 Detkerty *Nevhdnnsl AGFEd glesign Jutatipas duele ROLEWEHER regi on

202 for the MXFEET and the second, sougeced dral | | Belaggles a
drain riEgpreng,2d8EE fpt. EFF&“ pfes Wén?"gasﬁﬁ’ﬁ?#“ tr}‘f) t%ggéél)lqlgﬁgtdp ates g gate
208 separated fromthe channel regjon 206 by a gate.oxide 210.. A first
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direction and subsequently reading the device by operating it m the forward direction.

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
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 channe) region 206 between the first
and second source/drain regions, 202 and 204. In one embodiment, the first soqrce/drain
region 202 includes a source region 202 for the MOSFET and the second source/drain
region 204 includes a drain region 204 for the MOSFET. Figure 10A further illustrates a
gate 208 separated from the channel region 206 by a gate oxide 210. A first transmission
line 212 is coupled to the first source/drain region 202 and a second transmission line 214 is
coupled 1o 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.
This programmed MOSFET has a charge 217 trapped in the pate oxide 210 adjacent to the

first source/drain region 202 such that the channel region 206 has a first voltage threshold



|l i ne includes a sourceline 212 and the second transm ssion |ine includes
a bit line 214. As stated above, nultistate cell 201 is conprised of a
programmed MOSFET. This progranmmed MOSFET 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 14 region (Vtl)
and a second voltage threshold region4(vt2) in the channel 206. In one
enbodi ment, the charge 217 trapped in the gate oxide 210 adjacent to the
first source/drain region 202 includes a _trapped eIecLégg fharge 217.
Accor diegipnt(¥1readtasespndyeltage thrashold regdem V2 hreiRe cbanghdUs"R¥%er i bed in

nore detail. bel gw, .t he tistate | i e of
a nunb"é?g%(i"méﬂtaﬂ&echaégf Tﬁ’pé?ﬁighthl%%a{%(gﬁg%?@ ?cﬁé%g‘g{ or %@8@%%@@ t he
first )i Lled £Gha2R2usHhatcB 2l 7t e cetdaniel the Rgthing26bthei | | have
a fi rs]t%@%/bgiloﬁ{azgga t?\resh}g}féd regli on E(n{%tl)_ and a second vol tage threshold
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MOSFET of the multistate cell 201 of the present invention can be programmed to achieve
the embodiments of the present invention. As shown in Figure 10B the method includes
programming the MOSFET in a reverse direction. Programming the MOSFET in the
reverse direction includes applying a first voltage potential V1 to a drain region 204 of the
MOSFET. In one embodiment, applying a first voltage potential V1 to the drain region 204
of the MOSFET includes grounding the drain region 204 of the MOSFET as shown in
Figure 10B. A second voltage potential V2 is applied 10 a source region 202 of the
MOSFET. In one embodiment, applying a second voltage potential V2 to the source region
202 includes applying 2 high positive voltage potential (VDD) to the source region 202 of
the MOSFET, as shown in Figure 10B. A gate potential VGS is applied to a gate 208 of the
MOSFET. In one embodiment, the gate potential VGS includes a voltage potential which is
Jess 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
respectively) to the MOSFET creates a hot electron ipjection into a gate oxide 210 of the

MOSFET adjacent to the source region 202. In other words, applying the first, second and



NI OSFt T. In one enbodi nent, 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
bet ween the drain region 204 and the source region 202 As shown in Figure
1013, applying the first~ second and gate potentials (V 1, V2, and VGS
respectively) to the MOSFET creates a hot electron injection into a gate
oxi de 210 of the MOSFET adj acent to lbhe source region 202. In other
words, applying the first, second and 15 gate potentials (V1l, V2, and VGS

respectively) provides en ener o the char | g.
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217 into _a gate oxide 210 of the MOSFET adjacent to the source region
202. Fi“&ﬂ?'e IOC is a graph plotting a current signal (lds) detected at

the second source/drain region 204 versus,a Vo Mdelehmor drain
vol tage, (VDS) Hevevsp 192t i rogﬁmcsﬁﬁstg%ﬁ?%él}' ﬁ&giﬂﬁa%'trnglg'ldgﬁdfzt é)l and the

first soHGRFALAL HadePhRDvARRe (hidshold regd)Vi1) Adjacent to the drain region 204
and a second voltage threshold region (Vt2) adjacent 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
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
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,
VDS, the current signal (IDS2) detected at the second source/drain region 204 for the

programmed MOSFET (curve D?2) is significantly lower than the current signal (IDS1)



one enbodi nent, VDS represents the voltage potential set up between the
drain region 204 and the source region 202. In Figure I0OC, the curve
plotted as D1 represents the conduction behavior of a conventional
MOSFET whi ch is not programmed according to the teachings of the present
i nvention. The curve D2 represents the conduction behavior of the
programed MOSFET, described above infd6connection with Figure 1 OA
according to the teachings of the present invention. As shown in Figure
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Cct obergxide gatélORas the mechanism used in MIOS memory devices (see general]y, S. Sze,
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
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

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 irymg 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
in silicon 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



In contrast to the above work, the present invention discloses
programming a MOSFET in a reverse direction to trap one of a nunber of
charge | evel s near the source region and reading the device in a forward
direction to forma multistate nmenory cell based on a nodification of
DRAM t echnol ogy. Prior art DRAM technol ogy generally enploys silicon
oxide as the gate insulator. Further the enphasis in conventional DRAM
devices is placed on trying to minini’ze charge trapping in the silicon
oxi de gate insulator. According to the teachings of the present

I nvention, a variety of . insu s are used. o tkha g
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sourceline 304 is formed in a bottom of the trenches 340 between rows of the vertical

pillars, 301-1 and 301-2. In one ernbodiment, according to the teachings of the present

invention, the sourceline 304 is formed from a doped region implanted in the bottom of the

rench. A second source/drain region, 306-1 and 306-2 respectively, is coupled to a bitline

(not shown). A channel region 305 is located between the first and the second source/drain
Tegions.

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
includes a gate insulator 307 selected from the group of silicon dioxide (8i0;) formed by
wet oxidation, silicon oxynitride (SON), silicon rich oxide (SRO), and aluminum oxide
{A);03). In another embodiment, according to the teachings of the present invention, the
gate insulator 307 includes a gate insulator 307 selected from the group of silicon rich
aluminum oxide insulators, silicon rich oxides with inclusions of nanoparticles of silicon,
silicon oxide 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 (not shown). A channel region 305 is |ocated
between the first and the second source/drain regions. As shown in
Figure 11, a gate 307 is separated fromthe channel region 305 by a gate
i nsulator 307 in the trenches 340 along rows of the vertical pillars,
301-1 and 301-2. In one enbodi nent, l&cording to the teachings of the
present invention, the gate insulator 307 includes a gate insulator 307
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channelgafeefljooRpAed TrinvER cHatige] fégish baagateiandatopaty. sour ce/ drai n regi ons,
and a Tgate 405 separated fromthe channel region by a gate insul ator

407. Figure 12pfitd fiehurlilel HALGAEES ninBerdiegit hesit L1 i3f@ 1 141 Lodolenth

411-2, coupled to the second source/drain regi on 406-1 and 406-2 of each

mul ti stia¢ second bourteidmneregivnotiér and 406-2 of each 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
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,
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 bave one of a number of charge
Jevels 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
the nenory array. A nunber of word |I|ines, such as wordline 413 in Figure
12, are coupled to the gate 409 of each nultistate cell along colums of
the nenory array. And, a nunber of sourcelines, such as common

sourceline 415, are coupled to the first source/drain regions, e.g. 402-1
and 402-2, along colums of the verti%al multistate cells, 401-1 and
401- 2, such that adjacent pillars containing these transistors share the
common sourceline 415. In one gnbodinen
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Fi gure jhbulafoRehpivagensmatid asge7ti cal nultistate cell 500 includes a
vertical netal oxide sem conductor field effect transistor (MOSFET) 500

ext endi ng out wag dlngwh PP dure UBH WaldBne TTHisMOGHET 1R gate HIFurA souredinen
502, a drain region 506, a channel region 505 between the source r.ﬁgi on

502  and0d, femuddnm trengh adjase8, to decvesticghMOSITTT awdrtrabeld RooBRsURB YW iannel
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connection wth Figure 11, is coupled to the source re9i on 502. A b{'t
| i ne, opraadramkd malBgdteicsll 500 prwsg rae phrpnumber of charge levels trapped in the gate

insulator, shown generally as 517, adjacent 1o the first source/drain region, 502, such that
the channel region 505 will have a first voltage threshold region (Vt1) and a second voltage
threshold region (Vt2) and such that the programmed multistate cell 500 operates at reduced
drain source current. According to the teachings of the present invention, the second
voltage threshold region (V12) is now a high voltage threshold region which is greater than

the first voltage threshold region (Vtl).

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
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
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 ampiifier, shown generally at 610. A wordline, 612-1 and



drain region 506. The nmultistate cell 500 shown in Figure 13 is an
exanpl e of a programmed nultistate cell 500 having one of a nunber of
charge levels trapped in the gate insulator, shown generally as 517,

adj acent 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 30ch that the programmed multistate
cell 500 operates at reduced drain source current According to the
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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
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 programimed 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

stored on the muliistate 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 voltage of Vdd. If the device is addressed by the word line, 612-1 or 612-2,
then its conductiﬁity 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
teachi ngs of the present invention, the first source/drain region or
source region, 602-1 and 602-2, are coupled directly to the sourceline
604. In order to wite, the sourceline 604 is biased to voltage higher
than VDD and the devices stressed in the reverse direction by grounding
the data or bit line, 608-1 or 608-21I1f the nultistate cell, 601 -1 or
601-2, is selected by a word |ine address, 612-1 or 612-2, then the
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multistate cell, e.g. cell 601-1, to an unstressed dunmy device/cell,
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As one of ordinary skill in the art will understand upon reading this disclosure

such arrays of multistate cells are conveniently realized by a modification of DRAM
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 S102
formed by wet oxidafion, SON silicon oxynitride, SRO silicon rich oxide, Al,0O; aluminum
oxide, composite layers and implanted oxides with traps (L. Forbes and J. Geusic, “Memory
using 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 normatl thin gate insulators of silicon oxide.

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
ihe 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,
where Jayer 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 Jayer 707A is illustrated



manuf acture and test to initially programall cells or devices to have
simlar or matching conductivity before use in the field- Likew se, the
transistors in the reference or dummy cells, e.g. 601-2, can al
initially be programmed to have the sanme conductivity states. According
to the teachings of the present invention, the sense anplifier 610 can
then detect snall differences in cel22 or device characteristics due to
stress induced changes in device characteristics during the wite
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In the enbodi nent shown in Figure 15A the oxide |ayer 707A is_j].lustrated

22 havilaig ca bithnes. fegbisemboginenti thasenspd ehare diffrense on the dyiar Ptieess oy .
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A { hon diERkc SRR, ol G SRR Bl B, B L ekt
i n thi she @gtlewessodf the Ensubiting layerss & (given btiedhe 6.7 % 107 cm), such that Ci = €1/t =

((1.06 x 1072 Flem/(3 x 6.7 x 10”7 cm)) = 0.5 x10°® Farads/em® (F/cm?). This value taken

over the charge storage region near the source, e.g. 20 nmm x 100 nm or 2 x 1077 cn?, results
in a capacitance value of Ci = 1077 Farads. Thus, for a change in the threshold voltage of
AV = 1.6 Volts the stored charge must be Q=Cx AV = (1077 Farads x 1.6 Volts) = 1.6 x
1077 Coulombs. Since Q= Ng, the number of electrons stored is approximately Q/q = (1.6
x 1077 Coulombs/1.6 x 107°% 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
channel region has a first voltage threshold region (V1) and a second voltage threshold
region (V12), where Vt2 is greater than Vtl, and Vt2 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,
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



capacitance is about 0.5 mcro-FaTad (gF) per square centineter. If the
transistor has a total effective oxide thickness of 200 A then a change
in the threshold voltage of only 0. 16 Volts near the source,
corresponding to 10 electrons, is estinmated to change the transistor
current by 4 mcro Anperes (gA). The sense anplifier described in
connection with Figure 14, which is simlar to a DRAM sense anplifier,
can easily sense this charge differentle on the data or bitlines. In this
enbodi ment, the sensed charge difference on the data or bithries wll be
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change nsiStor current by 4 mcro Anperes (M. As stated above,
the senSkerafopt,ifbi £chahgs i ihbatain sowoameltigedn Yush n Higegon2s elestrichieldefi s
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current provides Ip= (50 nA/V? X 5% 0.16 Volts x 0.1 Volts) =2.5x 1.6 pA=4 pA. As
noted above this drain current Ip corresponds to 10 elecirons trapped in the gate insulator, or
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 pAx 10nS =40 x 10" Coulombs).

Figure 16A and 16B, illustrate the operation and programuming 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
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 §01-1 on one
side of the trench (as described in connection with Figure 11) is stressed by grounding its
respective drain line, e.g. $11-1. As shown in Figure 16A, 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



Again, a nunber of different charge | evels can be programmed into the

gate insulator adjacent to source region such that the cell is used as a
differential cell and/or the cell is conpared to a reference or dunmy
cell, as shown in Figure 14, and nultiple bits can be stored on the

multistate cell of the present invention. Figure 15B aids to further
illustrate the conduction behavior of24the novel nultistate cell of the
present invention. The electrical equivalent circuit shown in Figure 15B
illustrates a nultistate cell 701 having an _ equi val.ggé oni de thickness of

200 A.shmres soutrghge 894 tncalge af Byitolonrtelthe Handyas descred BsPPEd Ay have

a lengt.h dinensi.an of 0. 1.Cr AUh: : j ogy

with a ' ﬂﬁd’f g?\gﬁctgg g@ .drigﬁriﬁ %‘rgéﬁé%fglgl hr#r%‘.e &n'gﬁjeeﬁe \%%gl?c%gﬁﬂgmc hange

in thenéi'é}?édi‘inﬁc(%l%a@&i n%f@ﬁdhg@@luﬁﬁ MiRknt Rartshbtars ) &0 pandg01eD estiare cgdte 80U of
C =

E=(0.1"V2 X1 .5 x 105 Vicmor 5 x 104V/icmis provided. The
dr ai n andrthemordline 13, ¢1gl polysilicen pajedines, copphngAbeproTUP@ETOS] O $EL) x (Vgs -

5. ppresprirUa e I ot g G Bkt shfee ooy EAAPE ST M08 K01 5
X 5 X gal}é@ol\(ﬁgetl%agp&dlmvﬂé bstds 072 eré e Mufistatdcel 80351 RGIl @Bndifeousd bdi s

drain rrent orresponds to 10 el ectrons trapped in the ?at e
i nsul agtegssedwith abaunyenyingrtag electgh dye®R inwahe cfﬂg gstrungdatpp 817 adasad over
a period of 10 nanoseconds (nS) produces a current on the bitline of 40
fC (e. thasguegremom&iZ=140 x 1015 Coul onbs). Figure 16A and 16B,
illustrate the operation and progranm ng the novel nultistate cell as
descri bed abovBguisoi® Bhustrategtheaow pagenunabnuliistde rdl Hopgraten Indie an

alternative r configuration where. adj ts: i : and
one of ?"PW r‘ﬁ%‘?"?’é? an rﬁm?eﬁ I%badﬁ%as'fll chﬁg?%ghg‘ﬁ ﬁig 4 eg%ﬂggaﬁit% ?@%@'ﬁgﬁlﬁg’e' ‘as a
dur r nny 1Gekistdrs RSB LAL V6 réAMRIRREE thedRNiNCAd ségat (or gdrivend) dbee thiece
devices can all be progranmed to have the same initial . cqonduct. v'h%y

el

st at e. nfingalrceng@tions andtheapadudtivity of theampbistatiesllos determvedg Thalgsd

mul tistate cell .in t reverse directi-on " 1.0 . a
transi _Qf"B? hgﬁlg-lﬂ.'g?flcgﬁ]el "*31?338%6? n?rﬁbai %W%@](%B%gtﬂ?}@e%ﬁlgé ?:I%r%r%%ct i on
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811-1. As shown in Figure 16A, the drain line 811-2 for the transjstor
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drai n. #RIGHAMA puthbePbBdiffeReit Ehaat 18€l4i canlbe programmigt intotthegate insulator

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

multistate cell.

As stated above, these novel multistate cells can be used in a DRAM like amray.
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
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 proxamity,
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
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



nei ghbori ng (shared trench)/colum adjacent transistors, 801-1 and 801-2,
share a gate 807 and the wordline 813, e.g. polysilicon gate |ines,
coupling thereto run across or are perpendicular to the rows containing
the bit and source lines, e.g. 811-1, 811-2, and 804. A gate voltage is
applied to the gates 807. Here the nultistate cell 801-1 wll conduct and
be stressed with acconpanying hot electron injection into the cells gate
i nsul ator 817 adjacent to the source2¥egion 802-1 Figure 16B
illustrates the now program ned nmultistate cell's operation in the
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I nventi ry devi contains a menory array 942, row and
col um Jefgrasecsiufidd of Sdthraayd Gnesensaeredntdinet P69 atg alsaaqtiveted. Wine® aremor y

ey ggffrti(él?lra]ll?i;v?);dslir?g 98a0 z%nSd bit lines 960 are activated, the sense amplifier circuit 946
connected 1o 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 toa
grounded array plate (not shown), and transferred its bit line 960 by measuring the potential
difference between the activated bit line 960 and a reference line which may be an inactive
bit line. The operation of Memory device sense amplifiers is described, for example, in US
Patent Numbers 5,627,785; 5,280,205; and 5,042,011, all assigned to Micron Technology

Inc., and incorporated by reference herein.

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



plurality of multistate cells 900, forned according to the teachings of '
the present invention whose word lines 980 and bit lines 960 are conmonly
arranged into rows and colunmms, respectively. The bit Iines 960 of the
menory array 942 are connected to the sense anplifier circuit 946, while
its word lines 980 are connected to the row decoder 944. Address and
control signals are input on address/gontrol lines 961 into the nenory
device 940 and connected to the colum decoder 948, sense anplifier
circuit 946 and row decoder 944 and are used to gain read and M{'te
accessmapbergentseEbusts angsbridges eprameniiouspd A 2 RY0CessPs-basgesysiEPh Ml It?éc oder

948 | ected to th hfi ' ' 46 V] t

col umerBErCpgREReS SBl: Dby Celpet beor UEHyL A bR UG oA ERned,

Cl T CUl fovi 81058 AiudiielNhb s HaRcBath 99adiiet thdiavemivar Tirprageset2 and
e

out puts data rea rom menory array 942 over input/output (I/0O data
li nes B£Rd sPatm 1000 candlsh imiudes eeateonly mmaeni¢ROMIHIM andmagy mebidsy

[ [ dli 980 ia. the d 944) .. i : |
of  t hopmhsrs) deursssuchepadaum ik Gy Nah wdrqorrer ook (EPROMBLEE,  °
o dedprsSus | ¢ i
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are achjjvated, the sense anplifier circuit 946 connected to a bit line
columm detects and anplifies the conduction sensed through a given

miltistate cel itwi%%rag IRk Ay B34 GABERHBE aktiBa SQBHGAY GGy fd a gi ven
cell is couple to a Pounded array plate (not shown), and transferred its

bit |i een9OQidulsaaderprogdedenpdbarthe memody d¢varee ) hnsbrerepinphidied e i vat ed
bit line 960 and a reference_|ine whjch be N A ' Lne. The
oper at help fbﬁuw@ﬁénwpée%é‘?ﬁbo%%ﬁtﬁ? Pg‘?‘g“?t% c%ié’&&?@%,l%f%?ﬁ%&dgrsrgl e, in
US Patent Nu r : . 4 hdiaebht tagadirgned to

M cron P‘f%%ﬁwm%gg‘éés?@%?“ﬁg” ?%géégao%é?el ﬁ%;‘/gar‘iee?féglgﬁ%e lnereti n. Igi gure 18
is a b's@ﬁx‘@el#rﬁﬂ&@%%x@,foraﬁuﬁhe@idiﬂ,(sabh thas thervhamre] pegioe basor firshyelipgsy st em
1000 utilizing nultistate menory cell 1581é[ const teﬂ i r\,@cl%glrfg@pce W th
t he pr dhessholdregiem(Ydnand ﬁa@comé,mitﬁéeﬁm pEHIgEEen r YO utilizes
the, Modhin 8. 3RS L dai it BXRbAICRSELIARChAARAN bRt eritulB MOSFBT connect | on

W th Fi e processor-Dbas system 1000 nay be a conputer

syst emoRrAtLAeRuce@BiiiRbodystamemr any other system enploying a
processor and associ ated nenory. The system 1000 i ncl udes a central

processing uni i (EALD uf@deoPilt theniBodiRE@BE®A b Fiduhat 8 dbrstrates gmt es wi th
the mi ;r;xsctdail;qint for electronic system circuitry in which the novel memory cells of the present
invention are used. The illustration of system 1000, as shown in Figure 18, is intended 10
provide a general understanding of one application for the structure and circuitry of the
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

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
deseribed in this disclosure include electronic systems for use in memory modules, device
drivers, power modules, communication modems, processor modules, and application-
specific modules, and may include multilayer, multichip modules. Such circuitry can

further be a subcomponent of a variety of electronic systems, such as a clock, a television, a



menory 1012 and an 1/ O device 1008 over a bus 1020. It nust be noted that
the bus 1020 26 may be a series of buses and bridges commonly used in a
processor-based system but for conveni ence purposes only, the bus 1020
has been illustrated as a single bus. A second 1/0 device 1010 is
illustrated, but is not necessary to practice the invention. The
processor- based system 1000 can al so i ncludes read-only nenory (ROVM 1014
and may include peripheral devices syich as a floppy disk drive 1004 and a
conpact disk (CD) ROMdrive 1006 that al so comunicates with the CPU 1002
over the bus 1020 as is well known in the art. It wll be appreciated by
those skil phest, a petshmalanmpnteas areaidoinploieabn sidusirial pgntepd aystesgrant alcidtgnal s
can be provided, and that the nmenory device 1000 has been sinplified to
hel p f @BG8USEHF-t he i nvention. At least one of The multi state cell in NROM
10 12 includes a progranmed MOSFET having a charge trapped in the gate

i nsul ator adjacent to a first source/drain region, or source -region,
such that the channel region has,a first voltage tbresbold region (Vtl)
and a second voltage threshold "’Vv, where Vt2 is greater than Vil
and Vt2 is ad] g‘fm% idaﬂ?f SOUEER i 696 0NelP Bt ibishad DRIMREQBOREYRdd MOBFET
operates at reduce rain source current. It will be understood that the
enbodi nefitsepleamafiond i wexpensive méthuytdesicesvhash camisogearded ag dispaspgdh oni ¢

S o P ey 35 ST oS kfihe CIRBRE RS gpiafy et on
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struct ure€® circu resent invention, and is not intended to
serve agnaaeSRPleey Fovless pepbit.oThat asd mathapmicetiestwhera the datanasd@slobe an
el ectroni ¢ system using The novel nenor

) 5t € : y gell structurfs. {%rtber, t he
i nvent i writters2 Honitgd mpmbspei e dhe owaest of theseamempy el MRk B P ¥evi ce 1000
using t novel. : i 14 Bt hgy, tathet Nt ended
Yo b | e EBtOoust e §aBE iy A5, AiFRE e IR Ry “Skill in the
art Wi | jhap B9R1eSb 2Rsde 288 sdusahest ebysaniicdoyswahcoment iiash freprireat e i n
si ngl e- package processi ng@uni ts, or even on a single sem conductor chi

in  or deovel owitistate ecllsheandmsehinaPRAMdiksrgz TARIQEP 6TLXEHPY dhd tﬁé

menory devi | | gations. cont aj. nj : ; I bHR,
present arie?n‘?g%]f F‘@?f‘?‘éi&aﬁéléccrﬁrﬁ%&h frlltﬂk’%g gﬂl ?%Jé'?r\cégthjzrc i nlg?éheg?dglr dglfl:ta ronic
SYSt enms ef Rmatastyi Rl FBARE S hitleqfansig@Y tilizing an area of 2F squared. Each such

transistor can now, however, store many bits so the data storage 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

charactenistics 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 1o 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

to which such claims are entitled.



drivers, power nodul es, comruni cation nodens, processor nodul es, and
application- specific nodules, and may include nmultilayer, multichip
nodul es. Such circuitry can , furtberagpe a subconponent of a variety of
el ectroni c systens, such as a clock, a television, a 27 cell phone, a
personal conputer, an autonobile, an industrial control system an
aircraftg, others Conclusion Utilization of a nodification of well
establiégé M t echnol ogy and arrays will serve to afford an

i nexpensi ve nmenory devi ce which can be regarded as disposable if the
information is later transferred to another nmedium for instance CDROM s.
The hi ghl- dendivesicalkmpitisteteellagompnisiegiures will afford the storage of a

| | f digital d L t | bi.t . Th
e many. appid bRl e iconfRAF R eafe Bbstof IMERER ] Saepiibig o ©
nunber of tinmes, thigwhidly fomta RbsttNeiRe NRIBPE]eﬁav\Médé ﬁf@gﬁubé/dﬁﬁ{ﬁgilog,

efficient to just utilizZe a new nenory array, and dispose of the o
menory array, rat Heseconhsouree/draingegioncr chwanel megion betaveth edirat andythe as i s

done with current flash ne i.es. .The ovel multistate,cel]ls gcan. be used
o DRAM |1 ke ar oA Seaiis and P bl stavhted iking harmafiefion By
(F = the mninum |4 ihomsartbrc feature size) when viewed from above, or

each nmenory cell consisting of one transistor utilizing an area of 2F
squar ed. Eacta sourdeline farmeidsn a trenehnadyanent todhevartical MOSEEfipwherbintthe ficst t he

data storage density is, nuch .higher an. one bit for each |F squared
unit area. Using asoi,/uéc‘e @HE%‘W%&WRE%WWWG%h nmenory transistor
where the refShaRfRssidnAR c%hﬁfed't@tﬂe&ke@dﬂ%%uﬁ@%ﬁ‘ré on;@nd- - _the

enbodi nent shown in Figures 16A and 16B vs_ that shown i1n Figure 12,

resul ts in bewhereintbe MOSKET tshgragrammiestMOSFET havingsins tof a sumtbat ofichiargeer
menory density. Itl i ﬁ to bg.ug}%erst.ooc{ t hat, the(}g&obg descfr:@?ti on.is

i ntended to be il I'G¥S'S YRRRFS In HioLatepsulator pgipcent {pathe (st SOURCEFIR RSN ment s
wi |l be apparent t i bdgid | 2W ove
description. The ségg%gﬁédfqlcgﬁg&?é rll\k;‘ll #\t%ér?r&&%{ﬂ;%é,ég?ﬂg%g lgrggfoggwggpg?m ned
with reference to sehendapytage duteshiokd regiondVit)andistudh thiethé pidgranmpd of

equi valents to i h clains are,entitled. 28 CLAI M
q MM%@F%%Coperates at reduced Sragn source current.

2. The multistate cell of claim 1, wherein the first source/drain region of the MOSFET
includes a source region and the second source/drain region of the MOSFET

includes a drain region.
3. The multistate cell of claim 1, wherein the transmission line includes a bit line.

4. The multistate cell of claim 1, wherein the number of charge levels trapped in the
gate insulator adjacent the first source/drain region includes a trapped electron

charge.

5. The multistate cell of claim 1, wherein the second voltage threshold region (Vt2) in
the channel is adjacent the first source/drain region, and wherein the first voltage

threshold region (Vt1) in the channel is adjacent the second source/drain region.



1. Avertical nultistate cell, conprising: a vertical netal oxide

sem conductor field effect transistor (MOSFET) extending outwardly from
a substrate, the MOSFET having a firstagource/drain region, a second
source/drain region, a channel region between the first and the second
source/drain regions, and a gate separated fromthe channel region by a

gate insul atog; a .sourceline for i n ch jacent tq the vertical
VOSEET. Saher oltis TR, Sl iR o Feteth e Ee“é? B 3 gfjgbﬁhmq‘é‘ae thseshgld
sourceline; ghéwgnsm ssion line coupled to the second source/drain
region; and wherein the MOSFET is a progranmed MOSFET havi ng one of a
nunber of charge |evels trapped in the gate insulator adjacent to the
first so}urce/ rain.re

1 eqi h that the channel region h first
vol tage & hr esHSITAUIHEARSHL GE{Sm dn i isreintis galeTaigesr BichBss of egi on

(Vt2) and suca?p;dgﬁha&]}qmﬁ@gﬁ@mgm)NDSFET operates at reduced drain
source current. 2. Thé multistate cell of claim1, wherein the first

source/drain region of the MOSFET includes a source region and the
second urceldrain regi qn .of .t FET includes a drain region. 3. The
i 11 st e coitic pntatlibefl e aita G pherithe caf R PR IR eHE fsbBiora b 1
line. 4. The sabichiHot theGbip O silidoRidibra i ferig e

| evel s trapped in the egepinssllj at or ad?gggé?ﬁbﬁﬂée({ﬁrst sfl)ell}%é%g%{?n
regi on i ncl udeyniride R siticer ticlooxide (BROY and aluftieumelxidegtadi®).cel |  of
claim1l1, wherein the second voltage threshold region (Vt2) in the
channel is adjacent the first source/drain region, and wherein the first
voltage g t hr o 1 e | )yl channel is adjacent the second
sour ce/ c?r'ai nqgggng%l.lﬁ%@%#%yééom%%at e cell of claim5, wherein the

Vt 2 has a hi ghwerticab hieta] @xidersemivondudtoefield effect Mansistor (IMOBFE Tyektehdihat e
cell of claiml, wherein the gate insulator has a thickness, of

approxi mately 10 ramusrdberemanpstrae, theMORFRT kavines sane tsgion) admin,
wherein the gate 'rggc‘iﬂh,aé a{mﬁa%éigff Betveldit e sbliRH lr@él&{ and the drain region, and

a gate separated from the channel region by a gate insulator;

-

a wordline coupled to the gate;

a sourceline formed in a trench adjacent to the vertical MOSFET, wherein the source
region is coupled to the sourceline;

a bit line coupled to the drain region; and

wherein the MOSFET is a programmed MOSFET having a number of charge levels
trapped in the gate insulator adjacent to the source region such that the
channel region has a first voltage threshold region (Vtl) adjacent to the drain
region and a second voltage threshold region (Vt2) adjacent to the source
region, the Vt2 having a greater voltage threshold than Vtl.

10.  The multistate cell of claim 9, wherein the gate insulator has a thickness of

approximately 10 nanometers (nm).

11.  The multistate cell of claim 10, wherein the gate insulator includes a gate insulator
selected from the group of silicon rich aluminum oxide insulators, silicon rich
oxides with inclusions of nanoparticles of silicon, silicon oxide insulators with

inclusions of nanoparticles of silicon carbide, and silicon oxycarbide insulators.



selected fromthe group of silicon dioxide (Si02) fornmed by wet

oxidation, silicon oxynitride (SON), silicon rich oxide (SRO, and

al um num oxi de (A1203). 9. A vertical yultistate cell, conprising: a
vertical metal oxide sem conductor field effect transistor (MOSFET)
extending outwardly froma substrate, the MOSFET having a source region,
a drain region, a channel region between the source region and the drain
region, and a gate separated fromthe channel region by a gate

insul atorz, a MR HhltsEteCRUDRhIMD, Whereipihe gaRt iffUlkiteLincRled HESRPodE 18/er.
trench adjacent to the vertical MOSFET, wherein the source region’is
coupled to the sourceline; a bit line coupled to the drain region; and

wherei n th FET, d_NMOSFET havi mber . of ch
lovels B appll8 Mt bl Yo Rn phreinghe S8npost Tl Tdines  SOBEPORF such
that the chappglsele@8ll BonAS grodp dfah oxRlel AgRiruf %ML&:@?%&HE éoffiposite

adj acent to the drain region and a second voltage threshold region (Vt2)
adj acent to tlhersandraxede-sibegrooxycatbidevaxiddeompugitalayerat er vol t age
threshold than Vtl |. 10. The nultistate cell of claim9, wherein the
gate insulator has a thickness of approximately 10 nanoneters (rim. 11.
The nul tygst at i ' , i gL 1hhst [ a
gate i nslul at ol?lqugi:ug%gee%hlﬁfgl rﬁl@ hlezy\g’flglﬁ%)ﬂg% B?PF?%%#}% %&%ﬁ %CE%H%%isde

i nsul at ors, dayercara nanedtoichionuéric single layacoiitsiomrsnart neserabaseéctddedsomthe
silicon, silicon gﬁ%lde insul.ators with ingl usitl_ons of nanoparticles of
silicon car bi&g"P 1600 (S Htag iy g1 iaBthnrtéWé s. 30 12. The nultistate
cell of claim9, wherein the gate insulator includes a conposite |ayer.
13. The multistate cell of claim1l2, wherein the conposite |ayer includes
a conposiiie Theymultisateorlled claimf, Where)r the gaefinsaulatoxindkided aimuitiple yedsf
(A1203) - oxi de cé)rrp,oséte ) er, and oxide-silicon oxycarbi de-oxide
conposi te | ayide-niriderppid NO3tate cell of claim12, wherein the
conposite | ayer includes a conposite |ayer, or a non-stoichionetric
single layer of two or nore materials selected fromthe group of silicon
(Si), tilteani uhniemory aasyl coaiptigingm (Ta) .

a number of vertical multistate cells extending from a substrate and separated by

trenches, wherein each vertical multistate cell includes a first source/drain
region, a second source/drain region, a channel region between the first and
the second source/drain regions, and a gate separated from the channel
region by a gate insulator;

a number of bit lines coupled to the second source/drain region of each multistate
cell along rows of the memory array;

a number of word lines coupled to the gate of each multistate cell along columns of
the memory array;

a number of sourcelines, wherein the first source/drain region of each vertical
multistate cell is coupled to the number of sourcelines along rows in trenches
between the number of vertical multistate cells extending from a substrate;
and

wherein at least one of multistate cells is a programmed MOSFET having one of a
number of charge levels trapped in the gate insulator adjacent to the first
source/drain region such that the channel region has a first voltage threshold



15. The multistate cell of claim9, wherein the gate insulator includes a
multiple |ayer of oxide-nitride-oxide (ONO. 16. A nenory array,
conprising: a nunber of vertical nmultigtate cells extending froma
substrate and separated by trenches, wherein each vertical nultistate
cell includes a first source/drain region, a second source/drain region

and a gat e sapar atBRORT SH) ARG SFAMASP lesedBesRoin con V) P bt TR, "
nurber of bit |ingfogammedMDSFETOpRRAERMN reabéC®AR dufte'@femn of each
multistate cell along rows of the nenory array; a nunber of word |ines

coupled to the gate of each nmultistate cell along colums of the nenory
array; g-hu r of sourceli ein the first source/drajn region of
anch vert cal The e g Autas of San 1B RHETEREE e et aturiisof crareclsieer’ nes

al ong rows i RrdppEd iR gate GhNBAG 1hE!ﬁdé§H’@ﬁfg[eOdedé€ﬁtttbQﬁ’é somrdeldrstate cells

extending froma subst rate and wherein | east one of nmultistate cells
i's a progranapprovitestely Mcmn@ne of a nunber of charge |evels trapped
in the gate insulator adjacent to the first source/drain region such

t hat the channel region has a first voltage threshold 31 region (Vtl) and

a_secondgvol tAgentd6GSRRY Gf bRt 18, wiréh (ROfrst 'stﬁﬂcé/&ﬁin ﬁﬁgﬁm drgor amed

MOSFET operates at réducéd drain source current. menory array of
cl ai m 16, V\heM@iSiHEﬂ‘hncludﬁ aﬁouacenagtbnand)thecsh@uwesoume@kmn regiappitiei n t he

gate insul at e adj acent to the source of approximtely
10 el ect rons%%gglfﬂgc @' WIEEYNof claim 16, wherein the first

source/drain region of the MOSFET includes a source region and the
second source/drain region of the MOSFET includes a drain region. 19.
The nenmddy arT]mynmﬁmtylmamofﬁlaimﬂérwhereinhbe seeonhdlolvage tthgshdl dh regsdm(Wi2Y ingi on
(Vt2) in the, c annel . adj %_i:etnt the fjrst source/drain region, and
wherein t he fthe chanpel 1§ jacent irst source/drain region, and wherein the first voltage
threshold region (Vt1) in the channel is adjacent the second source/drain region, and

wherein Vt2 has a higher voltage threshold than the Vtl.

20.  The memory array of claim 16, wherein the gate insulator of each multistate cell has

a thickness of approximately 10 nanometers (nm).

21.  The memory array of claim 20, wherein the gate insulator includes a gate insulator
selected from the group of silicon dioxide (SiO,) formed by wet oxidation, silicon

oxynitride (SON), and silicon rich aluminum oxide.

22. The memory array of claim 20, wherein the number of vertical multistate cells
extending from a substrate operate as equivalent to a transistor having a size of

much less than 1.0 lithographic feature squared (1F%).

23. A memory array, comprising:
a number of vertical pillars formed in rows and columns extending outwardly from a
substrate and separated by a number of trenches, wherein the number of
vertical pillars serve as transistors including a first source/drain region, a

second source/drain region, a channel region between the first and the second



threshold region (VMtl) in the channel is adjacent the second source/drain
region, and wherein Vt2 has a higher voltage threshold than the Vtl. 20.
The nenory array of claim 16, wherein 3he gate insulator of each

multistate cell has a thickness of approximately 10 nanoneters (nm. 21.
The menory array of claim 20, wherein the gate insulator includes a gate

I nsul ator sel ecte : -group, of silican,di oxide (S . fqrnmed by
wet oxidation, si |Sf$é’%°;‘?%%@$§$‘ it d?gﬁﬁ)sepaéﬁ'ad _&PH‘@%H%&&Z%PG%)W%&

oxi de. 22. The men@gylaf frbthe lenéHes along PowBEPIHAR, WHGeMUHIBRY cobim¥Estthe al
nultistate cells extending froma substrate operate as equivalent to a

transi stor havi ng Rillats 2djagent pilashinchude attransister w/hichtdperptespsiaomiltstatercell

squared (1F2). 23. W §Onpri.sing;. a nunber of vertic
pillars formed in ?Igbmlisgega{a;eagfcagﬁrrun 3“@)%@%?%@%8&3\%?%?? Fad e’éem%ﬁ%Lt rate
and separated by chavitipdeprogfanith&@iédndactiViyQttd bn iR PPUSTRENAOSS thy fEAdKE 2!
pillars serve as transistors including a first source/drain region, a

second sour ce¥ @aiabar of bijiligas coupleditniils secony sonresédrainangion ef eachdransiswrt he

second 32 source/drain reqgi.gns, and a gate separated fromthe channel
region by a gate %‘ﬁ%ﬁﬁ%s%.f?‘?%ﬁl?'HBWW%c;hes along rows of pillars,

wher ei n al ong mEhbEFdE wokd 1ifés codpled 3 ﬁle%(ﬂieaeﬁ%lﬁéh RandisiorSalbriod dhsinPof the

transi stor which operates as a nmultistate cell on one side of a trench
and a transi stor vhtmRryo@yates as a reference cell having a programed

P hes coupl od e 3P sbitei RS Siikied ifp Bt ol o R erodaRes o B al ong
rows of the menor ypiBirkand c@uﬂléﬂ%ﬁﬁ gfstwﬁet:faﬂaiiﬁ&gfbﬂyef@&h&&n&iaf%r gRhg Of

each transi stor along col ums of menmory array; a number o
sour cel i nes f or medoims of pHlars, svhersfin alloag tolamnk of theguilvee therfustssonfceldiain

pillars and coupled to the . first source/drgin regions of each transistor
Blong rovs of pi |TFEIPB O G BATISIE G EP LBRARHEe PR opiRlS 12 G peHrcqlinet
source/drain regign MhreAdfehch siththabHhultiRakUel MnddofaRs ra?eﬂehﬁc%ucoup' e

to the sourceline in a shared trench such that a nultistate ce
transi stor and a rtednsistorshare @lcommon sourceline; and

wherein at least one of multistate cell transistors is a programmed MOSFET having
one of a number of charge levels trapped in the gate insulator adjacent to the
first source/drain region such that the channel region of that transistor has a
first voltage threshold region (Vtl1) and a second voltage threshold region
(Vt2) and such that the programmed MOSFET operates at reduced drain

source current.

24.  The memory array of claim 23, wherein the number of sourcelines formed in a
bottom of the trenches between rows of the pillars include a doped region implanted
in the bottom of the trench.

25.  The memory array of claim 23, wherein the one of a number of charge levels
trapped in the gate insulator includes a charge adjacent to the source of

approximately 10 electrons.

26.  The memory array of claim 23, wherein the second voltage threshold region (Vt2) in

the channel is adjacent the first source/drain region, and wherein the first voltage



transi stor share a common sourceline; and wherein at |east one of
multistate cell transistors is a progranmed MOSFET having one of a
nunber of charge levels trapped in the3gate insul ator adjacent to the
first source/drain region such that the channel region of that transistor
has a first voltage threshold region (Vtl) and a second voltage

threshol ¢ ! ©Ghfibhold Yetdn AR FHAE chaiBki & AiaPLrd MM MRl %%ggéiéﬁ €t

reduced drain Source cu ry array o wherein

the nunber ofwiteeinGaRihasa highenasitage tigesholt thamtefvilhe trenches between
rows of the pillars include a doped region inplanted in the bottom of
the trench. 25. The nenory array of claim 23, wherein the one of a nunber

of char |l e ' ' i ncl rge

adi acentZlt o tHe ehOBRREY of Uak 2a0Bh el 1AL AL Rl U5 MBS,
array of cl aitfmlaistorwﬂ@ﬁ&iiékﬁckbeoﬁ@pfuxdnmlfytmﬁnbmeemhg, region (Vt2) in
the channel is adjacent the first source/drain region, and wherein the

first voltage 33 threshold region (Vtl) in the channel is adjacent the

v oahol 1 hatheon e g Bl 27 ceEiIngbite BB aRn Ut

gat e i nsul at qfangisto atludey lalgatetinéidateLsdlectdd fadif itsd @bup 8Bsilicdrdiokide $8i09)
approxi mately 10 nanoneters_(run). 28. The nenory array of claim 27,
wherei n the dammaed biswekexidation, silieon erpnitride €3@N); @nd silicom Figh aluptinym oxidges a
gate insulator selected fromthe group of silicon dioxide (SiQ2) forned
by wet oxidation, silicon oxynitride (SON), and silicon rich alum num

oxi de. Z9. ThEne'fREMO afalyay cRim OB 2ivAeréin cath fiuftistate 861N triMistdrs bpératets! |
transistors operate as equivalent to a transistor having a size of nuch

| ess than 1.CGquiveleaytaptiansisterdiaying a size efmaerhless than 1.0 dthographicfeaturelevi ce,
conprising: a e YRR T ay, wherein the menory array includes a nunber of
vertical rmul tslqg?rgﬁé 2e| | s extending outwardly froma substrate and
separated by trenches, wherein each nultistate cell includes a source
region, a drain region, a

30. A memory device, comprising:

a memory array, wherein the memory array includes a number of vertical multistate
cells extending outwardly from a substrate and separated by trenches,
wherein each multistate cell includes a source region, a drain region, a
channel region between the source and the drain regions, and a gate
separated from the channel region by a gate insulator;

a number of bitlines coupled to the drain region of each vertical multistate cell along
rows of the memory array;

a number of wordlines coupled to the gate of each vertical multistate cell along
columns of the memory array;

a number of sourcelines, wherein the first source/drain region of each vertical
multistate cell is coupled to the number of sourcelines along rows in trenches
between the number of vertical multistate cells extending from a substrate;

a wordline address decoder coupled to the number of wordlines;

a bitline address decoder coupled to the number of bitlines;

a sense amplifier coupled to the number of bitlines, wherein each sense amplifier is

further coupled to a number of reference cells having a programmed

conductivity state; and



channel regi on between the source and the drain regions, and a gate
separated fromthe channel region by a gate insulator; a nunber of
bitlines coupled to the drain region of4 each vertical nultistate cel
along rows of the nenory array; a nunber of wordlines coupled to the
gate of each vertical multistate cell along colums of the nenory array;

a nunber of sourcelines, wherein the fi.rst source/qrai ion of each
vertical mulY eg?%tagﬂag%thneio %%?tgaeﬁsolsf‘ﬁéogﬁd f%‘éﬂ%@_‘sgﬁﬁ]?’g&“&ﬁé’&egrong
rows in trenches mglewhaietifRltripped ilpﬁlegﬁtretihéiﬁdtotrﬂ&jédeﬁﬁ%ttﬁe ScifréeSregion
extending froma substrate; a wordline address decoder coupled to %he
nunber of wordl i nemich that ietaharre] sepionchas adfirsioddtage tugsheldl regioni¥thundar of

bitlines; a sense anplifier goupl to t nugber, of, bitlines erein
each sense anpl i fis(??%)rf voligge Oﬁﬁgweé{}ﬁaaaggvﬁbég?t@?PP&r@%ﬁ e cells
having a programmegOSFETetdidd dt Yediicad raidifirc@cupfepr €i n at | east one of

multistate cells is a programed MOSFET having a one or nore charge
| evel s trapped in the gate insulator adjacent to the source region such

t hat the ,changel regi on has firgt voltage threshold regio Vtl). and a
econd Vi t agHTBONGIRAIeE 04 Rt G0 W TEiTC R O HATE DRSS 6L ARG NV DSF T
operates at rgdpsech A haRCEcHA e RAHcent3d the@&ﬁ:ﬁ%?%ro%ﬂét@l?.l@f claim
30, wherein the“one or nore charge 1evels trapped in e gate”insul ator

i ncl udes a chddeoirenadj acent to the source of approximately 10 el ectrons.

32. The nenory device of claim 30, wherein the second voltage threshold
region (Vt2) in the channel is adjacent the source region, and wherein

the fir vol E{E%Q i i i j t he
drainr Zsthi' on, an et rei %@tf §ra}§gg@gwﬁ%g%%é &&%P(?;gllﬁé ng}hog? ﬁﬁgﬂﬂé%e
Vtl. 33. The intioechanne\is adjaceht theabuncd Zegion) andwhetehethg dirst viohtagd thiesholdf
each nultistate ce]l .transistor includes an oxide-nitride-oxide (ONO

i nsul ator. 34°8PREVHEAR Y hane és whacenidheinn reginsys andwherging¥iedhasAsul at or
of each mul tighal Gofifdd threshold than the Vt1.

33.  The memory device of claim 32, wherein the gate insulator of each multistate cell

transistor includes an oxide-nitride-oxide (ONO) insulator.

34, The memory device of claim 33, wherein the gate insulator of each multistate cell

has a thickness of approximately 10 nanometers (nm).

35.  The memory device of claim 30, wherein the wordline address decoder and the
bitline address decoder each include conventionally fabricated MOSFET transistors

having thin gate insulators formed of silicon dioxide (SiO3).

36.  The memory device of claim 30, wherein the sense amplifier includes
conventionally fabricated MOSFET transistors having thin gate insulators formed of

silicon dioxide (S10,).

37.  Anelectronic system, comprising:

a processor; and



has a thickness of approximately 10 nanoneters (nm. 35. The nmenory
device of claim 30, wherein the wordline address decoder and the bitline
address decoder each include conventiogglly fabricated MOSFET transistors
having thin gate insulators formed of silicon dioxide (SiQ). 36. The
menory device of claim 30, wherein the sense anplifier includes

conventional ly fabricated I\/LEFET transi storﬁ ha\{hnﬂlgthi n %ate | nqul ators

formed of sitPEORPATORLTEP fi%h.e%%es%"g erein, the femony devige ngludes 4 g

a processor; and 3pefoRPitRivythdeNddty aftpliRfhdigy;t he processor, wherein the
menory device includes a nenory arfray, the nenory array including;, a

nunber of verti calapirhberrod veticakplllan ferowd inmaweaid solemesxedending
outwardly froma substrate d.separated by, a nunber of trenches,

wherein the number of yWF’g{ixﬁB?’iqSA’%§“§%F"¥%“§_§‘#@§W§%‘%‘B&§#F@WFMQ a
first source/drain regi Qherefh tAEARABerITYERRASIRAA sE&E 'aeﬁanﬁstsmﬂagaing a

regi on between the first and the second source/drain regions, and a gate

separated fromthe chanfwst souegs/drainlrggian getecondsmray/drainiragibhe chtanseiches

along rows of pillars, wherein along.colums of the pi)lars L adjacent
pillars include a trans‘iegloé}ﬁ’eWﬁeBﬁQ%ﬁ@Faa‘% eé%“’&dﬁﬂ‘i“fg?)g{a&@ geiqp) anddy one

side of a trench and a t@%&ﬁﬁéﬁ@ﬁ%kﬁﬁﬁ?&%ﬁtﬁ)ﬁiIagalre%ﬁlgﬁglfﬁng‘ﬁgll

havi ng a progranmed conductrvity state o e si
trench; a nunber of bi ttrénchesalongiivacftpilldrd) vt albng coluatsdf depillagi on
of each transistor along rows of the nenory array; a nunber of word

lines coupled to the gatdacsnt RHAM inqludes SansisterwiHeh earaienas a pwltistate erlhor y
oLrv, @ uTber, of SouGebd: By iy R uBAOR Ml AEmgl eer
each transistor al ong detMmvirg gprofantneddoadeitivitgiseigors e wppositfside
pritars the trench;

a number of bit lines coupled to the second source/drain region of each
transistor along rows of the memory array;

a number of word lines coupled to the gate of each transistor along columns
of the memory array;

a number of sourcelines formed in a bottom of the trenches between rows of
the pillars and coupled to the first source/drain regions of each
transistor along rows of pillars, wherein along columns of the pillars
the first source/drain region of each transistor in column adjacent
pillars couple to the sourceline in a shared trench such that a
multistate cell transistor and a reference cell transistor share a
common sourceline; and

wherein at least one of multistate cell transistors is a programmed MOSFET
having one of a number of charge levels trapped in the gate insulator
adjacent to the first source/drain region such that the channel region
of that transistor has a first voltage threshold region (Vtl) and a
second voltage threshold region (Vt2) and such that the programmed
MOSFET operates at reduced drain source current.



the first source/drain region of each transistor in colum adjacent
pillars couple to the sourceline in a shared trench such that a
multistate cell transistor and a refergnce cell transistor share a conmon
sourceline; and wherein at |east one of nmultistate cell transistors is a
programed MOSFET having one of a nunmber of charge levels trapped in the

gate insyl at diacent to the.fitst,source/drain region ch that the
Shannel Segi orbe PR et ol i T bR 5F ol Gibe 2Rt Ry i on
(V1) and a eeals He ki deuldiraadnidh # QaiRbrayprdkindty0cechdal. the

pr ogr ammed ET operates at reduced drain source cuirent. 36 38. The

el ectronic systemof claim37, wherein the one of the nunber of charge

| evel s rapped in the te insul ator i ncludes a char of. appr oxi ely
16”61 ectPons Thesletumic s S s Ao o oG e eate tnsibior epeh ARREAty &

i nsul at or of Piflciidet 'eBteGRbulator JefRpddShah the\GbiiglFsifcddibxidd or
sel ected frontﬁ?ﬁlgmgrgup of tggtiel i coanodi oxi de (Si C% bi?orséed by1 }\{/\l/et %Sib@}

oxi dati on, sifbimahbyowytoxiddtioe, {iB@X) oxyaitdds(ION) and sitibomatichaluorimon ogide. 40.
The el ectronic system of claim 37, wherein the gate insulator of each
multistate cell transistor includes an oxide-nitride-oxide (ONO

| nsul at ofy, - 4y, TG BhECHEOA! df BRI WhErefl ik a3 TnsulMiGH 61 Ack fullisil LAipt at e

cell tranSistors operate as equivafent to a“transistor having a size of
much | ess t harandistor indlinieg aaphide-riertwxele (ONGYiashlgtbl: 2) . 42, The

el ectronic systemof claim37, wherein, in a read operation, a sourceline
for two colum adjacent pillars sharing a trench is coupled to a ground,

potentigd;, t kn . regi .t W:Yo ' : 'r&g?sa
trench gdrl'e pr@g%g}&lgjeaal ctsg&g&f Fac Ilnojr?gl"&%o é’g?“gﬁ&%ﬂgﬂ élljﬁgg lgtﬁéh)gg{fae or
each of the cQuivaknff feaBdistgrHavigs sshvasfinnghdesstthant.0 litisographicfearee such
that a conductivity state of a nmultistate cell nenory cell transistor can
be conpar ed tsﬁll%l'eééh‘%bctivi ty state of a reference cell. 43. The

el ectronic systemof claim37, wherein, in a wite operation, a sourceline
for two colum adjacent pillars sharing a trench is biased to a voltage

hi gher t4pan VM, electdficfysteltofdlAinB 7, 6heRNs ivh rdadepekion)a auratiaaforpivbl ar s
sharing a trench is _coupled to | . . .
column adjacent pillars sharing a trench is coupled to a ground potential, the drain
regions of the column adjacent pillars sharing a trench are precharged to a fractional
voltage of VDD, and the gate for each of the column adjacent pillars sharing a
trench is addressed such that a conductivity state of a multistate cell memory cell

transistor can be compared to a conductivity state of a reference cell.

43,  The electronic system of claim 37, wherein, in a write operation, a sourceline for
two column adjacent pillars sharing a trench is biased to a voltage higher than VDD,
one of the drain regions of the column adjacent pillars sharing a trench is coupled to
a ground potential, and the gate for each of the column adjacent pillars sharing a
trench is addressed with a wordline potential.

44, A method for operating a memory, comprising:
programming one or more vettical MOSFETs extending outwardly from a substrate
and separated by trenches in a DRAM array in a reverse direction, wherein
each MOSFET in the DRAM array includes a source region, a drain region,

a channel region between the source and the drain regions, and a gate



a ground potential, and the gate for each of the colum adjacent pillars
sharing a trench is addressed with a wordline potential. 44. A method
for operating a menory, conprising: prygranmmi ng one or nore verti cal
MOSFETs extending outwardly froma substrate and separated by trenches
in a DRAMarray in a reverse direction, wherein each MOSFET in the DRAM

array includes a s regl gn, .a drain region, . a channel regi on between
the source and thes(%ﬁgr%ﬁ?rdl tfog%ﬁ’ ncggnl}%l'acgéonglg?%g%glrgsghgqrd{l tf'?nﬁﬂ?se he
channel region by wheéginghé DRAMagray inthides a hiRBeNESsourdeifésSonédm PRAM
array includes a nunber of sourcelines formed in a bottom of the

trenches between rkstiomoef thegrenches betaveenmsrafshavettical WWOSHETS end bmupbulur ce
L ahg ool urme of 1A% g e BEBREef AR nngsTiphd R kSR MERFETS!
adj acent vertical JWhipkishlsiptRhdndoftthevaaed MOSPETS theRoifta & on bf &k

and wherein the DRAM array 1 ncludes a nunber of bitlines coupled to the
drain region al ongolwms adjacant zerRANVIESFEY coupld tevtherselirceling ingr shareidng t he

one or nore vertical EETS i.n t reyerse. djrection, ingludes: applying
a first voltage pdfds ’iaa“dW}Er%{nél?%ﬁﬁﬂafr@hmﬁhdﬁﬁnwpﬁ%I#W?C%

appl yi ng a second tﬁ%étﬁ@.ﬁn{égﬁ)ﬁ!&ld@%@v@i@ﬂl@@ﬁ&l@l%ﬁ}iQ{H\%el’eﬂ)e vertical
MOSFET; applying a gate potential to a gate of the vertical MOSFET;, and
wher ei n appl yi ng tpregrinnsing theemnerd neorel vertital MOSERTS ai thereversealimoomr nore
vertical MOSFETs .includes creating a hot electron injection into the
gate insul ator of ¢MdSSHne or nore MOSFETs adj acent to the source region

such that the one ifP4 fnrs\é ﬁgl?%ggi{oéé}{@?: ﬁE%BﬁQggTBn Bf ﬁ%%?ﬂ@iﬁvﬁ@ﬁs

having one of a n er- o vels trapped’in t gate 1 nsulator
such that the pr apphinges sddordkdltapeeotentdal tata soarte ceglodofihe venicake current
ina forward directi ow‘% The nethod of claim44, wherein applying a
first voltage potential e drain

applying a gate potential to a gate of the vertical MOSFET; and

wherein applying the first, second and gate potentials to the one or more vertical
MOSFETs includes creating a hot electron injection into the gate insulator of
the one or more MOSFETs adjacent to the source region such that the one or
more vertical MOSFETs become programmed MOSFETSs having one of a
number of charge levels trapped in the gate insulator such that the
programmed MOSFET operates at reduced drain source current in a forward

direction.

45.  The method of claim 44, wherein applying a first voltage potential to the drain
region of the vertical MOSFET includes grounding the drain region of the vertical
MOSFET.

46.  The method of claim 44, wherein applying a second voltage potential to the source
region includes applying a high voltage potential (VDD) to a sourceline coupled

thereto.



region of the vertical MOSFET includes grounding the drain region of the
vertical MOSFET. 46. The nethod of claim44, wherein applying a second
vol tage potential to the source regioggincludes applying a high voltage
potential (VDD) to a sourceline coupled thereto. 38 47. The method of
claim44, wherein applying a gate potential to the gate of the vertical

conduct 15h cniBRendohdaf FRoveBihaBplyie 6 ARG i R shleing Beribg]) © °

MOSFET. 48. Thesradudés @pﬁhﬁ/%ﬁéate%%hﬁhl%%@fmgeﬁ Hctdags 2 | nCl udes

readi ng one or nore vertic ETS 1n the M array by operating an
addr essed verdondedtiou@BEiTel betwean ther searcg adid dexin regnonswlfi theeventica MASFED t he
vertical MOSFET in the forward direction includes: grounding a sourceline
for two colum adjacent pillars sharing a trench; precharging the drain
regions gt NEnCRbHER of Bt 90 whlrtindhe melhRl it idl &S Beddihgfond ik onal
vol tage of VDD; and applying a gate potential of approximately 1.0 Volt to
the gate for ‘estidal MOSRETs inche DR Addj aaag by opeﬂatlngmlachhessa@va'tmaIMOBFEUfch
that a conductivit tate,of the, addressed vert.i F

conpared to a}nécfﬂeﬁ%a.dvﬁ?tgpwi@%@%an v NIDFETZo Gerkiamie nod of
claim 44, whegiglcloh thefii®at i ng a hot electron injection into the gate

i nsul ator of the one or nore vertical MOSFETs adjacent to the source

regi on incl ygtesndingasourgelmeffor sio d¢dtums hdjncknt pillangsharingharenéliyt | ) adj acent
to the drain reglo P% nd, cr eat.i ngfa second t.hreshogl d vol t age regl on (Vt2)

adj acent to tMg er‘H@‘Pdﬁglo%o e eolipprdipcent pillats phasing afiraeR e i n
creating a hot eI \;yhg & LPOD LAt he gate insulator of the one or
nore verti cal ace t to the source region includes changing a

t hreshol d volamgeng ﬁ)gaﬁaI](aetelrnﬁmltofaipbrol)i[ﬁf:tl?c&}7 ladiValtemthetgatd foe eachaufithe by
approximately 0.16 Volts. 51. A method for nultjstate menmory, conpr] SI ng:

writing to one or ¢abenadiacent afllavrsharng a fiepethich thay arceagucawmé@r
extendi ng addressed vertical MOSFET can be compared to a conductivity state of a

reference cell.

49.  The method of claim 44, wherein in creating a hot electron injection into the gate
insulator of the one or more vertical MOSFETs adjacent to the source region
includes creating a first threshold voltage region (Vt1) adjacent to the drain region

and creating a second threshold voltage region (Vt2) adjacent to the source region.

50.  The method of claim 44, wherein in creating a hot electron injection into the gate
insulator of the one or more vertical MOSFETSs adjacent to the source region
includes changing a threshold voltage for the vertical MOSFET adjacent to the
source by approximately 0.16 Volts.

51. A method for multistate memory, comprising:
writing to one or more vertical MOSFETs arranged in rows and columns extending
outwardly from a substrate and separated by trenches in a DRAM array in a
reverse direction, wherein each MOSFET in the DRAM array includes a
source region, a drain region, a channel region between the source and the

drain regions, and a gate separated from the channel region by a gate



outwardly froma substrate and separated by trenches in a DRAM array in a
reverse direction, wherein each MOSFET in the DRAM array includes a
source region, a drain region, a channg region between the source and the
drain regions, and a gate separated fromthe channel region by a gate 39

i nsulator in the trenches, wherei n the DRAM array includes a nunber of

sourcelines forned i m e t.r et ween

vertical MOSFETs ‘Hﬁﬁat% E eg %ﬂﬂ%&@ﬁé&?%@y lﬂcl"éigﬁﬁn{"’lllgf‘{s? st or

al ong rows the veghjdkfhedorhEd i a%h?bﬂh@h@ﬁ@le‘_i%%% ré&¥ks bfBe veriitalcal
MOSFETs the source region of each columm adjacent vertical MOSFET couple

to the sourceli ne\&OSFETshadeduplcétmhq: S@UTCE mgmpﬁeadhérammaomayowcl udes

a nunber of b|t|| es co dra n region r.0

array, and whe_rel m&%&kﬁ-ﬁ &%%@%?er%%%@gl:&ﬁ
reverse direction e%’@%n oPk&h! ddfhinth §d}&€eﬁ?{/érﬂ€alM®SFE’P cofplE thad) acent
vertical MOSFETs sharing-a trench to a voltage higher than VDD, groundi ng

a bitline coupled mnr@hﬁeufasl’fmcthr-ch mﬂgvhmsndiie ]DRAMway;mcludos aadj acent

vertical MOSFETs in the v i cal to. be r Qgr anmed. [ a gate

potential to the g‘H-F@bqfé’f%Eltd’é% cepple EO §8P%%1n%£bw|

VOSFETs 10 oreate lobnPhfikiniRobiidiht o dn@toﬁn{d?@vaﬁke MORFEITS1PMeof the
dj ace e

vertical MOSFET to progra t tot source reglon such that
the addressed MOSHevVersbdiredtion inclugespgr ammed MOSFET and wil | operate at

reduced drain source, current. in a forward direction; ne or nore
vertical MOSFETs ibiasingasputrelinefartwacolump ad] ?@tHPﬁt’éﬁltM@%%lquﬁgﬁ-ﬂ

readi ng the one or nore F t irection includes;

groundi ng a sourceline Tor %%8!) rrlﬂa\l/% ﬁDdF\/DSFETs sharing a trench

precharging the drgoindifgabittin®toupiel towne @ﬁﬂierﬂilam%@wﬁf thetwo calmNOSFETS
adjacent vertical MOSFETs in the vertical MOSFET to be

programmed

applying a gate potential to the gate for each of the two column adjacent
vertical MOSFETs to create a hot electron injection into the gate
insulator of the vertical MOSFET to be programmed adjacent to the
source region such that the addressed MOSFETs becomes a
programmed MOSFET and will operate at reduced drain source
current in a forward direction;

reading one or more vertical MOSFETs in the DRAM array in a forward direction,

wherein reading the one or more MOSFETs in the forward direction

includes;

grounding a sourceline for two column vertical MOSFETSs sharing a trench;

precharging the drain regions of the two column adjacent vertical MOSFETSs
sharing a trench to a fractional voltage of VDD; and

applying a gate potential of approximately 1.0 Volt to the gate for each of the
two column adjacent vertical MOSFETs sharing a trench such that a
conductivity state of an addressed vertical MOSFET can be

compared to a conductivity state of a reference cell.



sharing a trench to a fractional voltage of VDD, and applying a gate
potential of approximately 1.0 Volt to the gate for each of the two
colum adj acent vertical MOSFETs shariggg a trench such that a
conductivity state of an addressed vertical MOSFET can be conpared to a
conductivity state of a reference cell. 40 52. The method of claim5 1,

wherein i,n creati t. eLectron i.njection i,nto.the .gate . j ul at or of
the addr@esed rsad ot flaints iePin il bR ol aon ulisganloBe g o
first threshghglmer $AHE add@eised MOSFET adihdae i the QoirB€ redicH inclublél &Batigth
creating a second threshold voltage region (Vt2) adjacent to the source

regi on, wher dirst thtezhgld voljageaegion(Wk) adiabent 5@ the Tnain yegipmandyéreatingan 5 1,

wherein in creati t electr.on d,m.egtion.ipnto the gate .insu or of
the. aadr cos caertdiir ol yollade 00 (L h 5iacdt s e Sabith etBbS ooy B
threshol d voldafg tharvéihe MOSFET adjacent to the source by approxi mately

0. 16 Volts.” 54. The nethod of claim5 1, wherein in creating a hot
el ectron injection into the gate insulator of the addressed MOSFET

adj acent_.,t o t.he source.reqi i.ncl.udes trappi stared charge i.n the
gate i nsbr at oegpetnd Stelar SLayepmSreatpl Khoktisclop pectiop nioutly pard

appr oxi mat el Yindildatst Sicthé Qidresse@ MOSEETRY A & the sahrde reglon MBRAES ¢hahging! Ng
the one or nore MO S FETs in the forward direction includes using a sense
anmpl i fier to athresboldwoltageefor the MOSFET sdihcidSs B sonscedympprrxémately MISFET,
wherein a prqgramed MOSFET will exhibit a change in an integrated drain
current of ap By i mately 4.0 pA when addressed over approximately 10 ns.
56. A nethod for formng a nultistate nenory array, conprising: formng a
nunber of vertical pillars in rows and colums extending outwardly from a
subst r ats. andl'teapethad eficlbim 41, windpein inEretirma hatsslecivonimectianetathepate of

vertical pillarg ser as, t ' i,.ncl udi first [ dr al.
Fogion ' sdagHeotetine aadressen MOSTER adacent i heisOires reiom BE HIE TR | ¢ s
and the Secwst%éa%&gtég{aﬂe%a{eqmﬁtér oftRd afir8REE MOIE PhGdcdnt ik he

channel region by a g
source of approximately 10 electrons.

55.  The method of claim 51, wherein reading the one or more MOSFETs in the forward
direction includes using a sense amplifier to detect whether an addressed MOSFET
is a programmed MOSFET, wherein a programmed MOSFET will exhibit a change
in an integrated drain current of approximately 4.0 pA when addressed over

approximately 10 ns.

56. A method for forming a multistate memory array, comprising:

forming a number of vertical pillars in rows and columns extending outwardly from
a substrate and separated by a number of trenches, wherein the number of
vertical pillars serve as transistors including a first source/drain region, a
second source/drain region, a channe! region between the first and the second
source/drain regions, and a gate separated from the channel region by a gate
insulator in the trenches along rows of pillars, wherein along columns of the
pillars adjacent pillars include a transistor which operates as a multistate cell
on one side of a trench and a transistor which operates as a reference cell

having a programmed conductivity state on the opposite side of the trench;



insulator in the trenches along rows of pillars, wherein along colums of
the pillars adjacent pillars include a transistor which operates as a
nmultistate cell on one side of a trengh and a transi stor which operates
as a reference cell having a progranmed conductivity state on the
opposite side of the trench; 41 formng a nunber of bit lines coupled to
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transistor al ong cedrdi¥st alddg rbs of BiFBhemEY apdy; for m ng a number of
sourcelines fornmed in a bottom of the trenches bet ween rows of the

pillars and deupingd numhenef wordlinessonpled tr tie gateaicacstrastsistoralongreohunns: or

al ong rows of pil I(ﬁrlﬁ vvherel n along colums of the pillars the first
source/drain regio ¢ Mg #f%nsi stor in colum adjacent pillars couple
to the sourcRihiig d Mintbes Bﬂ&ﬁ.ﬂcélfn@@ﬁﬂm%&' fa b&tedm Bf el thenehA R tW&nlrows of
transistor and a Treference cell transistor share a conmon sourceline; and
wherein the nunberthgplllﬂeﬁrmd(mulibdltd) thedfirstnoutye/dpain gegionseaf each tiansisierr se

direction to have,a one o r .of, char n the gate
Moul at o adi acentaloRE RV ERIs. Wistsid alote ap s gt i il Mechesh "
sourceline to a Vosloh?&?drkih%ﬁbn of &N tMQE?stoBfn%Hl\ﬁhHQdﬁcéﬂtPilla&%o@Mo the

sel ecting a gate by a wordlinhe address he met Hhod of claimb

wherein form ng a sourdsine uf a shaoedctedrich euchf thatveniultistate cdblaransistarfand he

trenches between rows of t I.Ilars _includes inplanting a doped region
in the bottom of t’i‘? r?‘?‘&r‘fsﬁ:%ag soﬁ@%?mo%po@g}%ggp wherein, in

formng a gat&héreﬁ%@ﬁ&ﬁbabﬂ%nm;pm&%&%e pfogfintfled th 4 Redsk aneiRm 13! Ong

rows of pillars, the nethod includes formng a gate insulator having a
t hi ckness of at Ielmeamermcﬁamnmbersfc(harg:le\&mnﬁpedneﬂh@dteahsmataradjmm

wherein, in formn gatelns ator, aboye t he channel ion i.n the
trenches along rowd the st peuFac nd@gwat Siesinicn B o HO e et

| at | ect LAREsD t
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The net hod of claimb56, wherein, in form ng a gate insul ator above the

channel 57.  The method of claim 56, wherein forming a number of sourcelines formed in a

bottom of the trenches between rows of the pillars includes implanting a doped

region in the bottom of the trench.

58.  The method of claim 56, wherein, in forming a gate insulator above the channel
region in the trenches along rows of pillars, the method includes forming a gate

insulator having a thickness of at least 10 nanometers (nm).

59, The method of claim 56, wherein, in forming a gate insulator above the channel
region in the trenches along rows of pillars, the method includes forming a gate
insulator selected from the group of silicon dioxide (Si0O;) formed by wet oxidation,

silicon oxynitride (SON), and silicon rich aluminum oxide.

60. The method of claim 56, wherein, in forming a gate insulator above the channel
region in the trenches along rows of pillars, the method includes forming an oxide-

nitride-oxide (ONO) insulator.



region in the trenches along rows of pillars, the nmethod includes formng
an oxide- nitride-oxide (ONO insulator. 42 61. The method of claim 56,
wherein formng a nunber of vertical pdlars in rows and colums
extending outwardly froma substrate and separated by a nunber of
trenches, wherein the nunber of verti cal pi | lars serve as transistors

|ncludes for er vert.i cal | 1 ar e den |ty
which T Shucni el of Hiim Shevisein iRt aofmbert ol pilla & thusin
squared (I F Zohifhd exdérBing outwardly from a substrate and separated by a number of

trenches, wherein the number of vertical pillars serve as transistors includes forming

a number of vertical pillars having a storage density which is much greater than one

bit for each 1.0 lithographic feature squared (1F?) unit area.



