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ash memory devices are high density, non-volatile memory devices having
low power consumption, fast access times and low cost. Flash memory devices are thus
well suited for use in a variety of portable electronic devices that require high-density
storage but cannot support a disk drive, or other mass storage devices due to high power
20 consumption or the additional weight of such devices. An additional advantage of flash
memory is that it offers in-circuit programmability. A flash memory device may thus be

reprogrammed under software control while the device resides on a circuit board within

an electronic device.

) ' Figure 1 is a flash memory cell 10 according to the prior art. The flash

) 25 memory cell 10 has a metal oxide semiconductor (MOS) structure that includes a
substrate 12, 2 pair of source/drain regions 14, a floating gate 18 overlying a MOS
channel region 16, and a control gate 20 overlying the floating gate 18. An oxide
structure 22 separates the floating gate 18 from the channel region 16, and also
separates the floating gate 18 from the control gate 20. For the device shown, the

30  substrate 12 is doped with P-type impurities, and the source/drain regions 14 are doped

with N-type impurities.

The memory cell 10 may be programmed by applying a sufficiently positive
gate voltage Vg and a positive drain voltage Vp to the device 10, while maintaining

the source voltage Vs at a zero, or ground potential. As charge is moved to the floating
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exceeds a limiting value, which is termed the endurance limit for the cell 10. Although

the endurance limit is relatively unimportant in cases where the cell 10 is programmed
20  only once, it may be a critical concern where the device 10 is erased and reprogrammed
numerous times. The degradation of the programming efficiency is believed to result
from hot electrons that become trapped in the relatively thin oxide layer separating the
floating gate 18 from the substrate 12 during a programming cycle, which permanently )
damages the oxide layer. In addition, extremely high electric field strengths are
25 generated during erase cycles that cause holes having relatively low momentum to
become trapped in the oxide layer separating the floating gate 18 and the substrate 12.
As the cell 10 is subjected to repeated program/erase cycles, the trapped holes
accumulate in the oxide layer and thus cause the electric fields applied during a read

cycle to be degraded.

30 The qualitative effects of degradation of the flash memory cell 10 are shown
in Figures 2 — 4. Figure 2 compares the performance of a non-cycled flash memory cell
10 with the performance of the cell 10 after it has been subjected to a substantial

number of erase and programming cycles. As shown in Figure 2, the source/drain
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floating gate
memory cell having a floating gate asymmetrically positioned towards the source, with

20 the control gate overlying the floating gate and also directly overlying the channel
region of the cell, as disclosed in detail in an article by P. Pavan, et al., entitled Flash
‘ Memories-An Overview, IEEE Proceedings, vol. 85, No. 8, pp. 1248-1271, 1997. Since
D the programming and erase functions occur in the portion of the channel regibn adjacent
to the source, damage to the gate oxide is limited to only a portion of the channel
25 region. Although the foregoing flash memory cell arrangement achieves some increase
in the endurance limit, the damage to the oxide layer underlying the floating gate
eventually becomes excessive, so that it is no longer possible to read the logic state

stored in the cell.

Another prior art flash mexﬁory cell includes a source region that is
30 surrounded by an N- region to further protect the source junction of the cell from the
large electric field strengths that arise when the cell is erased. One significant drawback

present in this configuration is that the source and drain regions may not be
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15 . A control gate is formed in the trench between the pair of oxide pillars. A
program gate is formed between the control gate and each oxide pillar. The program

gates extend along the sidewall of each oxide pillar.

A gate insulator layer is formed between each program gate and the adjacent
oxide pillar. Each gate insulator layer has a structure for trapping at least one charge. In
20  one embodiment, the gate insulator structure is an oxide-nitride-oxide layer in which

the charge is stored at the trench bottom end of the nitride layer.

BRIEF DESCRIPTION OF THE DRAWINGS
Figure 1 is a cross sectional view of a flash memory cell according to the
25  prior art.
Figure 2 is a graph that qualitatively compares the drain/source current

performance for a cycled and a non-cycled flash memory cell.

Figure 3 is graph that qualitatively illustrates the degradation of the
drain/source current performance as the number of cycles is increased for a flash

30  memory cell.
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enbodi nent of the invention. Figure 8 is an isonetric view of a portion of a
mermory &el | array digwe Giingbloth diagraamobatnedionedeviesf acchrdingrtoanothon. ' Figure 9
IS a cross L l ew of a nepory array according to an enbodi nent of
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Figure 10 is a plan view of a memory array according to an embodiment of

the invention.

15 Figure 11 is a cross sectional view that iltustrates a step in a method for

forming a memory array according to another embodiment of the invention.

Figure 12 is a cross sectional view that illustrates a step in a method for

forming a memory array according to another embodiment of the invention.

Figure 13 is a cross sectional view that illustrates a step in a method for

20  forming a memory array according to another embodiment of the invention.

Figure 14 is a cross sectional view that illustrates a step in a method for

forming a memory array according to another embodiment of the invention.

Figure 15 is a plan view that iltustrates a step in a method for forming a

memory array according to another embodiment of the invention.

25 Figure 16 is a cross sectional view that illustrates a step in a method for

forming a memory array according to another embodiment of the invention.

Figure 17 is a cross sectional view that illustrates a step in 2 method for

forming a memory array according to another embodiment of the invention.
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embodiments, if stated, are not to be considered limiting unless the claims expressly

20 state otherwise.

Figure 5 shows an embodiment of a computer system 100 that may use the
memory device of Figures 6 — 17 or some other embodiment of a memory device D
according to the present invention. The computer system 100 includes a processor 102
for performing various computing functions, such as executing specific software to
25  perform specific calculations or tasks. The processor 102 includes a processor bus 104
that normally includes an address bus, a control bus, and a data bus. The processor bus
104 is coupled to a memory controller 106, which is, in turn, coupled to a number of
other components. The processor 102 is also typically coupled through the processor
bus 104 to a cache memory 107, which is usually a static random access memory
30 (“SRAM”) device.

The memory controller 106 is coupled to system memory in the form of a

synchronous dynamic random access memory (“SDRAM™) device 108 through an
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108 after the BIOS program has been shadowed by transferring it fromthe

BI OS5 ROM devi ce 1Fndlly, iHeendshi\Wbatemles 408 &Bcouplrd Bk Gasitiddutompore 120 is
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device 108 after the BIOS program has been shadowed by transferring it from the BIOS

ROM device 120 to the SDRAM device 108. The BIOS ROM device 120 is preferably

a non-volatile memory device according to the present invention, such as the
20  embodiments of the invention shown in the memory device of Figures 6 — 17. Such
embodiments include a nitride read only memory (NROM) device.

& ) NROM has some of the characteristics of flash memory but does not require
the special fabrication processes of flash memory. NROM can be implemented using a
standard CMOS process. Because of NROM’s compatibility with the CMOS process,

25 an NROM memory device can be embedded into other architectures, such as

microcontrollers, that also use the CMOS process.

NROM technology can incorporate both a single bit/cell and two bits/cell.
The charge or charges are stored on a layer of silicon nitride. The nitride layer can be
patterned in small pieces matching the size of each individual NROM cell. In one .
30  embodiment, the split transistor memory of the present invention is implemented using

NROM technology as will be discussed subsequently.
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Fi gure 6. menory c array
memory cells in the memory cell array 210.

Figure 7 is a partial schematic diagram illustrating an embodiment of the
20  memory cell array 210, as shown in Figure 6. The memory cell array 210 includes a
plurality of adjacent and interconnected memory cells 300 of substantially similar
configuration that extend in a first direction along a row of the array 210 from a cell
300AA to a cell 300AN. The array further extends in a second direction to a row 300 )
_ NA that further extends in the first direction to a cell 300NN. Each of the memory cells
25 300AA through 300NN includes a pair of field effect transistors (FETs) 310 having an
electrically isolated floating gate that controls the conduction between the source and
drain regions in the FETs 310. The FETs 310 in each of the cells 300AA to 300 NN
share a common gate, such as XG1, XG2....XGN, and are formed in columnar

structures, as described in greater detail below.

30 Figure 8 is a partial isometric view illustrating a portion of the memory cell
array 210 of Figure 7. For clarity of illustration, only memory cells 300AA and 300AB
of the array 210 are shown, and in the following description, only memory cell 300AA

will be described. i is understood, however, that the array 210 includes a substantial
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Figure 8 is a partial isonmetric viewillustrating a portion of the nmenory
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gate 330 between the structures 328A and 328B. The floating gate 330 is electrically
isolated from the gate line XG1 by a first dielectric layer 340 that is interposed between
20 the gate line XG1 and the floating gate 330. The floating gate 330 is further electrically
isolated from the first structure 328A and the second structure 328B by a second
dielectric layer 350 interposed between the floating gate 330 and the structures 328A
_) and 328B. The floating gate 330 is further positioned between the first structure 328A
and the second structure 328B so that the floating gate 330 is positioned closer to the
25 first structure 328 A than to the second structure 328B, as will be shown in greater detail
below. Accordingly, a portion of the second dielectric 350 that is substantially adjacent
to the first structure 328A is thinner than a corresponding portion of the second
dielectric 350 that is adjacent to the second structure 328B. One skilled in the art will
recognize, however, that the thinner portion of the second dielectric 350 may be
30  positioned adjacent to the second structure 328B, while a thicker portion of the second
dielectric 350 is positioned adjacent to the first structure 328A. The floating gate 330
may be comprised of a polysilicon material that is deposited on the array 210 during a

fabrication process, as will also be described in greater detail below. The first dielectric
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Figure 9 is a partial cross sectional view of the nmenory array 210 that is
less than the second distance d2. In a particular embodiment, the sécond distance d2 is

20  approximately two times the thickness of the first distance d1. In another particular
embodiment, the floating gate 330 has a height d3 of approximately about 0.1 um, and
is spaced apart from the first and second structures 328A and 328B by a first distance )
d1 of approximately 33 A and a second distance d2 of approximately 66 A. The present \)

invention is not limited to any particular distances for d1 and d2.

25 Figure 10 is a partial plan view of the memory array 210 shown in Figure 9.
Tn particular, the cell 300AA has a pitch that extends in the y-direction of
approximately 2F, and a pitch that extends in the x-direction approximately 2F, where F
is characteristic dimension associated with a minimum lithographic feature size.
Accordingly, a logic state corresponding to a single data bit may be advantageously

30  stored in an area of approximately 4F2. This compares favorably with a feature size of
8F2 for the well-known folded array architecture commonly found in DRAM memory

arrays.
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second source/drain layer 326, which may be overlaid by a pad layer 420, comprised of

20 silicon nitride.
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Turning now to Figure 12, a plurality of first trenches 440 and a plurality of
) second trenches 460 are formed in the structure shown ia Figure 11. The first trenches
D 440 and the second trenches 460 are formed in the structure of Figure 11 in a direction
that is approximately perpendicular to the y-direction. The trenches 440 and 460 are
25  substantially mutually parallel. The first trenches 440 and the second trenches 460
project downwardly into the structure to the p-substrate layer 320. The first trenches
440 and the second trenches 460 may‘ be formed by patterning an exposed surface of the
structure shown in Figore 11 with a layer of photoresist (not shown in Figure 12) to
form an etch barrier having exposed surface portions that coincide with the intended
30  locations of the first trenches 440 and the second trenches 460. The substrate material
underlying the exposed surface portions may be removed by plasma etch methods, or

by wet etching method known in the art.
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i s renpved depositioininefiodsot her etch stop | ayer of photoresist (not shown)

and renmoving the material by wet or plasma etch nethods to form voids 500,

as shown Figure 15 is a partial plan view that illustrates the formation of a plurality of

substantially paralle]l grooves 520 that extend in the y-direction. The grooves 520 are

20  formed by selectively etching the structure shown in Figure 14, so that the polysilicon
or metallic interconnections 530 extend across the grooves 520. The interconnections
530 form the gate lines XG1, XG2...XGN as described in detail in connection with 7
Figures 8-10. The polysilicon layer 520, the oxide layer 530 and the polysilicon or )
metal layer 540 may then be removed from the upper surfaces 540, as shown in greater

25 detail in Figure 16. The layers 520, 530 and 540 may be removed using chemical

mechanical planarization.

Turning to Figure 17, a surface oxide layer 550 may be deposited on a
surface 550 and patterned using a photoresist {not shown) to form an etch-stop layer to
form a plurality of protrusions 590 that extend through the surface oxide layer 550 to

30  the second source/drain regions 326. A metal layer 570 is then deposited on the surface
oxide layer 550 that extends downwardly into each of the protrusions 590 to electrically
couple the second source/drain regions 326, forming the data lines YD1, YD2...YDN
described in detail in connection with Figures 8-10.
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2006 V1D 20051053020, R L3RR AS AR e Jare TS BBRAMLIEDIS (HOLRERRL I T 0t e
NROM cel I s of the present 1nvention pro ofe e non-vo ati storage
benef.i 15 ofshéwasThese simugtureeinchideioklettivids phorinaavixide cdepusite l@emf oxidet i cal

menory cel | ddi ti.gnal . _benefits incl ud ltiple c tora
y a?umf?\mm oxide-oxide compostite layers, oxide. ns}ilhconpoxycargadre-om e comp sne

layers as well as other composite layers.

In still other alternate embodiments, the gate insulator could include thicker
than normal silicon oxides formed by wet oxidation and not annealed, silicon rich
20  oxides with inclusions of nanoparticles of silicon, silicon oxynitride layer that are not
composite layers, silicon rich aluminum oxide insulators that are not composite layers,
D silicon oxycarbide insulators that are not composite layers, silicon oxide insulators with
inclusions of nanoparticles of silicon carbide, in addition to other non-stoichiometric
single layers of gate insulators of two or more commonly used insulator materials such

25 as Si, N, Al, Ti, Ta, Hf, Zr, and La.

The cell of Figure 18 is additionally comprised of conventional silicon oxide
insulators as interpoly insulators 1821, 1822, 1824, and 1825 between the program
gates 1805 — 1808 and their respective control gates. The conventional oxide insulator
material, in one embodiment, is also used at the bottom 1820, 1823, and 1826 of the

30  trenches 1860 - 1862. The charge storage locations 1810 — 1813 in the gate insulator
layers are indicated at the ends of the program gates 1805 and 1806 opposite from the

source/drain regions 1840 and 1841 of the transistor.
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| ocations. 5 Figure 18 illustrates a cross sectional view of a v Tatl][lﬂ\'ROV'
cel | enmbagyBglessgagor porating the split gate enmbodi ment %%Ma%g
invention. A cell is conprised of one gglysilicon cont ro and two .

polysilicon split programgates 1805 and 1806 al ong the si des of the two

oxi de pillars 1830Usndf thd3Itrtichl dpvice shrctuid illusitaied @i BofiMintieds thd 890 as
wel | as porthons of qQther cells in a penory _array, 10 A vertical split gate

NROM cel | iU EGistelohat eachcsliy ol vofeass H)ﬁgﬁﬁmléngtm Aygreal prerart 1804
formed betwegan A h%é’[ﬁf) eﬂ%&lﬁfa gate strBQ8r %Jﬁég?g%ﬁgtﬁre (BF) di#s90 1830 and

1831. In one enbod nent, e gate 1 nsul ators are conposite
struct ure déngki de ni tr| de oxide (ONO. A ternate enbodi nents use other gate
i nsul ators besides the ONO structure 15 shown. These structures include

oxi de- i tri de- al unFipurs DXileoREPaBhY Rclidi®vRw Pandfrer drtifdl NROMXI de- oxi de
conposite layers, oxide, silicon oxycarbide-oxide conposite |ayers as well

as O][ her cdh¢Becall r@ed@:ﬂt mcgmwauwﬁMMJg@@mm@rmbgwms s {thibegat e
o et on Sipolishls GBS 6 conlyPINE RSTEYS pRhuef ok (10 HREpoBIIR Y

nanoparti cl19g0ahd $941. TS gaiihdulddrs QY Nhdd 1902 depiate thé)ploghin® gated 1940camaosn te
| ayers, silicon rich alum num oxide insulators that are not conposite

layers, D IS fioenthe pillasy B9 Rand i dnong erbadinans thogate siplotars E21apdr s
I I i ¢l
car bi d T o2 it itsfe UNC1yBE AR BhodiiR Hchudy B8 sflenil G
i nsul at or s abbvd Mehodistms®n @ Figund y8.used i nsul at or nmat eri al s such 25 as Si,
N, Al, Ti, Ta, H, Zr, and La. The cell of Figure 18 is additionally

conprised of convenﬁéaﬂ%dlﬁiehm%gﬁél1§@ncmde§téhﬁbe&t%r@g%amk%@pwm nsul at or§
1821, 1822, 1824, and 1825 between the program -gates 1805 - 1808 and t hei

respective IQBﬁ,tandlwgaﬂeélsclﬂim in tlre/emmhadiment of Higiwe |1&S’Eh@ﬁtrd?rodlmmt@f i aI in one

nmbodi t d tt 1820, 1823

renches. 1888 3G ee stlye? B Bbnt BhaeF Somataries 108 046005998 he gare
i nsul aipr 106y §f tﬁe%ﬁch Bétidad Qﬁisalﬁ a&B&pﬁmw NG AfBrpay esulbeRc and
1806 opposite fromthe source/drain regions 1840 and 1841 of the

t ransi st or materipl $830,71682. and(3923 drsthe sRocobROM Bd@matOIBbEIIments use the
structures listed above instead of the ONO layer. In one embodiment, a conventional

oxide insulator 1960 and 1962 is used between the control gate 1900 and the program
gates 1940 and 1941.

20 Figure 20 illustrates an electrical equivalent circuit of the vertical split gate
NROM devices of the embodiments of Figures 18 and 19. The circuit shows the two
virtual ground data lines 2001 and 2002, the two program gates 2003 and 2005, and the .
control gate 2007. A word line 2009 couples the control gates 2007 of each of the | )

memory cells in a row of memory cells of a memory cell array.

25 The NROM device can be prograrumed using conventional channel hot
electron injection or source side injection. The NROM device can be erased using
negative 'gate EN tunneling and band-to-band tunneling induced hot hole injection.

These techniques are well known in the art and are not discussed further.

The vertical NROM devices incorporating the split gate feature can be
30  fabricated using the above-described methods for vertical transistor fabrication, with
minor modifications. The NROM devices form the program gates along the sidewalls of

the oxide pillars and the single control gate forms a transistor channel along the bottom



‘Use of the vertical device structure illustrated in Figure 18 m'r|1i ] t he
S 06

cell area sg}ch that each cell is only two feature (2F) sizes in I'eng
typical prV8rY%%302RRoM 1 ash memory cell with a split gBE®USZG048382F%
requires four feature (4F) sizes in Ieﬁéth. 5 Figure 19 illustrates a cross

sectional vij her .vertical N [ el |l .enbodi nen

i ncor por at .‘#;‘H% ﬁée“"g'gﬁ % "%‘%‘i"zg ?Iﬁ%m pr léls%ﬁnﬁglgcn t(’aeﬁ‘f'%:%'nt‘.ﬁe B&O%fagn?gé%s a[édnbodi ment
of Figure 18+ rddiensaedforled @atyeat H0pd &f the piastoftien thaQia&iribit Iineo of then gat es
1940 and 1941. The gate insulators 1921 and 1922 separate the program gates
1940 and 1U2SENEM¥eRUYGHe pillars 1950 and 1951. In one enbodi ment, the gate

i nsul ators 1921 and 10 1922 are a conposite ONO | ayer. Alternate enbodi nents
i ncl ude the struct birams the foragdingabwilkbe appréesatel] ot sBhaughspedifigure 18. The

nbodi nent of, Fi i.ncl ud t. 1902, .1903. . 1) 19086,
and 1007 a¢ HoRuiEe e iraER Bt RER oSN HUPE fopurpues BhURREIOR of
Fi gure 19, \aneeyRbdificaGbnidRsy Belihdd RitRbut ABdRGR: SHAY RS SpiAf ARBscdRDdE thd 904,

1905, and 15 1908 in the triench bottons. This is acconplished by using an
ONO i nt er pdhyentipsffaategampleacataimfeattodGhown 3w theapdtexpafoneremblodimeng at the
bottons. Al.ternate enbadi nents .use the tructures |4 sted.above instead of
Che OO | ayBrertph i RaRE TR R0 RIS cobhiiEs & el Al "T060" and
1962 is usqfvdatibieeibtiiieitdait the foregdify d&8Rpaditofdibddiettadicepdsdy th40 and
1941. 20 Figure 20 illustrates an electrical equivalent circuit of the
verticdl sppllewiggclaimsROM devi ces of the enbodi ments of Figures 18 and 19
The circuit shows the two virtual ground data |ines 2001 and 2002, the two
program gates 2003 and 2005, and the <control gate 2007. A word |ine 2009
couﬁjes the control gates 2007 of each of the nmenory cells in a row of
menory cells of a nenory cell array. 25 The NROM devi ce can be programred
usi ng conventional channel hot electron injection or source side injection.
The NROM devi ce can be erased using negative gate FN tunneling and
band-to-band tunneling induced hot hole injection. These techniques are
wel | known in the art and are not discussed further. The vertical NROM

devi ces incorporating the split gate feature can be 30 fabricated using the
above-descri bed nethods for vertical transistor fabrication, with m nor
nodi fications. The NROM devices formthe programgates along the sidewalls
of the oxide pillars and the single control gate fornms a transi stor channel
al ong the bottom



- 13 OCI 2006 WO 2005/053020 PCT/ US2004/038259 15 of the trench. The contro
gate is formed in the trench between the programgates and N+ regilGniTamgs
formed only at the tops of the pillars to formthe data or bit |ines of the
present invention. Fromthe foregoing it will be appreciated that, although
specific 5 enbodi nents of the inventign have been descri bed herein for
purposes of illustration, various I fications may be nmade wi t hout
deviating fromthe spirit and scope of the invention. For exanple, certain
f eat ur es yghown difled e context of one enmbodi ment of the invention may be

i ncorporated into other enbodinents as well. Accordingly, the invention is
not limted by the foregoing description of enbodi nents except as by the 10
foll ow ng clains.. 1‘3‘?\ O@T 2006 1 6 What is clainmed is: 1. A vertical NROM
menory cé&l | cOniSHIE g MSMeFafs" s SPTBYSERi de pillars each having a

source/ drai n & g0y 60dBIpiBhrs eheh Ha0Mg adoudct ARG rdpRInBrrh&d rekk faptaveen each
pair of oxide pillars; a control gate fornmed between each pair of oxide

pi | | ar s; tréngh bging) fprgeddetwpes greihpainefiaxide ik f or ned bet ween the control gate

d h id jod | : s | d ill
S dowal 1 and® 5oL hp SRR pRERTE IR D1 o5 BIHLH oR A0 of eI Doy

| ayer f opareq edditformenl leteden the amtrahggabel eohl okide pibly,aaenprograndgatpi | | ar, each
gate insul ator layer having a structure for trapping at |east one charge.
2. The rrE’FFB‘?‘i))“%@P‘f‘/g@Fo?ﬂdﬁiP ais\ﬁﬁ@?% i#hdt he plurality of gate insulators are

conprised ofy, Imfﬂgeﬁéa&eeingaqmﬁragé&,réaeﬁgaémﬁlaﬁﬁﬁ#e; Brfe§ Yelhebdi@icht he
nitride |ayer the charge trapping structure. 3. The nenory cell of claiml

and furt pegramhgate gndide adjgednt exide pilat eagfegate inpatonlager havimgrasdruplaradern t he

control acent program gates and al ong the bottom of the
trench. %%ﬁ%%ﬁﬂ%a%ggv%ggﬁagﬁ of claim1l wherein each gate insulator layer is a

conposite | ayer
2, The memory cell of claim 1 wherein the plurality of gate insulators are comprised
of a composite oxide-nitride-oxide structure such that the nitride layer the charge trapping

structure.

3. The memory cell of claim 1 and further including a silicon oxide gate insulator
formed between the control gate and the adjacent program gates and along the bottom of

the trench.

4. The memory cell of claim 1 wherein each gate insulator layer is a composite layer
comprised of one of an oxide-nitride-aluminum oxide composite layer, an oxide-
aluminum oxide-oxide composite layer, or an oxide-silicon oxycarbide-oxide composite

layer.

5. The memory cell of claim 1 wherein each gate insulator layer is a non-composite
layer comprised of one of silicon oxides formed by wet oxidation and not annealed,
silicon-rich oxides with inclusions of nanoparticles of silicon, silicon oxynitride layers,
silicon-rich aluminum oxide insulators, silicon oxycarbide insulators, or silicon oxide

insulators with inclusions of nanoparticles of silicon carbide.



-conpri sed of one of an oxide-nitride-alum num oxi de conposite |ayer, an
oxi de- al um num oxi de- oxi de conposite |ayer, or an oxide-silicon ME”CTZWE
oxycar bi de- oxi de conposite layer. 5. The nmenory cell of claiml erein
“each gate insulator layer is a non-conposite |ayer conprised of one of
silicon oxides fornmed by wet oxidatiop7and not anneal ed, silicon-rich
oxi des with inclusions of nanoparticles of silicon, silicon oxynitride

| ayers, silicon-rich alum num oxide insulators, silicon oxycarbide

i nsul at oS,  OMh8 ielfePPcdXdaim NGHEr&HQach Yhd DshiNeF HabRpFsQf oftpRoOpPar ticl es of
silicon carbide. 1 3°ON 2006 17 6. The nenory cell of "claim1 wherein each

gat e i ns@lodahgrmetec goghp ldysescplewo pomoresafsilishh.oreegencalyinging titanjems of two or
nore of ?inltilgrgrhafﬂhﬁ]r el m%I &@iﬂg?ﬁhmti tanium tantalum hafnium

| ant hanum ~of “Zzirconf um 9 A'vertical NROM nenory cell conprising: a
plurality of oxide pillars each having a source/drain region fornmed at the
top, a trench bei,ng faornmed between each pair of oxide pillars; a control

gate forrfed bét\iEeRT NRUM pasmory celbsQmRIISHIS | ars: a plurality of program

gates, each fouiReiberyeanping SNkl S&ufeARMNSEEh R¥ME@at tRE tdp2k . €ach
program gate e)Etendl ng al oﬁg the oxide pillar sidewall; a plurality of gate

i nsul at otrehehytming foemechbayaten ¢ank phiapboxidegarsf or med bet ween each program
gate and the adjacent id illar side | ., each gate insulator |ayer

havi ng a strac‘f{"?fF@gF“S%W%’p%?‘H"ge“&?% %aé‘i\%%hdg pg‘tiaé?’ge; and an oxi de interpoly
|layer forned RetuMEan of P gf@dnbAted, c@htfBrmdthenadeh tRel§meeNgate DGRk Pat €. 8.
The nmenory cell of claam7 and further including a gate insulator |ayer

fornmed omilariacthpognm eate pxendipglene bgonide pillar siopvelhal i ty of charges can be
trapped under . [t i f e menor
Pp a@hﬁﬂggg? %ﬂ% hnesglgtfog rlei ers %g%ﬁ%qnéuﬁh%ij IR foﬂn?c)ﬁ%‘égve%n eddhe ! y

cell of claim Ity harges are trapped 1n a nitride
| ayer of ptdgrarggtte aidhtheladjaoentloaiderpilimdidewtlheaciogate oisulgwr éyediavinga array of

verti cal nory.cells conmprising:; a plurality of oxide pillars each
havi ng aSEB%PTSE??T&FﬁPngﬁé a(q)trf“fa‘cfﬁ‘??ﬁﬁ agfi the top, a trench being forned
bet ween each BRb%ideintesbdaye fbraded between the control gate and each adjacent

program gate.

8. The memory cell of claim 7 and further including a gate insulator layer formed on
the bottom of the trench such that a plurality of charges can be trapped under the control

gate in the gate insulator layer.

9. The memory cell of claim 8 wherein the plurality of charges are trapped in a

nitride layer of the gate insulator layer under the control gate.

10.  Anarray of vertical NROM memory cells comprising:

a plurality of oxide pillars each having a source/drain region formed at the top, a
trench being formed between each pair of oxide pillars;

a plurality of control gates, each control gate formed in the trench between each
pair of oxide pillars;

a plurality of program gates, each formed in the trench between a first control gate

and each oxide pillar, each program gate extending along the oxide pillar sidewall;



-a plurality of control gates, each control gate forned in the trench between
each pair of oxide pillars; a plurality of program gates, each f@rgpgdipisn
_the trench between a first control gate and each oxide pillar, each program
gate extending along the oxide pillar sidewall; 13 OCT 2006 18 a plurality
of gate insulator l|ayers, each gate insulator |layer fornmed between each
program gate and the adjacent oxide pillar, each gate insulator |ayer having
a structure for trapping at |east one charge; and a word |ine coupling the

plurality of genksial _oggét@%suiafe& laybREeRh oatd iRfulaedrahyBr EnRA Befvitlch B
including: an oxide interpoly material between each control gate and each

progr am @egeam gaid andhthgadmeem ouidapdiar eagtegate imselaer layert aving a geustre fosnch and
conpri si e.for. oring a plurality of charges under each
control %P@Pé&ggﬁr%e %{lra? e)’/ao% cl aim 10 wherein each source/drain region is
conpri sed of arvond liype@uptiontheglurklity ywf s@miot gateict or material . 13. A conputer
system conprising: a central processing unit (CPU); and an array of
vertical NROM nenory cells coupled to the CPU, the array including: a

pluralityof exigdgayphi difhS CAQMTuARY iRMdngource/drain region forned at the
top, a trench being forned between each pair of oxide pillars; a plurality

of control gasesxideisérpelymatesial §etused eachedntre] gatsand eaghcproprammgsém ankach pair
of oxide pillars; .a plurality. of pr m ch f i e trench
ate sy ator lgygeé PX the lﬁfto%gc{]f%%&}?tgéen%g Iap((li;“ g(%n?présgw %rucﬂ.lrrg P

.o 4a T
between a fir&f rol e and eac rogram gat e

ext endi ngtogihgaghirbiey oR tifiegespiniéradacisedheongdte. a plurality of gate insul ator
| ayers, each gate insulator |ayer fornmed between each programgate and the
adj acent oxide pillar, each gate insulator layer having a structure for

trappi ng jat 'marragﬁf&mrﬂﬁwham eachvgmadmﬁxér‘%@mlsicaﬁpfm dtlamalpd v of

control gates. 14. e conmputer systemof claim13 whefein the source/drain
r egi on ofcombhechvitiedaconduttbamagonls as either a source connection or a drain
connection in response to a direction of
13. A computer system, comprising:
a central processing unit (CPU); and
an array of vertical NROM memory cells coupled to the CPU, the array including:
a plurality of oxide pillars each having a source/drain region formed at the
top, a trench being formed between each pair of oxide pillars;
a plurality of control gates, each control gate formed in the trench between
each pair of oxide pillars;
a plurality of program gates, each formed in the trench between a first
control gate and cach oxide pillar, each program gate extending along the oxide
piliar sidewall,
a plurality of gate insulator layers, each gate insulator layer formed
between each program gate and the adjacent oxide pillar, each gate insulator layer
having a structure for trapping at least one charge; and

a word line coupling the plurality of control gates.

14.  The computer system of claim 13 wherein the source/drain region of each oxide
pillar acts as either a source connection or a drain connection in response to a direction of

operation of the vertical NROM memory cell.
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-operation of the vertical NROM nenory cell. 1 3 OCT 2006 19 15. The
computer system of claim13 wherein each second source/drain reghgnirsa
,conprised of an N+ conductivity silicon material. 16. A nethod for formng a
vertical NROM split gate transistor, the nethod conprising: formng a first
columar structure on a substrate, theyfirst columar structure having a
doped region of a first type of conductivity that is different than the
substrate, the doped region forned in the top of the first columar

structurgs. f ormme B&l‘lﬁutgle:?_@llaﬁl TRIAHRNBIwHEkdiN B4 s8N sbllRe/BkYS FopitnGs L hat i s
spaced apart fromthe irst columar structure to forma trench between the

two col uAEprigadrajen Deepndugivity siispgmatesislirmar st ruct ure having a doped
region of the first type of conductivity forned in the top of the second
columar structure; form ng an oxide material on the bottom of the trench;
form ng dé6pol ysitthocdfordomtingh veaica MR OMcdplit gatb abrwdsor, theendthodst and second
columar structures; formng a first gate insulator [ayer in the trench

al ong t h&°TPdEM&lI | of the first colummar structure and a second gate

insul ator |ayegmiifl 4 it E6I8MGR sdueiige dhesubbietevahd fikf coliMBars@aemEt col ummar
structure; and interposing a polysilicon programfg;te structure between the

first gathevinggdrpgdoesion gfa fird fipetoh eondyatiyity thafds diflprany dhantiee sibetraddt ween t he
second i r fructure. 17. The net hod
géﬁegddgggﬁgﬁéﬂof{?rerb?&’ﬁ tr%gr?g irS U3t ar SR Burd

of claim I nc ormng an oxide interpoly region between
t he control gdirenisd 4 secbod eolamndartdhactpreagrthersdateste shiat iscdpacegsapart &omlthe net hod

of claim/l16 V\,@g{ein t he fitrst t%gethgf con uctivit%wiqs N+ and. t he ubstrate
has a P+ EBFAHEIRITTIFUra ) foFRE HrREhBE™E BF Y AT ARSI S ofrHg  he fi r st
an_d SeCQQ@lu&ﬁﬁa?sdd&ﬁH& ﬁév@ﬁg&é&ﬁé@% 6P 0PhE EES t}g)@ro%&giu@ti@i enéd B the

oxi de-nitride-oxide |layer. 13 2006 20 °20. A nethod for formng a

vertical tRoihe prcprd gpdvanansmeiust or, t he net hod

forming an oxide material on the bottom of the trench;

forming a polysilicon control gate structure between the first and second
columnar structures;

forming a first gate insulator layer in the trench along the sidewall of the first
columnar structure and a second gate insulator layer in the trench along the sidewall of
the second columnar structure; and

interposing a polysilicon program gate structure between the first gate insulator
layer and the control gate structure and between the second gate insulator layer and the

control gate structure.

17.  The method of claim 16 and further including forming an oxide interpoly region

between the control gate structure and the program gate structures.

18.  The method of claim 16 wherein the first type of conductivity is N+ and the

substrate has a P+ conductivity.

19.  The method of claim 16 wherein forming the first and second gate insulator layers

comprises forming a composite oxide-nitride-oxide layer.



conprising: formng a first columar structure on a substrate, the first
-col umar structure having a doped region of a first type of con § wﬁ%y
.that is different than the substrate; form ng a second col umar "Structure
on the substrate that is spaced apart fromthe first columar structure to
forma trench between the two col umaggstructures, the second columar
structure having a doped region of the first type of conductivity; formng a
bottomgate insulator |ayer on the bottomof the trench; formng a

pol ysi | i @8n caenmedbd fertfernsing averical ROt gafe tmhsister, thednetbednd  col urmar
structures pighglng a first gate insulator layer in the trench along the

si dewal | Fl e“first columar structure and a second gate insul ator | ayer
in the trenChﬁahﬁm@aﬁhECSMdﬁMﬁ&hmﬁﬁeoﬂhﬁﬁﬁﬁﬂeﬁﬁeﬁmkuﬂﬂﬂmaﬁﬂmMGﬁmre, wher ei n

the bottqm. first, and s ulator W1 re C osite
st r uct ur #4Vi8& doRtEEEHE 0 Eg?gstﬁgqeécw H“Bf@@tr‘ém%ffé‘fr@%rtﬁ%f"ﬁﬁ %ot ween t he
first gat e i n$&1nﬁﬁ%)£ secoAY 85luARe diSuFOdH thekulBfh@ td idphiddepaRdorpihyween the

second gate insul | ayer and the control gate structure. 21. The nethod
of cl ai mig ophernar pirychise sofops i treack betweenithe tve celumprd syrgtusss, basewnd an

oxi de- ni tf u‘?n%a?LtHI&&%‘HL\R% %ﬁoﬁe‘a i3 BFtheﬁ‘s?‘gpgao@c%d dfiy@).um num oxi de- oxi de

conp05|te ayer an ox on oxycar e-oxide c ﬁp05|te | ayer. 22.

The met hod of feddngre BOttovh ghiteiimsutae lmwmme bfottbmtqftl&nehrmﬁcond gate insul ator
| ayers are co?prlsed of non-stoichionetric, sin g/ wo or nore of

silicon, nit ﬁ'éﬁgaﬁ‘i’lé{ﬁ‘ihﬁ‘ﬂh?onfrpl gs ﬂH‘\C“{r%lh?t&’F Fi-‘é t3p ﬁ?COF nt hanum or

zi rconi U%l&%arﬁhﬁuﬂf&t hod of claim 20 wherein the bottom first, and second
gate insul ator | ayers are non-conposite |ayers conprised of one of silicon
oxi des f or ned fyninge ﬁrsmgatdamaumordmr irothe sranghedlent; the pidpwahot the firhxi des with

i ncl usi Oﬁ%luﬁlxna ?[nIPCPL%E tanacll S é;(n% %: sﬁl%ﬂ)’r lag'I Hn'tﬁg ﬁencﬁ%ﬂ% théj?ldé‘/%}iﬁ

silicon- um oxi I coh oxy a5 insu ators
silicon ahé siaeonmﬁﬂmraﬁmrs&umﬁehwhﬂeinub¢ bms)anﬁrﬂamﬂmcdndc:ga&swaﬂatsr laygr®n

car bi de. )
are a composite structure; and
interposing a polysilicon program gate structure between the first gate insulator
layer and the control gate structure and between the second gate insulator layer and the

control gate structure.

21.  The method of claim 20 wherein the composite structure is comprised of one of
an oxide-nitride-aluminum oxide composite layer, an oxide-aluminum oxide-oxide

composite layer, or an oxide-silicon oxycarbide-oxide composite layer.

22.  The method of claim 20 wherein the bottom, first, and second gate insulator
layers are comprised of non-stoichiometric single layers of two or more of silicon,

nitrogen, aluminum, titanium, tantalum, hafnium, lanthanum, or zirconium.

23.  The method of claim 20 wherein the bottom, first, and second gate insulator
layers are non-composite layers comprised of one of silicon oxides formed by wet
oxidation and not annealed, silicon-rich oxides with inclusions of nanoparticles of silicon,
silicon oxynitride layers, silicon-rich aluminum oxide insulators, silicon oxycarbide

insulators, or silicon oxide insulators with inclusions of nanoparticles of silicon carbide.





