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·4F-SQUARE MEMORY CELI ... HAVING VERTICAL 

FLOA'rING-GATE TRANSISTORS WI'l'H SELF-ALIGNJ:D 

SHALLOW TRENCH ISOT...ATION 

Related Applications 

The following patent applications are assigned to the 

assignee._hereof and contain subject matter related to 
the subject ri1.atter of the present patent appl-icai:ion: 

1. U.S. Patent application serial no. 
·. 08hlrl,955. , entitled "Self-Aligned Diffused ·source 

Vertical Transistors with Stack Capacitors in a 41'' · 
Square Memory Cell Array", filed on even date herewith 
for Jeffrey J. WELSER, Hussein I. HANAFI, Stuart M. 
BURNS, Waldemar W. KOCON, and-Howard L. KAl,TER; 

2. U.S. Patent application serial ·no. 
08n92.952 , entitled "Self-Aligned Diffused Source 

. . 
Vertical Transistors with Deep Trench Capacitors in a 
4F-Square Memory Cell Array", filed on even date 
herewith for Jeffrey J. WELSER, Hussein !. HANAFI, 
Stuart M. BURNS, and Howard L. KAI.'T'ER; and 

3. U.S. Patent application serial no. 
osns1,41s , entitled "2F-Square Memory Cell For Gigabit 

Memory Applications", filed on even date herewith for 
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Jeffrey J. WEJ .. SER, Hussein I. HANAl•~I, and Stuart M. 

BURNS. 

The contents of the above-listed patent applications 

are incorporated he~ein by reference. 

BACKGROUND OF Tiii~ INVENTION 

Field of the Invention 

The present invention is directed to densely packe<l 

vertical transistors in a 4F-square memory cell, and 

methods for making thereof, and more_part~cularly, to 

non-volatile/volatile memory cells having vertical 

floating-gate ~ransistors·with self-aligned shallow · 

trench isolation between source re~Jions for addres~.dng 

and writing individual transistors via direct 

tunneling. 

Discussion of the Prior Art 

There is much interest to scale down densely packed 

semiconductor devices on an integrated circuit (IC) 

chip to redu~e size and power consumption of _the chip, 

and allow faster operation. In order to achieve the 

high packing density necessary for Gbit memory 

applications, it is.crucial to shrink the si"ze of an 

individual memory cell as much as possible. FIG 1 

shows a top view of a conventional array 10 of 

conventional erasable programmable read only memory 
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(EPROM) devices 15, using vertical transistors, sue ·h 

as metal oxide silicon field ef:fect transistors 
. -

{MOSFETs) with a floating gate layi!r. The 

conventional array 10 is described in the followin~J 
two references. H. ·Pein and J·.o! Plummer, "A 3-D 

sicjewal~ flash EPROM call and memo1:y array", Electron 

Device Letters, Vol. 14 (8) 1993 pp.415-417. H. Pein 

and J.D. Plummer, "Performance of the 3-D Pencil Flash 

E~ROM Cell and Memory Array", IEEE Translations on 

Election Devices; Vol. 42, No. 11, 1995, pp. :r9a~:-

1991. 

The conventional array 10 l~as t·ows of word.Lines 20 and 
columns of bitlines 25. The size of a cell 27 of the 

array 10 is 2F-by 2F+A, leading to a cell area of 

4F2+2FA. F is the minimum linewidth of the feature 
size that can be patterned with ·lit:hography. . 2F iB 
the cell size along the wordline 20, and 2F+A .. is the 

cell size along the bitline 25. Typically,.A is 

approximately 0.2F, resulting in a cell area of 

approximately 4F2 +0 .4F area achievable using · 

conventional lithography. The additional length A is 
necessary to separate adjacent wordlines 20. 

FIG 2 shows a partial perspective view of th~ array 10 
of FIG 1, and FIG 3 shows a cross sectional ·view.at 

the vertical MOSFET 15 along a bitline 25 .. 

As shown in FIG 3, the MOSFET 15 has an n• source 30 

formed on a P-doped silicon substrate 35. The sou1·ce 
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30 is formed after etching the subutrate 35 to form a 

vertical p"ill_ar 40, ~eferred t(I as the body of the 

MOSFET 15. The pillar 40 acts as the transistor 

·channel and has dimensions of I-' by F, as shown in l·'IGs 

1 and 3. 

As a result of forming the sou1·ce lO after forming the 

pillars 40, the source _30 is f"rmecl around edges oJ­

tJ:ie pillar 40 and is absent fr,.m a region 45 locat£~d 

below the pillar 40. Thus, tht: source 30 does not 

entirely occupy the footprint '·f the pillar 40. AH 

shown in FIG 2, all the ·MOSFE'l':i 15 of the array 1 o 
have a common source 30, inclucling MOSFETs of 

different bitlines 25 and diff<·re111. wordlines 20. As 

shown in Fids 2-3, the top of c·ach pillar 40 is doped 

with N-type material to form n· drains 50 of the 

vertical transistors 15. 

A tunnel oxide 60 is formed arciund the pillar 40 a11d 

an oxide spacer 65 is formed 011 the source 30. Next, 

a polysilicon floating gate 70, gate oxide 75 and 

polysilicon control gate 20 ar<· formed around the 

tunnel oxide 60. Note, control gai-.es 20 of indivic.lual 

transistors along the wordline 20 are inter-connected 

to form the wordline 20. 

Because the polysilicon contro·1 gat:.e 20 grows 

uniformly arou~d each vertical MOSFET 15, the spacing 

between MOSFETs 15 of adjacent rows is slightly larger 

than the feature size F, e.g., ~+l\, where 6. is 

l . 
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approximately 0.2F. This sepa1ate:; adjacent wordljnes 

20 by amount -A, when. polysilict•n is grown up to a 

distance of O.SF. This O.SF tliick polysilicon layE-r 

covers the top and sidewalls ot the pillars 40, as 
. . 

well as the oxide spacer 65 lo<"ated on the substrate 

35 at the.base of the pillars ~o. 

The O. SF thick grown polys~lic' •n regions at pill-ar 

sidewalls separated by distanct· F, along each wordl ine 

20, merge with each other. This fnrms the wordli-nes 

20 around a row of pillars that are separated by F. 
However, the O.SF thick formed polysilicon regions at 

pillar sidewalls separated by- distance F+Ll do not 

merge. Rather, they remain se1•arat:ed by the dista11ce 

A. At the base of the trenche:i located between these 
polysilicon covered pillar side.~wal ls that are 
separated by F+A, the oxide spilcer 65 is covered wjth 

the a.SF-thick polysilicon. 

To separate adjacen~ wordlines 20, a reactive ion etch 

(RIE) is performed that removeH polysilicon for a 
thickn.<:;SS of 0 . SF. The RIE ex1 •Osen the top of the 
pillars 40, as well as the oxide spacer 65 at the base 

of the pillars that are separated by F+A. The exposed 
distance of the oxide spacer 6!1 is A. Thus, the A 

separation between adjacent wo1dlines 20 ensures that 
control gates 20 of adjacent W<•rdlines are not sho1·~ed 

along the direction of the bitlineu 25. 
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As shown in FI Gs 1 and 2, a f i l·st .level metal forms 

bitlines 25 which are orthogon.il to the wordliues :~o. 

The first level metal connects drains so of MOSFET8 15 

along a common bitline 25. 

The ar~a of the cell 27 of FIG 2, is small because the 

substrate 35 is used as a comm< in source 30 for all the 

MOSFETs 15 of the array 10. F'IG 4 shows a three 

d~~ensional view of another co11vent.ional array_90!­

which is· similar to the convent iondl array 1,0 of Fl G 

2, except for having round.pillars 95 instead of 

square pillars 40 (FIG 2) . As in t:he array 10 of J·'IG 
I 

2, the array 9 O of FIG 4. has a common source 3 o . · 

The memory function of each ce·11 27 is achieved by 

charging or discharging the flciating gate region 70. 

This causes a measurable shift in the threshold 

voltage of the vertical MOSFET. 

In the conventional EPROM cell 27, the tunnel oxide 

.between the ~loating ·gate 70 and tlle transistor 

channel or pillar 40 is fairly thick, having a · 

thickness of at least lSOA. Tlieretore charging of the 

floating gate 70 must be achieved by flowing a larse 

drain current. This generates hot electrons which can 

tunnel through the tunnel oxid<~ 60, often referred to 

as hot-electron injection or cl1annel hot electron 

tunneling. However, channel ht•t eJ.ectron tunneling is 

not suitable for DRAM or "Flasl1" memory applications, 

because channel hot electron t11nneling requires high 
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power. This is particularly a problem in the high 

density arrays nece~sary for Gliit memories. In 

addition, tunnel oxide degrada1ion caused by hot 

electron tunneling is not tolerable for applications 

that req\iire frequent read/wrjte operations. 

If the tunnel oxide 60 is made thinner, e.g., ~3 nm, 

direct tunneling between the channel 40 and floating 

g~te 70 is possible·. In contrc1st 1:0 hot electron 

tunneling, direct tunneling is faster resulting in 

faster write and erase times, 1·equires much lower 

power, and minimizes tunnel oxide degradation. 

Howeyer, because the sources 2·1 of all _the MOSFETs are 

common, setting the bitline and wm:dline voltages 

appropriately to write a singlt· ce 1.1 27 can still 

induce hot electron currents i11 neighboring cells 

along a wordline 20. This dest rays any informatio11 in 

these cells ~nd damages their tunnel oxide~ 60: 

Hence, to make the conventional MOSFETs 15 useful for 

DRAM/Flash EEPROM applications, th(~ cell must be 

modified to isolate the source regions 30 between 

adjacent bitlines 25. This allows use of direct 

tunneling read/write operatiorni. l;ourthermore, to 

achieve the packing density nevess.·lry for Gbit 

memories, the overall cell are" mi.wt not be increased 

by these modif i-cations. The c1·ll area must: :t;'emain 

approximately 4F-square. 
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One method for achieying sourc' · isolation between 

bitlines 25 i.s to pattern isolcation lines . . 

lithographically between. the bitlines .25. Isolation 

is then be achieved by either c1 local oxidation of 

silicon (LOCOS), recessed-LOCO!:, -or conventional 

shallow trench techniques. 

However, such an isolation method i·equires 

lithography. Therefore inter-clevice 20 lines must be 

increased from F to ·at least 21·' to avoid shortTng· 

adjacent control gates, or wordlines 20 along the 

bitlines. This increases the .inter-device spacing 

along the bitlines 25 from 1.21·' to 2F. Thus, the 

overall cell size increases fr(•ffi 4F2 +0. 4F to at least 

6F2 • Moreover,· lithographic rnj ~~alj gnrnents degrades 

device behavior. Hence, packi11g density and/or 

performance is sacrificed in tl1is scheme. 

To increase packing density, i11stead of forming the 

vertical MOSFET 15 having the I•illar 40, an inverted 

transistor is formed ·in a trenc·h etched into the 

substrate. Such transistor st1·uctures are shown in 

U.S. Patent numbers 5,386,132; 5,0'/l,782; 5,146,426 

·and 4, 774, 556. The transiston; formed in such 

trenches may be combined with <additional planar 

devices, as discussed in U.S. l·atent numbers 

4,964,080; 5,078,498. Other ~c·mory c·ells have 

transistors with a floating body, as discussed in U.S. 

Pat::ent number 5,382,540. Anotlier conventional memory 

cell, disclos~d in U.S. Patent number 5,017,977, does 
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not have separated buried bitlines between 

transistors. Such conventiona ·1 cells fail to achieve 

maximum packing dens.ity due to non-self-aligned 

isolation techniques, or requi 1·e compl1:x process in~ 

methods for fabrica~ion, e.g., selective epitaxial . 

gr~wth·, which methods are not ~juitable for large-scale 

production. 

Inste.c::d of using the vertical devices of the memory 

cell 27 as an EPROM, the vertil"~al transistor lS 

without a float.ing gate, in conjunction with a 

capacitor, can also be used fo1 .DI~AM applications·. 

FIG 5 .shows a schematic of a typical DRAM cell 100 

having a field effect transistor (li'ET) 105 and a. 

storage capaci~or Ca. The gate of the FET 105 acts as -

the wordline W/L. A bitline B/L in connected to one 

terminal of the FET 105, which terlllinal is the source 

or drain of the DRAM, dependin'I on application. Tl1e 

other DRAM terminal is connectt!d to a storage node 110 

of the storage capacitor Cu. 'l'l1e other termin~l of 

the storage capacitor Ca is reterred to as a plate 

115. 

When the FET 105 is turned on liy an appropri~te si~Jnal 

on the wordline W/L, data is t 1·ans f.erred between tile 

bitline B/L and the storage node lLO. The standard 

one transistor, one capacitor 1·ell 100, sho'Wn in FIG 

s, has a theoretical minimum a 1·ea of BF2 for a folded 

bitline, or 4F.r for an open bit Lint.~ architecture, 

shown in FIGs 6 and 7, respectively. 
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FIG 6 shows a top view of a co11ventional folded 

bitline DRAM cell 12~ having aC'tive and passing 

bitlines B/L, B/L', respectiveJy, and active and 

passing wordlines W/L, W/L' , rt:.spectively. The word 

and bit i·ines each have a widtli ~. The bit and won.i 

lines are separated from adjacl·nt bit and word lines 
• 

by a width F. Thus the area of· the folded bitline 

DRAM cell 120 is 8F2
• 

FIG 7 s_hows a top view of a conventional open bit.lj ne 

DRAM cell 150, having a bitlinc· B/r, and a wordline 

W/L, each having a length F and being separated fre:,m 

adjacent· line,s of adjacent eel Is (not shown) by a 

length F. Thus, the area of the open bitline DRAM 

cell 150 is 4F2
·• 

Due to the need for contact and isolation spacing, in 

conventional designs that use planar transistors, it 

is only possible to obtain the~;e minimum cell sizes by 

creating sub-lithographic features at some level. In 

adqition, if a minimum cell size is to be obtained, it 

is necessary to reduce the len~Jth of the transistor 

105 of FIG 5 as much as possib"I e (clown to F) . This 

reduces the gate length. However, shorter gate 

lengths result in higher leaka~1e currents which cannot 

be tolerated. Therefore, the voltage on the bi.tline 

must be scaled down accordingly. '1.'his reduces the 

charges stored 9n the storage <'apacitor c., thus 

requiring a larger capacitance to ensure that the 
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stored charge is serised correctly, for example, to 

indicate logic 1 or.O. 

Increasing the capacitance of the storage capacitor cs 
is achieved by either ·increasing the capacitor area, 

or decreasing the effective dielectric thickness 

loc:ated between the capacitor plates. Increasing the 

capacitor area is becoming more djfficult to do 

~ithout also increasing the cell size, and hence 

defeating the purpose of shortcming the gate in th<:! 

first place. 

Further reducing the.-dielectric thickness is: also 

difficult, since the thickness of many conventional 

dielectrics has alrea4y reached a minimum practical 

thickness. Ta further reduce the dielectric 

thickness, alternative dielectrics with higher 

dielectric constant have been explored. While such 

alternate ~ielectrics contribute to solving the 

problem of low charge storage resulting from· the 

decreased bitline voltage, further bitline voltage 

reduction is limited by the maidrnum achievable · 

dielectric constant. Accordin~1ly, to turther reduce 

the bitline voltage, an alternative to reduc.ing th1:~ 

gate length of the transistor 105 is necessary. 

In light of the foregoing, theJ"e is a need for high 

density memory cells having isolated sources between. 
,· -

adjacent bitlines, yet continuous source. regions for 

each individual bitline, to allow cell programming by 
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direct electron tunneling, instead of programmlng by 

channel hot electron tunneling. 

There is also a need for a mem< 1ry cell having a proper 

gate·iength and capacitor, without increasing the 

- lateral area of the cell. 

SUMMARY OF THE rNVENTION 

Tl)e object of the present inve11tion is to provid~ a 

memory cell array, and a method of makjng thereof, 

that e:iiminate the problems of conventj onal memory 

cell arrays. 

Another object.of the present invention is to provjde 

a memory cell .array I and a metl1od of making thereof I 

that has isolated sources on adjacent l>itlines of the 

array without increasing the Cl~ll area. 

Yet another object of the prest·nt invention is to 

provide a memory cell array, and a method of making 

thereof, that has se1f-aligned isolation trenches 

between adjacent bitlines of the array. 

A further object of the present invention is to 

provide a memory cell array th<at is programmec:t at high 

speed using direct tunneling, c ·an withstand a high 

number of write/ erase cycles, < ·onsumes low power, has 

reduced oxide degradation, ope1·ates at low voltages, 

and has a high retention time. 

1iii1ii1lli1f 
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An additional object of the present invention is to 

provide a memory cell having a proper gate length and 
-

capacitor without increasing the cell lateral area. 

A further object of.the present ~uvention is to 

provide a memory cell that prevents charge 

accumulation j n the body of th<! CC! 11. 

Another object of the present jnvention is to provide 

a memory cell having a self aligned continuous· sou1:ce 

regions along bitlines of ·the c·el] array, without 

completely isolating the body of the cell from the 

underlying substrate. 

A still further .bbj ect of the present invention is to · 

provide a memory cell having a proper gate length 

suitable for obtaining low leakage, without decreasing 

the bitline voltage or increasjng the lateral area of 

the memory cell. 

Another object of the present .invention is to provide 

a memory cell having a capacitc,r such that additio11al 

cell area is not consumed by the capacitor, by 

capacitor contacts, or by tranLJistor contact~. 

These and other objects of the inventions are achi1::ved 

by a semiconductor device and a method of making 

thereof. The semiconductor device may be a vertical 

MOSFET semiconductor device whi.ch may have a floating 

gate. The semiconductor devict-~ is fabricated on a 

THIS SHEET HAS BEEN 
REPLACED ,___ ____ ........... -~ 



--------------------==============~---···
'·~·-:·-··-· 

-14-

semiconductor pillar etched frt •m a substrate which may 

be a single c.rystal ~uhstrate, for example. A 

diffused source region is formt·d. at the base of the 

pillar. Alternatively, the sonrce and drain regions 

are implanted or epitaxially g1·owi1. In addition, an 

array of- these pillars is formt:d with self-aligned 

isolation. 

The vertical semiconductor device comprises a heav ly­

doped region on the top of the pillar, followed by a 

body region with the oppos"ite eloping type, then 

followed by the heavily-doped :;ource region :formed , 

for example, by implantation 01 by outdiffusion from 

either heavily-dop~d oxide, polysjlico11, or other 
I 

suitable material deposited bet ween columns (i. e-., 

bi tlines) in memory array. De1 .ending on the amount. of 

source outdiffusion from the nm terial, the body of t.he 

pillar transistor may or may n<•t maintain electrica I. 

contact with the underlying sul •Strct te. 

The source outdiffusion materic1l may or 1J1ay not be 

removed subs~quent to annealin~1- In tlie case of 

polysilicon, or other highly C<•nductive source 

materials, this material may ac·t as a buried -"strap"·, 

reducing the resistance of the diffused source region. 

The doped regions at the base c ·f each pillar in the 

array may be separated by self aligned isolation 

formed by a two step trench et"h, oxidt depo~ition, 

THIS SHEET HAS BEEN 
REPLACED 
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chem-polish~ and RIE etchback following the diffused 

source formation. 

For application where hot electron tunneling is a 

satisfactory program/erase metho_d, i.e .. , where power 

consumption and cyclability an~ not major concerns, 

all devices in the_array may share a common source. 

In thi.s case, pillars may be torrnl!d by a single etch 

~tep prior to the source formation, and no additional 

etching is done prior to the iuolation step. 

For applications where direct 1 un11eling will be Ufh.!d 

for program/erase operations, j .e., for reduced power 

consumption and increas~d cyc]cibi"J ity, pillars wil "J be 

formed using a two-step etch p1·ocess which etches 

trenches in orthogonal directions. This etch process 

creates pillars with a more rectangular cross-section, 

(versus the circular pillars forme!d by a single-step 

etching,) and allows the height of the pillar to vary 

on adjacent sides, dependent 011 the etch depth for 

each trench. The source regions between the column 

pillars are separated by etching the column trenches 

deeper than the orthogonal wordline trenches. The 

column trenches are parallel to the bi tliries_. 

The two step etch thus maintains the continuity of the 

buried diffused source regions, aH well as any 

additional strapping material still in place, along 

the array columns for use as a buried bitlines for 

cell access. 
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The two-step"etch may also be used for the common 

source conf~guratio?-, if a rectangular pillar cz:oss.:.. 

section is desired, by completing both etch steps 

prior to source information. If ii floating transistor 
body is ·desired, the so.urce may_ also be forme·d prj or 

to all processing steps by implantation. into a 

suitably-doped substrate, which may include epitaxial 

layers. 

The main body of each pillar is encircled by the gate 
stack which comprises a d·ielectric layer, (e.g. , 
thermal grown silicon dioxide), referred to as a 

tunnel oxide, followed by a floating gate material 
capable of storing charge, (e.g., amorphous silicon, 
silicon-rich oxide, nano-crystals of silicon, 
geranium, or- other material, nitride, a metal, etc.), 
followed by a second dielectric layer, (e.g.~ 

deposited silicon dioxide), referred to as a gate 
oxide. Next, a control· gate made of polysilicon, for 

example, is formed around the gate oxide. This 

results in a memory.device, where charges are stored 

on the floating gate of the vertical transistor. 

Such a memory device or cell may be used as _an EEPROM 

or Flash Memory cell, usually used for non-volatile 
storage. The vertical memory cell according to the 
invention has higher speed and endurance than 

conventional floating gate transistors. In addition, 

the vertical memory cell may also be used as a DRAM 
type cell. That is, for DRAM applications, the 
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vertical memory cell replaces a conventional 

transistor and capac:i.tor combination cell. Thus, the 

vertical memory cell may be usud for e i,ther EEPROM or 

DRAM applications .. 

The tunnel oxide and floating ~Jate may be dispensed 

with to result in a gate stack that includes the gate 

oxide and the control gate. This results in a· 

vertical transistor that may be used iu conjuncti~1 

with a capacitor to form a memory cell. The.capa,citor 

may be a stack or trench capacitor. Such a memory 

cell is ~sed for DRAM applications, for example, where 

charges are stored on the capacitor. In this case, 

the vei:tical trans.istor acts aLJ a switch or transfe L. 

device to access the charge for wrjtin~ and readin9 

operations. 

The gate stack extends between the two heavily-doped 

regions at the top and base of each pillar.· A 

conductive gate material, (e.g., in-situ, heavily 

doped polysilicon, with or without silicidation), js 

deposited on the array to connect pillars along each 

row (or wordline) of t~e array, orthogonal to the 

bitline direction. This polysjlicon is the contra] 

gate. The pi~lars in the array may be separated by 

slightly different amounts in t:he bitl ine .ve?;"sus 

wordline directions. 

For example, _the pillars are separated by a distance F 

along the wordline direction, t1nd by a distance F+L\· 
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along the bitline direction. The additional spacing A 

allows the gate material (or control gate) to be 

separated between adjacent wordlines by etching aJone, 

e.g., RIE, without lithography. Thus, adjacent 

wordlines are sep~rated by forming the polysilicon 

having a thickness of a.SF over the entire array of 

pillars, includinq the trenches therebetween, and then 

etching the a.SF thick horizontal polysilicon.located 

c;:m top of the pillars and at the base of the _wordJ i.ne 

trenches. The etched polysilicon at the base of the 

wordline trenches has a width of A, and up~n removal 

thereof results in the wordlines being separated by 

the distance fl. If the pillars are equi-spaced in 

both directions, an additional mask can be used to 

separate the gate material in other desired 

directions. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages of. the invention will 

become more readily ·apparent from a consideration of . 
the following detailed description set: forth with 

reference to the accompanying drawings, which spec..:i.fy 

and show preferred_ embodiments of the invention,. 

wherein like elements are desjgnated by identical 

references throughout the drawings; and in which: 

FIGs 1-2 show top and perspective views of a 

conventional array of memory cells; 
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FIG 3 fihows a cross-sectional view of a one of the 

conventional memory_ cells shown in the array of FIGs 

1-2 a]ong a bitline; 

FI8 4 shows a schematic of another· conventional array 

of memory cells; 

FIG 5 shows a schematic of a conventional DRAM cel.l; 

FIGs 6 and 7 show top views of conventional folded and 

open hitline DRAM cells, respectively; 

FIG a shows an array of memory cells according to one 

embodjment of the present invention; 

FIG 9 shows the array of FIG B after dielectric fill, 

chemical polish and etchback according to the presl·mt 

invention; 

FIGs 10 and 11 show cross sections of the memory ci.:11 

of FIG 9 along the wordline and bitline directions, 

respectively, according to the present invention; 

FIGs 12-14 show a method of forming the ar1·ay show11 in 

FIG B according to the pres~nt invention; 

FIGs 15-16 show an array of memory c;:ells with and 

without strap lines according to another embodimenL of 

the present invention; 
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FIGs 17-26 show a method of fonni11g the array shown in 

FIGs 15-16 according to the pn:se11t invention; 

FIGs 27-28 show an array of memory cells with and 

without strap lines according lo e:1 further embodiment 

of the present invention; 

FIGs 29-32 show a method of f01 ming the array· shown in 

FIGs 27-28 according to the pn.:sent invention; 

FIG 33 shows a memory cell havjng a stack capacito1· 

according to another. embodimen l o t the pre.sent 

invention; 

FIG 34-35 show different embodime11t:s of. the stack 

capacitor shown in FIG 33 acc01 din~·J to the present 

invention; 

FIG 36-44 show a method of forming an array of memory 

cells each having a trench capc-1citor for open ·bitl i ne 

and open/foided architectures c1cco1:-din~J to another 

embodiment of the present -invention; 

FIGs 45-50 show a method of formin<J an array.of mell\ory 

cells each having a trench capacitor f o~ a folded 

bitline architecture according to another embodiment 

of the present invention; 

FIGs 51 shows a cross section of memory cells each 

having a stack capacitor for a foJded bitline 
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architecture according to another embodiment of the 
present inv~ntion; 

FIG 52 show an array of memory cells having two 
transistors per pillar according _to another embodiment 
of the present invention; and 

FIGs 53-72 show a method of forming the array· shown 
in FIG 52 according to the preuent invention. 

DETAILED DESCRIPTION c iF THE INVENTION 

4 F2 Memory Cel 1 

FIG 8 shows an array 200 of me111ory cells 205 according 
to one embodiment of the prese11t invention. 
Illustratively, ·the memory cell 205 is based on a 
MOSFET. The array 200 has self-aligned shallow 
trenches 210 that isolate and ueparate self-aligned 
source.s 215 of differ~nt_ bitli11es 220. The array 200, 

and a method of making thereof, circumvent the 
difficulties with lithographic source isolation 
without increasing cell area. The isolated trenches 
2Hl, which may be referred to ,1s bi.tline trenches, are 
parallel to the bi tlines 220, <md orthogonal to the 
wordline 225. 

The a·rray structure 200 maintajns a common source 215 

along a given bitline 220, while h<ivin~ separate 
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sources 215 on adjacent bitli1ws 220. The source 215 

of each cell 205 i~ self~aligned. Therefore, 

additional ~asking steps are uot necessary and there 

is n'?. possibility of misalignmc.·mt that degrades device 

behavior. Moreover, any plana l" support device_ along 

the edg~ of the array 200 can he isolated using the 

same shallow trench etch -step, simplifying the overall 

process. 

Each memory cell 205 is a verl: i ca I transistor havj ug <1 

pillar 230 _extending upward ahnve the substrate 235. 

The substrate is a single crystal semicond~ctor 

substrate,_ such as silicon (Si), which may be doped 

with P-type material, for example. Upper and lower 
i 

regions of each pillar 230 are doped, e.g., with N-

type material, to form ·drain aud source regions 240, 

215, respectively. The middle region of each pillar 

230, between the drain 240 and source 215, is lightly 

doped, usually ·with P-type material, to act as the 

MOSFET channel between the N-type source and drain 

regions. 

FIG 8 also shows a top mask la~rer 245, such as an SiN 

layer 245 formed over the drai11 240. The top_mask 

layer 245 is used for forming the pillar 230. Each 

pillar 230 has a dimension of l·' by F along the 

wordline 225. Adjacent pillars ai:e separated by a 

. distant F along the wordline 225, and a distance F+D. 

along the bitline 220, where l.I is approximately 0.2F. 
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FIG 9 shows the array 200 afte1· dielectric fill 250, 
chemica:J.. polish and etchback. Illustratively, the 
dielectric 250 used -to fill thl: ·tnmches 210 is an 
oxide, such as oxides of silic1 in. The outer surf ace 
of each-pillar 230-has a contr<>;l. gate 275, omitted 
from FIG 9 for clarity and shown in FIG 15. The 
control gate 275 acts as the wordline 225, shown in 
FIG· 9. The drains 240 act as lhe bitlines 220 and the 
sources 215· act as buried bit.lines. 

FIGs 10 and 11 show cross sections of the memory cell 
205 along the wordline and bit line directions 312, 
3t4, respectively. As shown j11 FJO 10, the ·source 215 
is completely self-aligned and completely fills the 
~egion below the_ pillar 230. In addition, t:he source -
215 is separat:ed from sourc~s uf MOSFETs of different 
bitlines by the shallow trench~s 210. 

Since the source 215 is completely self-aligne~ below 
the device pillar, there is leLJs source/gate overlap 
between bitlines 220 (FIG 9). This reduces the· 
overall capacitance of the arrc1y 200. 

A gate region is formed on a sidewall of the- pillar 
230 over the pillar's middle r1:gion, which is between 
the source 215 and drain 240. The gate region 
controls the resistance between the source and drain 
regions 215, 240. The gate rec.1ion may also be formed 
on at least one sidewall of th1: pillar 230 over the 
pillars middle region. Alternc1tely, the gate region 
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is a wrap-around gate formed 011 a] I. the pillar 
sidewalls, o.:ver the.pillar's middll! region. 

Illustratively, the gate region comprises a tunnel 
oxide 260 formed around the pi"l lar 230, followed by a 
first gate electrode, which may be isolated on all 
sides to form a floating gate :!65. The vertical 
MOSFET .205 with a floating gatl· may be used for memory 
applications. A gate oxide 27u separates the_floating 
gate from a control gate 275. 'rhe control gate 275 
acts as the wordline 225. Illustratively, the 
floating and control gates 265, 27!> are polysil icon. 

As shown in FIG 11, the source 215 is continuous along 
a given bitline. The oxide· 250 used to fill the 
trenches 210 (FIGs 8-10}, also forms the necessary 
spacer 280 between the poly gates 265, 275 and the 
source region 215 along the bit line.direction 314 
without any additional processJng nt~ps. Iri addition 
to preventing source/gate shorting, the spacer 280 
also reduces the source/gate overlap capacitance. 

Placing ti1e source below the pillar 23 o also ·produces 
a floa_t:;ing body MOSFET with a wrap-around gate. This 
is similar to the dual-gate MO£:FET structure simulated 
by D.J. Frank, S.E .. Laux, and M.V. Fischetti~ "Monte 
Carlo simulation of a 30nm dual gate MOSFET: How short 
can Si go?" Inter. Electron. flevices Meeting,· 1$192, 
p.553. In these simulations, ]t is shown that the 
dual-gate MOSFET off~rs greate1 scalab]lity to short 
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gate lengths than MOSFET desig11s. Devices with 

effective gate lengths as short as 30nm were simulated 

and shown to have well-behaved characteristics. The 

improved gate control offered hy a du~l (oi;- wrap­

around)· gate structure inhibit~ the onset of 

deleterious short-channel effec~ts, including threshold 

roll-off and drain induced ban·ie1:- lowering • 
. · 

A method to form the array 200,· with the self aligned 

trench isolation, comprises the following steps: 

I. As shown in FIG J2, which is a cross 

sectional view along the wordljne direction 312, 

source and drain regions 215, 240 ~re form~d by 

subjecting the substrate 235 to blanket implants of 

ions 310. Nc;>te, the source implant 215 is a deep 

implant at a depth of approxime:1tely 350 nm. If 

necessary, a photoresist mask js used during this step 

to protect the edge areas where planar support devices 

may be fabricated. Alternatively, epitaxiai growth · 

may be used to form· the source anci drain regions 215, 

240. 

II. As shown in FIG 13, a mask 290, such as 

a nitride mask, is deposited ac:ro~s the imJ?lanted 

wafer or substrate 235, and patterned in parallel 

lines across the array region jn a direction parallel 

to the bitline direction 314. These nitride lines 290 

have a width F, and are separaled from each o~her by a 
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spacing F. The nitride lines ::90 define the pillars 

for the vert.ical MO~ devices a I ong the bitlines. 

III. Shallow trench1 ·s 2 I 0 having a depth 

315 of approximately 300 nm to SQO nm are formed by 

etching,. e.g. I reactive ion etc·hill!J (RIE), th:e 

substrate 235 located betweeri the nitride lines 290. 

The etch depth 315 is just g1:ec1ter than the .tot.al 

spread of the deep source implc1nt 215, as this 

topography will be translated down in a subsequent 

etching step to separate the S< •Urces 215 between 

adjacent bitlines. 

IV. As showi1 in FIG 14, the nitride lines 

or strips 290 are patterned to form nitride regions 

245 along the.bitlines. Each.nitride region 245 is 

square having an F by F dimens:i on, and is separate by 

length F-t~ frorµ adjacent nitride regions 245 along the 

bitline direction 314. For clcarity, only one nitride 

region 245 is shown in FIG 14. The sp~cing F+h 

between nitride regions 245 alc1ng the bitline 

direction 314 is larger than tlie spacing F along the 

wordline. direction 312 to prevt~nt the gates from. 

shorting between wordlines. Tliis is also shown in FIG 

8. 

V. Returning to FIG 8, another etching step 

in performed, e-.g., RIE, to fo1 m the final pillar 

shape. The depth 320 of this E·tch, which is 

approximately 350nm to 500nm, is si~t to just reach the 
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deep implanted source regions ~15, on the plateaus 325 
between pillars 230 along each bitline 220~ This 
second etch tran·siateS the tre11ches 210 I which are 
located between the bitlines 220, down to a total 
depth of about 70.0 nm to lµm. The deep bit line 
trenches 210 disconnect the sourc~s 215 in the 

wordline direction 312. 

This two step etch process of steps III and V forms 
square pillars, which are advantageous compared to 
circular pillars that may be formed by a single etch 
proces~. In addition, the two etch process allows the 
height of the pillars to vary ·on cliff erent sides due 
ta· the different depths of the column or bitline 
trenches 210, located between the bitlines 220, and -
the row or wordline trenches 430 located between the 
wordlines 225. 

The two etch process maintains the continuity, along 
the array columns (or bitline direction), of· the 
buried source regi<;ms 215, as well as the continuity 
of any additional strapping material 460 to be 
described in connection with F.lG 1.6. This allows use 
of the source regions 215 as buried bitline$ for cell 
access.· 

.· 
Since the source regions are j mpLmted -prior to 
format.ion of the pillars, the .80u1:ce regions occupy 
the entire footprint of the pillars. This isolates 
the pillar body from the underlying substrate 235 
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resulting in a floating body t 1·ans istoL-. In other 
embodiments to be described he 1·einbelow, where the 
pillar body rema·ins in contact with the underlying 
substrate 235, as shown in FIG 20, the source regions 
405 are ·formed by outdiffusion of dopants from a 
material ~60 lining sidewall portions of the column 
trenches 210. Alternatively, the :;;ource regions 405 
are formed after pillar formation. 

,· 

VI. Returning to FICl 9, all the trenches 
are filled with an insulating or dielectric materi?ll 
250, such as an oxide for · exarn11le. Next, the waf·er is 
pJ.anarized to achieve a planar .Sui· face I using chemical 
polishing for example. At thit; po int, the surface of 
th~. wafer comprises islands of nitride 245 on top of 
each pilar 230 surrounded by o:-:ide 250. 

·VII. A final etch st op, e.g., RIE·, is 
performed to expose the pillar walls prior ·to gate 
stack formation. Note, this step only etches oxide, 
not silicon. The etch is timed to stop approximately 
30-40 nm above the Si plateau ~25 (FIG 8) between the 
pillars 230 along the bitlines 22n. As shown in FJGs 
9-11, the oxide layer 250 acts as a spacer 280 having 
a thickness 330 of approximate I Y. 30-40 nm. 

The spacer 280 separates the ge1tes (both the f]oatjng 
and control gates 265, 275, shl •Wn i.n FIGs 10-11) from 
the source implant 215. This prev1~nts the gates 265, 
275 from shorting to the sourct· 21 •;. The thicRness 
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330 of this spacer 280 is chos(:n to minimize 

gate/source overlap_ capacitanc1·, while not allowing 
any underlap to occur. 

VIII. Any remaining Qxide on the pillar 
. . 

sidewalls is removed, to resul1 in the array 200 shown 
in FIG 9. At this point, the pilldrs 230 and . 
source/drain regions 215, 240 may he annealed~ and a 
conventional floating gate pro,~ess performed _!.o .finish 
·the device. As described below, the final device 
cross sections are shown in FI< :s 10 and 11. 

Next, a gate structure is formt~d around the pillars 
230. Forming the gate structUl e includes the steps of 

i . 

forming a gate region on one s ·i dew.ill, at least two 
sidewalls, or on all the sidew<tlls of the pillar, over 
the pillar's middle region, between the source and 
drain regions, 215, 240. 

As shown in FIGs 10-11, formin~1 the gate region 
includes the steps of forming <1 tunnel oxide 26.0 over 
sidewall(s) of the pillar's middle region; forming a 
first gate 265 over the tunnel. oxj d-e, which fi1:st gate 
265 may be insulated to form a flo.1tin9 gate; forming 
a gate oxide 270 over the floating gate 265; and 
forming a control gate 275 ove1· tlu~ gat:e oxide 270. 
Illustratively, the tunnel and gatl~ oxides 260, 270 
are silicon di~xide which may lie thermally grown; and 
the floating and control gates 265, 275 are conductive 
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material, such as in-situ, heavily doped polysilicon, 

with or without silicidation. 

FIGs 25~ 26 show cross-sectionH of a memory cell 400, 
. . 

such as a floating gate vertical MOSFET use~ as an 

EEPROM, along the word and bit liue directions 3i2, 

314, respectively, according to another embodiment of 

the present invention. The EE PROM· 400 is simil.ar to 

the EPROM 205 shown in FIGs 10, lJ except the- sattrce 

405 does not isolate the .bod,y of t·he pillar. 2·30 ·from 

the underlying substrate 235. The ~ody of ·the pillar 

230 is the middle portion of the pillar 230 7 ·between . . . 

the source and drain regions 411.5, 240. Continuity 

between the pillar body and mu lier I ying substrate 

prevents charge buildup in the pil Lar body. Of 

course, source outdiffusion may b~ continued until the 

source is formed completely bel.ow the pillar 230, 

separating the pillar body from the underlying 
. . 

substrate 235 to form .a floatj 119 r> illar body. 

The source 405 is formed by ou1·dif-Eusion from a source 

material 460. The source mate1·ia] 460 may be 

polysilicon or another highly conductive material, and 
-

acts as a buried strap to redU(!.e the resistance of the 

diffused source region 405. Alten1atively,. the source 

material 460 may be heavily doped oxide, arsenic glass 

(ASG) , or other suitable material·,. and may be removed 

after forming the source region 405 . 

. · 
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FIGs 15-16 show an array 420 of vertical memory 

devices 4 op, such .as floating-~Jate MOSFETs, formed by 

a self-aligned source diffusioi\ an~. isolation process. 

The isolation oxide 25Q, shown in FIGs 9 and 23, has 

been omitted from· FIGs 15-16 for clarity, but would 

normally fill the open area between all of the pillars 

and trenches. 

FIG 15 shows the array 420, where each array cQlumn or 

bitline 220 has a common self-aligned diffused· source 

region 405. The buried.bitlines 220 are formed solely 

by 01;ltdiffusion from a·source material 460 (FIG 16), 

which may be removed after formin~J the sources 405. 

FIG 16 shows the source material buried "strap" 460, 
i -

e.g., heavily doped polysilicon, which way be left in 

P.lace after source outdif fusion to reduce the 

resistance of the buried bitlj11es 220 (or source 405). 

In FIGs 15 and 16, the square Hhape of the pillars 230 

is due to the two-step etch proce:;s previously 

described. The body of the tr,ms i star pillars is 

still in contact with the substrate 235, sirice source 

outdiffusion 405 has been limited to prevent joinder 

of source regions 405 from opposite sides of each 

pillar 230. If a floating body t1·ansistor is desired, 

where the body of the pillar ii:; isolated f+om the 

underlying substrate 235, annealing is performed for a 

longer time i;or further outdiffusi.on from the source 

material 460 (FIG 16), so that the source regions 405 

from opposite sides of the pillars meet. 

. ' 
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Alternatively, as describe in 1·onnt!Ction with F'IG 12, 

source impl~ntation. may be perlormed prior to array 

fabrication that forms the pillars. 

Note, that while a· floating pi ·11ar body is undesirable 

for many applications due to the accumulation of 

charge in the transistor, it 11c1s aclvantages such as 

decreased drain-induced barrie1· lowering (DIBL) , which 

may offset the disadvantages iii some applica!:_ions. 

In FIGs 15-16, sourue diffusio11 reqions 405 between 

neighboring bitlines 220 are ii:olat:ed from each other 

hi further etching to form deep tr(~nches 210, which 

are between the bitlines 220 a11d n!ferred t. o as 

bitline or column trenches. Tile column trenches 210 

are etched deeper than trenche~; 430 located between 

the wordlines 225, whic..:h trenclaes c-tre referred to as 

wordline or row trenches 430. If desired, a common 

source (i.e., a source common to·a.1.1 the word and 

bitlines), may be achieved ·by ~:tchi ng both trenches 

210, 430 to the same depth pric1r to source formation. 

Similar to FIGs 9-11, an insulator 250 is· deposited 

and etched to form a spacer 280 that separates the 

buried bit lines 220 from the W< ·rdl.i ne 225. The spacer 

280 is shown in FIG 23. As deHc:d.l>ed earlier, a drain 

240 is formed on top of each p:i llar 230. In addition, 

as described in connection with FIUs 10-11, a gate 

structure is formed around eacli pillar 230, where the 

control gate 275 acts as the W<•rdl i ne 225. The gate 
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structure may include a tunnel oxicle 260, _a floating 
gate 265, a gate ox~de 270 and the control ga~e 275. 

As described earlier in connection with FIG 8, no 
li,thography is necessary· to separate adjacent array 
rows or ~ordlines 225. This is because the ·Spacing 
F+A between wordl~nes 225, is ~1reat:er than the spacing 
F between array columns or bitlines 220. 

The process steps that form the array 420 of· FIGs 15-
16 are similar to those described in connection with 
the array 200 of FIGs 8-9. These process steps 
include the following steps: 

(a) As shown in FIG 13 and described in 
Step II of the previous proces1::1, nitride 290 is 
deposited on the substrate 235 and patterned to form 
parallel lines along the bitli11es. The nit.ride strips 
290 each have a width F, and are separated from each 
other by a distance F. As shown in.FIGS 17-18, a thin 
pad oxide layer 450 may be formed on the substrate 235 
prior to forming the nitride layer 290. 

Illustratively, the nitride layer has a thickness of 
· approximately 500 nm, and the pad oxide layeJ:? 4 SO has 

a thickness of approximately 2 !.) nm. 

(b) Similar to Step III of the prior 
process, the exposed substrate 235 located between the 
nitride strips 290 is etched, e.g., using RIE, to form 
shallow bit.line trenches 210 between the nitride lines 

.· 
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290. This is shown in FIGs 13 and 17. The etch depth 

455 is de~p enoug~ to contain the expected drain 

implantation depth, the desirerl gate length, and the 

buried bitline diffusion depth. Illustratively, the 

depth ·455 of the·. trench 210 i.s approximately· 700 nm. 

{c) As shown in FIG 17, source outdiffusion 

material 460 is deposited on tlie wafer, lining the 

sidewalls_ of the trenches 210. FIGs 17-18 ~re_the 

cross-sections along the wordline and bitline 

directions 312 I 314 I respecti VE:ly I of a structure 

similar to that shown in FIG l], after forming and 

recessing the source outdiffus:i on material 460 in the 

shallow bitline trenches 210. FJGs 17-18 also show 

the _pad oxide and nitride layers 450, 290 that are 

formed over the substrate 235. 

For the illustrative example wliere the substrate is P­

t;ype, the source and drain are doped with N-type 

material. Illustratively, the source outdiffusion 

ma.terial 460 is arsenic glass (ASG) in the case where 

the source outdiffusion matericll 460 is removed after 

the outdiffusion that forms tlu: source. 

In the case where the source outdiffusion material 460 

is not removed and left to act as a buried.strap line, 

the source outdiffusion material 160 is heavily dop~d 

N-type .polysilicon, for example. This poly layer 460 

is then etched back to recess jt into the trenches 

210, leaving sidewall formatio11s having a height 462. 
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that extend approximately 250 11m up the sidewalls of 
the trenches. If t:his etchbacl: is done by using 
photoresist to protect the rem.aining polysilicon from 
etch damage, some poly is also lef 1: ·on the bottom of 
each trench 210. 

(d) After t.he polysilicon 460 etchback, the 
wafers may be annealed to begi11 outdiffusing the 
source regions. Note, this is necessary if the 
polysilicon 460 or other sourct· material will he 
removed prior to source isolat· ion. However, annealing 
is not necessary if the polysj I icon 460. is left· in 
place, since subsequent hot ·pr(lces::.;es cause the 
outdiffusions. The outdiffused source regions 405 are 
shown in the top array view of FIG 19, and the cross­
sectional view along the wordline direction 312 of FIG 
20. 

(e) As shown in FIG 19, pillar definition 
is completed and· wordlines for111ed hy patterning the 
nitride lines 290 to form nitr:ide islands 245, whic~ 
are formed using mask lines having a width F that are 
perpendicular to the trenches ::10. This results in 
square nitride islands 245 hav.ing a dimension of F by 
F. •Note, the inter wordline SJ•acing is F+A# where A 

is on the order of approximately of 0.2F. The 
additional spacing A keeps the gates from shorting 
between wordlines without furtl1er lithography. 
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(f) As shown in FIG8 J9-22, a second RIE 

step is p~rformed to etch the final pillar shape, 

using the square nitride islancis 245 as a mask. The 

depth 470 of this etch, shown i.n FIGs 20-21, is set to 

just reach the_ diffused source .regions on the plateaus ·-

475 (F:tG 21) between pillars 230 along each bitlin·e. 

Illustratively, the depth 470 of this etch. is 

approximately 600 nm. 

As shown in FIG 20, this etch forms pad oxide-and 

nitride islands 472, 245 from the pad oxide and 

nitride strips 450, 290 (FIGs J7-l8). In addition, 

the etch further recesses the polysilicon 460 and 

remove polysilicon 460 from the bottom of the bitline 

trenches 210. The depth of the bitline trenches 210 

increases by the additional depth 470 resulting from 

this second etching step. This disconnects the 

sources 405 between bitlines (along the wordline 

direction 312). 

The two etch steps (b) ·and (f), form pillars that have 

square edges, as opposed to mo1·e L"ounded edges formed 

by a single etch pillar forming step. In addition, 

the two etch pillar forming process allows different 

heighti for adjacent pillar sidewalls due to the 

different depths of the orthogonal trenches 210, 430 

(FIG 15). 
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FIG 22 shows a three dimension.il view of the array 420 

at this stag_e of pr9cessing, a:1soc.i.ated with FIGs 20, 

21. 

(g) Referring to Fin .23, all the trenches 

are filled with oxide 250, or uther suitable iso.lation 

material, and the wafer is che111-po l.ished bac~- to 

achieve a_planar surface. At this point, the· surface 

of the wafer cqmprises islands·of nitride 24S_on_top 

of each pillar surrounded by. o::ide 250. 

(h} As shown in FIG 23, another RIE is 

performed to expose the pillar walls prior to gate 

stack formation. Note, this step only etches oxide, 

not silicon. The etch is timed to stop at a desired 

distance 330 ?boye the Si plat.(::au located between the 

pillars along the bitlines 220. The oxide layer 250 

acts ~.s a spacer 280 to separate the poly gates or 

wordlines, which are formed sulisequently, f·rom the 

source regions 4 OS. This prevl·nts the gates from 

shorting to the sources 405 .. 

The thickness 330 of this laye1 is chosen to minimize 

gate/source overlap capacitanct·, while not allowing 

any"underlap to occur, and is determined by_ the amount 

of source outdiffusion in a given device design. 

Illustratively, t~e thickness J30 is approximately 30-

40 nm. Steps (_e)-(h) are similar 1.0 steps IV~VII of 

the process ·described in connec-tio11 with FIGs 8, 9, 

14. 
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As described earlier beginning with step VIII, the 

gate:· stack i~ for~ed after removal of any remaining 
oxides on the pillar sidewalls. In particµlar, the 
following steps form the gate stack and complete the 
formaiion of the.array 420 shown in FIGs 15 arid 16. 

(I) As shown in FIG~ 24-2~, the gate stack 

is formed on the exposed pillars, above the isolation 
oxide 250. An initial dielectric layer 260_. e-r§., 

thermally grown silicon dioxide, referred to as the 
tunnel oxide is grown, followed by formation of the 
floating gate material· 265, wl1ich is capable of 

. . 
storing charges. Illustratively, the floating gate 
material 265 is amorphous siljcon, silicon +ich oxide, 

' -
nano crystals of silicon, germanium, nitride, metal or 
other suitable material. For isolation, the floating 
gate 265 may be RIE etched into a sidewall formation 
around each pillar prior to deposition of a second 
dielectric layer. Illustratively, the second 

dielectric layer is a deposited silicon dioxide, 

referred to as the· control or gate oxide 270. 

(j) Next, the control gate 275 is formed 
using a conductive gate material, e.g., in~situ 

heavily doped N-type polysilicon, with or .without 
silicidation. The conductive gate material is 
deposited with a thickness of just over 0.5F, minus 

the thickness. of the previously deposited floating 
. . 

gate stack layers 260, 265, 270. This ensures that 
the polysilicon control gates 275 'are shorted between 
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devices along a wordU ne (to torni a continuous 
electrical.connection), while allowing them to be 
separated along a bitJine. 

Due to· the addi tiona.l width A of the wordl ine 
trenches, ·having a width of F+i\ between pillars along 
the bitline direction, a width A of the I>olysilicon 
(poly) 275 formed at the bottom of the wordl'ine 
trenches remains exposed. This is bec~use the . .,___ 

approximately a.SF thick poly ·275 formed on the 
wordline trench sidewali remain separated by the 
distance A. 

Etching a thickness of O.SF of the poly 275, removes 
the 0.5F thick poly 275 from the top of the pillars. 
In addition, this etching removes the A wide exposed 
poly at the bottom of the word.line trenches. The 
removed poly at the bottom of the wordline trench is 
shown in FIG 26 as region 277 having dashed -lines. 
Thus, the bottom connection of adjacent wordlines is· 
removed, resulting·in isolated adjacent wordlines. 

Due. to the additional spacing /\, adjacent wordlines 
275 are separated or isolated ·from each otl1er by this 
RIE step without requiring lithography. 

FIG 24 shows a top view of the array 420. Between the 
polysilicon control gates 275 that form the wordlines, 
which are separated by distance A, alternating strap 
and substrate regions 460, 235 are shown. In FIG 24, 
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the oxide layer 25o", or spacer 280 (shown in FIG 2"3), 

is ornitted_for clarity, which layer/spacer normally 

covers the alternating strap and substrate regions 

460, 235 located between the wordlines or control 
gates 275. 

(k) As shown i.n FIGs 25, 26 all layers of 

the gate stack are then RIE etched. This separates or 

isolates adjacent wordlines by distance A (FIG ..2..6). 

If the pillars are equi-spaced in both directions, an 

additional mask is used ·ta sepa~ate the control gate 
material 275 in the desired d.i 1-ections. 

(1) As shown in FIGs 24-26, to c~mpl~te the 
i 

device fabrication, the nitride isiands 245 (FIG 23), 

located on ~op of the pillars 230, are removed and 
drain implant 240 is performed. ln FIG 24, the dotted 
lines 490, which are parallel to the source or buried 

diffused ~Jitlines 405, represent metal bit lines formed 
during back-end-of-line processing for connecting the 

tops_of the pillars 230. The metal bitlines 490 are 
also shown· in FIGs 15, 16. 

The source isolation and general memory cell structure 

discussed above are applicable for both volatile and 
non-volatile memory devices. The structure· _of the 

floating gate stack largely determines the memory 

device function. In addition, a large number of 

different gate structures can easily be integrated 
with the basic vertical cell for many different uses. 
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The memory cells described above having continuous-· 

film floating gates.265, e.g. amorphous Si, with thin 

tunnel oxides 260 allow faster write/erase times, but . 
with shorter retention times. Such memory cells are 

useful for volatile.memory applicat.:.ions. The thin 

tunnel oxide 260 allows direct tunneling of electrons 

therethrough. 

Increasing the thickness of the tminel oxides-260-

increases the ret~ntion time, hut at the cost of · 

higher power .consumption and/01· slower write/erase 

times, and a decrease in cyclabilit.y. Such memory 

cells are useful for non-volatile, read-only memory. 

The.retention time can also be increased, even with 
I 

thin tunnel oxides 260, by forming a discontinuous 

floating gate film, e.g., silicon 11ano-crystals 

embedded in the gate oxide 270. In this case, low 

power consumption and high cycl abili.ty are maintained, 

with an increase in the erase time. Such cells are 

useful for non-volatile memories that require freql1ent 

re-writing. 

The relative thickness of the tunnel and gate oxides 

160, 270 may be changed. For example, the tunnel 

oxide 260 may be made thicker t.han the gate .oxide 270. 

This would allow.tunneling for write/erase oper.ations 

to occur between the floating gate and the control 

gate, rathe~ than between the tl~ating gate and the 

semiconductor pillar. Alternatively, both oxides 260, 

270 may have similar thicknesses. 
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The above described memory dev1ces, such as the cells 
formed with the.described source diffusion and self­
aligned isolation techniques, enable very dense . 
packing of the vertical floating-gate MOS devices in a 
square ·array suitable for Gbit·memory applications. 
Cell (or.source) isolation between adjacent bitlines 
is achieved with .the two-step, self-.aligned isolation 
process described above. 

In contrast to conventional vertica·l memories and 
method of fo_rming thereof, the inventive· method 
isolates the source regions between bitlines without 
increasing the ~ell size. This.results in an array 
having isolated 4F-square eel] s. Isolating tlie so11rce: 
regions enables individual cells to be addressed and 
written via direct tunneling. 

The additional flexibility allowed by isolating the 
source regions enables the cells to be used not onty 
as typical non-volatile memory devices (EPROM, EEPROM, 

or Flash EEPROM), but also in volatile (DRAM) 
applications. In addition, by controlling the sou1:ce 
diffusion depth, it is possible to fabricate either a 
floating body vertical transistor on each pillar, or 
to maintain contact between the transistor ~ody and 
the substrate. Moreover, the self-aligned nature of 
the inventive method results in a robust, simplified 
process flow for a wrap-around gate vertical MOSFET, 
and relatively easy integration .wit.h planar suppol"L 
devices. The inventive memory device has superior 
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resistance to short-channel effects down to gate 

lengths of 30nm. 

Conventional isolation techniques which rely on 

lithographic alignments result.in a larger memory cell 

size. However, the inventive memory devices and 

processes nearly maintain the 4F2 cell size," thus 

achieving the highe_st density memory cells possible 

usin.g lithography. Complex sub-lithograph~c steps are 

avoided. The i~ventive- memory device and self-.aligned 

isolation technique are also used in any applicatjon 

that requires large arrays of vertical devices, 

particularly if the sources-of the devices are common 

along each row or column. 

Note, that in order to contact the gates, drains, or 

even sources of devices individually for special 

applications, it may be necessary to increase the 

inter-device spacing in one dj L·ection or the other. 

However, at least a commensurate increase in size also 

occurs with conventional cells due to contact 

formation. Since the inventive cells and methods of 

forming thereof do not require additional space or 

alignment for the indjvidual contacts, the resulting 

cell ·always consumes the minimum possible area, thus 

allowing for maximum packing density. 

In addition t? the advantages iri packing density, the 

inventive process also provides a simple method of 

fabricating a vertical MOSFET having a floating-body 
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and a wrap around gate. Since these devices are 

suitable for scal~ng down to very short channel 

lengths, the inventive memory cell design ~nd process 

is useful for high performance MOS applications. 

Memory Device with Stack Capacitor 

.· 
FIG 27 shows an array 500 according to another­

embodiment_ of the present invention. For use as a one 

transistor, one capacitor DRAM cell 100, shown in FIG 

5, a stack capacitor is added on top of each pillar 

230 shown in the array 500 of FIG 27. The array 500 

is formed using the same steps previously discussed ~n 

connection with FIGs 15-23. Alternatively, the array 

500 may be formed using steps described in connection 

with FIGs 8-14. The array 500 differs from the 

previous embodiments since the tunnel oxide and _ 

floating gate (260, 265 of FIGS 25-26) are not needed. 

Thus, only the gate oxide 270 is formed around the 

pillars followed by formation of the gate 275. 

As previously described, the polysilicon straps 460 

may be retained, or may be removed either prior or 

after the second etch step that forms the .wordline 

trenches 430 between the wordlines 225, and deepens 

the bitline trenches 2iO formed by the first etch 

which· are lo6ated between the bitlines 220. 
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FIG 28 shows an array 510 where th1! straps 460 are 

removed prio_! to th~ second etch. The array 510 iLJ 

formed by etching column or bit: tr1mches 210 as 

described in connection with FIG 8. The drain 240 may 

be implanted prior to patterning the SiN islands 2•15 
to form the pillar 230. Alternately, the drain 240 

may be formed at a later stage as discussed in 

connection with FIGs.25-26. 

Note, for DRAM applications, the source and dr~in of 
the FET 105 shown in FIG 5 are intt~rchangeable, 
depending on use, e.g., dependjng on read or write 
operations. For simplicity, _in the following 
discussion of the vert.ical tra11sistors having 

integrated capacitors, the upper doped regions of the 
pillars are referred to as the drains, and the lower 
doped regions are refe t·red to as the sources. 
However, it is understood by those skilled in the art 
that the source and drain of each pillar may be 

interchanged. 

As shown in ·FIG 29, source outdiffusion mate.rial 4c,o 
is formed in the bitline trenches 210. 

Illustratively, the source outdiffusion material 460 
is arsenic glass (ASG), heavily (!.oped oxide, 
polysilicon, or other suitable material. Ne~t, th~ 

ASG is etched back to leave ASG at the lower: sidewalls 
and bottom of t~e bitline trenches 210. The sourc~s 
4 05 are formed by outd if fusing matt.~rial, e.g., 
arsenic, from the ASG 460. The out.diffusion· may b~ 
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performed by annealing. Source outdiffusion is 

stopped· before .th~ sources 405, located below each 

pillar, isolate t~e pillars 230 from the underlying 
substrate 235. 

As shown in FIG 30, after removing the ASG 460, a 

second etch is performed. The second etch forms the 

wordline or row trenches 430 (~IG 32) and deepens the 

bitline ·or column trenches 210. As shown in F~s 31-

32; an insulator layer, such as an oxide layer 250, is 
formed to fill the ·trenches 210, 430. As previously 

described, the oxide fill 250 is planarized and etched 
to recess it in the trenches 210, 430. The upper 
portj on of the oxide layer 250 forms an oxide spacer_ 

280. A gate oxide 270 is formed around _ea~h pillar 

followed by_formation of a gate 275, which may be 
heavily doped n• polysilicon, for e_xample. 

If desired, a floating gate and tunnel oxide may be 

formed around the pillars prior to the gate oxide 270 

and gate 275 formation. If the drains 240 were not 
initially formed prior to forming the nitride islands 
245, then after removing the nitride islands 245 

located above the pillars, the .drains 240 are formed 
there·in, e.g., by implanting N-type_ material. 

As shown in FIG 33, a stack capacitor 520 is formed 
ovei:· the drain 240 of each pillar 230 in the array. 

The stack capacitor is formed by forming a first 

electrode 525 over the drain 240. The first electrode 

' -. 
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525 acts as the storage electrode or node ~10 shown in 

FIG s. A. dielect:J:"ic 530, such _as barium strontium 

platinum (BST) for example, is · forined over the storage 
electrode _525, followed by formation of a second 

electrode 535 thereon. 

The second electrode 535 acts as the common electrode 

or plate 115 shown in FIG s. The first and second 

electrodes 525, 535 are formed from conduct.ive­

rnaterial, such as metal for example. The stack 

capu"citor 520 is formed directly or;i top the vertical 

transistor or FET i"tself. This prevents enlar~ernent:: 
of the memory cell lateral area . 

. As shown in.FIGs 34, 35, the storage electrode 525 is 

exclusive to each pillar and is used for storing 
charge in the DRAM cell. The second electrode 535 

serves as the capacitor plate, and may_either by 
common to all the pillars (FIG 34), or connected 
exclus~ve to each pillar (FIG 35). In the latter case 
shown in FIG 35, the exclusive capacitor plates 535 
may be connected as desired, e.g., along.a common 
buried bitline, by a first metal 490. The first metal 
490 acts as a bitline compliment while the 
corresponding buried bitline-460 acts as a bitline 

true. 

As discussed .above, in DRAM applications, t·he source 
and drain of the FET are interchangeable, depending on 

use. For examp°le,_ in the configuration shown in FIG 
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33, where the body of the pillar_230 iB continuous 
.with the und,erlying_ substrate 235, the buried diffused 
line 405 actually acts as the "drain• or bit.line for 
the memory cell, while the implanted ccmtact 240 on 
top of the pillar acts as the "source" for chargin~J 
the storage capacitor 520. For thjs impleme??-tatiou 
having the storage capacitor 520, the floating bod)' 
design, where the body or middle region of the pillar 
if? isolated from the underlying substrate 235.-r wou:ld 
not be desirable. This is due to the hody-chargin~J 
effect resulting from charge accum11lat i.on in the 
isolated body of the pillar. Having· a pillar body 
which is continuous with the underlying substrate 
prevents charge accumulation in tqe pillar bc;:>dy, sc, 
that charges are only stored in the storage capacitor 
520. 

In order to get the high-capacitance necessary to 
store adequate charge, a high-dielectrjc ~aterial js 
used in the capacitor stack, e.g., BST. To further 
increase the area of· the capacitor, and hence increase 
the storage capacitance, the capacj tor structure cc.uld 
also be deposited into a via hole 536 (FIG 35), or on 
a crown 537 (FIG 34), to take advautage of the 
sidewall capacitance. This E;Jtructure would.implement 
the one transistor/one capacitor DRAM cell 100 of I·'IG 

5 in a minimum area, without the Ufle of any floatiug­
gate structures_. 
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Returning to FIG 27, the basic .array 500 of vertical 
MOSFE'I' devices is formed by the self-align~d source 

.. 

diffusion and isolation techniques.previously 
described. In this three dimensional representation 
of FIG·27, the isolation oxide. 250 (FIG 31) has been 
omitted _for clarity, but would normally fill the open 
area between all of the pillars and trenches. The 
array 500 has the additional polysilicon serap 460 on 
the diffused lower bitline 405. The strap 460....rednces 
the resistance of the bitline 405. 

The body of the transistor pillars is-still in contact 
with the underlying substrate 235. This is because 
the source outdiffusion 405 has been limited so that 
the regions from ~pposite sides of the pillars 230 do 
not meet. If desired, a floating body transistor is 
formed by longer annealing, or by implantation pri.or 
to array fabrication. ·In addition, all other 
previously described variations of the isolation and 
source formation steps are also applicable here. 

The area taken UJ? by each pilJar 230 and the spacing 
between pillars is slightly over 4F-square. The 
additional area is due to the delta (.0.) necessary tor 
separating the array wordlines fro~ each other (along 
the bitline direction). Delta can .be made as small as 
the lithographic tolerance allows. It is aiso 
possible to obtain a truly ~F-s~are cell, or smaller, 
if sub-lithographic techniques are used. However, 
using sub-lithographic techniques are complex and 
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costly. One of the major advantages of the vertical 

design is that a ~early 4F-square cell size is 

obtained without using sub-lithographic techniques. 

Another advantage· is that the gate length is 

completely independent of the cell area. Hence, a 

long channel transistor can be maintained by simply 

increasing the pillar height,.without taking up any 

additional lateral area on the wafer. This_is­

especially crucial for the one transistor/one 

capacitor DRAM cell. Such a design is amenable to 

bei~g scaled down and yet maintain. desired cell 

cha.racteristics. 
,· 

FIGs 34, 35 ·show two different designs for the 

capacitor ·520. Note, that since the capacitor 520 is 

wholly-contained within the rtearly 4F-square area of 

each pillar and the adjacent inter-pillar spacing, the 

minimum area cell size"is automatically maintained, 

and no sub-lithographic steps are necessary. Seve1·al 

other de_signs are possible for the capacitor 

structure. The two designs of FIGs 34, 35 are shown 

to illustrate two functional differences. 

In the capacitor design shown in FIG 34, t;.he capacitor 

. plate 535 is ·common to all the cells in the array. 

Illustratively, the capacitor plate 535 is held at a 

constant voltage, e.g., ground. This creates the open 

bitline architecture 150, as described in connection 

with FIG 7, with the buried diffused source 405 and/o~ 
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po~ysilicon strap 460 acting as the bitline,· and tl1e 
polysilicon __ gate 275 acting as the worciline. Note, 
the charge is. stored on the storage eleqtrode or n< 1de 
525,. which is still exclusive Lo each pillar 230. By 
way of cinalogy, the storage el '-~ctrode or node 525 1 s 
the storage node l.10 shown in l"IG s. 

In the embodiments shown in Fin 34, the dielectric 
layers 530 are isolated from the·gates 275 by_an­
insulating layer 537, '-'!hich may be oxides of silicc1n, 
for example. The insulating layer 537 is formed over 
each gate 275, bet.ween the upp1!r dop_ed regions 240 of 
the pillars 230. The insulatjng layer 537 may be 
formed prior to fanning the storage nodes 525. 

Instead of having individual storaue nodes 525 for 
each memory device 
each memory device 
storage nodea 525. 

or pillar, cmd a common plate 535, 
may have itfl own plate 535 and 

FIG 35 shows an array df cells, 
where each has both individual storage and opposin~1 
common plates 525, 535, which are exclusive to each 
pillar 230. The p"J ates 53_5 can them be connected 
together in any desired conf ig11rat .ion hy a first lt·vel 
of metal similar to the dotted lines 490 of FIG 27. 

Illustratively, all of the plates 535 for the 
capacitors 520, which are on p.i.llars along a common 
diffused buried bitline, are connected together. That 
is, the metal line 490 runs parallel to the bitline 
220 shown in FIG 27, or into the pnge j n the cross·· 
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section shown in FIG 35. The buried source 405 or 

buried str.ap 460 ?Cts as the buried bitline. 

In the embodiment shown in FIG 35, prior to forming 

the storage node~ 525, an insulating layer 538 is 

formed between the upper doped ~egions 240. 

The insulating layer 538 extends over the gat;es 275 

and is shaped to provide a supporting layer for 

forming the via hole~ 536, in which the stoz:age-nodes 

525 ar~ subsequently formed. 

The insulating layer 5·39 isolates the storage nodes 

525 from each other and from the gates 275. 

Illustratively, the insulating layer 538 is an oxide 

of silicon. Next, the dielectric layers 530 are 

formed over the storage nodes 525, followed by 

formation of the individual plates 535. The plates 

535 are isolated from each other and are confined 

within their respective dielectric layers 530. 

In the configuration shown in FIG 35, the buried 

bitline 460 is a "bitline true", wl1ile the metal 

bitline 490 located on top of the capacitors 520 is 

the "bitline complement". The structure shown in F'IG 

35 yields an open/folded architecture, where the 

voltages on both the true and complement bitlines are 

varied. 

In contrast to the open architecture of FIG 34, whi::re 

the capacitor plate 535 is common to all the cells, 
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each cell has a separate cap~citor plate 535 in th~ 

open/folded architecture of FJG 35. In the 

open/folded architecture, the separate capacitor 

piates 535 are connected together. The inter­

conpected capacitor plates 535 of the open/folded 

architecture of FIG 35 are parallel to the bitlineH 

and form a bitline compliment. A third architectu1·e, 

described in conn~ction with FIG 51, referred to ai;; a 

folded architecture, has two wordlines that p_ass_ 

through each cell, located on top of each othe·r -around 

each pillar, where one wo"rdliiie is active and the 

other is passing for each cell . 

The open/folded architecture g.ives twice the sense 

voltage for the same amount of charge stored on thl':: 

capacitor. This is advantageous for sensing smallt.:r 

voltages, particularly as capacitance values continue 

to drop with increased scaling. The open/~olded. 

architecture 120 (FIG 6) also gives an increased 

tolerance to noise, which is often a drawback to the · 

purely open bitline .design 150 of FIG 7. O~en/folded 

architecture is discussed in T. Hamamoto, Y. Morooka, 

M. Asakura, and H. ASIC, "Cell-plate-line and bit-line 

complementarily-sensed (CBCS) arc~itecture for ult 1·a 

low-power non-destructive DRAMs," 1995, Sym~osium un 

VLSI Circuits Digest of Technical Papers, p; 79, 

hereinafter re·ferred to as Hanlr.\moto. 

In conventional folded or open/folded architecture 

using planar technology, cell area is increased due to 
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the additional wordline (passing wordl.ine in the 
folded architecture), or due Lo connection between the 
separate capacitor plates (in the open/folded 
architecture). In the verticc1l cells of the present 
invention, the passing wordlines or the separate 
capacitor plates are easilyac:cessible and do not 
increase the cell area.· 

MEMORY DEVICE WITH TRENCH CAP~CITOR 

In another embodiment of the present invention, a deep 
trench capacitor is provided below the ~emery cell 
pillars of an array 540, shown in ·FIG 36. This ar1:ay 
540 is similar to arrays prevjously described herein. 
Using vertical t·ransistors as the transfer devices 
prevent an increase in the lateral area of the ceU s 
545. 

By using vertical transistors, the gate lerigth of <!ach 
transistor is maintained at a suitable value for 

··obtaining low leakage, without decreasing the bitl i ne 
voltage or increasing the memory cell lateral area. 

. . 
In addit~on, because the deep t:rench capacitor is . . -placed directly below the vertical tra~1s1stor, no 
additional area is.consumed. 

Each memory cell 545, with its trench capacitor, J.~.; 

used as the one. transistor, one capacitor DRAM ceJ I 

100 of FIG 5. The pillars of Lhe memo1-y cell array 
are formed using preyiously described stepu that f urm 
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cells each having a size of 41"": in either the open 
bitline arch.~tecture, or the open/folded archite·cture 
using dual bitlines. Cells between wordlines are 
separated by a length A, which may be approximately 
O.lF to D.2F, for example. 

Each trench capacitor wraps around the bottom of each 
pillar of the me_mory cell array. Similar tc;:> the array 
500 of FIG 27, each cell 545 of the array 540_haS­
buried doped region, which may act as either the· 
source or drain of the vertical transistor .. For 
convenience, the lower doped region is referred to as 
the buried source region 405. The buried source 
region 405 serves as the charge storage node for tile 
trench capacitors. The source of each transistor is 
isolated from sources of other transistors. 

Details of forming the vertical. transistors are 
previously described. tn addition, the previously 
descr~·bed variations are also applicable. For 
example, the pillar.body may or may not be in 
electrical cont~ct with the underlying substrate 2~5. 
The transistor or pillar body isolation, resulting in 
a floating transistor body may be achieved by not 
diffusing the source to completely form bel.qw the 
entire pillar footprint. 

Alternatively, for a floating transistor body, the 
source may be formed prior to all etching steps by 
implantation into a suitable-doped substrate, which 
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may include epitaxial layers, .is Jong as the dual 

trench etch .. depth i~ sufficient to separate the 

heavi~y doped source regions 4115 at the base of each 

pillar 230 between wordlines ~::s. 

The trench capacitor comprises of a dielectric 

material, e.g., au oxynit:i::ide I il1i1,. deposited around 

the base of each pillar. A pl.tte electrode material, 

e.g., heavily doped polysilico11, js deposited-into the 

ma~rix between the pillars, and recessed to just.below 

the top of the source region. This plate electrode 

may_ be common to all pillars j 11 the array (open . 

architecture). Alt~rnatively, the plate electro.de is 

isolated by etching to just· se1-ve the pillars al;an~J a 

common bitline (open/folded ar•=hit.ecture). The pl cite 

electrode material may also be silicided to reduce 

resistance. 

The middle section of each piJ lar, where the transfer 

device (or vertical transistor> h; fabricated, is 

encircled by the gate dielectric 270, e.g., .thermally­

grown silicon dioxide. As in l·'IG 27, this gate 

dielectric 270 extends betwee11 two heavily··doped 

regions at the top and base of each pillar. A 
conductive gate material 275, t· .g., in-situ,. heavi I y 

doped polysilicon, with or wit l1oui- sil j cidation, i :,; 

deposited on the array to connvct pillars along eac:h 

row or wordline.225 of the arr.iy. The wordlines 2~5 

are orthogonal to the bitlines 220. 

L. 
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The pillars in the array may i,,. St!parated by slight.ly 
different amounts ll .in the bit I ine versus the word.I ine 

I 

directions. This allows the 9.1te material 275 to be 
separated between wordlines 22•, by RIE etching alo11e, 
e.g., by forming a polysilicoll spacer alonu the edqes 
of the pillars, and encircling thi:-~m, without 
lithography. If the pillars a1·e equi-spaced in. bo1·h 
directions, an additional mask can be used to separate 
t_he gate material in the desir· :d directions. 

To illustrate the basic cell dc:sign, . an annotated 
process flow is described below fo_r t_hf: open bitli11e 
architecture case. Changes nec·essary fo;r t:he 
open/folded design are mentiollt :d j;n th~ process flow, 
where appropriate. Note that ::pee: ific materials 
listed in this process flow may be substituted with 
equivalent material, as previo11sly indicated. For 
example, other dielectrics and conductive material:: 
may be substituted for the gati · ox Lde :~70 or oxide 
fill 250, and for the polysilil'on gate 275 or strap 
460. 

1) As shown in FIGs ~6-17, steps which a 1·e 
similar to steps previously de~;cribed in connection 
with FIGs 17-18 are performed. In part:icular, a tl1in 
pad oxide layer and a thicker 1iitride layer are 
deposited across the wafer. Pliotoresist i1;1 patterned 
in parallel lines 550 across tl1e aL-ray .r~gi.on. These 
lines 550 have a width F and a11 inter-spacing F', a11d 
define the pillars along the bitlines direction 314. 
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With the photoresist lines 550 in place, the nitrjde 

and pad oxid~ layer~ are etche< l through to form 

nitride and pad oxide strips 2~0, 450 (FIGs 17-18) . 

This etch forms parallel n~trjde lines or strips 290 

along the bitline direction 3l :1 ,_ each having a width F 

and separated from each other l>y a distance F. The 

nitride strips 290 serve_ as a mask for the deep Si 

substrate 235 etch to follow. 

If the open/folded design is di:!sired, the Si itsel E, 

between the photoresist lines 1>50, is also etched 

approximately O. 5/lm. This bi.:1:1es the final pillar 

height. in the bitlina directio11 314 to be deeper than 

in the wordline direction.312. 

2) The pillar defin:i 1 ion is completed by 

etching and patterning the nit a·ide strips 290 with 

photoresist lines 552 that are perpendicular to tht-~ 

previous photoresist liries 550. 1~e width of the 

photoresist lines 552 is F and the inter-line 555 

spacing is F+delta, where deltc1 is on the order of 

approximately 0.2F. This addj1io11al distance delta 

prever:its the gates 275, which .ire formed· around the 

pillars 230, from shoi-ting between wordlines -225 

without the need for lithography. The resulting m.'lsk 

pattern after the photoresist ~152 is removed is an 

array of nearly-square islands of nitride 245 on tl1e 

Si substrate 235, as shown in FIG 36. 
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3) As shown in FIG 3·1, RIE is used to etch a 

deep trencl~ SSS, u~ing the nit. 1·ide squares or islands 

245 as a masking material. This step is similar to 

that described in connection w:i th FIG 17, where 

nitride strips 290 were used au. a mask instead of the 

nitride islands 245 of FIG 37. ·In this cas~, ·where 

nitride islands 245 are used cw a mask, the etch forms 

pad oxide and.nitride islands 472, 24s, and ·etches the 

~ubstrate 235 to form the pill.:1rs .230. ·The -~tcb... depth 

56.0 is approximately 9µm in order. to. allow both the 

vertical FETs and the trench <'<1pa<~itoi.-s to be 

fabricated along the height ot ead1 pillar 230. 'J'he 

exact depth needed is determirH~d l>y the amount of 

cap~citance necessary for relj .ibll·? memory functions. 
' 

In contrast to the bitline tre11ches 210 of FIG 17, 

which are trench lines along 011ly the bitline 

direction 314, the deeper trenc:he~; 555 are formed 

between both the bitlines and worcUines. ·Therefore, 

the cross sections along both the bit and word lines 

are identical, as shown in FIG 37. 

For the open/folded architectrn·e, where the Si 

substrate 235 along the bitli11t:s is etched in step 1, 

(similar to FIG 17), t~e final depth on.th~ bitline 

sides of the pillars is deeper than on the wordli:i1e 

side, as this bias is translatl:d a·awn during the deep 

trench etch. For example, the final depth of the 

deeper bitline trenches, i.e., trenches par~llel t<> 
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the bitline direction 314, is c1pp1·oximately O. Sµm more 

than the · dei;>_th of t?e wordline trenches. 

4) Source outdiffusi.1>n material 460,· such as 
heavily~doped oxide, e.g., ASG, .iH deposited on the 
wafer, lining the sidewalls of· tht~ trenches 555. 'l'he 

.ASG layer 460 is the~ etched h.ick so that ASG material 
460 is left only on the lower porLion of the ·· 

~idewalls, and possibly on thE:: bot torn, c:>f th-:_ tr~nches 
555. Illustratively, ASG 460 is removed from the L:op 

sidewalls of the trenches"555, so that ASG is left 
only up to the top of the desi1ed source regiC?n of the 

vertical FET, a depth 565 of approximat:ely 0.5/.nn fi:om 
the top of each pillar 230. 

5) The wafer is anne.iled briefly at a hi~Jh 

temperature to ·drive some of t:,lie As from the ASG 460 

into the pillar sidewalls. The penetration of this n+ 

layer ~an be controlled so that iL d~es not extend 

completely across the pillars. This allows the 

transistor body to remain in ci>ntact with the 

underlying substrate 235. The n• diffused regions 405 
forms both the source (or drai11, depending on 

application) of the vertical Fl·:T, as well as - the 
charge storage node 110, shown in F'IG 5, for the 
trench capacitor that is subsequently J:ormed. 

6) As shown in FIG 18, the ASG 460 is 
removed, and the trenches are i:tched slight:ly deep.:.-;r 
for an additional depth 570 of about O. 2S1im. This 
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separates the n• regions 405 ol each pjllar 230. '!'hat 

~s, each pil_~ar 230 has its ow11 iBolated n· region 405 

diffused therein from all side:i·. 

To further ensure proper isolation between the storage 

nodes 405. of differe~t pi_llars 230, a high ~Ofie P- type 

implarit may be. performed to fonn a field isolation 

region 575 at the bottom of tlll~ trenches· 5~5. · 
. . 

~lternatively, this isolation 1·ou]d be formed_by_ 

outdiffusion from another depo:dt(~d material, or. by 

using a p·/p• epitaxial suostr:c11.e wafer. 

7) As shown in FIG 3'•, l he trench capacitor 

578 is now formed by growing a11 ONO film 580 in tlk! 

trenches 555. · Next, n' polysi·I Leon 585. is deposit~d 

in the trenches 555. The ONO •·,80 and n' pulysilicon 

585 layers form the capacitor die·1 ectr i c and plate 

material, respectively. These layers 580, 585 are 

recessed, by RIE for example, 1 o <1 dept·.h ·590 which is 

a distance 592 of approximately O.lµm below the top of 

the n' diffusion region 405. 

For the open bitline case, thiu polysilicon 585 fills 

the whole trench lattice betwe,:n t·he p] llars ·2;30, <111d 

extends out beyond the memory .irray in order to be 

contacted. 

The polysilicon_ fill 585 is he Id at a fixed potential, 

e.g., ground, to form the plat•· of all the trench 

capacitors 578. Since the sub::trate 235 in also held 
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at ground, there· is .no apprec] able bias across. the p• 

field isolation reg;ions 575. 'rhus, the leakage 

between adjacent pillar capacftors is small! 

FIG 40 shows the open/folded CC.\Se, having different:. 

depth trenches in the bitline cmd wordline direct~ons 

312, 314. The polysilicon fill 585 (FIG 39) only 

lines sidewalls of these trenches. This is achiev~d 

l?Y re1i1oving the polysilicon ·that deposits on_the_ 

bottom of the trenches by the RIE recess step. ·Th i.s 

disconnects the polysilicon (poly) between the 

bitli11eS 225. 

Due to the di f. f erc:mt depths of the tre11cheu in . . 

orthogonal directions, a sidewall'· :~f poly remains 

along each bitline 225. This forms the bitline 
complement: 595, and is contacted at the edae of th1 ~ 

array. The height of this bit.line compliment 595 is 

determined by the amount of bjas etch in step 1, e.g., 
o.sµm, and can be varied from 0.5µm to change the 

resistance of the bitline 595. In -addition, the poly 
595 may be silicided, or an alternate conductive 
material, such as tungsten, may be useci instead of 
poly to lower the resistance of bitline complement 

line 595. 

All subsequent array processin~J steps are identical 

for tlle open ~nd open/folded cases. Therefore, only 
the open case will be shown in the figures. 
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8) As shown in FIG 41, a barrier oxide GOO, 

having a thickness of approximately 50nm for example, 

is deposited on the wafer and ~ecessed into the 

trenches 555.· This oxide 600 covers then+ 

polysi.licon capacitor plate 585_ to isolate it from the 

vertical ~ET gate polysilicon 275 which is formed 

subsequently. Note that the ni- diffusion region 405 

extends beyond the barrier oxjde 600.to ensure thac no 
underlap occurs for the vertic:.tl FET. The recessing 

step may include a chem-polish or resiat deposit;:.ion 
step to achieve a more planar harrier oxide 600. 
However, lithography j s not n(": .. ?ded. 

9) The gate oxide 270 for the vertical F'l·:T 

is grown around the exposed pj 1.lars' sidewalls loc<"tted 
above the barrier oxide 600. 

10) the actual control gate material 275, 

{e.g., in-situ doped N-type polysilicon, iu the case 

where the substrate 235 and pillars 230 are P-typel, 

is deposited with a. thickness (ilO of just over 0.51·' 

extending away from the pillarH 230. '!'his ensures 
that the polysilicon gate~ 27!"l are sho1·ted between 
devices along a wordline (to form a continuous 
electrical connection) , while .. tllowing them to be 
separated by subsequent RIB et1!hing bet:weeri parallt~l 
wordljnes (in the bitline direction) due to.the 

greater spacing in the wordlirh! direct.ion. 
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ll) All layers of tl1<~ gdte stack 615 (i.l~., 

the gate oxide and 9'ate layers 270, 275) are then JUE 

etched to separate the wordlin. :s, and to. recess the 

whole gate stack 615 slightly below the top of the 

pillars.· The etch depth 620 'it _the gate stack rect~ss 

is slightly larger than the co111bi11ed thickness of the 

nitride and pad oxide islands ::45, 472. 

As shown in FIGs 42-43, final 1 >recessing steps, wh i.ch 

are integrated with the proces~dng steps of support 

structures outside the memory .array, ·a 1:-e completed by 

removing the nitride islands 2·15 located on. top of the 

pil;I.ars 230; · implanting n+ drain i·egions 240 on each 

pillal: 230; and connecting bit" I int: met.tl 490 along 

each bitline. The bitline met.ils 490 are 

perpendicular to the wordlines. Note that, in the 

open/folded case shown in FIG ·IO, the l>itline meta Is 

490, which act as bitline "trut·S", are parallel to the 

poly spacer bitline "complements" 595, which are 

buried at the lower sidewalls ',f E:ach pillar. 

As shown in FIG 44, the are~ t.1ken up by each cell, 

which includes the area of the pillar 230 and the 

spacing between the pillars 2 311, j s sl .ight ly _over :1 F2
• 

The addit"ional area is due to 1 he deltct (A) necess,1ry 

for separating the wordlines 2·1s. This delta (A) i.s 

as small as lithographic toler,ince allows. It is illso 

possi~le to ob~ain a truly 4F;! ceJ I, or smaller, i I 

sub-1 l. thographic techniques ar1: ui;~d. 
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In the open bitline case just described, where a 

general ove+view is: shown in P 1 G ·1, the polysi licon 

capacitor plate 585 of the tre11ch capacitor 578 is 

common to all the cells ·in the array. Illustratively, 

the common capacitor plate SSS is held at·a constant 

voltage, such as ground. Witl1 the metal .49~, this 

creates a standard open bitli1k a1·chitecture, whei·t-! 

the metal 490 connects the top:; of' the pillars and 

acts as the bitline, and the P"lysilicon gat~ 27....5. dcts 

as the wordline. Note that tlh~ charge is stored on 

the n+ diffusion 405 within ea1:h pillar, and that 11+ 

diffusion regions 405 are sepa1ated from each o~hee. 

Thus, each pillar 230 has its 11wn n+ diffusion region 

4 os, which is isolated from n·1 di r fusj i>n regions 4 ns 
i 

of. all adjacent pillars. 

Alternatively, the roles of tllt: n1 diffusion 405 and 

the n+ polysilicon 585 which f1 •rm t:he trench 

capacitors at the base of the pillars may be rever::ied. 

In this case, the n+ diffusion 405 may be inter­

connected to serve as the capac·itor plate, and the 

charge is then stored on the i11div.idual n; polysiJ icon 

sidewalls 585 surrounding each pillar. In this case, 

then+ polysilicon ~BS of each piJlar i.s isolated f'rom 

that of the other pillars in t lie a1:ray. 

In the open/folded case shown in r·· IG 4 o, the 

polysilicon capacitor plate 59'· is not common to a 1.1 

the cells of the entire array. Rather the polysilicon 

capacitor plate 595 is only· co111mon along each bit) ine 
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column. In the open/folded ca:ie, the buried poly 
spacer 595 serves a.s a "bitlin1? complement", while 
the metal bitline 490 (FIG 43) on top of the pillars 
is the "bitline true". 

As discussed in Hamamoto, the c >pen/folded 

architecture, where the volta~J1! 011 both the true cutd 
complement bitlines are varied, g.ives twice the sense 
voltage for the same amount ot ch.1rge stored on enia 
capacitor. This is advantagern 1s .md j ncreases 
sensitivity. As capacitance y.ilt11~s continue to drop 
with scaling down to smaller f:l i zeu, th(~ charges stored 
on the scaled down capacitors .. re red\wed. The 
open/folded architecture allow:: p1·ope_i· sensing of 

I . 

these smaller gates charges stlJred in the capacito1:. 
The open/folded architecture also gives an increased 
tolerance to noise, which is 0 r te11 ci l t!d as a drawback 
to the purely open bitline design. 

FIGs 45, 46 show cross sectio11:1 along the bitline 
direction of another· embodiment of a folded bitline 
architecture. FIG 6 shows a cc 1nvf::!ntional folded 
bitline architecture. This· is adtieved by extending 
the process flow of the DRAM with the trench .. capacitor 
previously described. FIGs 45, 46 show cross sections 
of adjacent bitlines 700, 705 11f cl cell array 
conf~gured in a folded bitline architecture. For the 
folded embodiment, two transis1oru are fabricated on 
the top of each pillar 230, abc.ve the deep trench 
storage capacitor. 
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For each pillar 230, one tram; i stor act.s as the 

"active" transfer device for ai·cess to the charge 

stored on the capacitor, while: tht.~ other transisto1: is 

a "passive" dummy transistor. In FIG 45, the upper 

transistor 715 is active, whil • :_ the lower transistor 

717. is passive. FIG 46 s_hows " bi tline 705 which is 

adjacent to the bitline 715 of FIC; 45. In FIG 46, the 

lower transistor 720 is active, while the uppl3r 

transistor 722 is passive. He11ce, only one of the two 

poly wordlines of each cell (7::0 of FIG 45 and 725 of 

FIG 46), crossing each p±llar :~30, is an "active" 

wordline capable of accessing 1he cell, while the 

other wordline (730 of :FIG 45, and 735 of FIG 46) is a 

"passing" wordline which has n1 • el feet on t:he cell. 

By alternating which transisto1· (.i:~e., the upper 01: 

lower device} is active on adj.1ce11t pillar bitline 

columns 715, 720, a folded bit line architecture is 

achieved, without increasing the cell size- above the 

normal 4F-square area. Note t.l1at in FIGs 45; 46, 

where the cross-sections are t.1ken parallel to the 

bitline direction 314, all the active devices are 

either on the upper or lower W• •rd"I .i.ne. In contrast·, 

the cross-sections along the w11rd] ine diret.:tion 312, 

shown in FIGs 47-50 that accompany the process- flow to 

be described, the active devic .. s alternate between 

upper and lower locations alon• 1 each wordline. 

To fabricate this pillar struc1 ure with al ternatin~J 

active and passive devices, the~ process steps 1-8 
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described in connection with FLGs 36-44 for the open 
bitline con~igurati?n, is cont i nm:~d. Because two 
transj Store are formed over tlh! t1•ench capacitor I 
instead of a single transisto1·. the dt:~'~P trench etch 
performed in step 3, to c:tefinc·: tht::! pillars, is 
increased by approximately O. !)11m t.o al low for a longer 
pillar height. · This accommodates the additio.nal 
trans.i stor gate length.. Exce111 ft>r tl~ is deeper el l.!h 
in step 3, the process flow iu idnntical to the -

previously described steps 1-U. 

After step 8, processing contj 11ueH as follows, whe 1·e 
in lieu· of steps 9-11_, the fo] I ow.i.ng st:eps are 
performed, designateci by primed numerals: 

i 

9' ) . As shown in FIG -17, which is a cross 
section along the wordline diri:ction 312, a layer of 
ASG 740 is deposited on the water. The ASG layer '140 

is· recessed into the trenches ::o Lh.at it extends up 
the pillars to the top of what will become the lower 
transistor. The ASG 740 serveH a dual function. 
First, some of the As from the ASG layer 740 diffuses 
into the pillar 230 during sub:1equent hot processe:-:i. 
This connects the deep trench 1~apacitor 750 to the 
source 755 (FIG 48) of the uppt!r active trapsistor. 
Second, the ASG layer 740 decn~aSE!S the cap~citancc~ 
between the lower wordline poly 730 of FIG 45 (and 725 
of FIG 46) and the adjacent lower dummy devices 
located on alternating pillars. 
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In FIGs 45-46 and 48, the uppt• 1: transistor region :i.s 

referenced by numeral 771, whj le the lower transist:or 

region is referenced by numeral 772. li'IGs 45 and 48 

show th~ .~o~rce 75~ of an upp~c transistor, while PIG 

4 5 shows· the drain 773 thereof . · FIG 4 Ci sht)WS the 

source 774 of a lower transist.i>r, and l?IGs 46, 50 $how 

the drain 810 thereof .. 

10') The ASG layer ·140 is removed _from­

alternating bitline rows py ph1)to lithograph.ic 

patterning and RIE etching. A:1 shown in FIG 4 7, a 

lith_ographic mask 760, used· in this etching step, has 

lines that are parallel to each· other dnd to the 

bit line direction 314 (FIGs 4b, 46) • 'l'he mask lit1t:s 

760 are aligned (non-critically) to the .Pillar arrdy. 

The mask lines 760 each have a width 2 F', and are 

spaceci 2F apart. The pillars :!30 which arl! left with 

this lower ASG collar 740, hav•.! the dummy t:ransistors 

in the "lower" position~. Henc1~, the lower poly 

wordlines 770 (FIG 48) will be the passing wordlines. 

11') As shown in FIC; 48, a gate oxide TIS 

is formed over the·pillar sidewalls that are· not 
.. -

covered by the ASG collar 740. The tre.nches are 

filled ·with polysilicon to forut a polysilicpn word l.ine 

770 for the lower transistors. The gate oxide 775 and 

polysilicon wordline 770 are formed using the same 

basic process steps described above and referenced as 

steps 9-11 of the DRAM/trench capacitor fabrication 

process. The_ gate oxide 775 and poly wordline 770 are 

J, 
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recessed in this case to the t 11p of the lower ASG 

collar 740. _ '!'his allows space on the pilla+ for the 

upper transistor, which is fabi:icated next. 

· 12 1
) As ·shown in FJ1; ·49~ a second barrier 

oxide 780, having a_ thickness of approximately 5011111, 

for example, is deposited and 1~ecessed into the 

trenches to insulate the lowe1 po] y WOl~dline 770 t 1:om 

subsequently formed.upper pQly wordline 800 (FIG_l)O). 

The second barrier oxide 780 i ~J formed similar to the . . 

first barrie%'. oxide 600, described in step B of .the 

DRAM/trench capacitor fabrication process. 

13') A s~cond layer of ASG 785 is deposited 

on the wafer. · This second ASG layer 785 is patterned 

and RTE etched so that it wilJ remain on alt~rnatiug 

pillars which do :hot already h.ive a lower ASG collar· 

740. A lithographic mask 790 is used, which is 

similar to the lithographic ma~;k 760 of FIC~ 47, where 

the li~hographic mask 790 has Lines of width 1F, wi.th 

2F spacing running parallel to the bitline direction. 

However, the mask 790 is offset-. by 2F from the mask 

760 (F'IG 47) used in step 10'. The pillars which have 

this upper ASG collar 785, hav·~ the dummy· t:ransistl">rs 

in this "upper" position. 

14') As shown in FIG 50 and uimilar to Lhe 

description of .step 11', an upper gate oxide 795 is 

formed on exposed sidewalls of the pillars not covc:red 

by the upper ASG collar 785. The t.renches between the 
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pillars are filled with polysj I icon (poly). The poly 

surrounding_ the upp~r ASG coll ."Lr 7 8 5, act as passing 

poly wordlines 800, while the poly surrounding the 

upper g_ate oxides 795 are active poly wordlines S05. 

Note, as ·shown in FIGs 45, 46, th~·poly wordlines dre 

separated from each other ·alou'r the bitline direction 

314. 

In addition, the drain 810· pf the lower transistor is 

formed by outdiffusion from tht: second ASG layer 785. 

Final device processing steps, including the drain 

implant, are performed; using the same process steps 

descrj bed above in steps 9-12 •• f · ihe DRAM/trench 

capacitor fabrication process. 

The final structure, shown in l•'IGH 45-46 along_ the 

bitli1~.e direction 314 and in p·1 G 50 along the word l.ine 

direction 312, offers all the teatures described fnr 

the open bitline architecture, includ"ing the minimum­

sized cell area. In addition, the final structure 

offers the added advantages of the folded bitline 

architecture, additional noise immnnity and relaxed­

pitch sense amplifier design. 

For use in other applications, this same pi;ocess can 

be used for fabrication of pil larH with stacked 

transistors (two or more), without the ·aeep trench 

storage capacitor at the base 1 •f l he pillars. 
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Ins tee.id of a trench capacitor, another embodiment 

includes fo:>;ming a folded bit] ine architecture having 

a stack capacitor, formed on t 1 1p of the pillars, for 

charge storage as described in connection with FIGs 
' 27-35. ··1n this case, two tran:dst.ors are fabricated 

on each pillar, to form active and passing wor~linl~S 

with a buried, diffused bitlin•: below the lower 

transistor, for· accessing charqe in the.stack· 

capacitor located above the p:illars. This 

configuration is an inversion of t·he deep trench 

configuration described in con11ect.i.on with FIGo 3G-50, 

and is shown in FIG 51. The a•!tual stack capacitor 

structure 520 may vary from th.it shown in FIG 51, as 

descr:i bed in connection with F' I Gs 14 and 3 5. 

2F2 'Meu1ory Cell 

As an overview of the above eml>odiments, dense arrays 

of vertical pillars etched on :ii substrates, s11ch <'ls 

the array 500 shown in FIG 27, are used as the base 

structures for various memory 1·ells. One advantage of 

these arrays is the small area eac-11 memory_cell 

requires on the wafer, independent· of the gate length 

of the transistor. This is cr11cicil foe reaching the 

high den.s:i.ty necessary for gig.-abit n:iemory c:~ips, while 

maintaining reasonable bitline vo]tage and low device 

leakage. 

By using the two etch process, such as steps III a11d V 

described in connection with FIGS 13-14 an<l ·a, cir step 
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(b) and (f) described in. connei"'tion with FIGs 17-22, 

square pillars of s_ize F x F (whe1·e F is the mi.nimum 
achievable lithographic line width) are fabricated, 
with an inter-pillar spacing ol' only F along the 
wordliile.directia"n. The inter-pillar spacing along 
the bitline direction is F+A, 1·esulting in a memory 
cell _having a size of 4F2+2FA. 

This method also achieves a se I f-ciligned, buried, 
diffused bitline under each c~]l column, which may be 
strapped wit:h polysilicon to n~duC!e the resistance. . . 
In addition, self-aligned poly:dl icon wordlines are 
formed perpendicular to the bjtlines. 

Once these pillar arrays are fc>rmed, each pillar forms 
a transistor having two heavily doped regions at the 
top and bottom of the pillar. Thf! wordline poly is 
the gate electrode wrapped around the pillar body 
-between the top and bottom heavily doped regions. 
Note that the effective width of these transistors is 
the circumference o·f the pillar, i.e., 4F, since the 
gate poly wraps around each pjJla1 entirely.· 

In one of the previously described embodiments, if the 
gate stack includes a floating gate structure embeclded 
in a dielectric material, such as silicon o~ides that 
form tunnel and gate oxides arc.und the floating gate, 
the memory cell is complete as is. In this 
embodiment, the memory cell opt":rat·.es as an EEPROM nr 
Flash memory device_, for examp I e. As previously 
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described in other embodiments, a DRAM cell is.formed 

where the· pillar transistor is used as. a transfer 

device for either a stack capacitor, or a deep trench 

capacitor, without increasing t.he footprint thereof'. 

FIG 52 shows an array 850 of tnf!mory cells "in 

accordance with another embodiment which augme1.1ts t.he 

previously discussed embodiments. In contrast to t:he 

arrays 420, 500 of FIGs 16, 27 where pillars al.ong the 

wordline direction· have a single wordline i25, two 

wordlines 225, 225' are formed for the pillars· 

arranged jn the wordljne direc1.ion. 

The two wordlines 225, 225' ar1·: separated by an 

insulator or dielectric 855, such as oxideu or othvr 

material depending on the application. The ox:ide B55 

is formed within the inter-pillar space bet.ween th1: 

two wordlines 225, 225' prior lo the wordlines 225, 

225' formation, as will be desc~ribed in th~ proces:; 

flow below. The wordlines 225, 225' are tile control 

gates ·275, 275' of two transistors formed per each 

pillar, and are formed on pill.1r sidewalls which a 1-e 

opposite each other in the bit line directicm 314. 

Unlike previously described eml,odiment, · when the two 

gates 275, 275' are _formed, tlwy no longer enci.rcll::S 

each pillar. Instead of formiug a single ~rate around 

each pillar, two gates 275, 27•;' or wordlines 225, 

225' are formed along two opposite sides of. the 

pillars arranged in the row or wordline direction n2. 

I. 

- i 
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This has several advantages applicable to the 

previously describe? cell designs. 

One adv~~tage is a decrease by almost a factor of t:wo 

of the overall capacitance of the wordline. The 

c:apacitance decrease is due to reductjon ju half of. 

the effective device area. This reduces the wordl ine 

time delay significantly. Although the effective 

width of each wordline 225, 22s•'\.is decreased.,.. aBy 

resulting increase in resistance can be compensatect by 

conventional siiicidation techniques. 

Another advantage is that the inter-pillar spacing in 

all directions is F. That is, the addi.t
1
ional spacing_ 

delta (A) between gates 275 along the bitline 

direction, shown in FIGs 16, 2·1, is reclucerl to zel"•l. 

Elimination of the additional spacing delta is 

achieved without_ deleterious effects, since the ga1-es 

or wordlines of adjacent pilla1: rows are separated by 

controlling the thicknesses of the poly gates. These 

gate thicknesses are independently adjusted to assure 

that there is no shorting between wordlines. As such, 

no additional lithography is 1it-~eded to separate the 

wordli.nes, despite the elirninat:ion of t_he·· spacing 

delta. This results in a true 4F-squared (!_e.11 sizP-. 

Yet another advantage of this design, which is 

particularly important to arrays having a floating 

gate structure, is having the dual wordlines 225, :!25' 

per wot-dline or row _pillars, i.e., per pillars along 
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the wordline or row direction 312. Each row pillat· 
now has two ~ordlin~s 22S, 225' on it, one on each 
side. While these two wordlines 22S, 225' may be used 
as one wordline for the capacitor DRAM ceils, each 
wordline- 2·2s·, 225' inay be contacted independently at 
the perimeter of the memory array . 

. With a properly isolated floating gate 265 loc.ated 
J:?etween each pillar and control gate 275, eacb....pUlar 
comprises two memory cells. 'I'his is in contrast ·to 
the array 420 of FIG 16, where each pillar has one 
transistor. 

One po1:tion of the ox.ide fill ASS locat:ed between t:he 
i 

control and floating gates 275, 26S acts a8 a gate 
oxide 270, while another oxide fill portion locaterl 
between the floating gate 265 ~nd pillar acts as a 
tunnel oxide 260. For other application using onl ~' 
the transistor (as opposed to a memory cell ·capable of 
charge storage), or a transistor with a capacitor, the 
floating gate 265 is ·dispensed with. 

After gate fonnatjon is completed, isolation 
therehetween is achieved by removh1g materj.ai- (either 
poly or oxide) located between the pillars a~o!lg the 
wordline direction 312. Next·, the exposed gate 
materjal (e.g., polysilicon) are oxidized and 
remaining voids_are filled with the oxide fill 855. 
This isolates the floating gates 26S of each 
transjstor. 
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Each nf the two cells on a pillar has its own wordline 

and f"loating gate for charge storage. The two eel l.s 
or tre:msistors, foi.'lOed on oppouite sides of each 
pillar, share bitlines 220. 'l'his effectively reduces 
each memoi·y. cell area to 2F-square, which is· half Lhe. 

size of previously described cells, used as·EEPROM or 

Flash memory for example. 

By achieving this higher density at a lithographic 

line-wldth of F=O.lSµm( (which isa typical value tor 
Gigab.it memory), up to 1 ·~iga-byte (Gbyte) of data may 
be stored in a six square-cm (6 cm-:) area. Even with 
additional bverhead of support circuitry, up to 4 
gigabytes of data .is easily stored on a credit-card 

i 

size area. This makes the memory array 800 very 

competitive wi ~h even magnetic disk drive E1torage. 

It should be noted that the 2F-square cell size may 

also be used with the stack and trench capacitors 
described in connection with f'IGs 33-51. 

An exemplary process flow which implements pill!ir 

formation and isolation is describe below. Note that 
this process flow implements many of the ··features t>f 

the previous embodfments. All steps here assume 
formation of NMOS devices on a P-type substrate, but a 

si_milar procedure could be used for PMOS devices on an 
N-type substra_te. Also, sample thicknesses and depths 
are gJven, assuming F=0.·18 µm. 
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1) As described in connection wil.h FIGs 17-

. 18, nj t:ride is depos.ited acrosB tht"! wafer, and 

patterned in parallel lines ac1:oss the array r<:gio11. 

These ni~~ide lines 290 have width and spacing F, ctnd 

-define the.pillars ~or the vertical MOS devices alung 

the bjtline direction 214. 

2) Et_ching, e.g., RlE, is used tc> foi·m a 

shallow trench 210 between thefJe nitride l.i ne11L_29..!k 

Th~se trenches are referred to as l>itline (or col11111n) 

trenches, sinc:e they are along· the bitline (or column) 

direction 314. Illusti:at:lvely, the bit·lint-! tr~nch1·s 

have a depth 4 55 of approximatt~ly 700nm. 'J'his etch 

depth i.s deep enough to contain the expected drain 

implantation depth, the desired gate length, and the 

buried bitline diffusion. 

3) N+ polysilicon (poly) 460 is formed to be 

conformally deposited on the Wclfer, up to a th:i.cknt!SS 

of 60 nm for example. The 60 um thick poly 460 lines 

the bottom and sidewalls of th<~ bit:line trenches 210. 

This poly layer 460 is then etched back to recess it 

into the trenches 210, leaving sidewall formations 

that extend a distance 462, which is approximately 

250nm, up the sidewalls of the trenches ·210. Some 

poly 460 may remain on the bott:om of the trenches :!10. 

If necessary, resist_ coating is used durin~J this 

etchback. However, no additional lithography is 

required. 
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4) An additional etchinJf, e.g_, RIE, step is 

per.formed to etch through the poly 460 located on the 

bottom of the trenches 210, and to etch into the Si 

substrate 235. 'l'he re·sulting structure along the · 

wordline direction is same as shown in FIGs 20. The 

cross section along the bitlin~·direction 314 remains 
the same as .. spawn in FIG 18. This is because tqe top 

nitride layer 290 is in the form of "parallel strips, 

(as opposed to nitride islands 245 shown in FIG 21). 

Therefore, wordline trenches are not etched· along the 

wordline direction 312, which is perpendicular to the 

bitline direction 314. 

This additional etching separates the bitlines 405 

between adjacent columns of pillars, i.e., between 

adjacent pillars along the wordline direction. Note 

that during subsequent heat cycles, dopant will 

diffuse out from the poly 460 into the Si pillars 230 

to form the diffused bitlines 405. 

5) As shown in FIG 53, the bitline trenches 

210 are all filled with oxide 857, and the wafer is 

chemical-polished back to a planar surface, using the 

remaining nitride 290 as a stopping layer. The filled 

bitline trenches are designated as reference numeral 

210•. As shown in FIG 56, after the chemical· 

polishing. an additional layer of nitride 870 is 

.deposited on the wafer. 
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·As mentioned earlier, other materials besides the 
oxide fill 870 can be used for this fill. As shown in 

FJG 54, if the material in the filled bitline tren~hes 

210' will be removed in subsequent steps for floating 

gate isolation, another choice would be to line the 

trenches with an oxide liner 860, followed by a 

polysilicon fill. 865. 

one advantage of using the polysilicon fill 865 is 

that it can be easily etche~ selective to oxide and 

nitride during a subsequent removal or etch step. The 

remaining steps are described where polysilicon fill. 
865 is used. Except where noted, these remaining 

steps are identical for both oxide/poly filled 

trenches, as shown in FIG 54, and purely oxide filled 

trenches, as shown in F'IG 53. 

FJG 55 shows a top view of the memory cell array 
structure shown in FIG 54. The bitline nitride strips 

290 cover the substrate. ~BS as shown in FI.G 18. In 

FIG 55, the diffused n· regions 405, which are ·located 

in the substrate 235 below the nitride strips 290, are 

shown as dashed lines extendinq along the bitline 
direction 314. The filled bitline trenches 210' 
between the nitride strips 290 contain the oxide liner 
860 and polysi1icon fill 865. 

6) Next, an additional nitride layer is 

formed over the wafer. As shown in FIGs 56-57, in 

order. to complete pillar definition and form the 
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wordlines, the nitride layer is patterned into nit 1:ide 

strips or lines 870 which are parallel to the wordl.ine 

direction 312. The nitride lines 070 have a wjdth F, 

are spaced from each other by a distance F, and are 

perpendiciilar to the filled bitline t1-enches 210•. 

Note that along a wordline direqtion 312, when the 
-

nitride is etc:hed, there will now·-.he alternatlng 

sections of oxide 860 and Si forming the pillarS-2JO. 

The c::>xide liner 860 extends above the Si pillars 2jQ 

by an amount equal to the thickness· of the first 

nitride deposition, minus any loss resulting frc::>m the 

nitride etch. This oxide extension is subsequently 

planarized. 

7) As shown in FIG 57, etching, e.g., Rib:, 

is again used to etch wordline trenches 430, which are 

perpendicular to the filled bitline trenches 210' (FIG 

53). As shown in F~G SS, forming the wordline 

trenches 430, along the wordline direction 312, 

requires etching through both oxide and 

silicon/polysilicon. 

In particular, forming the wordline·trenches· 430 

require~ etching through: the oxide liner a_'6o; the 

polysilicon 275 that fills the oxide lined bitline 

trenches 210; and the silicon pillars 230 that ~re 

exposed after patterning the nitride layer into 

wordline nitride strips 870 (FIG 57). Note, the 
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wordljne nitride strips 870 are pe1:pencUcu·1ar Lo tl1e 

bitliue nitride strips 290 (FIG 54). 

Due to t~e difficulty of etchi11g these different 
. -

·material simultaneously, two approaches may be used: 

(a) In.the first approach, shown in FIGs 56-

. SB I wordline. trenches 430 extendin~J along the enti 1·e 

array are formed. Etching the wordline trtmches ~iO 
is performed by using an RIE chemi:Jtry that etches 

. . 
oxide and silicon, selective to nitride. This etches 

the oxide liner 860, the.silicon·of the pillar 230, 

and the polysjl.icon fill 865. 

Although the depth of the etch may vary between tht, 

two materials, {oxide 860 and silicon of the pilla] 

230 or polysilicon 275,) the different etch _depth does 

not effect final device structure or performance. 

This is because the step formed by the different 

he·ight of the two materials, at the bottom of the 

word.line trenches, will be buried <iuring a subsequ1:nt 

oxide fill. 

As shown in FIG 57, the depth 880 of this ··etch is :•et 

to reach just ~elow the top of the diffused .bitlin·· 
' regions 405,· stopping on or near the buried bitline 

straps 460 {FIG 56). Illustratively, the depth 880 is 

approximately 6-00nm. Altern~tively, the wordline 
trench etch may stop short of reaching the diffused 
bitline regions 405,. leaving a layer of oxjde 860 
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and/or poly filler 865 over the buried poly straps 

460. 

FIG SR shows a top view of the array structure aftt!r 

etching ·the ·wordlil'ie trenches 430 that extend .alon~J 

the entire array in the wordline direction 312. 

Etching the wordline trenches 430, exposes the n• 

diffusion region 405 located at the lower portions of 

the pillars, ~eparated by the substrate 235 of the 

e~posed lower pillar portion. In addition, the · · 

wordline trench etching step, exposes the poly straps 
. . 

460 and the lower portion 860' of the oxide liner 060 

that fills the deep portion of the bitline trenche~; 

located between the poly straps .. 460. This oxide liner 

lower portion-860' is also shown in FIG 56. Below the 

wordline nitrjde strips 870, the pillars 230 separ.tted 

by the filled bitline trenches 210' are shown :in FIG 

58. 

(b) The second ai;>pro~ch, uses an R.Ig 

chemistry that etches only Si (which includes 

.polysilicon), selective to both oxide and nitride. 

The etch depth is the same as above, i.e., 

approximately 600nm. Because the oxide liner 860 is 

not etched, the resulting wordline treriches. 430', 

shown in a top view in FIG 59, contain square and 

rectangular holes 890, 895 shown by dotted lines. 

These holes are separated by the oxide liner 860, 

which acts as walls of the holes 890, 895. 
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The square ho.Jes 890, which have a size of F x F, 

result from ~tching ,the exposed silicon of the pillars 

that are not covered by the wordline nitride stripH 

870. The pillar etching exposes the n' diffusion 

.regions 465, ·as shown at· the bottom· of the holes B•lO 

of FiG 59. Within each square hole 890, the n· : 

diffusion regions 405 are sepa1:-a~ed by the subi.:strat e 

235. 

The rectangular holes 895 result fi:om etch or removal 

of the poly fill 865 showri in FIG 56. These holes 890 

are located between the oxide walls 860, on.the 

opposite sides of then• diffusion regions:405. The 

widths of the rectaQgular holes 895 abut against the 
; 

wordline nitride strips 870. The base of each 

rectangular h9le 895 is the lower portion 860 11 of 1he 

oxide 860 that covers the poly straps 460 shown ·in FIG 

56. For clarity, only one pillar 230 and filled 

bitline trench 210' are shown below the wordline 

nitride strips 870. The pillars 230 a11d filled 
. . 

bitline trench .210' are delineated in FIG 58, which 

has an identical structure below the wordline nitride 

strips 870 as those of FIG 59. 

The oxide walls 860 may be recessed if desired. 

However, .for efficiency, it is preferable not tci el.ch 

or recess the oxide at this point, since the oxide 

will be recessed .in the next step Lo form an oxide 

barrier 900 shown in FIG·60. 
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8) Regardless of the etch method (a) or (b) 

chosen above., the wordline trenches 430 of FIG"SS, or 

the holes 890, 895 of FIG 59, are now filled with 

oxide. Next, the wafer is chem-·polished back t:o 

_achieve a ·planar surface, using the wordline nitride 

strips 870 as a stopping layer. 

· As shown in FIG 60, th~ oxide ·in· the wordline-~trenc:hes 

430 is then re-etched to a depth of approximatel~560 

nm. The oxide etch recesses the oxide fill 

approximately to the top of the diffused bitline 

regions 405 ~ This .leaves a planar oxide barrier 1.1ye:r 

900 of about 40nm thick, which ·separates the 

polysilicon wordlines or gates 275, to be formed, f.rom 
i 

the buried bitlines 405, 460 (FIG 58). Note, FIG 60 

is the cross section along the bitline direction 314, 

while FIG 56 remains the cross section of Lhe array at 

this point of fabrication, along the wordline 

direction 312. 

9) As shown in FIG 61, and previously 

described, a gate stack-is formed along the wordline 

trenches 430 by growing the.desired gate stack and 

depositing the polysilicon gate/woL·dline 275; Thene 

gate stacks are recessed below the top of t~e pill.irs 

to allow for drain implantation. The gate stack shown 

in FIG 61 is similar to the. one shown in FIG 2fi anc I 

includes a floating gate 265, which is isolated 

betwef~n tunneJ and gate oxides 260, 270. 
,· 
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Altern.atively, the tunnel oxide 260 and floating g.-1te 

265 are not _formed, so that each gate stack only h.is 

the gate oxide 270 and control poly gate/wordline :~75. 

If no fioating gate is -included,. or if the floatin\f 

gate js of a "self-isolating" nature, e.g., ·si nanu­

crysta ls or silicon-rich oxide . (SRO) , then. transist or 

formation is completed by.removing the wordlirie 
. . . 

nitride strips 870 and implanting the drain r~iQD:i 

240 (1''IG 26), as previously described. 

For a DRAM eel 1, as previously described,· a ·stack 

capacitor is ·formed on top of each p:i,.l lar, yieldin'I a 

4F-square cel:l, with reduced wordline capacitance .md 
I • 

bitli11e resistance. Similar to the. stack capacito1: 

520 shown in FIG 34, FIGs _62, 63 show a stack 

capacjtor 520' formed over the pillars 230 of the 

memory array. FIG 62 shows the bi t:line trenches 

~illed with oxide only. However, l)Xide and poly m.iy 

fill the bitline trenches as shown in FIG 34~ 

The st:ack c::apacitor 520' has a storage node 525' 

surrounded by a dielectric 530', such as BST or ot lier 

high dielectric material. The storage node 525' a11d 

dielec:triC! 530' are formed over eac.:h d1~ain ~egi C!n :!4.0, 

which is localed at the top of each pillar 230, an.t 

are suL~rounded by a common plate 5 ~5'. FIG 64 shows a 

top vjew of th~ stack capacitoL· 520'. Note, the a1·ea 

per pil.la1:, which supports one bil, . 
in an array having one bit per 4F7

: 

is 4F2
, resulting 

The poly s tra1 .s 
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covered by the oxide· 855 are shown as reference 

numeral 4.60'-· _The ~wo control gates 275, 275' per 

wordlj ne pillars are separated by the oxide fill a 1:;5. 

Control._ gates o~ adjacent pillars are separated by the 

wordline trench, wliich may be filled with oxide. 

Except for the stack capacitor 520' ~nd the lack of. a 

floating gate 265 (FIG 52), .the top.view of FIG 64 is 
I 

-~ 

comparable to the three dimension~! view of FIG 52. 

Alternatively, processing done prior to the 

transj stars or FETs formation, forms a trench · 

capacj tor below· each FET for charge storage simila ,. to 

that pa:-eviously descrjbed in connection wit:h FIQs i6-

41. J 11 addit:ion, two separate cap.1citors, stack 01· 

trench, may be formed around each pillar. This fo nns 

a 2F2 DRAM ce11·, where each piJ lar has two such 2F·· 

DRAM cell. 

If a Helf-isolated floating gate j B present:, then 110 

capacj tor is necessary. Refer 1:ing to l"IG 52 ·, the 

wordljnes 22S, 225' located on sepdrate sides of e.ich 

pillaJ", can b~ contacted to yfeld a 2F-squc.1.re (2F") 

EEPROM or Flash type ce~l; two 2F2 cells per pilla1. 

If an amorphous Si floating gate 2G5 is des;i.red, 

shown in FIG ·52, additional processing steps .are 

performed. ·These additional steps isolate the 

a .. .. 

f loat:i ng gate 265 on separate pillars alon~r the 

wordljne direction 312. ·At this stage of array 

fabrication, the wo:z;-dline and bitl.i.ne cross sections 

I . 
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are shown in FIGs 56 and 61, respectively. The. 

additj onal st.eps inc.lude: 

10) As shown in FIGs 65-66, an additional 

.layer of nitride 910 is deposited on the wafer to 

protect the gate stacks, In compa 1:iso11 to FIG 56, the 

nitride layer .910 covers the· nitrlde stripH 870 of FIG 

·59 •. · .. 

Next, as _shqwn in FIG 67, part of the nitride laye1· 

910 is removed by RIE to eXpose tht~ wordlin~ inter 

pillar material, (i.e., material located between 

pillars along the word line dirt.'!c'.:t] lln 312), which 

mater:i ell includes· the polys~licon t"ill 865 and the 

oxide liner 860. After this nitride etcµ, the 

thickness of the nitride layer 910, shown in FIG 6•., 

is also reduced. Note, the thickness 920 (FIG 65),,f 

the n] tride layer 910 over the wor<lline int:er-pill c1r 

region is less than the thickness over the rest of the 

wafer. Therefore, no lithography i.s required to 

exposE: the wordline inter-pillar m.\ter ial. 

11) FIGs 68 and 69 show the etched nitr i.de 

layer 910' that exposes the wbrdli11~ inter-pillar 

mater:i .-11. Ne:xt, the exposed polys ilicon f i.~l H65- is 

etched down, e.g., using RIE, to the bottom of the 

gate stack. Illustratively, the .et:c::h is performed to 

a depth in 560nm and stops at the oxide liner bott.>m 

portion 860", which is around the name depth as th.: 

.· 
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depth of the top of the buried bitline diffusion 

regio11 405. 

This ~tch is selective to poly oveL· oxide and nitri.de . 

. . Therefore,· the poly·· etch forms holes between pilla1:s 

along the .wordline di~ection 312, ~eferred to as 

·wordlj ne holes 930 and shown as dotted lines in FI•;s 

· 68 and 69. As shown j n FIG 69, thl~ entire wafer ju 

covered with the etched nitrid~ layer 910', e~cep_t. for 

F by I" square expos~d regions containing the oxide 

line1: 060 and the poly .fill 865, which is etched t., 
' 

form 1t:!ctangular holes 930. 

Formj 119 the holes 930 exposes the Eloating gate 26• .. 

between the pi.llars along the word l.ine direction 3 I 2, 

i.e., .between the word line pillars. Depending on 1 he 

degree of etch selectivity, the th i.n tunnel oxide :!60 

may remain on the exposed floating gate 265. '1,he 

lengths of the holes 930 are boundt~d by the· oxide 

lif1er 860 along the bitline direct Lon 314. ·Along 1 he 

wordline direction 312, the widths of the hole 930 are 

bounded by the floating gate 265 (nr the tl~nnel oxide 

260). The floating gate 265, 1::;how11 in FIG 68, is 

behind the hole 930. 

Note, i·f only oxide had been used dS the fill. 

materj al, instead of both the oxidt~ liner 860 and 11oly 

fill 065, then _this etch step requires selective 

etching of oxide over nitride, which is more diffi.:ult 

to achi.eve. Also, it is import~nt that the relative 
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thick11esses of the oxide in both tl1e bitliue and 

wordlj ne trenches have been set such that the enti 1:e 

flvating gate portions are exposed after this 

polysilicon etch js complete, which portions are 

located.between the oxide liners 860, along the 

.wordl j ne direction 312 • 

12) As shown in FIGs 70 -71, a brie"f re-
·. ·. ·: 

oxidation step is performed, suffic:j,.ent to oxidi~ the· 

exposed floating poly gate poJ;tion::J 265 11
, or 

suffiC'ient: 

coyert.:d. . by 

holes 930. 

to oxidize the' floating gate poL·tion 

the expos.ed thin tunnel oxide 260 of tlh: 

In FI.G 71, the oxidized floa~ing gate 

porticin 265' .is shown, which is lO•!ateci behind the:: 

hole 910. 

Oxidi:1.Lng the floating gate portion 265" iuolat.es the 

floating gates of each transistor along sides of tile 

pilla1·s from each other." 

The top view of the -array is shown in FIG 70·, wher.: 

each pillar has two isolated floating gates 265, 21.s' . 

Each f l.oaLing gate extends beyond 1.he pillar along the 

wordli ne direction 312 a distance t:hat includes th·: 

width of ·t:wo poly straps 460 that d.re buried adjaccmt 

to the pillar. Each pillar has two transistors fo1·med 

in a Dquare 2F by 2F, i.e., 4F;i, area. Thus, ther(: is 

one t1·ansistor or one bit per 2F2 <1rea. 
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If deflired, an additional oxich: fj Ll and chem-polj :.ih 

may bt~ performed to. fill in the holes 930 left pet \-Jeen 

the W<lL-dl ine pillars. Then, as de:1cribed abovE~ and 

shown in FIG 72, the nitride is removed, and drai11 

regious 240 are implanted on the top of each pilla 1~. 

This t·orms the array 850 of FIG 52 shown in a thre<!· . · 

dimenfl"ional view. For clarity, thd oxide that fiJ Ls 

the -wordline and bitline trenches -130, 210 ifl.-ondt. r.ed 

in FIO 52. To realize the 2F-sgua1.·e cell size, ·ea•:h . 
of thl: two wordlines 225, 225' on each pil lar is 

contacted sep~rately at the.end of the array 850. 

Note that in all embodiments, addd t:ional co~ventio11al 

processing steps are performed to complete support 

devicc~s and ci rcuj try on the peripl1ery of t:he arra '/. 

While the invention has been particularly shown and 

descr.i bed with respecL to illustra1.·ive and ·.pref:err.~d 

embod.i men ts thereof, it will be und_erstood by thos.~ 

skilled in the art that the forego i.ng and other 

change:·.~s iu form and ·details may be made .therein 

without departing from the spirit c.ind scope of the: 

·invent. ion which should be limited nilly by the scopd of 

the a 11pended claims. 

' .. 
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CLAIMS: 

Havin~J thus described our invention, what we claim as 
new, and desire to secure by Letters Patent is: 

1. A semiconductor device compriEJing: 

a substrate; 

an array of cells haying pillars ·farmed on ·sa id 
substrate, said pillars being arranged. in rowu· 
c-u1d columns, each of said pillars extending 

upward and having an upper re~.1ion doped with a 

f i.rst type of impurity, a middle region doped 

with a second type of impurity, and a lower 
region doped with said first type of impurity, 
said middle region being between said upper and 

lower regions; and 

a gate region formed on at lec:tst one sidewall of 

said each ·pillar over said middle region to 
control the resistance betweeu said upper and 

lower regions; 

said lower regions being comm,,n along said 
columns,· and being ·isolated from each other along 
said rows by column trenches. 

2. The semiconductor device of claim 1, wherein ~aid 

gate regions along said rows are continuous. to 

·1 11-ns ·SHEET H/.\S BEEN 
REPLACEO · 

L. 
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fl1rm wordlines of said cells, and said lower 

r._::gions _along said columns ari! bit.lines of said 

cells. 

. . . - . ~ 

'l'l1e semiconductor device of- c Laim l, wherein ~;aid 

1:ows are separated from each other by row 

trenches, said column trenche:i being deeper than 

s~id row trenches. 

4 . 'l'he semiconductor device of c I a·im l, wherein t;aid 

j 1.)wer regions completely occu1 'Y footprints of 

sclid pillars. 

s. The semiconductor device of c:t aim l, wherein ::aid 
. i 

gc.lte r~gion includes a first ~1ate . oxide formecl on 

s,1id side_wall and a first gatt· electrode formc:d 

over said first gate oxide. 

6. .The semiconductor device of cl aim 4, wherein Haid 

gdte ·region includes a second gate oxj de formt:d 

on said first gate. electrode c1nd a secona·. gatt· 

electrode formed over said second gate oxide. 

7. The semiconductor device of cl aim 4, -wherein Haid 

f lrst gate ~lectrode is completely insulated c .n 

all sides to form a floating ~1ate. 

a. 1'he semiconductor device of c:J aim 4, wherein c:1 

thickness of said first .gate r•xide is small SC.• as . 

11i1iii1rni1iir 
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t·o allow direct tunneling of ulectronu . 

t l 1erethrough. 

9. 'l'he semiconductor device of c I aim 1 f nrther 

compi~is-ing a u·t:rap located ·adjacent each .of S<1 id 

lower region to reduce a resi~tance of s~id lower 

reg~ons. 

. .... ·. ..:· ....... · .. :··.:· 

lo . 'l'he semiconductor . device ·of c 1 aim 1, whex.eini-:iaid 

gdte region is common along pjllars arranged 

jn·said rows, and separated from gate regions of 

pillars arranged in said columns. 

11. A method of forming a.semiconrluctor device 
i 

comprising the steps of: 

forming in a substrate lower dnd uppe1· doped 

r~gions; and 

forming an array of pillars arranged j n rows <ind 

columns, each of said pillars having a body 

pnrtion separated by said lowt::r and upper dopt·d 

regions, one _sidewall of said pillar extendin~ 1 

b~tween said lower and upper d~ped regions, a11d 

another sidewall of said pillar extend:i,.ng from 

said upper region to a region which is :below Haid 

lower doped region to separat<': said lower dopt:d 

n:?gions of adjacent, columns. 

THIS SHEET HAS BEEN 
REPLl\CtD 
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12. 'l'he method of claim 11, where.in the a1·ray f6r111ing 

step includes the steps of: 

etching columns trenches. sepal ·a~ed by a featul e 

s i.ze; and 

etching rows trenches ·separatt::d by approximatt· ly 
... · . -·~ ... .. ·. · .. · . 

1·~0% of said feab1f:e'>~i~~·: to. Mcpose· said --lowe1 

doped portion;<:,ah~:i~~ij· :d~et»~ri uaid columna_ 

t. L·enches . 

13. 'J'he method of claim: 12 furthel comprising the 

s1.eps of: 

p1·ior to i::he column trenches forming step, 

forming a.mask over said substrate arranged in 

cc ,1umns; and 

p1·ior: to l:he 1·ow trenches for111ing step,. 

patterning said mask columns to form mask 

jslands. 

14. 'l'he method of claim .11 furthe1· comprising ·for111ing 

a11 insulating spacer between ~;aid sidewalls 01 

adjacent pillar. 

15. The method of claim 11 furthe1· comprising forming 

a gate region on at· least one of said sidewalls 

ot said pillars. 

THIS SHEET HAS BEEN 
REPLACED ..._ ________ j 

I -. 
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16. 'l'he method of claim 15, wherej n said gate region 
forming_step in.eludes the steps of: 

forming a first gate oxide on said sidewall; 
.· 

forming a first gate electrode over said first 
gate oxide;_ . 

. . . · ... •: · .. ··;: : .. 
forming a second gate oxide on said firsLga.1:.t:: 
electrode, said first gate f!lectrode being 
insulated to form a :floatin.g gate; and 

forming a second gate electrode formed over scild 
socond gate oxide. 

17. A method· of forming a semiconductor device 
comprising the steps of: 

forming an array of pillars on a substrate 
arranged in rows and columns, said pillars bejng 
st:!parated ·by column trenches having a fir~t dt:pth 
and row trenches having a second depth wh:ich js 

] l~ss than said first depth; 

forming lower doped regions below said pillan;; 

forming a gate region around ut least one wai:i of 
a.tid pilla~s; and 

forming upper doped regions 011 said pillars. 

THIS SHEET HAS BEEN 
·REPLACED 
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18. 'l'he method of claim 17, wherein the array for111ing· 

E:Jl.ep includes the steps of: 

formlng mdsk lines over said substrate parall(~ l 

to said columns; 

.. ~tci:iing exposed portions of said substra-Ee to 

form said column trenches; 

patterning said mask lines· to form mask islands; 

and 

etching said exposed portions of said substratd 

to form said row trenches and to deepen said 

C<>lumns trenches. 

19. Tiie method of claim 17, wherej n the lower dope:d 

. regions ·forming step includes the steps of: 

fc,rming an outdif fusioh material on lower 

portions of said column ti:enche·s; 

outdi ffusing material from saj d oi1tdif fusion 

nlc.lterial to form said lower regions below saicl 

pillars. 

20. The method of claim 17, .wherejn said gate regjon 

fc irming step j ncludes the steps of: 

B R.!eplaced 

\1i ill\ i \\\ \\\\ 
THIS SHEET HAS BEEN 
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forming a first gate oxide on said sidewall; 

forming a first_ gate electrode over said firsL 

gate oxide; 

forming a second gate oxide on said f i.rst gate 

electrode, said first gate electrode being 

insulated tc:> form·a float.ing gate; and 

forming a second gate electrode formed over· said 

second gate oxide. 

THIS SHEET MAI lllN 
· REPLAOID. . 



... 

-99-

4F-SQUARE MEMORY CELL HAVING VERTICAL FLOATING-GATE 

TRANSISTORS WITH SELF-ALIGNED SHALLOW TRENCH ISOLATION 

ABSTRACT 

A densely packed array (200) of vertical semiconductor devices and methods of 

making thereof are disclosed. The array has columns of bitlines and rows of wordlines. 

The gates of the transistors act as the wordlines (225), while the source or drain regions 

acts as the bitlines (220). The array has vertical pillars (230), acting as a channel, 

formed between source (215) and drain (240) regions. The source regions are self­

aligned (210) and located below the pillars. The source regions of adjacent bitlines are 

isolated from each other without increasing the cell size and allowing a minimum area of 

approximately 4F2 to be maintained. The isolated sources allow individual cells to be 

addressed and written via direc~ tunneling, in both volatile:and non-volatile memory cell 
" 

(205) configurations. The source may be initially implanted. Alternatively, the source 
i 

may be diffused below the pillars after forming thereof. 

Fig. 8 

THIS SHEET HAS BEEN 
REPLACED . 



' . ., 
~· . ' . 

~-· 

Unit cell 
area: 

4F 2+2F~ 

1. 

,, 

27\ Bit lines 
. 25 

..:: F F ~~ I 
f<E-:--:.--:i~-L--1 I I I I I I 

I 
10 

I 
I 
1-

FIG.1 
PRIOR -ART 

I I 

Word 
E~-lines 

20 

15 



10--...... 

15 

~ 

2/49 

Bit Line Direction 

45 

FIG. 3 
PRIOR ART 

FIG~2 
PRIOR ART 

35 



~o~ 

20 

30 

35 

FIG. 4 
(PRIOR ART F F 

n + source 

p- Si Substrate 

Metal 
bit line 
// 

// 

:,. 
(.N --I:::> 
('.O 

~;, 

) 



100 B/L 

\ 

W/L o--j 105 

120 

.'\ 

F 

F 

F 

B/L 1 B/L2 

FfG.6 
·pRJOR ART 

4/49 

W/L' 

FIG.5 
PRIOR ART 

k 
115 

110 

150 

I 

B/L 

FIG.7 
PRIOR ART 

W/L 



FIG.8 

205 

~ 

n+ Source 215 

235 

200 ·; 

430 

~ I ~I I PPL :::J I p · / ~ Ii I '\ Word T T ~ ~ 7 A T/ Tl line 225 

p-type Si substrate 

(J'I -.J:>, 
c.o 

f:• 



200 

I 
FIG. 9 

205 

~ 

J_ r000000,'000,\,'0000,\<(\>,"000<l< 
330~t 

235 

Bit 
line 220 

250 

Word 
line 225 

CT.I 
......... 
..c::. 
c.o 

of\· 

J 



Fl G. tO 

Word line 
direction 

E ) 

312 

:;iii 

Control 
gate 275 

FIG. t 1 

Bit lip.e 
direction 

E 

3{4 

:;. 

33rl= 

7/ 49 

240 

205 

/ 

235 

240 

205 

/ 

280 

215 

235 



8/49 

Ions 310 

Word line direction 312 

FIG.12 

290 

Bit line 

Word line direction 312 

FIG.13 

240 

215 

235 



Bit line 
direction 

314 

215 

9/49 

215 

Word line direction 312 

FIG. 14 



---------- -----------------------··-~-------··~-··-··
 ---·---

0 
O:> 
-.:::!< 

') ,, ,, ,, 
0 \ 
C'? \ 
C\l 

~ ,, 

\ 

I() ...... 
• 

(.!) -

l.CJ 
C\2 
C\2 

0 
C'? 
-.:::!< 

lD 
C\2 
C\2 

\ \ 
\ \ 

\ \ 
\ \ ,, 

\ 

\ 

i0/49 

0 
C\2 
-.:!' 

I 

~I ~I 



0 
o;i 

\) ,, ,, 
\ \ 
\ 
\ 

H/49 



290 

450 

Fl G. f 7 

235 

E c312 ;;i. 

Word Line 
Direction 

-----455 

460 

'462 

'-

290 

450 

Fl G.18 

235 

E c314:;.. 

Bit Line 
Direction 

--~ -"""' CD 

,. 



Word 
Line 

312 

B/49 

FIG. 19 

I Word.line Cross-S~ction 

F 

245 
235 
405 

235 
405 

Bitline 
Cross­

Section 

r 



FIG. 20 

245 ........... ~.'..~~ IE F ~,E F ... I . 

230 

~60 

E c312 !lo 

Word Line 
Direction 

245 

472 

405 

FIG. 2t 

,... F ""IE F +~ =--j 

470 230 430 

475 

n + diffusion 

235 

. 314 
E L > 

Bit Line 
Direction 

............... .,., .. .,., .......... 

405 

........ 
~ -~ C.D 

j 



FIG. 22 

220 

245-1-

472 

230 

p- Si Substrate 235 

230 

245 
472 

,420 

....... 
CJ"1 -..i:::. 
c.o 



FIG.23· 

245 r 
4 72 ~....J;<:f =========!:~ 

230 

p- Si Substrate 235 

230 

245 
472 

"-420 

--Cf) -..i::. 
CD 

,. 

,. 



i.· 

Word 
Line 

312 

i7/49 

FIG. 24 

Wordline Cross-Section 

:o~ Y, 
. , 

, 
, ,,, ,/, , 

~o~ , ~ 

, 
, ,/, ,,, , 

4~~ c31! 
Bit Line 

/ 
420 

60 

460 

490 
f ~ 

Metal 
Bitline 

-~. 



240 

FIG.25 
400 

/ 
265 

275 270 I 260 

235 . 

E c312:;. 

Word Line 
Direction 

405 

400 
~ 265 

275 270 \ 260 

FIG.26 

< c314> 

Bil Line 
Direction 

405 

235 

-co -..l>o 
co 

.. 



0 
o:> 

'0 
\ \ 
\ \ 
\ \ 
\ 

0 \ 
M \ 
C'\2 

"-.. \\ 

. 
C> 

u. 

ID 
C'\2 
C'\2 

\ \ 
\ \ 

\ \ 
\ \ 
\ \ 
\ \ 

\ 

rnt49 

0 
0 
li."? 

I 

~I ~I 



Fl G. 28 

510 

~ 

n + Source 405 

235 

430 

I WI I WP/ I w · L 4 1,-11~ Word 
E ~ H ~· 7 ?rT/17 line 225 

p-type Si substrate 

!"-' 
0 -..Q. 

c.o 



2i/49 

Word Line 

230 230 230 

460 460 

. 405 
235 

FIG. 29 

Word Line 

230 230 230 

405 

235 

Fl G. 30 



Gate oxide 270 

Word line 
direction 

E ) $11< 

312 

n+ poly-si 275 

22/49 

240 

p-Si 
pillar 
230 

n+ 
405 

210 

I 

~~~\ /~~'"-'-'I 

Bit line 
direction 

E 31)4 :;a. 

Trench 
isolation 

FIG. 31 

240 

p-Si 
pillar 
230 

FIG.32 

430 

I 

250 

235 

280 

235 



Word line 
E direction 

) ;;. 

312 

270 

535 
530 
525 

n+ poly-si 275~-r-: 

f ..... 

23/49 

250 

235 

FIG.33 



.. 

storage 
node 525 

240 

24/49 

common plate 535 

E 

235 

c312;;.i 

Word Line 
Direction 

FIG. 34 

......... ~-......~~~530 

--520 

275 



240 

25/49 

Bitline 
Complement 
{into page) 490 

E 

235 

c312~ 

Word Line 
Direction 

FIG.35 

530 Storage 
525 

538 

Bitline 
True 
460 



FIG.36 

245 

Word 
Line 

312 

r-------, r------, r-------, 
I I I I S'l' I I I I I p- 1 lCOil I 
I I I I I 1 
ii I I ii ii Ii ii 11111111-------- Ii 1111Iii111111111 ii --------ii I iii iiiiiiiiiiiiii 

,-------- 11111111111111 I I 111111 
I . I I ________ 11111111mm 

I I I I ""'I 
I I I I I 
I I I F I I 

r-t- '"' I I 1,. '+/l. I I 
I '

11
""""""1---- I I . ,. , .. F I I ----1 I I ,.1 

I """'"'""""I --- I I I ---- I I -1111 " 1111111111111 I 

I 
L_ 

r-
1 
I 
I 
I 
I 
I 
L-

-------- --------
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I ------- --------

!''II'' ""'"Il"'I-------_ !'"''"""II" '"I -------!' 111111111111' '11'1 

545 
/ 

-, 
I -
I 
I I ""'liE-.--
1 
I 

-r 
F 

f~ Billine. 
F l photores1st 
jJ patterns 550 

-., 
I 

:~ 
I 
I 
I 

_...J 

235 

540/ 

L ______ _J L ______ _J 

.. Billine ,... 

c314 

Wordline 
---=----~-photo resist 

pa llerns 552 

~ 
O'> -..s::. 
c.o 



472 

472 
230 

n+ n 

235 

Etched 
deeper 

l 

27/49 

n+source 
diffusion 405 

FIG. 37 

230 

405 

n+ n 

p+implants 
for field isolation 

575 

FIG.38 

(555 
230 

n+ . n 



472 

585 

Deposited . and 
recessed 

230 590 

575 

28/49 

580 

FIG. 39 

230 

235 

1615 
245 

~~~~xJ~~~~~~~:::::::.:12 

575 235 

FIG. 41 

\ 
578 

\ 
578 



29/49 

. 
(.!) 

L1.. 



--------------------------------------------- ---~------···-·-

30/49 

E WordlineC
312 

575 235 \ 
578 

FIG. 42 

E 
Bitline r;-314 

490 

575 235 \ 
578 

FIG. 43 



---------------------------------------------------· ·-

3!/49 

<l 
+ ~ 

t:i:... ....... 
C"? 

Q) 

i::: ·--..,._j 

C:l 

i::: 
0 ·-..,._j 

CLl c:..> 
i::: Q.) 

·-Cl) 
::t:j I 
s... rn 
0 Cf) 

iS:: 0 
J...c 

u 

T 1 
I I E \ ... L "'d Q) 

v v -~ i::: C\l v iS:: ;.::::l ....... 
C'? 

"" ~ 
LL 



E 

E 

.Bitlip.e c314 
Direction 

.Bitli;ne c314 
Direction 

32/ 49 

700 

720 

730 

FIG. 45 

705 

735 

FIG. 46 



----------------------------------------·~------·--- ·- - . 

33/49 

Mask Lines (into page) ASG recessed 
IE 2F ~1 patterned & etched 

FIG.47 
~~._., ......... ........,. .......... ~...,.._ 

230 

Wordline 312 
E DirectionG:" 

Deposit & recess polysilicon 
for lower wordline 

Wordline 312 
E DirectionC 

FIG. 48 

770 



FIG.49 

FIG.50 

34/49 

Wordline 312 
· -e DirectionC 

Wordline 312 
E DirectionC 

770 

805 
...Ji-7~780 

770 
740 

600 



35/49 

FIG. 51 · 

535 
795 

Wordline 312 
E DirectionC 

520 

I 

805 
-.Ii-7...,.. ....... 7 8 0 

460 

770 
740 
280 

235 



Fl G. 52 

:~~~~~~~~~§GO~U~~§~n 855 ~ 225 

275 

210 235 
,850 

(.N 

en -~ 
C.D 



290 

450 I 

FIG. 53 

I< F :i-1< F >I 

I 857 857 - -
230 -

. 460 I I 

235 I I 

< c312,. 

Word Line 
Direction 

I I 

405 

I 

450 

I I I 

I f I 

460 

l 

FIG. 54 
860 

IE F $PIE F ~1 

230 
-11 

I I I I 

I l f I 

r235 

"Ei c312:;.. 

Word Line 
Direction 

I I I 
I I I 

I l I _ 405 

(>I 
-.J -.i:::. 
CD 



---------------------·---·-·-··· 

lO 
lO 

• 
(.!) -LL. 

38/49 

I I I I 
I I I I : 
I I I I i 

I I I I 
I I . I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I I I I 
I l I l 

\ \ \ I \ 
\ \ \ 

I I I \ 
I I 
I I 
I I 
10,1 
l~I 
I I 
I I 
I I 
I I 
I I 
I I 



865 

860 

460. 

FIG. 56 

< L312 > 

Word Line 
Direction 

870 

405 

FIG. 57 
Etch wordline trenches 430 

! 
·-· 

"" 

-

l ~- ! 
·-

2 30 880 
LJ -

n + diffusion 

235 -

< c314> 

Bit Line 
Direction 

405 
/ 

(.JJ 

c.o -..s:::. c.o 



FIG. 58 

312 

F 

I-- I-

t--t---- ---- ----1--
I--

.._ 

1-- I-

1--1--- I I ---1--
1-- I--

I- .._ 

1-1---- - - ____ .,_ 

1--
.._ 

1-- .._ 

1-1---- --- I I . 460 
I--

I-

210' 860' 
460 

t1--- I I -- I I 405 
235 230 .._ I--

1-1---- - 1-------, - - - -i--:::t--405 
I- I-

\ 

IE F >IE F >I + ~ 
314 ~430 870 

E ""\ > 

.p. 
C>. -..c:. 
<.O 



FIG.59 
I 

_..J 
I I I I 

l...----...1 l...----...1 

...------, 

I 
l..-

r-

L- _, II r 
r -, r:=:JI I[ 

312 8 ,~--- ~ r~~-~1 ~ \ P.I I I I I H 
..i:>o --_ _,, ''------'I ~.,.., l'------'I IL-"-I 860 ~ 

D 210' 1r 'I .rl[ 'I FJ......-860" 
FI - L - .J Of\~ ~----.J ~ 860 

F.I. ~ 230 ~----11 Fi r:r:~: 
'------'I l'---::i LJ405 

-ii 1;--------:i 1;----i 

I< F )ol< F )ol ~ . -
314 430' 870 

< ~ > 



Fl G. 60 430 

t 
"' 870-

'-''-' 

23 0 -

900 
- \ 

11'//F/// 1/////// 

n + diffusion 

"" L314 z-
Bi Uine Direction 

FIG.Gt 430 

870 + 

230 

405 
/ 

n+ diffusion 

235' 
/ 

E c314:;i. 

Billine Direction 

4.05 

235 

~ 
r-:1 -"""' c.o 



,, 

525' 530' 535' 

460 
235 

c:312 
' ..... 

Word Line 
Direction 

520' 
~ 

405 

525' 530' 535' 

n + diffusion 

E c314;;.-

Bil Line 
Direction 

520' 
~ 

405 

235 

-""" 
(>J --""" 
CD 

~ 



·i 

520'~ 

Wordline 
Direction 

312 

44/49 

FIG. 64 

E c314~ 275' 855 275 
Bitline Direction 

460 

460' 



CD 
CD 

-LL 

LO 
<..O 

45/ 49 



FIG.67 

405 

460 
235 

312 
r!Z C '2' 

Wordline Direction 

FIG.68 

460 
235 

E c:312 '2' 

Wordline Direction 

405 

~ 
CJ') -..i:::. co 



312 

II II.__ _ ___. 

II 
II 
II Ii§, 
I L ___ J 
I 

~ a 

41149 

FIG. 69 

111----
11..__----1 
II 
II 
II II 

iilr · ,Iii . 
II L ___ J II 
II II 
II II 
II II 
II II 
II II 

iilc JI[[ 
II II 
II II 
II II 
II II 
II 11 
II . II 
II II 
II 1 

860 



.;;· 

Wordline 
Direction 

312 

48/49 

FIG. 70 

E 314""\ 
Bitline Direction 

F/2 

460 



FIG.71 

930 

405 

460 
235 

... c312,,. 
Wordline Direclion 

FIG. 72 

460 
235 

oE c:312 > 

Wordline Direction 

405 

"'"" <.O -"'"" co 

ii. 



REPLACEMENT SHEET ,__..,_,, ____ _ 
0 2 FEB 1998 

THIS SHEET HAS BEEN 
REPLACED 1 

4F-SQUARE MEMORY CELL HAVING VERTICAL FLOATING-GATE 

TRANSISTORS WITH SELF-ALIGNED SHALLOW TRENCH ISOLATION 

BACKGROUND OF THE INVENTION 

Field of the invention 

The present invention is directed to densely packed vertical transistors in a 4F­

square memory cell, and methods for making thereof, and more particularly, to non­

volatile/volatile memory cells having vertical floating-gate transistors with self-aligned 

shallow trench isolation between source regions for addressing and writing individual 

transistors via direct tunneling. 
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Discussion of the Prior Art 
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I REPLACEMENT SHEET 
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There is much interest to scale down densely packed semiconductor devices on an 

integrated circuit (IC) chip to reduce size and power consumption of the chip, and allow 

faster operation. In order to achieve the high packing density necessary for Gbit 

memory applications, it is crucial to shrink the size of an individual memory cell as 

much as possible. FIG 1 shows a top view of a conventional array 10 of conventional 

erasable programmable read only memory 



REPLACEMENT SHEET 

j 2 0 JU<2;tJ 
- 12-

direct electron tunneling, instea_d of programming by channel hdt electron tunneling. 

There is also a need for a memory cell having a proper gate length and capacitor, 

without increasing the lateral area of the cell. 

SUMMARY OF THE INVENTION 

A need exists for a memory cell array, and a method of maI<:ing thereof, that 

eliminate the problems of conventional memory cell arrays. 

Another need exists for a memory cell array, and a. method of making thereof, 

that has isolated sources on adjacent bitlines of the array without increasing the cell area. 

Yet another need exists for a memory cell may, and a method of making thereof, 

that has self-aligned isolation trenches between adjacent bitlines of the array. 

A further need exists for a memory cell array that is programmed at high speed 

using direct tunneling, can withstand a high number of write/erase cycles, consumes low 

power, has reduced oxide degradation, operates at low voltages, and has a high retention 

time. 

An additional need exists for a memory cell having a proper gate length and 

capa<?itor without increasing the cell lateral area. 

A further need exists for a memory cell that prevents charge accumulation in the 

body of the cell. 

Another need exists for a memory cell having a self aligned continuous source 

regions along bitlines of the cell array, without completely isolating the body of the cell 

from the underlying substrate. 

A still further need exists for a memory cell having a proper gate length suitabie. 

for obtaining low leakage, without decreasing the bitline voltage or increasing the lateral 
. . 

area of the memory cell. 
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Another need exists for a memory cell having a capacitor such that additional 

cell area is not consumed by the capacitor, by capacitor contacts, or by transistor contacts. 

These and other needs are addressed by a semiconductor device and a method of 

making thereof. The semiconductor device may be a vertical MOSFET semiconductor 

device which may have a floating gate. The semiconductor device is fabricated on a 

semiconductor pillar etched from a substrate which may be a single crystal substrate, for 

example. A diffused source region is formed at the base of the pillar. Alternatively, the 

source and drain regions are implanted or epitaxially grown. In addition, an array of these 

pillars is fonned with self-aligned isolation. 

According to a first aspect of the invention there is provided a semiconductor 

device comprising: 

a substrate; 

an may of cells having pillars fonned on said substrate, said pillars being 

electrically connected with said substrate and being arranged in rows and columns, said 

rows of pillars being in the wordline direction and said columns of pillars being in the 

bitline direction, each of said pillars extending upward and having an upper region doped 

with a first type of impurity, a middle region doped with a second type of impurity, and a 

lower region doped with said first type of impurity, said middle region being between said 

upper and lower regions; and 

a gate region fanned on at least one sidewall of said each pillar over said 

middle region to control the resistance between said upper and lower regions; 

wherein lower regions of pillars arranged along said eolunins are continuous, 

thereby being shared by said pillars arranged in said bitline direction, and lower regions 

of pillars arranged along said rows are isolated from each other by column trenches, 

thereby said lower regions of pillars arranged in said wordline direction are not shared. 
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According to a second. aspect of the invention there is provided a method of 

fonning a semiconductor memory cell comprising the steps of: 

fonning, in a substrate, lower and upper doped regions; and 

fonning an array of pillars arranged in rows and colwnns, wherein said rows of 

pillars are in the bitline direction of the cell and said columns of pillars are in the wordline 

direction of the cellJ each of said pillars having a body portion separating said low~r and 

upper doped regions, one sidewall of said pillar extending between said lower and upper 

doped regions, and another sidewall of said pillar extending from said upper doped region 

to a region which is below said lower doped region thereby separating lower doped 

regions of adjacent pillars of said memory cell so that said lower doped regions of pillars 

arranged in said wordline direction are not shared while said lower doped regions of said 

pillars in said bitline direction are shared. 

According to a third aspect of the invention there is provided a method of 

fonning a semiconductor memory cell comprising the steps of 

forming an array of pillars on a substrate arranged in rows and columns, wherein 

said rows of pillars are in the bitline direction of the cell and said columns of pillars ~e in 

the wordline direction of the cellJ said pillars being separated by column trenches having 

a first depth and row trenches ·having a second depth which is less than said first depth; 

forming lower doped regions below said pillars such that said lower doped 

regions of pillais arranged in said wordline direction are not shared while said lower 

doped regions of said pillars in said bitline direction are shared; 

forming a gate region around at least one sidewall of said pillars; and 

forming upper doped regions on said pillars of said memory cell. 



REPLACEMENT SHEET 

2 0 JUL 2001 

-14 -

The vertical semiconductor device comp1:ises a haalD ly­

doped region on tile top of the pillar, followed by a 
body region with the opposite doping type, t.hen 
f~llowed by the heavily-doped source region ~ormed . 
for example, by implantation or by outdiffusion from 
eji.ther heavily-doped oxide, polysjlico11, or other 
suitable material deposited be-rween columns (i.e., 
bit.lines) in memory array. Depending on the amount. of 
source outdiffusion from the material, che body of L:he 
pillar transistor may or may not: maint:clin electrica I. 
cont.act with the. underlying substl·ate. 

The source outdiffusion material may OJ' may not be 

remo'V'ed subse,quent to annealing. In tl1e case of 
polysilicon, or.other highly conductive source 
materials, this material may act as a buried "scrap'', 
reducing the resistance of the diffused source regjon. 

The doped regions at the base of each pillar in. the 

array may be separated by self aligned isolation 
formed by .a two step trench etch, ox:idE::r depo~ition, 
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We claim: 
-----·---

l. A semiconductor device comprising: 
., I Jf lllll llllll lllll lllll /11111 

• C L M S * 
'• 

a substrate; 

an array of cells having pillars fonned on said substrate, said pillars being 

electrically connected with said substrate and being arranged in rows and columns, said 

rows of pillars being in the wordline direction and said columns of pillars being in the 

bitline direction, each of said pillars extending upward and having an upper region doped 

with a first type of impurity, a middle region doped with a second type of impurity, and a 

lower region doped with said first type of impurity, said middle region being between said 

upper and lower regions; and 

a gate region fonned on at least one sidewall of said each pillar over said 

middle region to control the resistance between said upper and lower regions; 

wherein lower regions of pillars arranged along said columns are continuous, 

thereby being shared by said pillars arranged in said bitline direction, and lower regions 

of pillars arranged along said rows are isolated from each other by column trenches, 

thereby said lower regions of pillars arranged in said wordline direction are not shared. 

2. The semiconductor device of claim I, wherein said gate regions along said 

rows are continuous to fonn wordlines of said ceJls, and said lower regions along said 

columns are bitlines of said cells. 

3. The semiconductor device of claim 1, wherein said rows are separated from 

each other by row trenches, said column trenches being deeper than said row trenches. 
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4. The semiconductor device of claim 1, wherein said lower region isolates 

said middle region of said pillar from said substrate. 

5. The semiconductor device of claim l, wherein said gate region includes a first 

' gate oxide formed on said sidewall and a first gate electrode formed over said first gate 

oxide. 

6. The semiconductor device of claim 4, wherein said gate region includes a 

second gate oxide formed on said first gate e] ectrode and a second gate electrode fonned 

over said second gate oxide. 

7. The semiconductor device of claim 4, wherein said first gate electrode 1s 

completely insulated on all sides to form a floating gate. 

8. The semiconductor device of claim 4, wherein a thickness of said first gate oxide 

is small so as to allow direct tunneling of electrons therethrough. 

9. The semiconductor device of claim 1 :further comprising a strap located adjacent 

each of said lower regions to reduce a resistance of said lower regions. 

10. The semiconductor device of claim 1, wherein said gate region is common along 

pillars arranged· in sa1d rows, and separated from gate regions of pillars arranged in said 

columns. 

11. A method of fonning a semiconductor· memory cell comprising the steps of: 
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fanning an array of pillars arranged in rows· and columns, wherein said rows of 

pillars are in the bitline direction of the cell and said columns of pillars are in the wordline 

direction of the cell, each of said pillars having a body portion separating said lower and 

upper doped regions, one sidewall of said pillar extending between said lower and upper 

doped regions, and another sidewall of said pillar extending from said upper doped region 

to a region which js below said lower doped region thereby separating lower doped 

rcgio11s of adjacent pillars of said memory cell so that said lower doped regions of pillars 

arranged in said wordlin.e direction are not shared while said lower doped regions of said 

pillars in said bitline direction are shared. 

12. The method of claim 11, wherein the array fanning step includes the steps of: 

· etching column trenches separated by a feature size; and 

etching row trenches separated by approximately 120% of said feature size to 

expose said lower doped portions and to deepen said column trenches. 

13. The method of claim 12 further comprising the steps of: 

prior to the column trenches fozming stept forming a mask over said substrate 

arranged in columns; and 

prior to· the row trenches torrning step, patterning said mask columns to form 

mask islands. 

14. The method of claim 11 further comprising the step of! 

forming an insulating spacer between said sidewalls of adjacent pillar. 
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15. The method of claim 11 further comprising the step of: 

forming a gate region on at least one of said sidewalls of said pillars. 

16. The method of claim 15, wherein said gate region forming step includes the steps 

of: 

forming a first gate oxide on said sidewall; 

forming a first gate. electrode over said first gate oxide; 

fon11ing a second gate oxide on said first gate electrode, said first gate electrode 

being insulated to form a floating gate; and 

fonning a second gate electrode fonned over said second gate o:;icide. 

17. A method of fanning a semiconductor memory cell comprising the steps of: 

forming an array ofpiJlars on a· substrate arranged in rows and columns, wherein 

said rows of pillars are in the bitline direction of the cell and said columns of pillars are in 

the word.line direction of the cell, said pillars being separated by column trenches having 

a first depth and row trenches having a second depth which is less than said first depth; 

forming lower doped regions below said pillars such that said lower doped 

regions of pillars arranged ·in said wordlinc direction are not shared while said lower 

doped regions of said pillars in said bitline direction are shared; 

forming a gate region around at least one sidewall of said pillars; and 

forming upper doped regions on said pillars of said memory cell. 

18. The method of claim 17, wherein the array fonning step includes the steps of: 

forming mask lines over said substrate parallel to said columns; 

etching exposed portions of said substrate to form said column trenches; 
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patterning said mask _lines to form mask islands; and ....__, ______ -1 

etching said exposed portions of said substrate to form said row trenches and to 

deepen said column trenches. 

19. Tue method of claim 17, wherein the lower doped regions fonning step includes 

the steps of: 

forming an outdiffusion material on lower portions of said column trenches; and 

outdiffusing material from said outdiffusion material to fonn said lowei regions 

below said pillars. 

20. The method of claim 17. wherein said gate region forming step includes the steps 

of: 

forming a first gate oxide on said sidewall; 

forming a first gate electrode over said first gate oxide; 

forming a second gate oxide on said first gate electrode, said first gate electrode 

being insulated to form a floatiug gate; and 

fanning a second gate electrode formed over said second gate oxide. 
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4F-SQUARE MEMORY CELL HAVING VERTICAL FLOATING-GATE 

TRANSISTORS WITH SELF-AUGNED SHALLOW TRENCH ISOLATION 

ABSTRACT 

A densely packed array (200) of vertical semiconductor devices and methods of 

making thereof are disclosed. The array has columns of bitlines and rows of wordlines. 

The gates of the transistors act as the wordlines (225), while the source or drain regions 

acts as the bitlines (220). The array has vertical pillars (230), acting as a channel, 

formed between source {215) and drain (240) regions.· The source regions are self~ 

aligned (210) and located below the pillars. The source regions of adjacent bitlines are 

isolated from each other wichout increasing the cell size and allowing a minimum area of 

approximately 4F2 to be maintained. The isolated sources allow individual cells to be 

addressed and written via direct tunneling. in both volatile and non-volatile memory cell 

(205) configurations. The source may be initially implanted. Alternatively, the source 

may be diffused below the pillars after forming thereof. 

Fig. 8 
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