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SELF-ALIGNED DIFFUSED SOURCE WRTICAL 

TRANSISTORS .WITH STACK CAPACITORS IN 

A 4F~SQUARE MEMORY CEI1l1 AR1~AY 

Related Applications 

The following patent applications are assigned to the 

assignee hereof and· contain subject matter related to 

the sul?ject matter of the present patent. application: 

l.. U.S. Patent appJ.icat ion serial 'no. __ _ 

08n87,419 , entitled "4F-Square Memory Cell Having 
Vertical Floating-Gate Transistors with Self-Al i.gneil 

Shallow Trench Isolation", filed on even date herewith 
for Jeffrey J. -WELSER, Hussein I. HANAFI, Stuart: M. 

BURNS, and Waldemar w. KOCON; 

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, Hu~sein I. HANAFI, 

Stuart M. BURNS, Waldemar W. KOCON, and Howard r~. 

KALTER; and 

3. u. s. Patent ,,;flpplicat:i'on"; s~~ial no. __ _ 
08n87,418 , entitled 11 2F-_s<if~'~re Memory. c~1~~ Fo+ Gigahit 

Memory Applications", fil:ea on even·,.:d~te · h~rewith. tor 
..... .... .. ~ 

. ~ . . 
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Jeffrey J. WELSER, Hussein I. HANAFC, and Stuart M. 

BURNS. 

The contents of the above-listed patent application::; 
are incorporated herein by reference. 

BACKGROUND OF THE INVl•!NTION 

Field of the Invention 

The present invention is directed to densely pack~d 
vertical transistors in a 4F-square memory cell, and 
methods for making thereof, and more particularly# to 
memory cells having self aligned sources with stack 
capacitors formed over the vertical transistors . 

. · 
Discussion of the Prior Art 

There is much interest to scale down densely packed 

.semiconductor devices on an integrated circuit (IC) 
chip to reduce size and power consu1nption of the chip~ 
and allow faster operation. In order to achieve th.:! 
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 l 

shows a top view of a conventional-.array 10 of 
conventional erasable programmable read only memory 
(EPROM) devices 15, using vertical t:ransistors, such· 
as metal oxide silicon field effect transistors 
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(MOfiFETs) with a floating gate laye 1~. The 

conventional array 10 is described in the following 

two references. ·H. Pein and J.D .. Plummer, "A 3-D 

sidewall flash EPROM call and memory array", Electron . . . 

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

and J.p. Plummer, "Performance of the 3-D Pe:qcil Flash 

· EPROM Cell and Memory Array", IEEE ·rranslations on 

Election Devices, Vol. 42, No. 11, 1995, pp. 1982-

19~1. 

The conventional array 10 has rows of wordlines 20 .ind 
columns of bitlines 25. The size of a cell 27 of the 

array 10 is 2F by 2F+.6, leading to a cell.area of 

4F<t+2FA. · F is the minimum linewidth of the feature 

size that can be patterned with lithography. 2F is 

the cell size along the wordline 20, and 2F+A is the 

cell size along the bitline 25. Typically, A i~ 

approximately 0.2F, resulting in a eell area of 

approximately 4.F2+0.4F area achievable using 

conventional lithography. The. additional length A i.s 

necessary to separate adjacent wordlines 20. 

FIG 2 shows a partial perspective view of the array 10 

of FIG 1, and FIG 3 shows a cross sectional view of 

the vertical MOSFET 15 along a bitl lne 25. 

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

formed on a P-doped silicon substrate 35. The source 

30 is formed after etching the substrate 35 to form a 

vertical pillar 4o, referred to as the body of the 
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MOSFET 15. The pillar 40 acts as tl1e transistor 

channel and has dimensj ans of F by F, as shown in FI.Gs 

1 and 3. 

As a result of forming the source 30 after forming the 

pillars.40, the source 30 is formed around edges of 
the pillar 40 and is absent from a region 45 locateci. 

below the pill~r 40. Thus, the source 30 does not 

entirely occupy the footprint of the pillar 40. As 

shown in FIG 2, all the MOSFETs 15 of the array 10 

have.a common source 30, including MOSFETs of 
. . 

different bitlines 25 and different worcllines·20. /\s 

shown jn FIGs 2-3, the top of each pillar 40 is doped 

with N-type material to form n• drains SO of the 

vertical· transistors 15. 

A tunnel oxide 60 is formed around the pillar 40 and 

an oxide spacer 65 is formed on the source 10. Next, 

a polysilicon floating gate 70, gate oxide 75 and 

polysilicon control gate 20 are formed around the 

tunnel oxide 60. Note, control gates 20 of individual 

transistors along the wordline 20 are inter-connected·· 

to form the wordline 20. 

Because the polysilicon control gate 20 grows 

uniformly around each vertical MOSF'ET 15, the spacjng 

between MOSFETs 15 of adjacent rows is slightly larger 

than the feature size F, e.g., F+a, where 6.is 

approximately 0.2F. This separates adjacent wordlines 

20 by amount A, when polysilicon is grown up to a 

. ,. 
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distance of O. SF. This O. SF thick polysilicon laye 1: .. 
covers the top an~ sidewalls of the pillars 40, as 

.well as the oxide spacer 65 located on the substrat~ 

35 at the base of the pillars 40. 

The o.~F thick grown polysilicon regions at pillar 

sidewalls separated by distance F, along each wordline 

20, merge with each other. This forms the wordline~~ 

20 around a row of pillars that are separated by F. 

However, the O.SF thick formed polysilicon regions dt 

pillar sidew~lls separated by distance F+b do not 

merge. Rather, they remain separated by the distance 
. . 

A. At the base of the trenches located between thene 

polysilicon covered p~llar sidewalls that are 

separated by F+A, the oxide spacer GS is covered with 

the O.SF thick polysilicon. 

To separate adjacent wordlines 20, <i reactive ion et:ch 

(RIE) is performed that removes polysilicon for a 

thickness of O.SF. The RIE exposes the top.of the .· 
pillars 40, as well as the oxide spacer 65. at the bdse 

of the pillars that are separated by F+A. The exposed 

distance of the oxide spacer 65 is 6. Thus, the A 

,separation between adjacent wordlines 20 ensures tlldt 

control° gates 20 of adjacent wordljnes dre not shorted 

along the direction of the bitlines 25. 

As shown in FIGs 1 and 2, a first level metal forms 

bitlines 25 which are orthogonal to the wordlines 20. 
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The first level metal connects drains 50 of MOSFETs 15 .. 
along a common b~tline 25. 

The·· area of the cell 27 of .FIG 2, j s small because the 

substrate 35 is used as a common source 30 for all-the 

MOSFETs 15 of the array 10. FIG 4 shows a three 

dimensional view of another conventional array 90, 
• 
'which is similar to th~ conventional array 10 of. Flo 

2, except for having round pillars 95 instead of 

square pillars 40 (FIG 2}. As in the array lO·of F'IG 

2, the array 90 of FIG 4 has a common source 30. 

The memory function of each cell 27 is .ichieved by· 

C!harging or discharging the floating 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 floating gate 70 and the transistor 

channel or pillar-40 is fairly thick, having a 

thickness of at least lSOA. Therefore charging of the 

floating gate 70 must he achieved by flowing a large 

drain current. This generates hot electrons which r.an 

tunnel through the tunnel oxide 60, often referred to 

as hot-electron injection or channel hot electron 

tunneling. However, channel hot electron tunneling is 

not suitable for DRAM or "Flashn memory applications, 

because channel hot electron tunneling requires high 

power. This is particularly a problem in the high 

density arrays nec~ssary for ~bit memories. In 

.;. 

' 
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addition, tunnel oxide degradation caused.by hot 

electron tunneliz:ig is not tolei;able for applications 

that require frequent read/write operation~. 

If the tunnel oxide 60 is made thinner, e.g.·, s3 nm~ 

direct tunneling between the cn,annel 40 and floating 

gate 70 is possible. In contrast to hot electron 

tunneling, direct tunneling is faster resulting in 

fqster write and erase times, requjres much lower 

power, and minimizes tunnel oxjde degradation. 

However, because the sources 27 of all the MOSFETs are 

common, setting the bitline and wordline voltages· 

appropriately to write a single cell 27 can still 
i 

induce hot electron currents in neighboring cells 

along a wordline 20. This destroys any information in 

these cells and damageo their tunnel oxides 60. 

Hence, to make the conventional MOSFETs·1s useful for 

DRAM/Flash EEPROM applications, the cell must be 

modified to isolate the source regions 30 between 
. . 

adjacent bitlines 25. This allows use of di,rect 

tunneling read/write operations. Jo'urthermore, to 

achieve the packing density necessary for Gbit 

memories, the overali cell area must not be increased 

by these modifications. The cell area must remain 

approximately 4F-square. 

One method for achieving source· isolation between 

bitlines 25 is to pattern isolation lines 
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lithographica~_ly between the bitlin~s 25. Isolation 

is then be achiev~d by ~ither a loccil oxidation of 

silicon (LOCOS), recess~d-LOCOS, or conventional 
shallow trench techniques . 

However, such an isolation method requires 

lithography. Therefore inter-device 20 lines must he 

increased from F to at least 2F to avoid shorting 

adjacent control gates, or wordlines 20 along the 

bitlines. This increases the inter-device upacing 

along the bitlines 25 from l.2F to :~F. Thus, the 
overall cell size increases from 4F·=+0.4F to at leaut 

6F2 • Moreover, lithographic misalignments degrades 
device hehc1vio.-. Hencr!, pack.ing density and/or 

r 

performance is sacrificed in this scheme. 

To increase packing density, instead of forming the 
vertical MOSFET 15 having the pillar 40, an inverted 

transistor is formed in a trench etched into the 

substrate. Such transistor structu t·es <ire shown in 

U.S. Patent numbers 5,386,132; 5,071,782; 5,146,426 

and. 4, 774, 556. The transistors formed in Sl1cb 
trenches may be combined with additional planar 

,· 

devices, ·as discussed in U.S. Patent numbers 

4,964,080; 5,078,498. Other memory cells. have 
transi~tors wit:h a floating body, as discussed in U.S • 

.Patent number 5,382,540. Another conventional memory 

ce·+l, disclosed in U.S. Patent number 5, 017, 977, does 
not have separated burjed bitlines between 
transistors. Such conventional cells fail to achieve 
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maximum packing density due to non-self-aligned 

isolation techniques, or require complex pz:ocess.ing 

methods for fabrication, e.g., selective ep~taxial 

growth, which methods are not suitable for large_-scale 

production. 

Instead of using the vertical devices of the memory 

cell 27 as an EPROM, the vertical transistor is· 

without a floating gate, in conjunction with a 

capacitor, can also be used for DRAM applications. 

FIG 5 shows a schematic of a typical DRAM cell 100 

having a- field effect tran-sistor ·(FET) i'os· and a 

storage capacitor c.. The gate of the FET 105 acts as 

the wordline W/L. A bitline B/r.,, in counect"P.d to 01u! 
I 

terminal of the FET 105, which terminal is the source 

or drain of the DRAM, depending on application. The 

other DRAM terminal is connected to a storaue node LlO 

of the storage capacitor Cu. The other terminal of 

the storage capacitor C,1 is referrerl to as a plate 

115. 

When the FET 105 is turned on by an appropriat~ signal 

on the wordline W/L, data is transferred between the 

bitline B/L and the storage node lJ O. 'l'he standard 

one transistor, one capacitor cell lOo,· ~hewn in FIG 

5, has a theoretical minimum area of SF"' for a folded 

bitline, or 4F2 for an open bitline architecture, 

shown in FIGs 6 .and 7, respectively. 
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FIG 6 shows a top view of a conventional folded 
.bitline DRAM cell 120 having .. active and passing 
bitlines. B/L, B/L', respectively,· a.n¢1·.active and 
passing wordlines W/L, W/L', respectively. The woni 
and bit lines each have a width F. The bit and word 
lines are separated from adjacent bit and word lines 
by a width F. Thus the area c;>f the folded bitline 
DRAM cell 120 is 8F2 • 

FIG 7 shows a top view of a conventional open·bitljne 
DRAM cell 150, having a bitline B/I .. and a wordline 
W/L,.each having a length F and being separated from 
adjacent lines of adjacent cells (not shown) by a 
length F. Thus, the area of the open bitline DRAM 
i 

cell 150 is 4p.z. 

Due to the. need for contact and isolation spacing, i.n 
conventional designs that use planar transistors, jt: 
is only possible to obtain these minimum· cell sizes by 
creating sub-lithographic features at some ·1evel. In 

addition, if a minimum cell size is to be obtained, it 
is necessary to reduce the length of the transistor 
105 of FIG 5 as much as possible (down to F). This 
reduces the gate length. However, shorter gate 
lengths result in higher leakage currents. which cannot 
be tolerated. Therefore, the voltage on .the bitline 
must be scaled down accordingly. 'I'his reduces the 
charges stored on the storage capacitor c., thus 
requiring a larger capacitance to ensure that the 
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stored charge is sensed correctly, for example; to 
indicate log~c 1 or o. 

Increasing the capacitance of the storage capacito1· c. 
is achieved by either increasing the capacitor area, 
or decreasing the effective dielectric thickness 
located between the capacitor plates. Increasing the 

capacitor area is becoming more difficult to do 

without also increasing the cell _size, and hence 

defeating the purpose of shortening the gate in the 
first place. 

-Further reducing the dielectric thickness is also 
difficult, since the thickness of many conventional 
dielectrics has already reached a minimum practical 

thickness. To further reduce the dielectric 
thickness, alternative dielectrics with higher 
dielectric constant have been explored. While such 
alternate dielectrics··contribute to solving the 

problem of low charge storage resulting from the 
decreased bitline voltage, further bitline voltage 
reductjon is limited by the maximum achievable 
dielectric constant. Accordingly, to further reduc..:e 

the bitline voltage, an alternative to reducing the 
gate length of the transistor 105 is necessary . 

. . · 
In light of the foregoing, there 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 

This I if ii llii1iil1ii\aced 
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direct electron tunneling, instead of programming b}' 

channel hot electron tunneling. 

There is also a need for a memory cell having a proper 

gate length and capacitor, without increasjng the 

lateral area of the cell. 

SUMMARY OF THE INVENTION 
.· 

The object of the present invention is to p~ovide a 

memory cell array, and a method of making thereof, 

that eliminate the problems of conventional memory 
• 
cell arrays. 

Another object of the present invention is to provide 

a memory cell having a stack capacitor such that 

additional cell area is not consumed by the stack 

capacitor, by capacitor contacts, or by transistor 

contacts. 

Another object of the present inv~ntion is to provjde 

a memory cell array, and a method of making thereat, 

that has isolated sources on adjacent bit lines of the 

array without increasing the cell area. 

Yet another object of the present invention is to 

provide a memory cell· array, and a method of making 

thereof, that has self-aligned isolation trenches 

between adjacent bit" l:i.nes of the array. 

This Sheet Has Been Replaced 

I lllllll IHll\ \Ill Ill Ill\ 
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An additional object.of the present inventjon is to 

provide· a memory _cell having a proper gate length and 
capacitor without increasing the cell laterdl area. 

A further object of the present invention is to 

provide a memory-cell that prevents charge 

accumulation in the body of the cell. 

~other object of the present invention is to provide 
a memory cell having self aligned continuous sourcE: 
regions along bit lines of the cell array, without 
completely isolating ·the body of the cell from the 

underlying substrate. 

A still further object 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 increasing the lateral area of 

the memory cell. 

These and other objects of the inventions are achieved 
by a semiconductor device and a method of making 

thereof. The semiconductor device may be a vertical 

MOSFET. semiconductor device. The semiconductor device 

is fabricated on a semiconductC?r pillar etched from a 
substrate which may be a single crystal substrate, for 
example. A diffused source region at is formed at the 

base of the pillar. Alternatively, the source and 
drain regions are implanted or epitaxially grown. 

····-······-·-··-·· -··· -··- ·-·-------··· ...... . -···--· --·-· ·--· 

I . 
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In addition, an array of these pillars is formed with 

self-aligned isol,ation. The vertical memory device 

comprises a heavily-doped region on an upper portion 
of the pillar, followed by a body region with the 

opposite doping type, then followed by the heavily-· 

doped ~ource region fQrmed , for example, by 

implantation or by outdiffusion from either heavily­

doped oxide, polysilicon, or other suitable material 

d~posited between columns (i.e., bitlines) in rnemoiy 

array. 

Depending on the amount of soui·ce outdiffuslon from 

the material, the body of the pillar transistor may or 

may not maint.ain electrical contact with the 
underlying substrate. The source outdiffusion 
material may or may not be removed subsequent to 
annealing, and in the· case of polysilicon, or other 

highly conductive source materials, this material may 

acts as a buried "strap", reducing the resistance of 

the diffused source region. 

The doped regions at the base of each pillar in the 
array are separated by s.elf-aligned isolation formed 
by a two step trench etch, oxide deposition, chern­
polish, and RIE etchback following the diffused source 

formation. 

The vertical transistor, e.g., MOSFET, acts as the 

transfer device, while the stack capacitor acts as the 
storage node of a. one transistor/one.capacitor·oRAM 
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cell. Since the array has isolated source regions 

between the bit lines (i.e., columns), the following 

three architecture.a. are formed: an open bitline 

archite_cture, where the plate electrode is common to 

all the storage nodes; an open/folded architecture, 

where the plate electrode is common to only storage 

nodes arranged in a column or bitline, i.e.) different 

bitlines or columns have different plate electrodes; 

and a folded architecture with two wordlines that pass 

through each cell having stacked transistors, ~here 

one wordline is active and the other is passing for 

each cell. 

Pillars·may be formed using a two-step etch process 

which etches trenches in orthogonal directions. This 

etch process creates pillars with a more rectangula1· 
' cross-section, (versus the circular pillars formed l·y 

a single-step etching,) and allows the height of the 

pillar to vary on adjacent sides, dependent on. the 

etch depth for each trench. 

The source regions between columns (bitlines) are 

separated by etching t:he bitline trenches deeper th.::m 
the orthogonal wordline trenches. The two step etch 

thus maintains the continuity of the buried diffused 

source regions, as well as any additional.strapping 

material still in place, along the array columns for 
use as buried bitlines for cell access. 
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The two-step etch may etlso be used for the common 
source configurat~on, j f a rectangular pillar ci:oss -
section is desired, by completing both etch steps 
prior to source information. If a floating transistor 
body is desired, the source may also be foi·med prioe 
to all processing steps by implantation into a 
suitably-doped substrate, which may include epitaxjdl 
layers. 

The main body of each pillar is encircled by a· gate 
stack which comprises a dielectric layer, ~.g., 

sil~con dioxide, referred to as a control oxide. 
Next, a control gate made of polysilicon, fo'r example, 
is formed around the gt1te oxidt:!. 

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 sil:i.cidation}, js 
deposited on the array to conn_ect pilla es a long each 
row, (or wordline) of the array, orthogonal to the 
bitline direction. This polysilicon is the control 
gate. The pillars in the array may be separated by 
slightly different amo_unts in the bitline versus 
wordline directions. 

For example, the pillars are separat~d by a distanc:e F 
along the wordline direction, and by a distance F+A 
along the bitline direction. 1'he additional spaci11<J ·A 
allows the gate ma~erial (or control gate) to be 
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separated between adjacent wordlines by etching alone, 

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

wordlines are separated by forming the polysilicon 

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

pillars, including the trencheH therebetween, and then 

etching O.SF thick horizontal polysilicon located on 

top cif the pillars and at the base of the wordline 

trenches. The etched polysilicon at the base of the 

wordline trenches has a width of ll, and upon removal 

thereof results in the wordlines being separated by 

the distance A. If the pillars are egui-spaced in 

both directions, an adrlitional mask can be used to 

separate the gate material in c>ther desired 

directions. 

A stack capacitor is formed on each of the pillars 

over the upper regions. Each of the ·stack capacitors 

have a storage electrode formed over the upper regjon, 

a dielectric layer formed over the storag·e node, and a 

plate electrode formed over the dielectric layer. In 

one embodiment, the plate electrodes are inter­

connected to form a common plate electrode of the 

stack capacitors. This is referred to as an open 

architecture. 

In another embodiment, referred to as an open/folded 

architecture, the capacitor plates are connected only 

along a common bitline to form a bjtline compliment 

In yet another embodiment, referred to as a folded 

architecture, instead of one transistor, two 
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transistors, one passive and one active, are formed 

below the stack capacitor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Further features and advantages of the invention wj 1.1 

become more readily apparent ,from a consideration of 

the following detailed description set forth with 

reference to the accompanying drawings, wh:i.ch specify 

and show preferr~d embodiments of the invention, 
wherein like elements are designated by identical 
references throughout the drawings; and in which: 

FIGs 1-2 show top·· and perspective views of a 

conventional aiiray of memory cells; 
.· 

FIG 3 shows·a cross-sectional view of a one of the 
conventional memory eel ls shown in the array of FIG:; 

1-2 along a bitline; 

FIG 4 shows a schematic of another conventional arr<lY 

of memory cells; 

FIG 5 shows a schematic of a conventional DRAM cell; 

FIGs 6 and 7 show top views of conventional folded .-md 
open bi.tline DRAM cells, respectively; 

FIG 8 shows an array of memory cells according to one 
embodiment of the present invention; 
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FIG 9 shows the array of FIG 8 after dielectric fill, 
chemical polish and etc:hback according to the present 
·invention; 

FIGs 10 and 11 show cross sections of the 'memory cell 
of FIG 9 along the wordline and bitline directions, 
respectively, according to th~ present invention; 

FIGs 12-14 show a method of forming the array shown in 
FIG 8 according t·o the present invention; 

FIGs 15-l.6 show an array of memory cells with and 
without·strap lines according to another embodiment of 
the present invention; 

i 

FIGs 17-26 show a method of forming the array shown in 
FIGs 15-16 according to the present invention; 

FIGs 27-28 show an array of memory cells with and 
without strap lines according to a further embodiment 
of the present invention; 

FIGs 29-32 show a method of forming tl?-e array shown in 
FIGs 27-28 according to the present inventjon; 

FIG 33 shows a memory cell having a stack capaci to1· 
according to another embodiment of the present 
invention; 
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FIG 34-35 show different embodiments of the stack 
capacitor shown in FIG 33 according to the present 
invention; 

FIG 36-44 show a method of forming an array of memoL·y 
cells each having a trench capacitor for open bitljne 
and open/folded architectures according to another 
embodiment of the present invention; 

FIGs 45-50 show a method of forming an array of memory 
cells each.having a trench capacitor for 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 folded bitljne 
architecture according to another embodiment pf the 
present:. invention; 

FIG 52 show an array of memory cells having two 
transistors per pillar according to another embodim~nt 
of the present invention; and 

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

DETAILED DESCRIPTION OF THE INVENTION 

4F2 Memory Cell 

_,. 



-21-

FIG B shows an array 200 of men~ry cells 205 according .. 
to one embodiment of the prese11t invention. 

Illustratively, the memory cell ~.-OS is based on a 

MOSFET. •rhe array 200 has self-aljgned shallow 

trenches 210 that isolate and separate self-aligned 

sources 215 of different bitlines 220. The array 200, 

and a method of making thereof, circumvent the 

difficulties with lithographic source isolation 

without increasing cell area. The isolated trenches 

210, which may be referred to as.bjtline trenches, are 

parallel to the bitlim~s 220, and orthogonal to the 

wordline 225. 

The array structure 200 maintajns cl common source :.! 1.5 

along a given bitline 220, while having separate 

sources 215 on adjacent bit lines 220. The source 2 ~.5 

of each cell 205 is se]f-aligned. Therefore, 

additional masking steps are not necessary and there 

is no possibility of misalignment that degrades device 

behavior. Moreover, any planar support device along 

the edge of the array 200 can be isolated usini the 

same shallow trench etch step, simplifying the overall 

process. 

Each memory cell 205 is.a vertical transistor having a 

pillar 230 extending upward above the substrate 235. 

The substrate is a single crystal semiconductor 

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

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

regionD of each pillar 230 are doped, e.g., with N 
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type material, to form drain and source regions 240, 

21s,-·respectively •. Tpe middle region of each pilla1: 

230, between the drain 240 and source 215, is light"Jy 

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

MOSFET channel between the N-type source and drain 

regions·. 

FIG B also shows a top mask layer 245, such as an SiN 

layer 245 formed over the drain 240. The top mask 

layer 245 is used for forming the pillar 230. Bach 

pillar 230 has a .dimension of Ii' by Li' along the 

wordline 225. Adjacent pillars are separated by a 

distant F along the wordline 225, and a distance F-t·A 

along the bitline 220, where ll is approximately 0.21<'. 

FIG 9 shows the array 200 after dielectric fill 250, 

chemical pol_ish and etchback. Illustratively, the 

dielectric 250 used to fill the tre11che8 210 is an 

oxide, such as oxides of silicon. The outer surface 

of each pillar 230 has a control 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 the bitlines 220 and t:he 

sources 215 act as buried bitlines. 

FIGs 10 and 11 show cross sections of the. memory cell 

205 along the wordline and bitline directions.312, 

314, respectively. As shown in FIG 10, the source 215 

is completely self-aligned and completely fills the 

region below the pillar 230. In addition, the source 
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215 is separated from sources of MOSFETs of diffen:nt 

bitlines by the ~hallow trenches 210. 

Since the source 215 is completely self-aligned below 

the device pillar, there is less source/gate overlap 

between bitlines 220 (FIG 9). This reduces the 

overall capacitance of the array 200. 

A gate region is formed on a sidewall of the pillar 

230 over the pillar's middle region, 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 region may also be fornJed 

on at least one sidewall of the pillar 230 over the 

pillars middle region. Alternately, the gate region 

is a wrap-around gate formed on all the pillar 

sidewalls, over the pillar's middle region. 

Illustratively, the gate region con~rf ses a tunnel 

oxide 260 formed around the pillar 230, followed by a 

first gate electrode, which may_be isolated on all 

sides to form a floating gate 265. The vertical 

MOSFET 205 with a floating gate may be used for memory 

applications. A gate oxide 270 separates the floating 

gate from a control gate 275. The control gate 275 

acts as the wordline 225. Illustratively,. the 

floating and control gates 265, 275 are polysilicon. 

As shown in FIG 11, the source 215 is continuous along 

a given bitline. · The oxide 250 used to fill the 
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trenches 210 (FIGs 8-10), also f.orms the necessary 

spacer 280 betwee~ the poly gates 265, 275 and the 
source region 215 along the bitline direction 314 
without any additional processing steps. In additjon 

to preventing source/gate shorting, the spacer 280 

also reduces the source/gate overlap capacitance. 

Placing the source below the pillar 230 also produces 

a floating body MOSFET with a wrap-around gate.. This 

is similar to the dual-gate MOSFET structure siinulat:ed 
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. Electro· . Devices Meeting, 1992, 

p.553. In these simulations, it is shown that the 

dual-gate MOSFET offers greater scalability to short-. 

gate lengths than MOSFET designs. Devices with 
effective gate lengths as short as 30nm were simulated 
and shown to have well-behaved characteristics. The 

improved gate control offered by a dual (or wrap­

around) gate structure inhibits the onset of 
deleterious short-channel effects, including threshold 

rolJ~·-off and drain induced barrier lowering. 

A method to form the array 200, wit.h the self align«Jd 

trench isolation, comprises the following -steps: 

I. As shown in FIG 12, which is a cross 

sectional view along the wordline direction 312, 

source .and drain regions 215, 240 are formed by 
subjecting the substrate 235 to blanket implants of 
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ions 310. Note, the source implant 215 is a deep 

implant at a depth.of approximately 350 nm. If 

necessary, a photoresist mask is·used during this step 

to protect the edge a~eas where planar support devices 

may be fabricated. Alternatively, epitaxial growth 
. ,. 

may be u(:Jed to form the source and drain regions 21!>, 

240. 

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

a nitride mask, is deposited across the implanted 

wafer or substrate 235, and patterned in parallel 

lines across the array region in a direction parallel 

to the bitline direction 314-. These nitride lines 290 

have a width F, and are separated f1:om each oJ;her by a 
I 

spacing F. The nitride lines 290 define the pillars 

for the vertical MOS devices along the hitlines. 

III. Shallow trenches 210 having a depth 

315 of approximately 3·00 ·nm to 500 nm are· formed by 

etching, e.g., reactive ion etching (RIE), the 

substrate 235 located between the nitride lines 290. 

The etch depth 315 is just greater than the total 

spread of the deep source implant 215, as this 

topography will be translated down ln a subsequent 

etching step to separate the sources 215 between 

adjacent bitlines. 

IV. As shown in FIG 14, the nitr i.de lineH 
or strips 290 µre patterned to form nitride regions 

245 along the bitlines. ~ach nitride region 245 is 
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square having an F by F dimensjon, and is separate by 

length F+A from adjacent nitride re::gions 245 along the 

bitline direction 314. For clarity, only one nitrjde 

region 245 is shown in FIG 14. The spacing F+A 

between nitride regions 245 along the bitline 

direction 314 is larger than the spacing F along the 

wordline direction 312 to prevent the gate·s from 

shorting between wordlines. This ]s also shown in FIG 

8. 

V. Returning to FIG 8, another etching step 

in performed, e.g., RIE, to form the final pillar 

shape. The depth 320 of this etch, which is 

approximately 350nm to SOOnm'- i.s set to just reach the 
I 

deep implanted source regions 215, on the plateaus 325 

between pillars 230 along each bitline 220. This 

second etch translates the trenches 210, which are· 

located between the bitl_ines 220, down to a total 

depth of about 700 nm· to 11zm. The deep bit line 

trenches 210 disconnect the sources 215 in the 

wordline direction 312. 

This two step etch process of stepr..; III and V forms 

square pillprs, which are advantageous compared to 

circular pillars that may be formed by a .single etch 

process. In addition, the two etch process allows the 

height of the pillars to vary on different sides du~ 

to the different depths of the column or bitline 

trenches 210, located between t:he hitlines 220, and 
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the row or wordline trenches 430 located between th~ 

wordlines 225. 

The two etc~ process maintains the· continuity,. alonr1 

the array columns (or bitline direction),. of the · 

buried source regions 215, as well as the continuity 

of anY: additional strapping material 460 to _be 

described in connection with FIG 16. This allows use 
.· 

of the source regions 215 as buried bitlines for cell 

access. 

. . 
Since the source regi_ons are implanted prior to 

formation of the pillars, the source regions occupy 

the entire foo~print of the pillars. This isolates 
I • 

the pil.lar body from the underlying substrate 235 

resulting in a floating body transjstor. In other 

embodiments to be described hereinbelow, where the 

pillar body remains in contact with the underlying 

substrate 235, as shown in FIG 20, the source-regions 

405 are formed by outdiffusion of dopants f rorn a 

material 460 lining sidewall portions of the column 

trenches 210. .Alternatively, the source regions 40'.> 

are formed after pillar formation. 

VI. Returning to FIG 9, all the trenches 

are filled with an insulating or dielectric material 

250, such as an oxide for example. Next, the wafer is 

_planarized to achieve a planar surface, using chemical 

polishing for example. At this point, the surface 1>f 
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the wafer comprises islands of nitride 245 on top C1f 

each pilar 230 s~rrounded by oxide 250. 

VII. A final etch stop, e.g., RlE, is 

performed to expose the pillar walls prior to gate 

stack formation. Note, this step,..only etches oxide, 

not silicon. The etch is ~imed to stop approximately 

30'40 nm above the Si plateau ·325 (FIG 8) between the 

pillars 230 along the bitlines 220. As shown in FIGs 

9-11, the oxide layer 250 acts as a spacer 280 hav.i ng 

a thickness 330 of approximately 30-40 nm. 

The spacer 280 separates the gates (both the floating 

;and control gates 265, 275, shown in FIGs 10-11) f.i·om 

the source implant 215. This prevents the gates 265, 

275 from shorting to the source 215. The thickness 

330 of this spacer 280 is chosen to minimize 

gate/source overlap capacitance, while not allowin~t 

any underlap to occur. 

VIII. Any remaining oxide.on the pillar 

sidewalls is removed, to result in the array 200 shown 

in FIG 9. At this point, the pillars 230 and 

source/drain regions 215, 240 may be annealed, and a 

conventional floating gate process performed to finish 

the device. As described below, the final device 

cross sections are shown jn FIGs 10 and 11. 

Next, a gate structure is formed around the pillarB 

230. Forming the. gate structure includes the steps of 
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forming a gate region on one sj dewcill, at least tW<• 

sidewalls, or on all the sidewalls of the pillar, over 

the pillar's middle region, between the source and 

drain regions, 215, 240 .. 

As shown j n FIGs 10-11, forming th<'! gate region 

includes the .steps of forming a tunnel oxi.de 260 over 

sidewall(s) of the pillar's middle region; forming a. 

first gate 265 over the tunnel oxide, which first gate 

265 may be insulated to form a floating gate; forming 

a gate oxide 270 over the floating gate 265; and 
forming a control gate 275 ove1· the gate oxide 270. 

Illustratively, the tunnel and gate oxides 260, 270 

are silicon dioxide which may he thermally grown; c1nd 

the floating and control gates 265, 275 are conductive 
material, such as in-situ, heavily doped polysilicon, 
with or without silicidation. 

FIGs 25, 26 show cross-sections of a memory cell 400, 

such as a floating gate verticc1l MOSFET used as an 

EEPROM, along the word and bit line directions 312, 

314, respectively, according to another embodiment of 

the present invention. The EEPROM 400 is similar t.o 
the EPROM 205 shown in FIGs 10, 11 except the souree 
405 does not isolate the body of the pillar 230 from 

the underlying substrate 235. The body of the pillar 

230 is the middle portion of the piilar 230, between 
the source and drain regions 405, 240. Continuity 
between the pillar body and underlying substrate 
preyents charge buildup in the pillar body. Of 
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course, source outdiffusion may be continued until the 

source is forme~ completely below the pillar 230, 

separating the pillar body from the underlying 

substrate 235 to form a floating pillar body. 

The source 405 is formed by outdiffusion from a source 

material 460. The source material 460 may be 

polysilicon or another highly conductive material, and 

acts as a buried strap to reduce the resistance of the 

diffused source region 405. Alternatively, 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. 

FIGs 15-16 show an array 420 of vertical memory 

devices 400, such as floating-gate MOSFETs, formed by 

a self-aligned source diffusion and isolation process. 

The isolation oxide 250, 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, wl1ere each array column or 

bitline 220 has a common self-aligned diffused source 

region 405. The buried bitlines 220 are formed solely 

by·outdiffusion from a source material 460 (FIG 16), 

which may be removed after forming the sources 405. 

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

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

place after source outdif fusion to reduce the 
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resistance of the buried b] tlines 220 (or source 40'>). 

In FIGs 15 and 16, the square shape of the pillars ~30 

is due to the two-step etch process previously 

described. The body of the transistor pillars is 

still in contact with the substrat~ 235, since source 

outdiffusion 405 has been limited to prevent joinde:1· 

of source regions 405 from opposit~ sides of each 

pillar 230. If a floating body transistor is desii·cd, 

where the body of the pillar is isolated from the 

unde~lying substrate 235, annealing is performed fo1· a 

longer time foa: further ouldif f:usion from the sourc··: 

material 460 (FIG 16), so that the source regions 4U5 

from opposite ~ides of the pillars meet. 

Alternatively, as describe in connection with FIG 12, 

source implantation may be performed prior to array 

fabrication that forms the pillars. 

Note, that while a floating pillar body is undesirable 

for many applications due to the accumulation of 

charge in the transistor, it has advantages such as 

decreased drain-induced barrier lowering (DIBL), which 

may offset the disadvantages in some applications. 

In FIGs 15-16, source diffusion regions 405 betwee11 

neighboring bitlines 220 are isolated from each ot11~r 

by further etching to form deep trt-nches · 21 o, whicl 1 

are between the bitlines 220 and r~ferred to as 

bitline or column trenches. The cnlumn trenches 210 

are etched deeper than trenches 43 o located betwee11 

' 
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the wordlines 225, which trenches are referred to as 

wordline or row trenches 430. If desired, a commo11 

sourc-a (i.e., a source common lo all the word .and 

bitlines), may be achieved by etching both trenchef; 

210, 4.30 to the same depth prior to source formation. 

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

and etched to form a spacer 280 that separates the 

buried bitlines 220 from the wordl.ine 225. The spacer 

280 is shown in FIG 23. As described earlier·,· a dJ ain 

24.0 is formed on top of each pillar 230. In addition, 
as described jn connection with FIGs 10-11, a gate 

structure is formed around each pillar 230, where the 
control gate 275 acts as the wordl ·i ne 225. The ga t e 
structpre may include a tunnel oxide 260, a floating 
gate 265, a gate oxide 270 and the control gate 27~. 

As described earlier in connection with FIG 8, no 

lithography is necessary to separat·e adjacent array 

rows or wordlines 225. This is because the spacing 

F+A between wordlines 225, is great er than the spac· i.ng 
F between array columns or bitl.inet.1 220. 

The process steps that form the array 420 of .FIGs :is-
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 describeq in 
Step II of the previous process, njtride 290 is 
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deposited on the substrate 235 and patterned to fOl 111 

parallel lines alc;:mg the bitlines. The nitride st1·i.ps 

290 each have a width F, and are SE":parated from each 

other by a distance F. As shown in FIGs 17-18, a thin 
pad oxide layer 450 may be fol;'med on the substi·ate 235 

prior to forming the nitride layer 290. 

Illustratively, the nitride layer has a thickness of 

approximately 500 nm, and the pad oxide layer 450 has 

a thickness of approximately 25 nm. 

(b) Similar to Step III of the prior 
procesu, the exposed substrate 235 located between t:he 

nitride strips 290 is etched, e.g., using RIE, to tc)rm 

shallow bitline trenches 210 betwee:n the nitride ljnes 

290. Thj.s is shown in FIGs 13 and 17. The etch depth 

455 is deep enough to contain the txpected draj:n 
implantation depth, the desired gate length, and tlt~ 

buried bitline diffusion depth. Illustrc:ttively, the 
depth 455 of the trench 210 is approximate] y 700 nn1. 

(c) As shown in FIG 17, source outdiffusion 
material 460 is deposited on the wafer, lining the 
sidewalls of the trenches 210. FIGs 17-18 are the 
cross-sections along the wordline and bitljne 

directions 312, 314, respectively, of a structure 
similar to that shown in FIG 13, after forming and 

recessing the source outdiffusion material 460 in the 

shallow bitline trenches 210. FIGs 17-18 also show 
the pad oxide and nitride layers 450, 290 that are 

formed over the substrate 235 . 
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For the illustrative example where the substrate js P­

type, the source and drain are doped with N-type 
. . . 

material. Illustrc::.tively, the source outdiffusion 

material 460 is arsenic glass (ASG) in the case where 

the source outdiffusion materjal 460 is removed after 

the outdiffusion that forms the 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 460 is heavi·1y doped 

N-type polysilicon, for example. This poly layer ~60 

is then etched back to recess it into the trenches 

210, leaving sidewall formations having a height 462 

tliat extend approximately 250 nm up the si9ewalls of: 

the trenches. If this etchback is done by using 

photoresist to protect the remaining polysilicon from 

etch damage, some poly is also left on the bottom of 

each trench 210. 

(d) After the polysilicon 460 etchback, -the 

wafers may be annealed to begin outdif fusing the 

source regions. Note, this is necessary if the 

polysilicon 460 or other source material will be 

removed prior to source isolation.· However, annealing 

is not necessary if the polysilicon 460 .is left in 

place, since subsequent hot processes 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. 
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(e) As shown in FIG 19, pillar definition 

is completed and wordlines formed by patterni~g the 

r.d.tride lines 290 to form nitride j slands 245, which 

are formed using mask lin~s having a width F ~hat are 
perpendicular to the trenches 210. This results in 

square nitride islands 245 having a dimension of F hy 

F. Note, the inter wordline spac~1~g is F+A, where A 

is on the order of· approximately of O. 2F. ·rhe 

additional spacing A keeps the gates from shorting 
between wordlines without further lithography. · 

Cf) As shown. in FIGs 19-22, a second RIE 

step is performed to etch the final pillar shape, 
using the square .nitride islan.ds 24 5 as a mask. The 

' 
depth 470 of this etch, shown in FlGs 20-21, is set to 

just reach the diffused source regjons on the plateaus 
475 (FIG 21) between pillars 230 along each bitline. 

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 17-18). In addition, 

the etch further recesses the polysilicon 460 and 
remove polysilicon 460 from the bottom of t.he b.itljne 

trenches 210. The depth of the bit.line trenches 2JO 

increases by the additional depth 4 70 resulting froi11 

this second etching step. This d:i,sconnects the 
sources 405 between bitlines (along the wordline 

direction 312) . 
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The two etch steps (b) and (f), foJ·m pj llars that have .. 
square edges, as _opposed to mo1·e rc_>unde:d edges formed 

by a single etch pillar forming Stl:· .. p. In addition, 

the two etch pillar forming procesH allows different 

.heights for adjacent pillar siclewal ls clue to the 

different depths of the orthogc)nal trenches 210, 430 

(FIG 15). 

FIG 22 shows a three dimensional vjew of the array 420 

at this stage of processing, associated with FI Gs ~~o, 

21. 

(g) Referring to FIU 23, all the trench~~ 

are filled with oxide 250, or other sujtable isolation 

material, and the wafer is chem-polished back to 

achieve a p~anar surface. At this point, the surface 

of the wafer comprises islands of 11itri de 245 on t'•P 

of each pillar surrounded by oxide 250. 

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

performed to expose the pillar walls p1·ior to gate 

stack formation. Note, this step only etches oxide, 
. . 

not silicon. The etch is timed to stop at a desin::d 

distance 330 above the Si platt:!au 1 ocat ed between the 

pillars along the bitlines 220. The oxide layer 250 

acts as a spacer 280 to separate the poly gates or 

wordlines, which are formed subsequently, from the 

source regions 405. This prevents the gates from 

shorting to the sources 405 . 

. · 
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The thickness 330 of this layer is chosen to minimize 

gate/source overlap capacitance, while not allowing 

any underlap t~ occur, and is determined by the amount 

of source outdiffusion in a gjven device design. 

Illustratively, the thickness 330 js approximately 30-

40 nm. Steps (e) - (h) are si_mi-lar to steps IV-VII of 

the process described in conn~ction with FIGs ·8, 9, 

14. 

As described earlier beginning with step VIII~ the 

gate stack is formed after removal of any remaining 

oxides on the pillar sidewalls. In particular, the 

·following steps form the gate stack and complete the 

.formation of ·the array 420 shown in FIGs 15 and 16. 
I 

(I) As shown in FIGs 24-26, the gate stack 

is formed on the exposed pillars, above the isolation 

oxide 250. An initial dielectric layer 260, e.g., 

thermally grown silicon dioxide, referLed to as the 

tunnel oxide is grown, followed by formation of the 

floating gate material 265, which is capable of 

storing charges. Illustratively, the floating gate 

material 265 is amorphous silicon, silicon rich 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 

dielec~ric layer is a deposited silicon dioxide, 

referred to as the control or gate oxide 270. 
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(j) Next, the control gate 275 is formed 

using a conducti:ve gate material, e.g:·, in-situ 

heavily doped N-type polysilicon, with o~ withc:~1t 

silicidation. The conductive gate material ls 

deposited with a thickness of just over O.SF, 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 

devices along a wordline (to form a continuous 

electrical connection), while allowing them to be 

separated along a bitline. 

Due to the additional width A of the wordline 

trenches, having a width of F-1·'1 between pillars alc>ng 

the bitline direction, a width A of the polysilicon 

(poly) 275 formed at the bottom of the wordline 

trenches remains exposed. Thjs is because ·the 

approximately O.SF thick poly 275 formed on the 

wordline trench sidewall remain separated by the 

dis.tance fl. 

Etching a thickness of O.SF of the poly 275, removes 

th.e o. SF thick poly 275 from t.he top of the pillar:-;. 

In adaition, this etching removes the l1 wide exposed 

poly at the bottom of the worcUine trenches. The 

removed poly at the bottom of the wordline trench .i.s 

shown in FIG 26 as region 277 having dashed lines. 

Thus, the bottom connection of adjacent wordlines is 

removed, resulting in isolated adjacent wordlines. 
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Due to the additional spacing A, adjacent wordlines 

275 are separated or isolated f:r<'.>m each other by this 

RIE step without requiring l~tl1ogr<1phy. 

FIG 24 shows a top view of the array 420. Between the 

polysiliqon control gates 275 that form the wordliues, 

which are separated by distance A, alternating strap 

and substrate regions 460, 235 are shown. In FIG 24, 

the oxide layer 250, or spacer 280 (shown in FIG 23), 

is omitted for clarity, which l aye1·/spac.er normally 

covers the alternating strap and strbstrate regions 

460, 235 located between the wordljnes or control 

gates 275. 

(k) As shown in FIGs 25, 26 all layers or: 

the gate stack are then RIE etched. This separates or 

isolates adjacent wordlines by distance~ (FIG 26). 

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

additional mask is used to separate the;: control gate 

material 275 in the desired directjons. 

(1) As shown in FIGs 24-26, to complete the 

device fabrication, the nitrid~ islands 245 (FJG 2:3), 

located on top of the pillars 230, are removed and 

drain ·implant 240 is performed. I11 FIG ~4, the dol ted 

lines 4 90, which are parallel to tl1e source or burj ed 

diffused bitlines 405, represeut me-:tal bitlines fOlmed 

during back-end-of-line proces11ing for connecting 1 he 

tops of the pillars 230. The 111eta] bit lines 490 a1·t: 

also shown in FIGs 15, 16. 
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The source isolation and general m1.:mory eel l struct ure 

discussed above are applicable for both volatiJ e aud ·· 

non-volatile_ memory devices. 'rhe structure of the 

floating gate stack largely determines the memory 

device function. In addition, a Large number of 

different gate structures c~n-easily be integrated 

with the basic vertical cell for mcmy different ust-:s. 

The memory cells described above hdving continuous­

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

tunnel ox:i.des 260 allow faster writ'e/erase times, hut 

wi.th shorter retention times. Such memory cells aJ·e 

useful for volatile memory app l.icat'ionli. '!'he thin 

tunnel oxide 260 allows direct tunneling of electrons 

there through. 

Increasing the thickness of th~ tu11nel oxides 260 

increases the retention time, but cit the cost of 

higher power consumption and/ol· slower write/erase 

tim~s, and a decrease in cyclability. Such memory 

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

The retention time can also be increased, even witll 

thin tunnel oxides 260, by forming a discontinuous 

·floating gate film, e.g., silicon uano-crystals 

embedded in the gate oxide 2?0. In this. case, low 

power consumption and high cyclability are maintai11ed, 

~i.th an increase in the erase time. Such cells an~ 

useful for non-volatile memories that require frequent 

re-wrjting. 
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The relative thickness of the t:unnt!l and gate oxidl·S 

160, 270 may be <?hanged. For dXample, the tunnel 

oxiae 260 may be made thicker than the gate;·. oxide 270. 

This would allow tunneling for writ·.e/erase operations 

to occur between the floating gate and the control 

gate, rather than between the rloat.:ing gate and the 

semiconductor pillar. Alternatively, both oxides :~60, 

270 may have similar thicknesses. 

The above described memory devices, such as the ceJ.ls 

formed with the described sou1·<!e d.i ffusion and self"­
aligned isolation techniques, enable very dense 

packing of the vertical floating-gate MOS devices jn a 

square array suitable for Gbit memory applicatjons. 

Cell (or source} isolation bet.ween adjacent bitlint!S 
is achieved with the two-step, self"-aligned isolatjon 
process described above. 

In contrast to conventional vet·tict1l memor] es and 

method of forming thereof, the inventive m~thod 

isolates the source regions between bit.lines without 
increasing the cell size. Th]s re:->ults in an array 

having isolated 4F-square cells. .Isolating the so11rce 
regions enables individual cells to be addressed a11d 

written via direct tunneling. 

The additional flexibility allowed by isolating the 

source regions enables the cells to be used not only 
as typical non-volatile memory devices (EPROM, EEPROM, 

or Flash EEPROM), ·but also in volatile (DRAM) 

I . 
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applications. In addition, by controll.ing the source 

diffusion depth, it is possible to fabricate ei the1· a 

floating body vertical transistor <"m each pillar, or 

to maintain contact between the tr<1nsistor body and 
the substrate. Moreover, the flelf·aligned nature of 
the in~entive method results _in a J"Obust, simplifiE!d 

process flow for a wrap-around gat(· vertica 1 MOSFE'J', 

and relatively easy integration with planar support 

devices . 'l'he inventive memory device has superior 

resistance to short-channel ef f"ectti down to gate 

length~ of 30nnh 

Conventional j_solation techniques which rely on 
lithogL·aphic alignments result in •• larger memoi::y ('~11 

size. However, the inventive memo1y devices and 

processes nearly maintain the 'l F2 c· .. !ll Hize, thus 
achieving the highest density memOJy cells possiblt­

using lithography. Complex sub-lithographic steps nre 

avoided. The inventive memory devjce·a~d self-aliDned 

isolation technique are also used jn any applicatinn 

that requires large arrays of vertjcal devjces, 
particularly j f the sources of the devj ces are com111l)n 
along each row or column. 

Note, that in order to contact the gates, .drains, ca· 

even sources of devices individual"ly for special 

applications, it may be necessary to increase the 

inter-device spacing in one direction or the other. 
However, at least a co1i1mensurate i11crease jn size ;.1Lso 
occurs with conventional cells due to contact 

•. 
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formation. Since the inventive cells and methods of 

farming thereof do not require add i. tional space or 

alignment for _the ·individual ·contacts, the resulting 

cell always con·sumes the mininmm possible area; thus 

allowing for maximum packing density. 

In addition to the advantages in p.:1cking density, the 

inventive process also provides ·a uimple method of 

fabricating a vertical MOSFET having a floating-body 

and a wrap around gate. Since these devices are 

suitable for scaling down to very Hhort channel 

lengths, the inventive memory ce·11 design ".'lld proc,;ss 

is useful for high.performance MOS applications. 

Me!Jlory Deyi.ce with Stack Capacitor 

FIG 27 shows an array 500 accordin~J 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 PIG :n. The array soo 
is "formed using the same steps previously discussed in 

connection with FIGs 15-23. Alternatively, the ar1·ay 

500 may be formed 1:1sing steps described i.n 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. 
·. 

'• 
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As previously described, the polysilicon straps 461J 

may be retained,. or may be removed either prior or 

after the second etch step that fo1·ms the wordline 
trenches 430 betwee.n the wordl ines 225, and deepens 
the bitline trenches 210 formed by the first etch 

which are located between the- bitl i.nes 220. 

\ 
FIG 28 shows an array 510 wheJ·e the straps 460 are 

removed prior to the second etch. The array 510 i~ 

formed by etching column or bit tr~nches 210 as 

described in connection with PIG; a. The drain 240 may 
be implanted prior to patterz:ijng the SiN islanas 245 

. . 
to form the pillar 230. Alternately, the drain 240 

may be f01.,ned at a later stage as discussed in 

connection with FIGs 25-26. 

Note, for DRAM applications, t:he sC>urce and drain of 

the FET 105 shqwn in FIG 5 are interchangeable, 

depending on use, e.g., depending on read or write 
operations. For simplicity, in the following 

discussion of the vertical transistors having 
integrated_ capacitors, the upper doped regions of the· 

pillars are referred to as the drains, and the lower 

doped regions are referred 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 material 460 
is formed in the·bitline trenches 210. 
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Illustratively, the source outdiffusion material 4£10 

is arsenic glas~ _(ASG), heavily do11ed oxide, 

polysilicon, oi.· '·other suitable ·matvrial. Next, tht: 

ASG is etched back to leave ASG at the lower sidew<1 lls. 

and bottom of the bitline trenches 210. The sourcE::s 

4 os arE:! formed by outdiffusing lnatt·:rial , e.g. , 

arsenic, from the ASG 460. Thf! out diffusion ·may bt: 

performed by annealing. Source out diffusion is 

stopped before the sources 405, lo<'ated below each 

pillar, isolate the pillars 230 frc.m the underlyin~1 

substrate 235. 

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

second etch is performed. The secc 0 nd etch form~ tl1c 

wordline or row trenches 430 (l<'IG ~2) and deepens t· he 

bitline or column trenches 210. AH shown jn FIGs 31-

_32, an insulator layer, such as an oxide layer 250. is 

formed to fill the trenches 210, _4l0. A~ previously 

described, the oxide fill 250 j s p I anarized and etc·hed 

to recess it in the trenches 210, 1130. The upper 

port·ion of the oxide layer 250 for111s an oxj de spac(·· r 

280. A gate oxide 270 is formed al ound each pilla1· 

followed by formation of a gate 27!·., which may be 

heavi 1 y doped n • pol ys i 1 icon, for t· x:amp le . 

If desired, a floating gate and tu11nel oxide may b(~ 

formed around the pillars pri01· to the gate oxide 270 

and gate 275 formation. If the dr<·iins 240 were not 

initially formed prior to forming rhe nitride isla11ds 

245, then after removing the njtride islands 245 
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located above the pillars, the drains 240 are formHi 

therein, e.g., by implanting N-typv material. 

. As shown in FIG 33, a stack capacitor 520 is fo~mecl 

over the drain 240 of each pillar ::30 in the array. 

The sta~k capacitor is formed l>y forming a first 

electrode 525 over the drain 240. The first elect1·ode 

525 acts as the storage electrode < 1r node 110 show11 in 

FIG 5. A dielectric 530, such as l1arium SL rontium 

platimim (BST) for example, is formed over the storage 

electrode 525, followed by formati<•n of a second 

electrode 535 thereon. 

The second electrode 535 acts as the common electrode 

or plate 115 shown in FIG 5. 'J'he I irst and second 

electrodes 525, 535 are formed fro111 conductive 

material, such as ·metal for excunplt·. 'l'he stack 

capacitor 520 is formed directly 011 top t:-he verticetl 

transistor or FET itself. Thit; pr<·vents enlargeme11t 

of the memory cell lateral arec1. 

As shown in FIGs 34, 35, 

exclusive to each pillar 

charge in the DRAM cell. 

the stora~1e e] ectrode 525 i.s 

and is us<·d for storing 

The seco11d electrode 535 

serves as the capacitor plate, and may either by 

common to all the pillars (FIG 34), or connected 

exclusive to each pillar (FIG 35). In the latter c·ase 

shown in FIG 35, the exclusive cap<1citor plates- 53S 

may be connected as desired, ·e.g., along a common 

'buried bit line, by a f i:r:st metal 4 ~JO. The first me:tal 
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490 acts as a bitline complime11t wl1ile the 

corresponding buried bitline 4b0 at·ts as a bit) ine 

true. '· 

As discussed above, in DRAM applic.1tions, the sour<"e 

and drain of the FET are interchanqeable, dependinu on 

use. For example, in the configur"tion shown in F:tG 

33, where the body of the pillar 2so iu continuous 

with the.underlying substrate 235, the buried diffused 

line 405 actually acts as the "drain" or bjtline for 

the memory cell,· while the implant1:d contact 240 01i 

top of the pillar· acts as the "souJ·ce" for chargin~J 
• 
the storage capacitor 520. For this implement~tion 

having the storage capacitor 520, the floating body 

design, where the body or middle rc~gion of the pil:I ar 
is isolated from the underlying substrate 235, would 
not be desirable. This is due to the body-charginq 
ef feet resulting from ·charge accumul_atj on. in the 

isolated body of the pillar. Having.a pillar body 

which is continuous with the u11der.lying substrate 

prevents charge accumulation in the: pillar body, s(I 
that charges are only stored in the·~ storage capaci l or 

520. 

In order to get the high-capacitan<:e n~cessary to 

store adequate charge:, a high-uiel(!Ctric material j s 

used in the capacitor stack,· e.g., BST. T~ furthe1· 

increase the area of the capacitor, and hence increase 
the storage capacitance, the capacjtor structure could 
also be deposited into a via hale ~36 (FIG 35), or on 
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a crown 53'7 (FIG 34), to take etdva11tage of the 

sJdewall capacitance. This struct11re would impl.ement 
the one transistor/one capacitor Dl~AM cell 100 of l·'IG 

5 in a minimum area, without the u::e of any floati11g­
gate structures. 

Returning to FIG 27 I the basic arrcty 500 of verticcl l 

MOSFET devices is formed by the se 1 f-al igned sourct-· 

diffusion and isolation techniques previously 
described. In this three dime11sio11al represent.ation 

of FIG 27, the isolation.oxide 250 (FIG 31) has bet:n 
omitted for clarity, but would normally fill the open 
area between all of the pillar~ an<I trenches. The 

array 500 has the additional polysilicon strap 460 on 

the diffused lower bitline 405. The strap 460 reduces 

the resistance of the bitline 405. 

The body of the transistor pillars· ~s still in contact 

with the underlying substrate :.!35. Thj s is becausL· 

the source outdiffusion 405 has bet·n ljmlted so that 

the regions from opposite sides of the pillars 230 do 

not meet. If desired, a floating liody tra11sistor :is 
formed by longer annealing, or by .implantation prior 

to array fabrication. In addition, all other 

previously described variations of the isolation a11d 

source formation steps are also applicable here. 

The area taken up by each pillar 2 rn a11d the spacing 
between pillars is slightly over 41·'-square. The 

additional area is due to the cielt<1 {A) necessary for 
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separating the array wordlines fro111 each olher (along 

the bitline direc~ion). Delta can be made as smal) as 

the lithographic tolerance allows. It is also 

possible to obtain ~.truly 4F-squa1 e cell, or sma1·1 er, 

if sub-lithographic techniques are used. However, 

using sub-1.ithographic techniques are complex and 

costly. One of the major advantag,·s of the vertic<1 L 

design is that a nearly 4F-sqt1c1re <·ell size is 

obtained without using sub-~ithogr<1phic techni.ques. 

Another advanta.ge is that the gate length is 

completely independent· of the cell area. Hence, a 

long channel transistor can be mai11tained by simply 

increasing the pillar height, withuut taking up any 

additional lateral area on the waff•r. This is 

especially crucial for the one tra11sistor/one 

capacitor DRAM cell. Such a desig11 is amenable to 

being scaled down and yet maint· ain desired cell 

characteristics. 

FIGs 34, 35 show two different ·des1gns for the 

capacitor 520. Note, that sin<'e t)1e capacj tor 520 i.s 

wholly-contained within the ne.1 rly 4F-square area <if 

each pillar and the adjacent inter pillar spacj ng, t.he 

minimum area cell size is automatit ·ally maintained, 

and no sub-lithographic steps c·1re 11ecessary. Seve1 al 

other designs are possible for the capacitor 

structure. The two designs .of FIGn 34, 35 are shmvn 

to illustrate two functional d.iffe1ences. 
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In the capacitor design shown in F'IG 34, the capac.itor 

plate 535 is dommon to all the cells in the array. 

Illustratively, the cap~citor plate 535 is held at a 

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

bitline architecture. 150, as descr j bed in connE?ction 

with FIG 7, with the buried_dif:fuspd source 405 and/or 

polysilicon strap 460 acting as tht.-: bitline,. and the 

polysilicon gate 275 acting as the wordline. Note, 

the charge is stored on the storagt! electrode or node 

525, whicl:i is still exclusive t:o each pillar.230. By 

way ·of analogy, the storage electnde C>r node 525 is 

th~-· storage node 110 shown in FIG !>. 

In the embodiments shown in FIU 34, th~ dielectric 

-layers 530 are isolated from the gates 275 by. an 

'insulating layer 537, which may be oxides of silicon, 

for example. The insulating l ctyer 537 is formed over 

each gate 275, between the uppt~r doped regions 240 of 

the pillars 230. The insulating l.iyer 537 may be 

formed prior to forming the storagt: nodes 525. 

Instead of having individual stora~1e nodes 525 for 

each memory device or pillar, .ind .-i common plate 515, 

each memory device may have it::; ow11 plate 535 and 

storage nodes 525. FIG 35 shows an array of cells, 

where each has both individua) storage and opposing 

common plates 525, 535, which are t.!XClusive to .each 

pillar 230. •rhe plates 535 can thun be connected 

together in any desired configuration by a first. level 

of metal similar -to the dotted lin.~s 4 ~o of FIG 27. 
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Illustratively, all of the plates !135 for the 

capacitors 520, which are on pillars along a comm611 

diffused buried bitline, are connected together. "!'hat 

is, the metal line 490 runs paralll:l to the bit line 

220 shown in FIG 27, or into the page in the cross­

section shown in FIG 35. Th~ hu~i~d source 405 or 

buried strap 460 acts as the buried bit.line: 

In the embodiment shown in FIG 35, prior to forming 

the storage nodes 525, an insul ati11g layer 538 · is 

formed between the upper doped regions 240. 

'l'he insulating layer 538 extend~ over the gates 27b 

and is shaped to provide a supporting layer for 

forming the via holes 536, in which the stoL·age nodes 

525 are subsequently formed. 

The insulating layer 538 isolates the stora~e nodeE; 

5~.s from each other and from the gH tes 275. 

Illustratively, the insulating lay(:r 53~ is an oxide 

of silicon. Next, the dielect 1: ic ·1 ayers 53 o are 

formed over the storage nodes ~.25, followed by 

formation of the individual plc1tes 535. The plcttes 

535 are isolated from each otht'!r a11d are confi11ed 

within their respective dielectric layers 530. 

In the configuration shown in VIG ~5, the buried 

bitlinc~ 460 is a "bitline true", wliile the metal 

bitline 490 located on top of Lhe c~apacitors 520 is 

the "bitline complement". The structure shown in FIG 

35 yields an open/folded archit ectl1re, where the 

'·. 
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voltages on both the true and complement bitlines are 

varied. 

In contrast to the open archit:ectui·e· of FIG 34·! where 

the capacitor plate 535 is common to all the cel3=s, 

each cell has a separate capac-itor plate 535 in the 

open/folded architecture of FlG 35. In the 

open/folded ai;-chitecture, the separate capacitor 

plates 535 are connected toget·her. The inter­

connected c~pacitor plates 53~> of the open/folded 

architecture of FIG 35 are parallel to the bitlines 

and foi.,n a bitline compliment. A third architectu1·e, 
described in connection with PIG SJ, refer:r:ed to as a 
folded ai·chitecture, has two word) .i nes that. pass 

I 

through each cell, located on top of each other around 

each pillar, where one wordline is active and the 

other. is passing for each cell. 

The open/folded architecture 9ives twice the sense 

voltage for the same amount ol cha1:ge stored on the 

capacitor. This is· advantageous for sensing smaller 

voltages, particularly as capacitance values continue 
to drop with increased scalinq. 'l'lie open/ folded 

architecture 120 (FIG 6) also gives an increased 
tolerance to noise, which is often a drawback to the 

purely open bitline design 150 of f'IG 7. Open/folded 

architecture is discussed in 'l'. Hamamoto, Y. Morooka, 

M. Asakura, and H. ASIC, "Cell-plate-line and bit-line 
complementarily-sensed (CBCS) architecture for ultra 
low-power non-destructive DRJ\Ms," 1995, Symposium on 
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VLSI Circuits Digest of Technical l•apers, p. 79, 

hereinafter referred to as Hamamot<i. 

In conventional folded or open/f.olcled architecture 

using planar technology, cell area is increased due to 

the additional wordline (passingwordline in the . . 

folded architecture), or due'to connection between the 

separate capacitor plates (in the c.pen/folded 

ar~hitecture) . In the vertical eel ls of the present: 

invention, the passing wordline~ 01 the separate 

capacitor plates· are easily access.ible and do not 

increase the cell area. 

MEMORY DEVTCE WITH TRENCH CAPAC CTO): 

In another embodiment of the prese11t: invention, a deep 

trench capacitor is provided below the memory cell 

pillars of an array 540, shown in Jo'[G 36. 'rhis arr.1y 

S.40 is similar to arrays previc1nsly describ~d herejn. 

Using vertical transistors as lhe 1 ransfer <levjces 

prevent an increase in the lateral area of the cel)s 

545. 

By using vertical transistors, the gate length of each 

transistor is maintained at a suiti:1ble value for 

obtaining low leakage, without dec1easing the bitline 

voltage or increasing the memo1y c1·· ll lateral area. 

In addition, because the deep 1ren('h capacitor is 

placed directly below the vert ·i cal t.ransistor, no 

additional area is-consumed. 
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Each memory cell 545, with its trench capacitor, i~ 

.used as the one transistor, 01rn capacitor DRAM eel 1 

100 of FIG 5. The pillars of the 111emory cell array 

are formed using previously deHcrihed l:lteps that form 

cells each having a size of 4F· in either the open 

bitline architecture, or the Oj>en/lolded architecture 

using dual bit lines. Cells betwee11 wo1·dlines cl re 

separated by a length A, which may be c-1pproximc1tely 

O.lF to 0.2F, for example. 

Each trench capacitor wraps an.mnd the bottom of each 

pillar of the m_emory cell array. similar to the array 

500 of FIG 27, each cell 545 of: th•: ·array 540 has 

buried _doped region, which may act as either the 

source or drain of the vertica L trcmsistor. For 

convenience, the lower doped region is referred to as 

the buried source region 405. The buried sourc:e 

region 405 serves as the charge storage node for the 

trench capacitors. The source of 1..-:ach transistor is 

isolated from sources of other transistors. 

Details of forming the vertical. tr<1nsistors are 

previously described. In addjtion, the previously 

described variations are also dppl.icable. For 

example·, the pillar body may 01: may not be in 

electrical. contact with the unrler]ying substrate 235. 

The transistor or pillar body isolation, resulting in 

a floating transistor body may be achieved by not 

diffusing the source to completely form below the 

entire pillar footprint. 
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Alternatively, for a floating 1.ran:listor body, the 

source may be for1~11ed prior to .111 ( !tchlng f1tepu by 

implantation into a suitable-doped substrate, whiclt 

may include epitaxial layers 1 ctS 111ng as the dual 

trench etch depth is sufficient to separate th~ 
heavily'doped source regions 405_ al the base of each 

pillar 230 between wordlines_2~5. 

The trench capacitor comprises of « dielectric 

material, e.g., an oxynitride film, deposited <1round 

the base of each pillar. A plate .. '":lect:rode ma·terial, 
e.g., .heavily. doped polysilico11, j:; de1>osj.1 ed into the 
matrix between the pillars, a11d re1•essed to just below 
t:He top of' the sout·ce region. Thj:: pl.1te Pleet roch~ 

may be common to all p:i.llars j n thl~ array (open 

architecture). Alternatively, the plate electrode is 
isolated by etching to just SE::1.·ve 1 he }1illars e:1lon~ a 
common bitline (open/folded arc:hitt:cture). The plate 

electrode material may also be silicided to reduce 

resistance. 

The middle section of each pill.ar, where the transfer 
device (or vertical transistor) is fabricated, is 
encircled by the gate dielect1· i.c 2·10, e.g., therma I ly­

grown silicon dioxide. As in FIG 27, this gate 
dielectric 270 extends betwee11 two heavily-doped 
regions at the top and base oi each pillar. A 

conductive gate material 275, e.g., in-situ, heavily 
doped polysilicon, with or without silicidation, is 
deposited on the array to connect pillars along each 

,· 

'·· . 
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row or wordline 225 of the array. The wordlines 225 

are orthogonal to the bitlines 220. 

The pillars in the array may be:: se11arated by slightly 

different amounts A in the bit] ine versus t·h~ wordl ine 

directi.ons. This allows the g<l!=-':! tnaterial 2·75 ~o be 

separa~ed between· wordlines 22s by RIE etching alone, 

e.g. , by forming a polysilicon spac!er along the edges 

of the pillars, and encircling the111, without 

lithography •. If the pillars are ·equi-spaced in both 

directions, an additional mask can be used to separate 

the gate material.in the desired djrections. 

To illustrate the basic cell dE-:sig11, an annotated 

process flow is described below £01 the open bit:.line 

architecture case. Changes nec.assc:1cy for the 

,open/folded design are mentioned i11 the process fluw, 

whe~f- appropriate. Note that specjfic materials 

listed in this process flow may be substituted with 

equivalent material, as previously indicated. l"or 

example, other dielectrics and conductive materials 
. . 

ffiay be substituted for the gate ox.ide 270 OJ:' oxtde 

fill 2!:>0, and for the polysilicon ~1ate 275 or strap 

460. 

1) As shown in FIGs 36-3'1, steps which are 

similar to steps previously def>crilied in connection 

with FIGs 17-18 are performed. In particula~, a thin 

pad oxide layer and a thicker 11itride layer are 

deposited across the wafer. Photo1esist is patterned 
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in parallel lines 550 across t· lie _a 1·ray region. Tht:!se 

lines 550 have a width F and au int.er-spacing I·', and 

define the pillars along the bi tliues direction 3 l;J .. 

~i.th the photoresist lines 550 in placf.!, the nitride 

and pad oxide layers ·are etched th1·ough to form 
- . 

nitride and pad oxide strips 2•10, ·150 CFIGs 17-18}. 

This etch forms parallel nitride lines or strips 290 

along ·the bitline direction 31-1, eclCh having a widt.h F 

and separated from·each other hy a distance F. The 

ni.'tride strips 290 serve as a mask for the deep Si 

substrate 235 etch to follow • . 

If the open/folded design i.s clc!sil· .. d, I he Hi itsel 1·, 

between the photoresist lines l)50 I is also etched 

approximate:J_y O.Sµm. This biaues the f:inal. pi°llar 

height in the bitline directio11 31·1 to be deepE!r than 

in the wordline direction 312. 

2) The pillar definjt:ion is completed by 

etching and patte~riing the nitride strips 290 with 

photoresist lines 552 that are perpendicular to the 

previous photoresist lines 550. Tlae width of the 

photoresist lines 552 is F and the inter-line 555 

spacing is F+delta, where delta "is on the -order of 

approximately 0.2F. This additional dista~ce delta 

prevents the gates 275, which are f:orrned around the 

pillars 230, from shorting between wordlines 225 

without the need for lithography. The resulting mask 

pattern after the photoresist S52 is removed is an 
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array.of nearly-square islands of nitride 245 on tile 

Si substrate 235t as shown in FIG 36. 

3) As shown in FIG 37, UlE is used to etch a 

deep trench 555, using the nitride squares or islands 
245 as a masking material. This step is similar to 

that described in cc;mnection_ with F'IG J.7, where 

nitride strips 290 were used as a mask instead of the 

nitride islands 245 of FIG 37. In this case, where 

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

pad oxide and nitride islands 472, 245, -and etches the 

substrate 235 to form the pillars 230. The etch depth . . 
560 is approximately 9µm in order to allow both the 
vertical FETs and the trench capacitors to be · 

fabricated along the height of each pillar 230. The 
exact depth needed is determined by the amount of 
capacitance necessary for rell able memory functions. 

In contrast to the bitline trenches 21~ of FIG 17, 

which are trench lines along only the bitline 

direction 314, the deeper trenches 555 are formed 
between both the bitlines and wordlines. The+efore, 
the cross sections along bo~h the bit and word lines 
are identical, as shown in FIG 37. 

For the open/folded architecture, where th~_Si 

substrate 235 along the bitlines is etched in step 1, 

(similar to FIG 17), the final depth on the bitline 
sides of the pillars is deeper than on the woi~dline . 
side, as this bias is translated down during the deep 
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trench etch. For example, the final depth of the 

deeper bitline trenches, i.e., treuches para°llel to 

the bitline direct:ion 314, is apprnximately O. Sµm 11lore 
than the depth ot the wordline treuches. 

4) Source outdiffusion material 460, such ~s 

heavily-doped oxide, e.g., ASG; is deposited on the 

wafer, lining the sidewalls of the trenches 555. The 

~SG layer 460 is then etched back so that ASG mate1:ial 

460 is left only on the lower portion of the 

sidewalls, and possibly on the bottom, of the trenches 
555. Illustratively, ASG 460 is removed from the top 

. sidewalls of the trenches 555, so that.)\SG is left 
only up to the top of the desired source region of the 

vertical FET, a depth 565 of approximately O. 5/ltn f rem 

the top of each pillar 230. 

5) The wafer is annealed briefly at a ·high 

temperature to drive some of lhe As from the ASG 460 

into the pillar sidewalls. Tht.: penc:tration ·of this n+ 
lay7r can be controlled so that it does not extend 
completely across the pillars. Th1s allows _the 

transistor body to remain in contact with the· 

underlying substrate 235. The: n• diffused regions 405 

,forms both the source (or dra.in, depend~ng on 
application) of the vertical li'ET, ·as well as the 
charge storage node 110, shown in PIG 5, for the 

trench capacitor that is subsequently formed . 
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6) As shown in FIG 38, the ASG 460 is 

removed, and the trenches are etch,·d s) ight Ly deepf~r 

for an additional ·depth 570 of about O. 2Sµm. 'l'his 

separates the n• regions 405 of each pillar 230. That 

is, e°ach pillar 230 has its ow11 isc.late:d n• region :10s 

diffused therein from all sides. 

To further ensure proper isolal ion between the sto1 ag·e 
• 

nodes 4105 of different pillars 230, a liigh dose P-t.ype 

implant: may be performed to f01 m a field isolation 

region 575 at the bottom of the trt·nches 555. 

Alternatively, this isolation c:ould be formed by 

outdiffusion from another deposited material, or ·by 

using a p· /p• epitaxial substrate w.ifer. 

7) As shown in FIG 3~, tlie trench capacitor 

578 is now formed by growing au ONt 1 film 580 in the 

trenches 555. Next, n' polysil icon 585 is depositecl 

in the trenches 555. 'I'he ONO 580 c-md n· polysilicon 

585 layers form the capacitor d ielt~ctri c_ and plate 

material, respectively. These lay<-rs 580, 585 are 

recessed, by RIE for example, 1·0 a depth 590 which .i.s 

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

then• diffusion region 405. 

For the open bitline case, thiB po·1 ysil icon 585 fi ·11s 

the whole trench lattice between the pjllars 230, c1nd 

extends out beyond the memory <1 rray in order to be 

contacted. 
' 
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The polysilicon fill 585 is held at a fixed potential, 

e.g., ground, to torm the plat~ of all the trench 

capacitors 578. Since the substrate 235 is also held 

at ground, there is no appreciable bias across the p• 

field isolation regions 57 5. ·rµus, the ·leakage 

between_ adjacent pillar capaci tqrs is small .• 

FIG 40 shows the open/folded case, having different: 

qepth trenches in the bitline and wordline directions 

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

lines sidewalls of these trenches. This is achievE::d 

by removing the polysilicon that deposits on the 

bottom of the trenches by the R~E recess step. :Th.is 

disconnects the polysilicon (poly) between the 

bitl-ines 225. 

Due to the ':lifferent depths oJ the trenches in 

orthogonal directions, a sidewall of poly remains 

along each bitline 225. This forms the bitline· 

complement 595, and is contacted at the edge of the 

array. The height of this bitline compliment 595 is 

determined by the amount of b:ia~ etch in step l, e.g., 

O.Sµm, and can be varied from O.Sµm to change the 

resistance of the bitline 595. In addition, the poly 

595 may be silicided, or an alternate co~ductive 

material, such as tungsten, may be used instead of 

poly to lower the resistance c>f bi t:line complement. 

line 595. 
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All subsequent array processing steps are identical 
for the open and qpen/folded cases. Therefore, only 
the open case will be shown i11 the figures. 

8) As shown in FIG 41, a barrier oxide 600, 

having a thickness of approximatel}' SOnm 1·for e~ample, 
is deposited on the wafer and- L·eceused into the 
trenches SSS. This oxide ·600 cove1·s the n+ 

polysilicon capacitor plate 585 to isolate it from the 
vertical FET gate polysilicon 275 which is formed 
subsequently. Note that the n+ diffusjon region 405 
extends beyond the barrier oxjde 600 to.ensure. thaL no 
underlap occurs for the vertical Fl!!T. The recessing_ 
step may j nclude a chem-polish C?r ~·esj st deposj tion 

I 

step to achieve a more planar barrier oxide 600. 

However, J:ithography is not needed. 

9) The gate oxide 270 fo1· the vertical FgT 
is grown around the exposed pillars' sidewalls locdted 
above the barrier oxide 600. 

10) the actual contrl)l gate material 275, 
(e.g., in-situ doped N-type polysil icon,_ in the case 
wh~~e the.substrate 235 and pillars 230 are P-type), 
is deposited with a thickness 610 of. just over O.SF 
extending away from the pillars· 230. This ensures 
that the polysilicon gates 275 are short·ed between 
devices along a wordline (to form a continuous 
electrical connection), while allowing them to be 
separated by subsequent RIE etching between parallel 
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wordli.nes (in the bitline direction) due to the 

greater spacing in the wordline di 1:ect. ion. 

11) All layers of the gate stack 615 (i.e., 

the gate.oxide and.gate layeru 270, 275) are then RIE 
etched to separate the wordlines, cand to recess the 

whole gate stack 615 slightly oelow the ·~op of the 

piiiars. The etch depth 620 of the gate stack recess 

~s slightly larger than the combint!d thickness qf the 

nitride and.pad oxide islands 245, 472. 

As shown in FIGs 42-43; final processing 

are integrated with: the processing ste~s 

structures outside ~he memory array, are 
I 

steps., which 

of support 
completed by 

removing the nitride islands 245 located on top of the 

pillars 230; implanting n+ drain n~gions 240 on each 
pillar 230; and connecting bit.line metal 490 along 

each bit.line. The bitline metals 4190 are 

perpendicular to the wordlines. Note that, in the 
open/folded case shown in FIG 40, the bit.line metals 

490, which act as bit.line "trues•, are parallel to the 

poly spacer bit.line "complements• S95, which are 
buried at the lower sidewalls of each pillar. 

As shown in FIG.44, the area taken u~ by each cell, 

which includes the area of the pillar 230 and the 

spacing between the pillars 230, is sljghtly over 4F2
• 

The additional area is due to the delta· (6) necessary 
for separating the wordlines 275. This delta (6) is 

as small as lithographic tolerance allows. It is also 

•. 
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possible to obtain a truly 4F~ cell, or smaller, if 

sub-lithographic techniques arc us1 ~d. 

In the open bitline case just desc1·ibed, where a 

general overview is shown in F CG 7, the pol ysil icoi1 

capacitor plate 585 of tht:: trench '~apacitor _57B is 

common to all the cells in the arr,1y. Illustratively, 

the ·common capacitor plate 585 is lteld at ci coustant 

vpltage, such as ground. With the metal 490, this 

creates a standard open bitline architecture, where 

.the metal 4~0 connects the tops of the pillars ·and 
acts as the bitl.ine, and· the polys i licon gate 275 dCts 

as the wordline. Note that the chcirge is stored on 
the·n+ diffusion 405 within each p·illar, and that 11+ 

diffu~ion regions 405 are separated from each other. 
Thus, each pillar 230 has its own n+ di.ffusion reg j on 
405, which is isolated from n+ diffusion regio11s 405 
of all adjacent pillars. 

Alt~rnatively, the roles of the n+ diffusion 405 and 

the n+ polysilicon 585 which form the trench 

capacitors at the base of the pillars may be reversed. 

In this case, the n+ diffusion 405 may be inter­
connected to serve as the capacito1· plate, and the 

charge· is then stored on the individual n+ polysili.con 
sidewalls 585 surrounding each pillar. In this case, 
the n+ polysilicon 585 of each pil l.ar is isolated from 

that of the other pillars in the a 1·ray. 
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In the open/folded case shown ]11 FIG 40, the 

polysi~.icon capaci~or plate 59~ is not common to al 1 

the ce:,.ls of the entire array. Rarher the polysiljcon 

capacitor plate 595 is only common along each bitl:ine 

column. In the open/folded case, •he buried poly 

spacer 595 serves as a "bitli~~-co111plementH, whilt:: 

the metal bitline 490 (FIG 43) on 1 op of tltt! pj lla1·s 

is the "bitline true". 

As discussed in Hamamoto, the open/folded 

architecture, where the voltage on both the true a11d 

complement bitlines are varied, gives twice the sense 
voltage for the same amount of cha1ge Btored on the 
capacit:or. This is advantageous a11d increases 

sensitivity. As capacitance valuef1 continue to drop 
with scaling down to smaller sjzes, the charges stored 
on the scaled down capacitors are 1educed. The 

open/folded architecture allows pr<1per sensing of 

these smaller gates charges stored in the capacitor. 

The open/folded architecture a] so ~1 ives an increased · 

tolerance to noise, which is often cited as a ckawback 
to the purely open bitline desjgn. 

FIGs 45, 46 show cross sections alc.ng the. bitljne 
direct:ion of another embodiment of a folded bitlinE: 

architecture. FIG 6 shows a conve11tional folded 

bitlirie architecture. This is ach]eved by extendi11g 

the process flow of the DRAM wjth the trench capac:itor 

previously described. FIGs 45, 46 show cross sect:ions 
of adj~cent bitlines 700, 705 of a cell array 

996..:097 
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configured in a folded bit line architecture. For 1· he 

folded embodiment,_ two transistors are fabricated nn 

the top of ~ach pillar 230, above t·he deep trench 

storage capacitor. 

For each pillar 230, one tranuistoa· acts as the 

"active" transfer device for i1ccesu to the charge 

stored on the capacitor, while the other transistor is 

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

transistor 715 is active, while th~ lower transistor 
~ 

. 

717 is passive. FIG 46 shows d bit.line 705 which is 

adjacent to the.bitline 715 of FIG 4~. In FIG 46, the 

lower transistor 720 is active, ·wh.i le t:he upper 

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

poly wordlines of each cell (720 ot FIG 45 and 725 of 

FIG 46), crossing each pillar 230, is an "active" 

wordline capable of accessing the <'ell, while the 

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

"passing" wordline which has 111> ef 1·ect on t:he cell . 

By aiternating which transistor (i.e., the upper or 

lower device) is active on adjacent pillar bitline 

columns 715, 720, a folded bitline architecture, is 

achieved, without increasing the cell size above the 

normal 4F-square area. Note that in FIGs.45, 46, 

where the cross-sections are taken parallel to the 

bitline direction 314, all the active devices are 

either on the upper or lower wordljne. In contrast, 

the cross-sections along the wordline direction 312, 

shown in FIGs 47-50 that accompany the proc~ss flow to 
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be described, the active device~ alternate between 

upper and .lower locations along ea ch wo~dl ine .. 
·. 

To fabricate this pillar structure with alternating 
active and passive devices, the process steps 1-8 

describ~d in connection with F~Gs 36-44 for the open 

bitline configuration, is cont.inuecl. Because two 

transistors are formed over the trench capacitor, 
instead of a single transistor, the deep trench etc:h 

performed in step 3, to define the pillars, is 

increased by approximately O.Sµm to allow for a longer 
pillar height. This accommode:1tes the additional 

transistor gate length. Except fo1: this deeper etch 

in step 3, the process flow iH identical to the 

previously described steps 1-8. 

After step 8, processing continues as follows, where 
in lieu of steps 9-11, the followi11g steps are 

performed, designated by primed numerals: 

9') As shown in FIG 47, which is a cross 

section along the wordline directjon 312, a layer of 
ASG 740 is deposited on the wafer. The ASG layer '740 

is recessed into the trenches so that it extends up 
the pillars to the top of what will becom.e the lower 

transistor. The ASG 740 serves a dual function. 

First, some of the As from the ASG layer 740 diffuses 

into the pillar 230 during subsequent hot processes. 
This connects the deep trench capacitor 750 to the 
source 755 (FIG 48) of the upper cwtive transistor. 
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Second, the ASG layer 740 decrease:; the capacitance 

be~ween the lower w9rdline po~y 7311 of FIG 45· (and 725 

of .. FIG 46) and the adjacent lower dummy devices 

located on alternating pillars. 

In FIGS 45-46 and 48 I the upp_e1: trcinsistor regj on is 

referenced by numeral 771, while tlie lower ·transistor 

region is referenced by numeral 77~. FIGs 45 and 48 

show the source 755 of an uppe1 tr<ansistor, while FIG 

45 shows the drain 773 thereof. FlG 46 shows th~ 

source 774 of a lower transistor, <.rid FIGs 46, so show 

the drain 810 thereof. 

10') The ASG layer '140 is removed from 

alternating bitline rows by photo lithographic 

patterning and RIE etching. As sbc,wn in FIG 47, a 

li thog1.;aphic ·mask 760, used in thiH etching step, has 

lines that are parallel to each other and to the 

bitline direction 314 (~!Gs 45, 46). The mask lines 

760 are aligned (non-critically) tt • the pillar array. 

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

spaced 2F apart. The pillars 230 which are left with 

th ls lower ASG collar "/40, have thv dummy trans ist<JL~s 

in the "lower" position. Hence, tlie lower poly 

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

11') As shown in FICJ 48, a gate oxide 775 

is formed over the pillar sidewall:: that are not 

covered by the ASG collar 740. Thl· trenches are 

fillei:-~ with polysilico11 .to form a 1·olysilicon wordl i.ne 



-69-

770 for the lower transistors. Tia.~ gate oxide 775 and 

polysilicon wordline 770 ··are ftti.-mt:d using the same 

basic process steps described c1bO\:r! and referenced as 

steps 9-11 of the DRAM/trench ,·apa~itor fabrication 

process. The gate oxide 775 and poly ~ordline 770 are 

recessed in this case to the t< •P or the lower ASG 

collar 740. This allows space bn._Lhe pillar for the 

upper transistor, which is fab1 icc:1 I ed next. 

12') As shown in FIC.i 4 ~, a second barrier 

oxide 780, having a thickness uf <tpproximately. SOnm, 

for example, is· deposited and i ec<~:.Jsed into the 

trenches to insulate. the lower po.I y wordline 770 f1·om 

subs~cjuent.ly formed upper poly wopiline 800 (FIG 50) • 

The second barrier oxide 780 is foa·med similar to the 

first barrier oxide 600, described in step B of the 

DI~AM/trench capacitor fabrication process. 
' 

13') A second layer of ASG 785 is deposjted 

on the wafer. This second ASG Layer 785 is patterned 

and RIE etched so that it will ~enwin on alternating 

pillars which do not already have ..i lower ASG collar 

740. A lithographic mask 790 i:-3 u:;ed, which is 

similar to the lithographic mask 760 of FIG 47, where 

the lithographic mask 790 has lin~u of width 2P, with 

2F spacing running parallel to th~ bitline direction. 

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

760 (FIG 47) used in step 10'. Tla:! pillars which have 

this upper ASG collar 785, havt·~ thE: dummy transistors . 

in this "upper" position. 
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14'} As shown in FIG SO and similar to tile 

description ·of s~ep 11' , an up1•er qate oxide 795 is 

formed on expo.aed sidewalls of tht:: pill"-rs not covt:!red 

by the upper ASG collar 785. 'l'he trenches between the 

pillars are filled with polysU ic1111 (poly). The poly 

surrounding the upper ASG collar ·1as, act as passing 

poly wordlines_ 800, while the poly surrounding the 

upper gate oxides 795 are ~ctive poly wordlines sos. 
Note, as shown in FIGs 45, 46, tht· poly wordlines are 

separated from each other along tlie bitline direct.ion 

314. 

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

formed by outdiffusion from thE:: Sl'C:!Ond ASG layer ·1us. 
i 

Final device processing steps, in<!l uding the drain 

implant, are performed, using the same process steps 

described above in steps 9-12 CJf the DRAM/trench 

capacitor fabrication process. 

The final structure, shown in FIGu 45-46 along the 

bitline direction 314 and in FIG !}O along the worcll ine 

direction 312, offers all the features described for 

the open bitline architecture, inc·luding the minimum­

sized cell area. In addition, tht! final structure 

offers the added advantages of thl: foldeq bitline 

architecture, additional noise immunity and relaxed­

pitch sense amplifier design. 

For use in other applications, this same process can 

be used for fabrication of pi)) ar:1 with stacked 
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transistors (two or more), witbou1 the deep trench 
storage capacito~ at the base of the pillars. 

Instead of a trench capacitor, another embodiment 
includes forming a folded bitljne architecture having 
a stack capacitor, formed on top of ·the pillars, for 
charge storage as described iri connection· with FIGs 
27-35. In this case, two transistors are fabricated 
on each pillar, to form active and passing wordlines . . . . 
with a buried, diffused bitline below the lower 
transistor, for accessing charge .in the stack 
capacitor located ai:>ove the pi] lan;. This 
configuration is an inversion of lhe deep trench 
configuration described in con11ecl ion with FIGs 3(J -so, 
and is shown in FIG 51. The act:t.wJ. stack capacitor 
structure 520 may vary from that :-;hown in FIG 51, as 

described in connection with F:li3s ~4 and 35. 

2F2 Memory Cell 

As an overview of the above.embodiments, dense arrays 
of .vertical pillars etched on Si Hubstrates, such as 

the array 500 shown in FIG 27, an: used as the base 
structures for various memory c:ells. One advantage of 
these arrays is ·the small area ea<:ll memory cell 
requires on the wafer, independent: of the gate length 
of the transistor. This is cruci.i.I for reaching the 
high density necessary for gigabit· memory chips, while 
maintaining reasonable bitline vol Lage and low device 
leakage . 

. · 
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By using the two etch process, su('h as steps III and V 

described in connefction with FlGs 1.3-14 and B, or t:1tep 

(b) and (f) ·described in co~ectic.11 with FIGs 17-22, 

square pillars of size F x F (when~ F is the minimum 

achievable lithographic line wJdtlt) are fabricated, 

with an inter-pillar spacing of. 0111.y F along the 

wordline direction. The inter· pi I Jar spacing a1011~ 

the bitline direction is F+l1, 1·es11lting in a memory 

cell having a size of 4F2+2Fl1. 

This method also achieves a se]f-.i"ligned, buried, 

diffused bitline under. each eel 1 <:olumn, which may be 

strapped with po:I:ysilicon to reduc·c-t the resistance. 

In addition, self-aligned poly1::1ilicon wordlines arc-'! 

formed perpendicular t~ the bit lines. 

,· 

Once these pillar arrays are fut"tllt:d, each pillar forms 

a transistor having two heavily doped regions at the 

top and bottom of the pillar. ·rhl' wordline poly j tJ 

·the gate electrode wrapped around t.he pillar body 

between the top and bottom heav lly doped regions. 

Note that the effective width of these transistors is 

the circumference of the pillar, i.e., 4F, since the 

gate poly wraps around each pilla1· entirely. 

In one of the previously descrjbed embodim~nts, if the 

gate stack includes a floating ga1·e structure emb~dded 

in a dielectric material, such as .f:.lilicon oxides 1".hat 

form tunnel and gate oxides around the floating gnt:e., 

the memory cell is complete as is. In this· 
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. ,,. 

embodiment, the memory cell opf:ra1 es as an EEPROM or 

Flash memory device, for example. As previously .. 

described in other embodiments, a ORAM cell is fanned 
where the pillar tran~istor is us(!d as a transfer 

device for either a stack capaC"itur, or a deep trench 

capac~tor, without increasing-the footprint thereof. 

FIG 52 shows an array 850 of mt:mo1y cells in 
accordance with another embodiment. which augments t:he 

previously discussed embodiments. In contrast to the 
arrays 420, 5qO of FIGs 16, 27 wht!·L·e pillars along the 

wordline direction have a single wordline 225, two 

wordlines 225, 225' are :Cormed fo1· the pillars 

arranged in the wordline direct io11. 
I 

The two wordlines 225, 225' an: Sl~parated by an 

insulator or dielectric 855, such dS oxides or other 
material depending on the applica1 ion. ·The oxide 855 

is formed within the inter-pillar :.-;pace.between the 

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

225' formation, as will be desc=riht-!d in the process 
flow below. The wordlines 225, 2:~!",' are the cont1:ol 
gates 275, 275' of two transislor:i formed per each 
pillar, and are formed on pillar Bidewalls which are 

•" 

opposite each other in the bit1ine direction 314. 

Unlike previously described emb1:>d i ment, when the two 
gates 275, 275' are formed, they 110 longer encircles 

each pillar. Instead of forming a single gate around 
each pillar, tw'o gates 275, 275' <Jl' wordlines 225, 

'-
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225' are formed along two oppmdt1.: sides of the 
pil~ars arrange~ in the row or woniline direction 312. 
Thi~ has several· advantages applit:dble to the 
previously described cell designs. 

One advantage is a decrease by alm<lst a factor of Lwo 
of the overall capacitance of lhe wordline. The 
capacitance decrease is due to reduction in.half of 
the effective device area. This 1·educes the wordline 
time delay significantly. Althouqh the effective 
width of each wordline 225, 225' iu decreased, any 
resulting increase in resistance c:an be compensated by 
conventional silicidation tech11iq11'---:s. 

Another advantage is that the i nte::r-pillar spacing in 
all directions is F. That is, thl: additional spacing 
delta (A) between gates 275 alo~g the bitline 
direction, shown in FIGs 16, 27, is reduced to zero. 
Elimination of the additional spa1:i ng delta is 
achieved without deleterious ef fec~ts, since the gates 
or wordlines ·of adjacent pilla1· ruws are separated by 
controlling the thicknesses of th1· poly gates. Thr~se · 
gate thicknesses are independently adju~ted to assure 
that there is no shorting between wordlines. .As such, 
no additional l"ithography is need<:cl to separate the 
wordlines, despite the elimination of the spacing 
delta. This results in a true 4F-squared cell size. 

Yet another advantage of this design, which is 
particularly important to arrays having a f-loating 

.· 
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gate structure, is having the dual wordlines 225, 225' 

per wordline or _row pillars, i.e., ·per pillars along 

the wordline or row direction 312. Each row pil1ac 

now has two wordlines 225, 225' 011 it, one on each 

side. While these two wordlines :~25, 225' may be used 

as one wordline for the capacitor DRAM cells, each 

wordline 225, 225' may be contact,:rl independently at 

the perimeter of the memory an ay. 

With a properly iso~ated floatjng gate 265 located 

between each pillar and control g.ite 275, each piJlar 
comprises two memory cells. This is in contrast t.u 

the array 420 of FIG 16, where eac-11 pillar has one 
transistor. 

One portion of the oxide fill SSS located between the 
contra] and floating gates 275, 21. 1; acts as· a gate 
oxide 270, while another oxide fill portion located 

b~~ween the floating gate 265 and pillar acts as c-1 

tunr,lel oxide 260. For other application using qnJy 

the ·transistor (as opposed to a m1:mory cell capab) e of 
charge storage), or a transistor wjtb a capacitor, the 

floating gate 265 is dispensed with. 

After gate formation is completed, isolation 

therebetween is achieved by removjng material·(either 

poly or oxide) located between the pillars along Lhe 
wordline direction 312. Next, the exposed gate 
material (e.g., polysilicon) are oxidized and 
remaining voids are filled with tlie oxide fill 855. 
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This :isolates the floating gat<-s :'.•iS of each .. 
transistor. 

'· 

Each of the two cells on a pilJar has its own ·wordline 

and floating gate for charge st or •• ~Je. The two ce1 ls 
. or transistors, formed on oppouit,. sides of each . . . 

pillar, share "bitlines 220. This t:ffectively reduces 

each memory cell area to 2F-sq11ar1·, which is half t.he 
size of previously described ctll::, used as EEPROM or 

Flash memory for example. 

By achieving this higher dens it· y .it a lithogr~phiC' 

line-width of F=O .1Bµm, (which ls a typical. value I or 
Gigabit memory) , up to ~ giga-1'ytt! (Gbyte) of dati1 may 
be stored in a six square-cm (6 cur'} area. ·Even with 

additional overhead of support cin:uitry, up to 4 

gigabytes of data is easily stot"ecl on a credit-caJd 

size area. This makes the memory array BOO very 

competitive with even magnetic dink drive storage. 

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

also be used with the stack and tnmch capacitors 

described in connection.with FlGs )3-51. 

An exemplary process flow which irnplements pillar 

formation and isolation is descrihe below. Note l:hat 

this process flow implements many of the features of 
the previous embodiments. All st1.:ps here assume 
formation of NMOS devices on a P-t.ype substrate, but. a 
similar procedure could be used for PMOS devices on an 
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N-type substrate. Also, samph: tl1Lcknesses and de:pths 

are given, assuming F=0.18 µm. 

l) As desc;:ribed in conn,~ction with FIGs ·11-

lB, nitride is deposited acrosn tilt! wafer, and 

patterned in parallel lines acrosu the array region. 

These nitride lines 290 have wj dtli and spacing F, .and 

define the pillars for the vertical MOS devices a]ong 

the bitline direction 214. 

2) Etching, e.g. , Rll!:, i s used to form a 
shallow trench 210 between _thene uitride lines 290. 
These trenches are referred to as l>itline (or column) 
trenches, since they are along th<· "bitline (or column) 
direction 314. Illustratively, the bitline trenches 
have a depth 455 of· approximattly '100nm. This etch 
depth :i.s deep enough to contain tl1c~ expectec;l drain 
implantation depth, the desired g.ct:e length, and the 

buried bitline diffusion. 

3) N+ polysilicon {poly) 460 is formed to be 
conformally deposited on the wafer, up to a thickness ·· 

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

the bottom and sidewalls of the 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 js approximately 

250nm, up the sidewalls of the tnmches 210. Some 

poly 460 may remain on ~he bottom of the trenches 210. 
If necessary, resist coating is UfJed during this 
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etchback. However, no additio11al lithography is 

required. 

4) An additional etcldnq. e.g., RIE, step is 

performed to etch through the i;oly 460 located on the 

bottom of the trenches 210, amt t" etch into the s i 
substrate 235. The resulting t-itrw:ture along the 

wordline direction is same as f:1ho11111 in FIGs 20. 'l'he 

cross section along the bitlint-· di 1·ection 314 remains 

the same as shown in FIG 18. ·1·hit: is because the top 

nitride layer ~90 is in the fo1 m cil' parallel strip:;, 

(as opposed to nitride islands 24!1 shown in FIG 2l) • 

Therefore, wordline· trenches a1e 11ot etched along the 

wordljne direction 312, which is J•1:rpendicular to 1he 

bitline direction 314. 

This additional etching separates •he bitlines 405 

between adjacent columns of pilla1u, i.e., between 

adjacent pillars along the worcili11t: direction. Note 

that during subsequent heat cyc:len. dopant wiLL 

diffuse out from the poly 460 j ntc1 the Si pillars ~ 30 

to .. form the diffused bitlines 4 05. 

5) As shown in FIG 53, •he bitline trenches 

210 are all filled with oxide 057, and t_he wafer j R 

chemical-polished back to a plana1 surface, using 1.he 

remaining nitride 290 as a stoppi11g lay~r. The fj]led 

bi tline trenches are designated an reference nume1.-al 

210'. As shown in FIG 56, aftec 1 t1e chemical-
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polishing, an additional layer of nitride 870 is 

deposited on the wafer. 

As mentioned earlier, other mat er i .-1ls besides the 

oxide fill 870 can be used for th i u fill. As sho\>111 in 

FI({ 54, · if the material in the fi I led bitline treuches 

210' will be removed in·subsequenl steps for floating 

gate isolation, another choice would be to line tlie 

trenches with an oxide liner 0c.o, followed by a 

polysilicon fill 865. 

On~ advantage of using the polysilicon fill 865 is 

that it can be easily etched sele<·tive to oxide and 

nitride during a subsequent remov.al. or etch step. Th~ 

remaining steps are described whe1·e polysilicon fi 11 

865 is used. Except where noted, t.hese remaining 

steps are identical for both mddt:/poly filled 

trenches, as shown in FIG 54, and purely oxide fil .I ed 

trenches, as shown in FIG 53. 

FIG 55 shows a top view of the memory cell array 

structure shown in FIG 54. The· bi t·line nitride st 1·ips 

290 cover the substrate 235 as sh(lwn in FIG· 18. Jn 

FIG 55, the diffused n' regions 4CJ!l, which are locc.1ted 

in the substrate 235 below the nil~ide strips 290, are 

shown as dashed lines extending a·long the bitline 

direction 314. The filled bitl lnt: trenches 210' 

between the nitride strips 290 co11t.ain the oxide liner 

860 and polysilicon fill 865. 
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6) Next, an additio11al 11itride layer is 

formed over the .w~fer. As shown in FIGs 56-57, in 

order to complete pillar def in i tic111 and form·· the 

wordlines, the nitride layer ·iu pc-.1.terned into nitride 

strips or lines 870 which are l•ar •• 1.lel to the word I ine 

direction 312. The nitride li11es U70 have a width F, 

are spaced from each other by ,, di stance F, and are 

perpendicular to the filled bit li11t~ trenches 210'. 

Note that along a wordline dirl::ct i un 312, when the 

nitride is etched, there will 11ow he alternating 

sections of oxide 860 and Si fc1rmi11g ~he pilla1·s 2rn. 
The oxide liner 860 extends above t.he Si pillars 210 

by an amount equal to the thicknefn-..1 oif the first 

nitride deposition, minus any l osu resulting from t:he 

nitride etch. This oxide exteusiCJn is subsequently 

planarized. 

7) As shoWri in FIG S'/, t:i· ching, e.g., RJI.~, 

is again used to etch wordline 'trt~nches 43·0, which are 

perpendicular to the filled bitlil1E:~ trenches 210' .(FIG 

53). As shown in FIG SS, formjng the wordline 

trenches 430, along the wordline direction 312, 

requires etching through both mcide and 

silicon/polysilicon. 

In particular, forming the woi·cllilll:"! trenches 430 

requires etching through: the c .. x:ide liner 860; the 

polysilicon 275 that fills the ox.ide lined bitline 

trenches 210; and the silicon pill <1rs 230 that are 
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exposed after patterning the nitride layer into 

wordline nitride strips 870 {F JG ~,·I) • Note, the 

wordline nitride strips 870 are! pt:i:pendicular to t.he 

bitline nitride strips 290 {FIG S·l) • 

Due to the difficulty of etchiug t·l~ese different 

materjal simultaneously, two appronches may be useci: 

(a) In the first app1 oad1, shown in FIGs 56-

58, wordline trenches 430 exteudiu~ along the entire 
array are formed. Etching the wonUine trenches 4 30 

is performed by using an RIE chemistry that etches 

oxide and silicon, selective to n i 1·ride. This etches 

the oxide liner 860, the silicnn of the pillar 230, 
and the polysilicon fill 865. 

Although the depth of the etch may vary between the~ 

two materials, (oxide 860 and silicon of the pillar 

230 or polysilicon 275,} the dj fft.~rent etch depth does 

not effect final device structure or performance. 

This is because the step formect by the different 
height of the two materials, at tl1t.=: bottom of the 

wordline trenches, will be burjed during a subsequent 

oxide fill . 

. ,,. 
As shown in FIG 57, the depth aao nf this etch is set 
to reach just ·below the top of the diffused bitline 

regions 405, stopping on or near the buried bitline 
, straps 460 (F!G 56). Illustratively, the depth BBO is 
approx.imately 600nm. Alternat.i ve'I y, the wordline 
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, trench etch may stop short of 1 eal"lling the diffused 

bitline regions 405, leaving a lay~r of oxide 86'0 

and/or poly filler 865 over tllE.· b111·ied poly straps 

460. 

FIG 58 shows a top view of the ar1 .1y structure af·i:er 

etching the wordline trenches 430 that extend along 

the entire array in the wordline d i._rection 312. 

~t.ching the wordline trenches -4 30, exposes the n• 

diffusion region 405 located al the lower portions of 

the pillars, separated by the subut.rate 235 of the 

exposed lower pillar po~tion. In addition,. the 

wordline t7rench etching step exponL-:S the poly str.aps 

460 and the lower portion 860' of l".he oxide liner 060 

that fills the deep. portion of tht! bitline ·trenches 

located between the poly straps 4r;o. This oxide liner 

lower portion 860' is also shown jn FIG 56. Below the 

wordline nitride strips 870, the 1' i llars 230 separated 

by the filled bitlin·e trenches 21Cl' are shown in l;-JG 

SB. 

(b) The second apprc1acl1, uses an R~E 

chemistry that etches only Si (whh~h includes 

polysilicon), sele~tive to botli ox ·i de and nitride. 

The etch depth is the same as clbOVL~, i.e. , 

approximately 600nm. Because the oxide liner 860 is 

not etched, the resulti~g wordline trenches 430', 

shown in a top view in FIG 59, co111:ain square and 

rectangular.holes 890, 895 shoY111 liy dotted lines. 
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·rhese holes are separated by tl1e uxide liner 860, 

which acts as walls of the ho] o:s lP)Q, 895. 

T~1e square holes 090·, which have <1 size of F x F, 

result from etching the exposed sj I icon of the pillars 

that are not covered by the wo1dli11e nitride stripu 

870. The pillar etching expos.:·~ the n' diffusion 

regions 405, as shown at the huttom of the holes 8'J0 

of FIG 59. Within each square hol·~ 890, the n.' 

diffusion regions 405 are sepa1 att·.I by the substrate 

235. 

The rectangular holes 895 resu It 1 1·om etch or removal 

of the poly fill 865 shown in l"IG 116. These boles 890 

are located between the oxide wall:; 860, on_ the . 

opposite sides of the n• diffuu i.on regions 405.. The 

widths of the rectangular holeH 8~ 1 1 abut against l he 

wordline nitride strips 870. 'l'he hase of each 

rectangular hole 895 is the lower portion 860 11 of the 

oxide 860 that covers the poly st1<1ps 460 shown in FIG 

56. F'or clarity, only one pil I ar :!30 and filled 

bitline trench 210' are shown l·elc.w the wordline 

nitride strips 870. The pilla1·s :.! rn and filled 

bitline trench 210' are delinecitecl in FIG 58, which 

has an identical structure below t he worpline nit1· i de 

strips 870 as those of FIG 59. 

The oxide walls 860 may be rec:t.•ss"d if desired. 

However, for efficiency, it is prt·l·erable not to €:t·ch 

or recess the oxide at this point, since the oxide 
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will be recessed in the next step 10 form an oxide: 

barrier 900 shown in FIG 60. 

8) Regardless of the et«h met:hod (a) or (b) 

chosen above, the wordline trencht:u 430 of FIG 58, or 

the holes 890, 895 of FIG 59, <ire now filled with 

oxide. Next, the wafer is chem-pcd ished back to 

achieve a planar surface, usin~J tbe:~ wordline nitride 

strips 870 as a stopping layer. 

As shown in FIG 60, the oxide in the wordline tre11<.:hes 

430 is then re-etched. to a depth <it approximately 560 

nm. The oxide etch recesses t lie <•x:ide fill 

approximately to the top of thE:: djtfused bitline 

regions 405. This leaves a plana1· oxide barrier ) ayer 

900 of about 40nm thick, which separates the 

polysi licon wordlines or gates 27!., to be formed, t·rom 

the buried bitlines 405, 460 (VIG ~B). Note, FIG 60 

is the cross section along the bit I ine direct~.an 314, 

while FIG 56 remains the cross seC't.ion of the array at 

this point of fabrication, alo11g the wordline 

direction 312. 

9) As shown in FIG c, t, r1nd previously 

described, a gate stack is formed .tlong the wordlj ne 

trenches 430 by growing the deB in«i gate stack and 

deposit.ing the polysilicon gatf.·/w<irdline 275. These 

g~t-~ st:acks are recessed below thl:: top of the pilJ ars 

to allow for drain implantatio11. 'l'he gate stack r;llown 

in FIG 61 is similar to the one sl111wn in FIG 26 anci 
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includes a floating gate 265, \-1hid1 is isolated 

between tunnel and gate oxides 260, 270. 

Alternatively, the tunnel oxide 2,,0 and floating gate 

265 are not formed, so that ea<·h ~l·lte stack only has 

the gate oxide 270 and control poly gate/wordline 275. 

If no floating gate is included, ur if the floating 

gate is of a "self-isolating" nature, e.g., Si-nano­

crystals or silicon-rich oxide (SHO), then transistor 

formation is completed by remov in~J the word line 

ni"tride strips 870 and implanting t.he drain regions 

240 (FIG 26), as previ~usly de~crjbed. 

For a DRAM cell, as previously dem:ribed, a stack 

capacitor is formed on top of eacl1 pillar, yieldin':J a 

4F-square cell, with reduced wc_>"rdJ i ne capacitance and 

bitline resistance. Similar to the stack capacitor 

520 shown in FIG 34, FIGs 62, 63 Hhciw a st·ack 

capacitor 520' formed over the piJ Jars 230 of the 

memory array. FIG 62 shows the: bltline trenches 

filled.with oxide only. However, oxide and poly may 

fill tlte bitline trenches as shown in FIG 34. 

The stack capacitor 520' has a stcH·age -node 525' 

surrounded by a dielectric 530', m1ch as BST or other 

high dielectric material. The storage node 525' and 

dielectric 530' are formed oveJ· ear:h drain region 240, 

which is located at the top of each pillar 230, and 

are surrounded by ~ common plate 'd5'. FIG 64 shows a 
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top view of the stack capacitor 520'. Note, the area 
per pillar, whic~ supports one bit, is 4F2

, resulting 
in an array having one bit per 4F2

• The poly straps 
covered by the o~ide 855 are shown as reference 
numeral 460'. The two control gates 275, 275' per 
wordlin.e pilla~s are separated by th~ oxide fil~ 855. 

Control gates of adjacent pillars are separated.by·the 
wordline trench, which may be filled with oxide. 
Except for the stack capacitor 520' and the lack of a 
floating gate 265 (FIG 52), the top view of FIG 64 is 
comparable to the three dimensional view of FIG 52. 

Alternatively, processing done prior to the 
transistors or FETs formation, forms a trench 
capacitor below each FET for charg~ storage similar to 
that, previously described in connection with F'.IGs 3.6-

41. In addition, two separate capacitors, stack or 
trench, may be formed around each pillar.. This. forms 
a 2F2 DRAM cell, where each pillar has two such ·2p-: 

DRAM cell. 

If a self-isolated £loating gate ·is present, then·no 
capacitor is necessary. Referring to FIG 52, the 
wordlines 225, 225' located on separate sides of each 
pillar, can be contacted to yield a 2F-square {2F·') 

EEPROM or Flash type cell; two 2F2 cells per pillar. 

If an amorphous Si floating gate 265 is desired, as 
shown in FIG 52, additional processing steps are 
performed. These· additional steps isolate the 
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floating- gate 265 on separate pill.:ars along the 

wordline direction 312. At this :it.age of array 

· fabrication, the wordl!.ne and I.it I Lne cross sections 

·are shown in FIGs 56 and 61, rtspt~<:ti~ely. The 

additiopal steps include: 

10) As shown in FIGs 65 ti6 I an additional 

layer of n°itride 910 is deposited on the wafer to 

protect the gate stacks. In C(•mp<1 rison to FIG 5 6 , the 

nitride layer 910 covers the njtride strips 870 of FIG 

59. 

Next, as shown in FIG 67, part of Lhe nitride laye~ 

910 is removed by RIE to expoSt'.! the wordline inter-­

pillar material, (i.e., material ]ucated between 

pillars along the wordline dirE:-ctfrm 312), whic~ 

material includes the polysilJcon Jill 865 and the 

oxide liner 860. After this n:itrjde etch, the 

thickness of the nitride layer _910,. shown in FIG 6h, 

is also reduce~. Note, the thjck11t:ss 920 (FIG 65)of 

the n~tride layer 910 over the wo1 clline inter-pillar 

reg1on is less than the thicknt::ss over the rest of the· 

wafer. Therefore, no lithography i.s required to 

expose the wordline inter-pillar 111aterial. 

ll) F!Gs 68 and 69 t;how the .etched nitride 

layer 910' that exposes the wordl:ine inter-pillar· 

material. Next, the exposed polyuilicon fill 865 is 

etched down, e.g., using RIE, to the bottom of the 

gate stack. Illustratively, the t·tch is performed to 
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a depth in 560nm and stops at 1 he •>Xide liner i,ott··11n 

portion 860", which is around 1 he :1ame depth as th~~ 

depth of the top of the buried bit line diffusion 

region 405. 

This et~h is selective to poly ?VE: 1· oxide and niti: i.de. 

Therefore, the poly etch forms ho] l?S between pJ lla 1:s 

along the wordline direction 3 12, 1·eferred to as 

wordline holes 930 and shown a:1 dot.ted ·lines in FI<;s 

68 and 69. As shown in FIG 69, th\~ entire wafer i H 

covered with the etched nitridt·· la}•er 910', except for 

F by F square exposed regions t·ont..iining the oxide 

liner 860 and the poly fill 86'1, which is etched ttJ 

form rectangular holes 930 . 
. ,· 

Forming the holes 930 exposes 1 he 1 loating gate~ 26 1
, 

between the pillc;trs along the w~rclline direction 312, 

i.e. , .between the word line pil I ars . Depending on the 

degree of etch selectivity, th1· t11 in tunnel oxide :!GO 

may remain on the exposed float i.ng gate 265. The 

lengths of the holes 930 are b1.uncl1!d by the oxide 

liner 060 along the bitline dj 1 ect· ion 314. Al(mg 1 he 

wordline direction 312, the wjdthu of the hole 930 are 

bounded by the floating gate 2h5 (11r the tunnel oxide 

260). The floating gate 265, Hhow11 in FIG 68, is 

behind the hole 930. 

Note, if only oxide had been used .is the fill 

material, instead of both ·the c-,;dc'lt.: liner 860 and poly 

fill 865, then this etch step 1·,~q1d res selective 
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etching of oxide over nitride, whi<!h is more d.i.ffj,'.ult 

to achieve. Also, it is impor1ant that the relatjye 

thicknesses of the oxi~e in both the bitline and 

wordline trenches have been set .. su1!h th.at the entj 1·e 

floating gate portions are exp•.•Sed after thi·s 

polysilicon etch is complete, "'hi<'h portions are 

located between the oxide line1 s u<;o, along the 

wordline direction 312. 

12) As shown in FIG~: 7fl 71, a brief re­

oxidation step is performed, s11ffjt:ient to oxidize the 

exposed floating poly gate port ioiua · 265", or 

sufficient to oxidize the float in~J gate portion 

covered by the exposed thin tunnel oxide 260 of thc 

holes 930. In FIG 71, the oxidiZE-!<l floating gate 

portion 265' is shown, which js lr1··ated behind the 

hole 930. 

Oxidizing the floating gate pot tiri11 265" isolates the 

floating gates of each transistor .ilong sides of the 

pillars from each other. 

The top view of the array is shown in FIG 70, whert·~ 

each pillar has two isolated floating gates 265, 265'. 

Each f l·oating gate extends beyond I he pillar along the 

wordline direction 312 a dista11ce t·hat include~ the 

width of two poly straps 460 tltat .1re buried adjac•·nt 

to the pillar. Each pillar ha:; twi 1 transistors forn1ed 

in a sc1uare 2F by 2F, i.e., 4F, a1 ea. -Thus, therE:! i.s 

one tre:msistor or one bit per :!F2 <1L·ea. 
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If tjesirea, an additional oxide fill and chem-polish 

may be performed to fill in the holes 930 left between 

the wordline pillars. Then, as described above and 

shown in FIG 72·, the nitride is removed. and drain 

:regions 240 are implanted on the top of each pillar. 

rhis forms the array 850 of FIG 52 shown in a three 

dimensional view. For clarity, the oxide that fills 

the wordline.and bitline trenches 430, 210 is omitted 

in FIG 52. To realize the 2F-square cell size, each 

of the two wordlines 225, 225' on each pillar is 

contacted separately at the end of the array 850. 

Note that.in all embodiments, additional conventional 

processing steps are performed to complete support 

devices and circuitry on the periphery of the array. 

While the invention has been particularly shown and 

described wlth respect to illustrative and preferred 

embodiments thereof, it will be understood by those 

skilled in the art that the foregoing and other 

changes in form and details may be made therein 

without departing from the spirit and scope of the 

invention which should be limited only by the scope of 

the appended claims. 
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CLAIMS: 

Having thus described our inventi(Jn, what we claim as 

new, and desire to secure by Lett~rs Patent is: 

1 . A semiconductor device com1 >rj 8 ing: 

a substrate; 

an array of cells having pilldrs formed on said 

substrate, said pillars bei.ng arranged in rows 

and columns, each of said pil Lars extending_ 

upward and having an upper re' J ion doped with a 
first type of impurity, a 111idcUe region doped 

with a second type of impurity, and a lower 
region doped with said firut 1.ype of impurity, 
said middle region being bt:tw~en said upper and 

lower regions; 

a gate region formed on at ledst one ·sidewall ·of 

said each pillar over said middle region to 
control the resistance between said upper and 

lower regions; and 

a stack capacitor formed on each of· said pillars 

over said upper regions, eclch of said stack 

capacitors having a storag~! electrode formed over 
said upper region, a diele<:tr i c layer fanned ·over 
said storage electrode, arul a plate electrode 

formed over· said <l:ielectrit: lnyer. 

111111111111111111111111111111 
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2. The semiconductor device C•I c·1 ci~m 1, wherein said 

plate electrodes are interl:om1~C!ted to form a 

common plate electrode of uaicl stack capacitors. 

3. The semiconductor device or cl .. 't:im 1, wherein s~tid 

gate regions along said rows cat·e word lines ot 

said cells, and said lower re~J ions along said 

columns are bit lines of s.aid l".:ells. 

4. The semiconductor device c>I cl cdm 1, wherein s.dd 

gate regions along said rows a~e continuous to 

form word lines of said cells, and said plate 

electrodes along said columns are bit lines of· 

said cells. 

s. The semiconductor device o I c "I d.;j..m 1, where in sc:iid 
,-

lower regions are common a I on~1 said· columns, and 

are isolated from each otht·:r a Long said rows by 

column trenches. 

6. The semiconductor device cit ·c·l .dm S, wherein s.:1id 

rows are separated from eac!h n1:her by row 

trenches, said column trenl·hen being deeper than · 

said row trenches. 

7. The semiconductor device 01 c·1 aim 1_, whe·rein said 

lower regions completely oc!CUt ·~' footprints of 

said pillars. 

111111111111111111111111111111 
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8. The semiconductor device or: cl aim 1, wherein said 
gate region.includes a gate oKide formed on said 
sidewall and a gate electrnde formed over said 
gate oxide. 

9. The semiconductor device o i: c I.aim 1 further 

comprising a strap located adjacent each of said 
lower region to reduce a rt:!sistance of said lower 
regions. 

1 o • The semiconductor device o I'. cl aim l, wherein said 
gate region ·is common alon!J pillars arranged 
in said rows, and separa te11 from gate regions of 
pillars arranged in said columns. 

11. The semiconductor device of. claim 1, wherein each 
of said cells has two tran:ds1·ors, one of said 
transistors being active, .tnd another of said 
transistors being passive. 

12. A method of forming a semi•:onductor device 
comprising the steps of: 

forming in a substrate lowl!r and upper doped 
. regions; 

forming an array of pil lar:J· a t·ranged in rows and 
columns, each of said pill.trs having a body 
portion separated by said I.cwt:! r and upper d_oped 
regions, one sidewall of said pillar extending 

111111111111111111111111111111 
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between said lower and uppl:r doped regions, and 

another sid~wall of said pillar extending from 

said upper region to a region which is below ·.said 

lower doped region to sepaJ·ate said lower doped 

regions of adjacent columnu; .111d 

forming a stack capacitor uvei: .each of said 

pillars. 

13. The method of claim 12, wh":re·i n said stack 

capacitor forming step inc I udc!S the steps of: 

farming a storage electrode! 011 top of each of . 

said pillars; · 

forming a dielectric layer OVE!r each of said 

storage electrodes; and 

forming a plate electr.ode 'Net: each of said 
. 

dielectric layers. 

14 . The method of claim 13, wh' :rein said plate 

electrode forming step fon11s c1 continuous plate 

electrode which is common 1· o ::;aid stack 

capacitors. 

15. The method of claim 12, wlh:re i 11 th~ array forming 

step includes the steps of: 

1111111111111111111 11111111111 
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etching columns trenches s.:pa1·dted by a feature 

size; and 

etching rows trenches sepa·a·at .. -=d by approximate] y 

120% of said feature size 1 o 1..!Kpose said lower 

doped portions and to deepc ~n :;aid columns 

trenches. 

16. The method of claim 15 fur1 he a· comprising the 

steps of: · 

prior to the column .trencht:s 1·orming step, 

forming a mask over said s11bs1 rate arranged in 

columns; and 

prior to the row trenches I or111 ing step, 

patterning said mask colu11111s 1 o form mask 

islands. 

17. ~he method of claim 12 furt he1· comprising forming 

.· an insulating spacer betwe"n :icdd sidewalls of 

adjacent pillar. 

18. 'l'he method of claim 12 fu1·1 he1· comprising f~rming 

a gate region on at least • 1ne of said sidewalls 

of said pillars. 

19. The method of claim 18, wl1o:rein said gate region 

forming step includes the :;tep:3 of: 

111111111111111111111111111111 
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forming a gate oxide on said H:idewall; and 

forming a gate electrode over said gate oxide. 

20. The method of claim 19 furt.he1· comprising the 

s~eps of: 

forming another insulating spacer over said ga t:e 

region; 

forming a third doped regi11n in a portion of Sdid 

pillar located over said 01.he1: insulating layer; 

and 

forming another gate regio11 a 1·ound said portion 

of said pillar located ove1· s.1id other insulating • .. 

layer. 

21. The method of claim 20, wh1!re in the third doped 

region forming step forms naid third doped 

regions in alternating pi) lars along a wordline 

direction; and the other g.ite region forming sr.ep 

forms said other gate regi11ns around alternating 

pillars that do not have s.tid third doped 

regions. 

22. A method of forming a semi• ~onductor device 

comprising the steps of: 

I lllllll llllll lllll lllll II llll 
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forming an array of pillar:; Oil a substrate 

arranged in rows and colum11s, said pillars being 
~.separated by column trencltt~s having a first depth 

and row trenches having a uecond depth which is 
less than said first depth; 

forming lower doped .regio11:1 below said pillars; 

f.orming a gate region around cat least one wall of 
said pillars; 

forming upper doped region:i 011 said pillars; and 

forming a stack capacitor 11ve1· each of said 
pillars. 

23. The method of claim 22, wlh:rein the array formi.ng 
step includes the steps of: 

forming mask lines over s<1 id rn1bstrate paral1v t 
to said columns; 

etching ~xposed portions 01 s..i.id substrate to 
form said column trenches; 

patterning said mask lines to f.orm mask islandLJ; 
and 

1111\11111111111111111111\ \Ill 
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etching said exposed porticms of said substrate 
to form said rqw.trenches and to .deepen said 
columns trenches. 

24 . The method of claim 22, wherein the lower doped 
regions forming step includes the steps of: 

forming an outdiffusion material on lower 
portions of said column trtmches; 

outdiffusing material from said outdif fusion 
material to form said lowe1· regions below said 
pillars. 

25. The method of claim 22, wherein said gate region 
forming step includes the Hteps of: 

forming a gate oxide on sajd sidewall;. and 

forming a gate electrode over said gate oxide . 

. · 
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