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4F~-SQUARE MEMORY CELL HAVING VERTICAL
FLOATING-GATE TRANSISTORS WI'TH SELF-ALIGNED
SHALLOW TRENCH ISOLATION

Related Applications

The following patent applications are assigned to the
assignee hereof and contain subject matter related to
the subjedt matter of the present patent appiication:

C 1. U.S. Patent application serial no.

'- 08/79295_?_ , entitled "Self-Aligned NDiffused ‘Source
Vertical Transistors with Stack Capacitors in a 4F-
Square Memory Cell Array", filed on even date herewith
for Jeffrey J. WELSER, Hussein I. HANAFI, Stuart M.
BURNS, Waldemar W. KOCON, and Howard L. KALTER;

2. U.S. Patent application serial no.
08/792’952 , entitled "Self-Aligned Diffused Source
Vertical Transistors with Deep Trench Capacitors' in a
4F-Square Memory Cell Array", filed on even date
herewith for Jeffrey J. WELSER, Hussein I. HANAFI,
Stuart M. BURNS, and Howard L. KALTER; and

3. U.S. Patent application serial no.

08/787’&_8_ . entitled "2F-Square Memory Cell For Gigabit

Memory Applications", filed on even date herewith for
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Jeffrey J. WELSER, Hussein I. HANAFI, and Stuart M.
BURNS. '

The contents of the ahove-listed patent applications
are incorporated herein by reference. '

BACKGROUND OF THE INVENTION

Field of the Invention

- The present invention is directed to densely packed

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

‘methods for making thereof, and more particularly, to

non-volatile/volatile memory cells having vertical
floating-gate transistors with self-aligned shallow
trench isolation between source regions for addressing
and writing individual transistors via direct
tunneling. |

Discussion of the Prior Art

There is much interest to scale down densely packed
semiconductor devices on an integrated circui; (IC)
chip to reduce size and power consumption of the chip,
and allow faéter operation. In order to achieve the
high packing density necessary for Gbit memory

applications, it is.crucial to shrink the size of an

individual memory cell as much as possible. FIG 1
shows a top view of a conventional array 10 of

conventional erasable programmable read only memory.

REPLACED
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(EPROM) devices 15, using vertical transistors, such
as metal oxide silicon field effect transistors
(MOSFETs) with a floating gate 1ayef. 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”, Election
Device Letters, Vol. 14 (8) 1993 pp.415-417. H. Pein
and J.D. Plummer, “Performance of the 3-D Pencil Flash
EPROM Cell and Memory Array”, IEEE Translations on
Election Devices, Vol. 42, No. 11, 1995, pp. I982-
1991. )

The conventional array 10 has rows of wordlines 20 and
columns of bitlines 25. The size of a cell 27 of the
array 10 is 2F by 2F+4, leading to a cell area of
4F?42FA. 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 is
approximately 0.2F, resulting in a cell area of
approximately 4F?+0.4F area acliievable using -
conventional lithography. The additional length A is
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 .ot
the vertical MOSFET 15 along a bitline 25.

As shown in FIG 3, the MOSFET 15 has an n* source 30
formed on a P-doped silicon substrate 35. The source



30 is formed after etching the substrate 35 to form a
vertical pillar 40, referred tu as the body of the
MOSFET 15. The pillér 40 acts as the transistor
-channel and has dimensions of I by F, as shown in I"IGs
1 and 3. ' '

As a result of forming the souirce 30 after forming the
pillars 40, the source 30 is formed around edges of
the pillar 40 and is absent frum a region 45 located
below the pillar 40. Thus, the source 30 does not
entirely occupy the footprint «f the pillar 40. BAs
shown in FIG 2, all the ‘MOSFET: 15 of the array 10
have a commonn source 30, including MOSFETs of
different bitlines 25 and diffcrent. wordlines 20. As
shown in FIGs 2-3, the top of vach pillar 40 is doped
with N-type material to form n' drains 50 of the
vertical transistors 15.

A tunnel oxide 60 is formed arcund the pillar 40 and
an oxide spacer 65 is formed on the source 30. Next,
a polysilicon floating gate 70, gate oxide 75 and
pelysilicon control gate 20 arc« formed around the
tunnel oxidé_GO. Note, control gat.es 20 of individual
transistors along the wordline 20 are inter-connected
~to form the wordline 20.

Because the polysilicon contro! gate 20 grows
uniformly around each vertical MOSFET 15, the spacing
between MOSFETs 15 of adjacent rows is slightly larger
than the feature sigé F, e.g., F+A, where A is



approximately 0.2F. This sepatate:s adjacent wordlines
20 by amount A, when polysilicun is grown up to a
distance of 0.5F. This 0.5F thick polysilicon layer
covers the top and sidewalls o! the pillars 40, as
well as‘the oxide spacer 65 located on the substrate
35 at the .base of the pillars -10.

The 0.5F thick grown polysilicin regions at pillar
sidewalls separated by distance F, along each wordline
- 20, merge with each other. This forms the wofali;;s
20 around a row of pillars.thal are separated by F.
However, the 0.5F thick formed polysilicon regions at
pillar sidewalls separated by distance F+A do not
merge. Rather, they remain sep.arated by the distance
A. At the base of the trenche: located between these
polysilicon covered pillar sidewalls that are
geparated by F+A, the oxide spicer 65 is covered with
the 0.5F thick polysilicon.

To separate adjacent wordlines 20, a reactive ion etch
(RIE) is performed that remove: polysilicon for a
thicknﬁsé of 0.5¥. The RIE exj:osess the top of the
pillars 40, as well as the oxide spacer 65 at the l,ase
" of the pillars that are separalted by F+A. THe exposed
distance of the oxide spécer 6% is A. Thus, the A
separation between adjacent woidlines 20 ensures that
control gates 20 of adjacent wordlines are not shorted
along the direction of the bitlines 25.
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As shown in FIGs 1 and 2, a first level metal forms
bitlines 25 which are orthogonual to the wordlines 20.
The first level metal connects drains 50 of MOSFETs 15
along a common bitline 25.

The area of the cell 27 of FIG 2, is small because the
substrate 35 is used as a commun source 30 for all the
MOSFETs 15 of the array 10. FIG 4 shows a three
dimgnsional view of another conventional array 90,
which is similar to the conven! ional array 10.gf F1G
2, except for having round pillars 95 instead of
square pillars 40 (FIG 2). As in the array 10 of IFIG
2, the array 90 of FIG 4 has a common source 30.

The memory fundtion of each cell 27 is achieved by
charging 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 150A. Theretore charging of the
floating gate 70 must be achieved by flowing a large
drain current. This generates hot electrons which can
tunnel through the tunnel oxide«¢ 60, often referred to
as hot-electron injection or channel hot election
tunneling. However, channel hut electron tunneling is
not suitable for DRAM or “Flash” memory applications,

because channel hot electron tunneling requires high
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power. This is particularly a problem in the high
density arrays necessary for Ghit memories. 1In
addition, tunnel oxide degradat ion caused'by hot
electron tunneling is not tolerable for applications
that require frequent read/write operations.

If the tunnel oxide 60 is made thinner, e.q., =3 nm,
direct tunneling between the channel 40 and floating
gate 70 is possible. In contrast to hot electron_

‘tunneling, direct tunneling is faster resulting in

faster write and erase times, requires much lower
power, and minimizes tunnel oxide degradation.

However, because the sources 2%/ of all the MOS?ETS are
common, setting the bitline and wordline voltages .
appfopriately to write a single¢ cell 27 can still
induce hot electron currents in neighboring cells
along a wordline 20. This dest roys any information in
these cells and damages their lunncl oxides 60.

Hence, to make the conventional MOSFETs 15 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 direct
tunneling read/write operation::. FFurthermore, to
achieve the packing density necessary for Gbit
memories, the overall cell area must not be increased
by these modifications. The c¢ll area must remain
approximately 4F-square.



One method for achieving sourc: isolation bhetween
bitlines 25 is to pattern isolation lines
lithographically between. the bitlines 25. 1Isolation
is then be achieved by either « local oxidation of
silicon (LOCOS), recessed-LOCO:, -or conventional
shallow trench techniques.

However, such an isolation method requires
lithography. Therefore inter-cdevice 20 lines must be
increased from F to -at least 2F to avoid shorting_—
adjacent control gates, or wordlines 20 along the
bitlines. This increases the inter-device spacing
along the bitlines 25 from 1.2F to 2F. Thus, the
overall éell size increases from 4F?+0.4F to at least
6F2. Moreover, lithographic misalignments degrades
device behavior. Hence, packing density and/ox

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 stiuctures are shown in
U.S. Patent numbers 5,386,132; 5,071,782; 5,146,426
‘and 4,774,556. The transistor: formed in such
trenches may be combined with additional planar
devicéé, as discussed in U.S. Il'atent numbers
4,964,080; 5,078,498. Other mimory cells have
transistors with a floating body, as discussed in U.S.
Pat.ent number 5,382,540. Anotlier conventional memory
cell, disclosed in U.S. Patent number 5,017,977, does



not have separated buried bitlines between ‘
transistors. Such conventional cells fail to achieve
maximum packing den§ity due to non-self-aligned
isolation techniques, or require complex processing
methods for fabrication, e.g., selective epitaxial
grthh; which methods are not nuitabie for large-scale
production.

Instezd of using the vertical devices of the memory

———

cell 27 as an EPROM, the vertical transistor 15
without a floating gate, in conjunction with a
capacitor, can also be used foi .DRAM applications.

FIG 5 shows a schematic of a typical DRAM cell 100
having a field effect transistor (FET) 105 and a.
storage capacitor C,. The gate of the FET 105 acts as -
the wordline W/L. A bitline B/L is connected to one
terminal of the FET 105, which terminal is the souirce
or drain of the DRAM, depending on application. The
other DRAM terminal is connected to a storage node 110
of the storage capacitor C,. 7The other terminal of

the storage capacitor C, is referred to as a plate

115.

When the FET 105 is turned on hy an appropriate signal
on the wordline W/L, data is tiransfterred between the
bitline B/L and the storage node 110. The standard
one transistor, one capacitor ¢ell 100, shown in FIG
5, has a theoretical minimum area of 8F? for a folded
‘bitline, or 4F‘ for an opén bit Line 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, and active and
passing wordlines W/L, W/L‘, rc¢spectively. The word
and bit lines each have a width F. The bit and woid
lines are separated from adjadunt bit and word lines
by a width F. Thus the area of the folded bitline
DRAM cell 120 is 8F?.

FiG 7 shows a top view of a couventional open bitline
DRAM cell 150, having a bitlinc¢ B/T. and a wordline
W/L, each having a length F and being separated from
adjacent lines of adjacent cells (not éhbwn) by a
length F. Thus, the area of the open bitline DRAM
cell 150 is 4F2.

Due to the need for contact and isolation spacing, in
conventional designs that use planar transistors, it
is only possible to obtain the:e minimum cell sizes by
creating sub-lithographic features at some level. In
addition, if a minimum cell sive is to be obtained, it
is necessary to reduce the lenyth 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. This reduces the
charges stored on the storage vapacitof C,, thus

requiring a larger capacitance to ensure that the
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stored charge is sensed correctly, for example, to
indicate logic 1 or 0.

Increasing the capacitance of the storage capacitor C,
is achieVed'by either increasing the capacitor area,
or decreasing the effective dielectric thickness
located between the capacitor plates. Increasing the
capaciﬁor 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
@ifficult, since the thickness of many conventional
dielectrics has already reached a minimum_pfactical
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 voitage, further bitline voltage
reduction is limited by the maximum achievable
dielectric constant. Accordingly, to fturther reduce
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 .
adjacént bitlines, yet continuous source regions for
each individual bitline, to allow cell programming by
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direct electron tunneling, instead of programming by
channel hot electron tunneling.

There is also a need for a memory cell having a proper
gate” length and capacitor, without increasing the
lateral area of the cell.

SUMMARY OF THE INVENTION

Tﬁe object of the present invention is to provide a
memory cell array, and a methotl of making thereof,

that eiiminate the problems of conventional memory

cell arrays.

Another object.of the present invention is to provide
a memory cell array, and a methiod of making thereof,
that has isolated sources on adjacent bitlines of the

array without increasing the cuvll area.

Yet another object of the presc¢nt invention is to
provide a memory cell array, and a method of making
thereof, that has self-aligned isolation trenches
between adjacent bitlines of the array.

A further object of the present invention is to
provide a memory cell array'thnt is programmed at high
speed using direct tunneling, ¢an withstand a high
number of write/erase cycles, consumes low powér, has
reduced oxide dégradation, operates at low voltages,
and has a high retention time.
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An additional object of the present invention is to
provide a memory cell having a proper gate length and
capacitor without increasing the cell lateral area.

A further object of.the present invention is to
provide a memory cell that prevenls charge
accumulation in the body of the cell.

Another object of the present invention is to prov1de
a memory cell having a self aligned continuous souice
regions along bitlines 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 ce11

Another object of the present invention is to provide
a memory cell having a capacitor such that additional
cell area is not consumed by the capacitor, by

capacitor contacts, or by transistor contacts.

These and other objects of the inventions are achiwuved
by a semiconductor device and a method of making
thereof. The semiconductor device may be a vertical
MOSFET semiconductor device which may have a floating
gate. The semiconductor device is fabricated on a
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semiconductor pillar etched from a substrate which may
be a single crystal substrate, for exanple. A
diffused source region is formed at the base of the
pillar. Alternatively, the source and drain regions
are implanted or epitaxiélly grown. In addition, an
array of these pillars is form:d with self-aligned
isolation. '

The vertical semiconductor device comprises a _heavily-
doped region on the top of the pillar, followed by a
body region with the opposite doping type, then
followed by the heavily-doped :source region formed ,
for example, by implantation o: by outdiffusion from
either heavily-doped oxide, polysilicon, or other
suitable material deposited be!ween columns (i.e:,
bitlines) in memory array. Depending on the amount of
source outdiffusion from the material, the body of the
pillar transistor may or may not maintain electrical
contact with the underlying sul.strate.

The source outdiffusion material may or may not be
removed subsequent to annealing. In the case of
polysilicon, or other highly ecnductive source
materials, this material may act as a buried Mstrap”}
reducing the resistance of the diffused source region.

The doped regions at the base «f each pillar in the
array may be separated by self aligned isolation
formed by a two step trench etch, oxide deposition,
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chem-polish, and RIE etchback following the diffused
source formation. '

For application where hot electron tunneling is a .
satisfactory program/erase method, i.e., where power
consumption and cyclability arc¢ not major concerns,
all devices in the array may share a common source.
In this case, pillars may be torm:d by a single etch
step prior'to the source formation, and no additional
etching is done prior to the isolation step.

For applications where direct'lunneling will be usad
for program/erase operations, i.e., for reduced power
consumption and increased cyclability, pillars will be
formed using a two-step etch process which etches
trenches in orthogonal directions, This etch process
creates piliars with a more rectangular cross-section,
(versus the circular pillars formed by a single-step
etching,) and allows thé height of the pillar to vary
on adjacent sides, dependent on the etch depth for
each trench. The source regions between the column
pillars are separated by etching the column trenches
deeper than the orthogonal wordline trenches. The
column trenches are parallel to the bitlines.

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 a buried bitlines for
cell access.
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The two-step etch may also be used for the common
source configuration, if a rectangular pillar cross-
section is desired, by completing both etch steps
prior to source information. If a floating transistor
body is desired, the source may also be formed prior
to all processing steps by implantation into a |
suitably-doped substrate, which may include epitaxial
layers.

The main body of each pillar is encircled by the gate
stack which comprises a dielectric layer, (e.g.,
thermal grown silicon dioxide), referred to as a
tunnel oxide, followed by a floating gate material
capable of storing charge, (e.g., amorphous silicon,
silicon-rich oxide, nano-crystals of silicon,
geranium, or other material, nitridé, a metal, etc.),
followed by a second dielectric layer, (e.g..
deposited silicon dioxide), referred to as a gate
oxide. Next, a control gate made of polysilicon, for
example, is formed around the gate oxide. This
results in a memory.device, where charges are stored
on the floating gate of the vertical transistor.

Such a memory device or cell may be used as an EEPROM
or Flash Memory cell, usually used for non-volatile
storage. The vertical memory cell according to the
invention has higher speed and endurance than
conventional floating gate transistors. In addition,
the vertical memory cell may also be used as a DRAM
type cell. That is, for DRAM applications, the
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vertical memory cell replaces a conventional
transistor and capacitor combination cell. Thus, the

vertical memory cell may be usud for either EEPROM or
DRAM applications.

The tunnel oxide and floating gate may be dispensed
with to result in a gate stack that includes the gate
oxide and the control gate. This results in a
vertical transistor that may be used in conjunction
with a capacitor to form a memory cell. The,é;pacitor
may be a stack or trench capacitor. Such a memory
cell is used for DRAM applications, for example, where
charges are stored on the capacitor. In this case,
the vertical transistor acts as a switch or transfer
device to access the charge for writing and reading
operations.

The gate stack extends between the two heavily-doped .
regions at the top and base of each pillér.- A
conductive gate material,_(e.g., in-situ, heavily
doped polysilicon, with or without silicidation), is
deposited on the array to connect pillars along each
row (or wordline) of the array, orthogonal to the
bitline direction. This polysilicon is the control
Qate. The pillars in the array may be separated by
slightly different amounts in the bitline.vérsus
wordline directions.

For example, the pillars are separated by a distance F
along the wordline direction, and by a distance F+4
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along the bitline direction. The additional spacing a
allows the gate material (or control gate) to be
separated between adjacent wordlines by etching alone,
e.g., RIE, without lithography. Thus, adjacent
wordlines are separated by forming the polysilicon
having a thickness of 0.5F over the entire array of
pillars, including the trenches thefebetween, and then
etching the 0.5F thick horizontal polysilicon located
on top of the pillars and at the base of the wordline
trenches. The etched polysilicon at the base of the
wordline trenches has a width of 4, and upon removal
thereof results in the wordlines being separated by
the distance A. If the pillars are equi-spaced in
both directions, an additional mask can be used to
separate the gate material in other desired

directions.
BRIEF DESCRIPTION OF THE DRAWINGS

Further features and advantages of the invention will
become more readily apparent from a consideration of
the following detailed description set forth with
reference to the accompanying drawings, which specify
and show preferred embodiments of the invention,
wherein like elements are designated by identical

references throughout the drawinés; and in which:

FIGs 1-2 show top and perspective views of a.
conventional array of memory cells;
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FIG 3 ,shows a cross-sectional view of a one of the
conventional memory cells shown in the array of FIGs
1-2 along a bitline;

FIS 4 shows a schematic of another conventional array
of memory cells;

.~ FIG 5 shows a schematic of a conventional DRAM cell;

FIGs 6 and 7 show top views of conventional folded and
open bitline DRAM cells, respectively;

FIG 8 shows an array of memory cells according to one
embodiment of the present invention;

FIG 9 shows the array of FIG 8 after dielectric fill,
chemical polish and etchback 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 the present invention;

FIGs 12-14 show a method of forming the arrvay shown in
FIG 8 according to the present invention;

FIGs 15-16 show an array of memory cells with and
without strap lines according to another embodiment of
the present invention;
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FIGs 17-26 show a method of foiming the array shown in
FIGs 15-16 according to the preseunt 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 foiming the array shown in

——

FIGs 27-28 according to the present invention;
FIG 33 shows a memory cell having a stack capacitor
according to another. embodiment of the present

invention;

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 memory
cells each having a trench capncitof for open bitline
and open/folded. architectures according to another
embodiment of the present-inveﬁtion;

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 bitline
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architecture according to anotlier embodiment of the
present invention;

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

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

DETAILED DESCRIPTION (:;F THE INVENTION

4F? Memory Cell

FIG 8 shows an array 200 of memory cells 205 according
to one embodiment of the present invention.
Illustratively, the memory cell 205 is based on a
MOSFET. The array 200 has seli -aligned shallow
trenches 210 that isolate and :eparate 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
219, which may be referred to as bitline trenches, are
parallel to the bitlines 220, and orthogonallto the
wordline 225.

The array structure 200 maintains a common source 215

along a given bitline 220, while having separate
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sources 215 on adjacent bitlinus 220. The source 215
of each cell 205 is self-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 using the
same shallow trench etch step, simplifying the overall
process. ' '

. ———

Each memory cell 205 is a vert.ical transistor having a
pillar 230 extending upward above the substrate 235.
The substrate is a single crystal semiconductor
substrate, such as silicon (8i), which may be doped
with P-type material, for example. Upper and lower
regions of each pillar 230 are doped, e.g., with N-
type material, to form drain and source regions 240,
215, respectively. The middle region of each pillar
230, between the drain 240 and source 215, is lightly
doped, usually with P-type material, to act as the
MOSFET channel between the N-type source and drain
regions. |
FIG 8 alsc 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. Each
pillar 230 has a dimension of V¥ by_F along the
wordline 225. Adjacent pillars ave separated by a

. distant F.along the wordline 225, and a disﬁance F+A
along the bitline 220, where A is approximately 0.2F.
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FIG 9 shows the array 200 after dielectric £ill 250,
chemical polish and etchback. TIllustratively, the
dielectric 250 usedfto £ill th¢ trenches 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 the
sources 215 act as bﬁried 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
fegion below the pillar 230. In addition, the source
215 is separated from sources of MOSFETs of different
bitlines by the shallow trenches 210.

Since the source 215 is complelely self-aligned below
the device pillar, there is leuss 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 pillaf's middle rcgion, which is between
the source 215 and drain 240. The gate region
controls the resistance between the source and.draih
regions 215, 240. The gate reqgion may also be formed
on at least one sidewall of thu: pillar 230 over the

pillars middle region. Alternately, the gate region
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is a wrap-around gate formed on all the pillar
sidewalls, over the pillar‘s middle region.

Illustratively, the gate region comprises 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 ::65. The vertical
MOSFET 205 with a floating gate¢ may be used for memory
applications. A gate oxide 270 separates the_fleating
gate from a control gate 275. The control gate 275
acts as the wordline 225. Illustratively, the
floating and control gatés 265, 27% are polysilicon.

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

a given bitline. The oxide 250 used to fill the
trenches 210 (FIGs 8-10), also forms the necessary
spacer 280 between the poly gates 265, 275 and the
source region 215 along the bitline direction 314
without any additional processing steéps. In addition
to preventing source/gate short ing, 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 simulated
by D.J. Frank, S.E. Laux, and M.V. Fischetti, “Monte
Carlo simulation of a 30nm dual gat.e MOSFET: How short
can Si go?” Inter. Electron. Devices Meeting, 1992,
P.553. In these simulations, it is shown that the
dual-gate MOSFET offers greate: scalability to short

i
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gate lengths than MOSFET desiqguns. 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
roll-off and drain induced bariier lowering.

A method to form the afray 200, with the self aligned
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 21§, 240 are formgd by
subjecting the substrate 235 to blanket implants of
ions 310. Note, the source implant 215 is a deep
implant at a depth of approximately 350'nm. if
necessary, a photoresist mask is uéed during this step
to protect the edge areas where planar support devices
may be fabricated. Alternatively, epitaxial growth
may be used to form the source and drain regions 215,
240.

IXI. 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 from each other by a
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spacing F. The nitride lines ::90 Jdefine the pillars
for the vertical MOS devices along the bitlines. |

ITII. Shallow trenches 210 having a depth
315 of approximately 300 nm to 500 nm are formed by
etching, e.g., reactive ion etching (RIE), tﬁe
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 in a subsequent
etching step to separate the scurces 215 between
adjacent bitlines. ' '

IV. As shown in FIG 14, the nitride lines
or strips 290 are patterned to form nitride fegions
245 aiong the bitlines. Each nitride region 245 is
square having an F by F dimension, and is separate by
length F+A from adjacent nitride regions 245 along the
bitline direction 314. For clarity, only one nitride
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 gates from-
shorting between wordlines. This is 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 ¢tch, which is
approximately 350nm to 500nm, is scet to just reach the
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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 bitlines 220, down to a total
depth of about 700 nm to lum. The deep bitline
trenches 210 disconnect the sdurces 215 in the
wordline direction 312.

This two step etch process of steps III and V forms
équare pillars, which are advantageous compgiedﬂfo
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 due
to the different depths of the column or bitline
trenches 210, located between the bitlines 220, and
the row or wordline trenches 430 located between the
wordlines 225.

The two etch process maintains the continuity, along
the array columns (or bitline direction), of the
buried source 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 regions are implnnted-pridr to
formation of the pillars, the source regions occupy
the entire footprint of the pillars. This isolates

the pillar body from the underlying substrate 235
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resulting in a floating body transistor. 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 from a
material 460 lining sidewall portions of the column
trenches 210. Alternatively, 1he source regions 405
are formed after pillar formation. '

VI. Returning to FI(G 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

pblishing for example. At this point, the surface of

the wafer comprises islands of nitride 245 on top of
each pilar 230 surrounded by o=xide 250.

VII. A final etch slop, e.g., RIE, is
performed to expose the pillar walls prior 'to gate
stack formation. Note, this slep only etches oxide,
not silicon. The etch is timed to stop approximately
30-40 nm above the Si plateau :25 (FIG 8) between the
pillars 230 along the hitlines 220. Asg éhown in FIGs
9-11, the oxide layer 250 acts as a spacer 280 having
a thickness 330 of approximately 30-40 nm.

The spacer 280 separates the gates (both the floating
and control gates 265, 275, shuwn in FIGs 10-11) from
the source implant 215. This prevents the gates 265,
275 from shorting to the source 21%. The thickness
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330 of this spacer 280 is chos¢n to minimize

gate/source overlap capacitanc:, while not allowing
any underlap to occur. '

VIII. Any remaining oxide on the pillar
sidewalls is removed, to result in the array‘zoo shown
in FIG 9. At this point, the pillérs 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 in FIts 10 and 11.

Next, a gate structure is formed around_the.pillars'
230. Forming the gate structuie includes the steps of
forming a gate region on one sidewall, at leést two
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 in FIGs 10-11, forminy the gate region
includes the steps of forming & tunnel oxide 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 floaling gate 265; and
forming a control gate 275 ove: the gate oxide 270.
Illustratively, the tunnel and gate oxides 260, 270
are silicon dioxide which may l.e thermally grown; and
the floating and control gates 265, 275 are conductive
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material, such as in-situ, heavily doped polysilicon,
with or without silicidation.

FIGs 25, 26 show cross-sections of a memory cell 400,
such as a floating.gate vertical MOSFET used as an
EEPROM, along the word and bit line directions 312,
314, respectively, according to another embodiment of
the present invention. The EEIPROM 400 is siﬁilar to
the EPROM 205 shown in FIGs 10, 11 except the source
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 pillar 230, between
the source and drain regions 405, 240. Continuity
between the pillar body and underlying substrate
prevents charge buildup in the pillar body. Of
course, source outdiffusion may be continued until the
source is formed 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 ourdiffusion 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
difquea 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,
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FIGs 15-16 show an array 420 of vertical memory
devices 400, such as floating-yate 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 £ill the open area between all of the pillars
and trenches. '

FIG 15 shows the array 420, where each array column or
bitline 220 has a common self-aligned diffused- source
region 405. The buried bitlines 220 are formed solely
by optdiffusion from a source material 460 (FIG 16),

" which may be removed after forming the sources 40S5.
FIG 16 shows the source material buried “strap” 460,
e.g., heavily doped polysilicon, which way be left in
place after source outdiffusion to reduce the
resistance of the buried bitlines 220 (or source 405).

In FIGs 15 and 16, the square shape of the pillars 230
is due to the two-step etch process previously
described. The body of the transistor pillars is
still in contact with the substrate 235, since source
outdiffusion 405 has been limited to prevent joinder
of source regions 405 from opposite sides of each
pillar 230. If a floating body transistor is desired,
where the body of the pillar is isolated from the
underlying substrate 235l annealing is performed for a
longer time for further outdiffusion from the source
material 460 (FIG 16), so that the source regions~405
from opposite sides of the pillars meet.
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Alternatively, as describe in vonnection with FIG 12,
source implantation may be periormed prior to array
fabrication that forms the pillars.

Note, that while a floating piillar 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 ii some applications.

In FIGs 15-16, source diffusion reqidns'405 between
neighboring bitlines 220 are i:solated from each other
by further etching to form deep troenches 210, which
are between the bitlines 220 and ruferred to as
bitline or column trenches. The column trenches 210
are etched deeper.than trenche:: 430 located between
the wordlines.225, which trenches are referred to as
wordline or row trenches 430. If cdesired, a common
source (i.e., a source commnon to all the word and
bitlines), may be achieved by «¢tching both trenches
210, 430 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 bitiines 220 from the wordline 225. The spacer
280 is shown in FIG 23. As described earlfer, a drain
240 is fofmed on top of each pillar 230. In addition,
as described in connection with FIGs 10-11, a gate
structure is formed around each pillar 230, where the
control gate 275 acts as the ward]l ine 225, The gate
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structure may include a tunnel oxide 260, a floating
gate 265, a gate oxide 270 and the control géte 275.

As described earlier in connection with FIG 8, no
lirhography is necessary to separate adjacent array
rows or wordlines 225. This is because the -spacing
F+A between wordlines 225, is greater than the spacing
F between array columns or bitlines 220.

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

(a) - As shown in FIG 13 and described in
Step II of the previous process, nitride 290 is
deposited on the substrate 235 and patterned to form
parallel lines along the bitlines. The nitride strips
290 each have a width F, and are separated from each
other by a distance F. As shown in FIGs 17-18, a thin
pad oxide layer 450 may be formed on the substrate 235
prior to forming the nitride layer 290.
Illustrétively, the nitride layer has a thickness of
" approximately 500 nm, and the pad oxide layer 450 has
a thickness of approximately 2% nm. '

(b) Similar to Step III of the prioxr
process, the exposed substrate 235 located between the
nitride strips 290 is etched, e.g., using RIE, to form
shallow bitline trenches 210 between the nitride lines
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290. This is shown in FIGs 13 and 17. The etch depth
455 is deep enough to contain Lhe expected drain
implantation depth, the desirecd gate length, and the
buried bitline diffusion depth. TIllustratively, the
depth 455 of the trench 210 is approximately 700 nm.

{c) As shown in FIG 17, source outdiffusion
material 460 is deposited on tlie wafer, lining the
sidewalls of the trenches 210. FIGs 17-18 are_the
cross-sections along the wordline and bitline
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 '
forﬁed over the substrate 235.

For the illustrative example whexe the substrate is P-
type, the source and drain are doped with N-type
material. Illustratively, the source outdiffusion
material 460 is arsenic glass (ASG) in the case where
the source outdiffusion material 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 heavily doped
N-type polysilicon, for example. This poly layer 460
is then etched back to recess it into the trenches
210, leaving sidewall formations having a height 462
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that extend approximately 250 nm up'the sidewalls of
the trenches. If this etchbaclk is done by using
pHotoresist to protect the remuining 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 outdiffusing the
source regions. Note, this is necessary if the
polysilicon 460 or other source material will be
removed prior to source iéolation. However, annealing
is not necessary if the polysilicon 460 is lefr in
place, since subsequent hot procésses cause the
outdiffusions. The outdiffuse«d source regioﬁs 405 are
shown in the top array view of FIG 19, and the cross-
sectional view along the wordline direction 312 of FIG
20.

(e) As shown in FIG 19, pillar definition
is completed and wordlines formed by patterning the
nitride lines 290 to form nitride islands 245, which
are formed using mask lines having a width F that are
perpendicular to the trenches :10. This results in
square nitride islands 245 having a dimension of F by
F. Note, the inter wordline sj.acing is F+4, where A
is on the order of approximately of 0.2F. The
additional spacing A keeps the gates from shorting
between wordlines without furtlhier lithography.
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(£) As shown in FIGs 19-22, a second RIE
step is performed to etch the final pillar shape,
using the square nitride islands 245 as a mask. The
depth 470 of this etch, shown in FIGs 20-21, is set to
just reach the diffused source regions on the blateaus
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 Lhe pad oxide and
nitride strips 450, 290 (FIGs 17-18). 1In addition,
the etch further recesses the polysilicon 460 and
remove polysilicon 460 from the bottom of the bitline
trenches 210. The'depth of the bitline trenches 210
increases by the additional depth 470 resulting from
this second etching step. This disconnects the
sources 405 between bitlines (along the wordline

direction 312).

The two etch steps (b) and (f), form pillars that have
square edges, as opposed to more rounded edges formed
by a single etch pillar forming step. 1In addition,
the two etch pillar forming process allows different
heights for adjacent pillar sidewalls due to the
different depths of the orthogonal trenches 210, 430
(FIG 15).
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FIG 22 shows a three dimension.l view of the array 420

at this stage of processing, associated with FIGs 20,
21.

(g) Referring to FIG .23, all the trehches
are filled with oxide 250, or uther suitable isolation
material, and the wafer is chem-polished back. to
achieve a planar surface. At this point, the surface
of the wafer comprises islands of nitride 24§_oh_;op
of each pillar surrounded by o:ide 250.

(h) As shown in FIG 23, another RIE is
performed to expose the pillar walls prior to gate
stack formation. Note, this siep only etches oxide,
not silicon. The etch is timed to stop at a desired
distance 330 above the Si platcau located between the
pillars alohg the bitlines 220. The oxide layer 250
acts as a spacer 280 to separate the poly gates or
wordlines, which are formed sul.sequently, from the
source regions 405. This prevents the gates from
shorting to the sources 405.. ' '

The thickness 330 of this laye: is chosen to minimize
gate/source overlap capacitance, while not allowing
any underlap to occur, and is determined by the amount
of source outdiffusion in a given device design.
Illustratively, the thickness 130 is approximately 30-
40 nm. Steps (e)-(h) are similar Lo steps IV-VII of
the process ‘described in connection with FIGs 8, 9,
14.
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As described earlier beginning with step VIII, the
gate stack is formed after removal of any remaining
oxides on thé pillar sidewalls. 1In particular, the
following steps form the gate stack and complete the
formation of the ‘array 420 shown in FIGs 15 and 16.

(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.qg.,
thérmally grown silicon dioxide, referred to as the
tunnel oxide is grown, followed by formation of the
floating gate méterial'zss, which is capable of
storing charges. Illustratively, the-floaﬁing 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
dielectric layer is a deposited silicon dioxide,
referred to as the control or gate oxide 270.

(3} Next, the control gate 275 is formed
using a conductive gate material, e.g., in-situ
heavily doped N-type polysilicon, with or without
silicidation. The conductive gate material is
deposited with a thickness of just over 0.5F, minus
the thickness of the previously deposited floating
gate stack layers 260, 265, 270. This ensures-that
the polysilicon control gates 275 are shorted between



-39-

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+A between pillars along
the bitline direction, a width A of the polysilicon
(poly) 275 formed at the bottom of the wordline
trenches remains exposed. This is because the _
abproximately 0.5F thick poly 275 formed on the
wbrdline trench sidewall remain separated by the
distance A.’ .

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

removed, resulting in isolated adjacent wordlines.

Due to the additional spacing A, adjacent wordlines
275 are separated or isolated from each other by this
RIE step without requiring lithography.

FIG 24 shows a top view of the array 420. Between the
polysilicon control gates 275 that form the wordlines,
which are separated by distance A, alternating strap
and substrate regions 460, 235 are shown. In FIG 24,
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the oxide layer 250, or spacer 280 (shown in FIG 23),
is omitted for clarity, which layer/spacer normally
covers the alternaiing strap and substrate regiqns
460, 235 located between the wordlines or control
gates 275. '

(k) As shown in FIGs 25, 26 all Iayers of
the gate stack are then RIE etched. This separates or
isolates adjacent wordlines by distance A (FIG 26).

If the pillars are equi-spaced in both directions, an
additional mask is used to separate the control gate
material 275 in the desired directions. -

(1) As shown in FIGs 24-26, to complete the
device fabrication, the nitride islands 245 (FIG 23),
located on top of the pillars 230, are removed and
drain implant 240 is performed. 1In FIG 24, the dotted
lines 490, which are parallel to the source or buried
diffused bitlines 405, represeﬁt metal bitlines formed
during back-end-of-line processing for connecting the
tops of the pillars 230. The metal bitlines 490 are
also shown in FIGs 15, 16.

The source isolation and general memory cell structure
discussed above are applicable for both volatile and
non-volatile memory devices. The structure of the
floating gate stack largely determines the memory
device function. In addition, a large number of
different gate structures can easily be integrated
with the basic vertical cell for many different uses.



-41 -

The memory cells described above having continuous-
film floating gates.265, e.g. amorphous Si, with thin
tunnel oxides 260 allow faster write/erase times, but
with shorter retention times. Such memory cells are
useful for volatile memory appliecations. The thin
tunnel oxide 260 allows direct tunneling of electrons
therethrough. ' .

Increasing the thickness of the tunnel oxides_260-—
increases the retention time, but at thé cost of -
higher power consumption and/or slower write/erase
times, and a decrease in cyclability. Such memory
celis are useful for non-volatile, read-only memory.
The ;retention time can also be increased, even with
thin tunnel oxides 260, by forming a discontinuous
floating gate film, e.q., silicon nano-crystals
embedded in the gate oxide 270. In this case, low
power consumption and high cyclability are maintained,
with an increase in the erase time. Such célls are
useful for non-volatile memories tliat require frequent
re-writing. .

The relative thickness of the tunnel and gate oxides
160, 270 may be changed. For example, the tunnel
oxide 260 may be made thicker than the gate oxide 270.
This would allow tunneling for write/erase operations
to occur between the floating ¢gate and the céntrol
gate, rather than between the [l@ating gate and the
semiconductor pillar. Alternatiée]y, both oxides 260,
270 may have similar thicknesses.
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The above described memory devices, such as the cells
formed with the described source diffusion and self-
aligned isolation techniques, enable very dense
packing of the vertical floating-gate MOS devices in a
square”array suitable for Gbit ‘memory applications.
Cell (or source) isolation between adjacent bitlines
is achieved with the two?step, self-aligned isolation
process described above. ;

in contrast to conventional vertical memories and
method of forming thereof, the inventivé'method
isolates the source regions between bitlines without
increasing the cell size. This .results in an array
having isoclated 4F-square cells. 1Isolating the source
regions enables individual cells to be addressed and -
written via direct tunneling.

The additional flexibility allowed by isolating the
source regions enables the cells to be used not only
as typical non-volatile mémory devices (EPROM, EEPROM,
or Flash EEPROM), but also in volatile (DRAM)
applications. In addition, by controlling the souice
diffusion depth, it is possible to fabricate either a
floating body vertical transistor on each pillar, or
to maintain contact between the transistor body and
the substrate. Moreover, the self-aligned nature of
the inventive method results in a robust, simplified
process flow for a wrap-around gate vertical MOSFET,
and relatively easy integration with planar supporl

devices. The irnventive memory device has superior



-43-

resistance to short-channel effects down to gate
lengths of 30nm.

conventional isolation techniques which rely on
lithographic alignments result in a larger memory cell
size. However, the inventive memory devices and
processes nearly maintain the 4F® cell size, thus
aéhieving the highest density memory cells possible
using lithography. Complex sub-lithographic steps are
avoided. The inventive- memory device and séifraligned
isolation technique are also used in any application
that requires large arrays of vertical devices,
particularly if the sources-of the devices are common
along each row or column.

Note, that in order to contact the gates, drains, or
even sources of devices individually for special
applications, it may be necessary to increase the
inter-device spacing in one dirvection or the other.
However, at least a commensurate increase in size also
occurs with conventional cells due to contact
formation. Since the inventive cells and methods of
forming thereof do not require additional space or
alignment for the individual contacts, the resulting
cell ‘always consumes the minimum possible area, thus

allowing for maximum packing density.

In addition to the advantages in packing density, the
inventive process also provides a simple method of
fabricating a vertical MOSFET having a floating-body
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and a wrap around gate. Since these devices are
suitable for scaling down to very short channel
lengths, the inventive memory cell design and process
is useful for high performance MOS applications.

Memory Device with Stack Cégagitor

FIG 27 shows an array 500 according to another —
embodiment of the present invention. For use as a one.
transistor, one capaéitér DRAM cell 100, shown in FIG
5, a stack capacitof is added on top of each pillar
230 shown in the array 500 of FIG 27. The array 500
is formed using the same steps previously discussed in
connection with FIGs 15-23. Alternatively, the array
500 may be formed using steps descfibed in connection
with FIGs 8-14. The array 500 differs from the
previous embodiments since the tunnel oxide and
floating gate (260, 265 of FIGs 25-26) are not needed.
Thus, only the gate oxide 270 is formed around the
pillars followed by formation of the gate 275.

As previously described, the polysilicon straps 460
may be retained, or may be removed either prior or
after the second etch step that forms the wordline
trenches 430 between the wordlines 225, and deepens
the bitline trenches 210 formed by the first etch
which' are located between the bitlines 220.
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FIG 28 shows an array 510 where the straps 460 are
removed prior to the second etch. The array 510 is
formed by etching column or bil trenches 210 as
described in connection with FIG 8. The drain 240 may
be implanted prior to patterning the SiN islands 245
to form the pillar 230. Alternately, the drain 240
may be formed at a later stage as discussed in
connection with FIGs.25-26.

Note, for DRAM applications, the source and drain of
the FET 105 shown 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 transist ors 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.

Illustratively, the source outdiffusion material 460
is arsenic glass (ASG), heavily doped oxide,
polysilicon, or other suitable material. Next, the
ASG is etched back to leave ASG at the lower sidewalls
and bottom of the bitline trenches 210. The sources
405 are formed by outdiffusing material, e.g.,
arsenic, from the ASG 460. The ouLdiffusion’may be
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performed by annealing. Source outdiffusion is
stopped before .the sources 405, located below each
pillar, isolate the pillars 230 from the underlying
substrate 235. '

As shown in FIG 30, after removing the ASG 460, a
second etch is performed. The second etch forms the
wordline or row trenches 430 (FIG 32) and déepens the
bitline or column trenches 210. As shown in FIGs 31-
32, an insulator layer, such as an oxide lafer 250, is
formed to £ill the ‘trenches 210, 430. As previousiy
described, the oxide fill 250 is planarized and etched
to recess it in the trenches 210, 430. The upper
portjon'of the oxide layer 250 forms an oxide spacer
280. A gate oxide 270 is formed around each pillar
followed by formation of a gate 275, which may be
heavily doped n' polysilicon, for example.

If desired, a floating gate and tunnel oxide may be
formed around the pillars prior to the gate oxide 270
and gate 275 formation. If the drains 240 were not
initially formed prior to forming the nitride islandé
245, then after removing the nitride islands 245
located above the pillars, the drains 240 are formed
therein, e.g., by implanting N-type material.

As shown in FIG 33, a stack capacitor 520 is formed
over the drain 240 of each pillar 230 in the array.
The stack capacitor is formed by forming a first
electrode 525 over the drain 240. The first electirode
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525 acts as the'storage electrode or node 110 shown in
FIG 5. A dielectric 530, such as barium strontium
platinum (BST) for example, is formed over the storage
electrode 525, followed by formation of a second
electrode 535 théreon.

The second electrode 535 acts as the common electrode
or plate 115 shown in FIG 5. The first and second
electrodes 525, 535 are formed from conductive—
material, such as metal for example. The stack
capidcitor 520 is formed'directly on top the vertical
transistor or FET itself. This prevents enlargement
of the memory cell lateral area. | | '

.As shown in FIGs 34, 35, the storage electrode 525 is
exclusive to each pillar and is used for storing
charge in the DRAM cell. The second electrode 535
serves as the capacitor plate, and may either by
common to all the pillars (FIG 34), or connected
exclusive to each pillar (FIG 35). 1In the latter case
shown in FIG 35, the exclusive capacitor plates 535
may be connected as desired, e.g., along. a common
buried bitline, by a first metal 490. The first metal
490 acts as a bitline compliment while the’
corresponding buried bitline 460 acts as a bitline
true.

As discussed above, in DRAM applications, the souice
and drain of the FET are interchangeable, depending on

use. For example, in the configuration shown in FIG
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33, where the body of the pillar 230 is continuous
.with the underlying substrate 235, the buried diffused
line 405 actually acts as the “drain” or bitline for
the memory cell, while the implanted contact 240 on
top of the pillar acts as the “source” for charging
the storage capacitor 520. For this implementation
having the storage capacitor 520, the floating body
design, where the body or middle region of the pillar
is isolated from the underlying substrate 235, weuld
not be desirable. This is due to the body-charginq
effect resulting from charge accumilation in the
isolated body of the pillar. laving a pillar body
which is continuous with the'uﬁdeflying substrate
prevents charge accumulation in the pillar body, so
that charges are only stored in the storage capacitor -
520.

In order to get the high-capacitance'necessary to
store adequate charge, a high-dielectrjc‘material is
used in the capacitor stack, e.g., BST. To further
increase the area of the capacitor, and hence ihcrease
the storage capacitance, the capacitor structure could
also be deposited into a via hole 536 (FIG 35), or on
a crown 537 (FIG 34), to take advantage of the
sidewall capacitance. This structure would . implement
the one transistor/one capacitor DRAM cell 100 of I'IG
5 in a minimum area, without the use of any floating-
gate structures.
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Returning to FIG 27, the basic array 500 of vertical
MOSFET devices is formed by the se€lf-aligned source
diffusion and 1solatlon techniques previously
described. 1In this three dimensional representation

: of.FIG'27, the isolation oxide 250 (FIG 31) has been
omitted for clarity, but would normally fill the open
area between all of the pillars and trenches. The
array 500 has the additional polysilicon st¥ap 460 on
the diffused lower bitline 405. The strap 460 _reduces
the resistance of the bitline 405.

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

source formation steps are also applicable here.

The area taken up by each pillar 230 and the spacing
between pillars is slightly over 4F-square. The
additional area is due to the delta (A) necessary for
separating the array wordlines from each other (along
the bitline direction). Delta can be madé_as small as
the lithographic tolerance allows. It is also
possible to obtain a truly 4F- square cell, or smaller,
if sub- llthographlc techniques are used. However,
using sub-lithographic techniques are complex and
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" costly. One of the major advantages of the vertical
design is that a nearly 4F-square cell size is
obtained without using sub-lithographic techniques.

Another advantage is that the gate length is
completely independent of the cell area. Hence, a
long channel transistor can be maintained by simply
increasing the pillar height, .without takiné up any
 additiona1 lateral area on the wafer. This_is—
especially crucial for the one transistor/one
capacitor DRAM cell. _Sﬁch a design is amenable to
being scaled down and yet maintain desired cell
characteristics.

FIGs 34, 35 show two different desighs for the
capacitor '520. Note, that since the capacitor 520 is
wholly-contained within the nearly 4F-square area of
éach pillar and the adjacent inter-pillar spacing, the
minimum area cell size is automatically maintained,
and no sub-lithographic steps are necessary. Several
other designs are possible for the capacitor
structure. The two deéigns of FIGs 34, 35 are shown

to illustrate two functional differences.

In the capacitor design shown in FIG 34, the capacitor
- plate 535 is common to all the cells in the array.
Illustratively, the capacitor plate 535 is held at a
constant voltage, e.g., ground. This creates the open
bitline architecture 150, as described in connection
with FIG 7, with the buried diffused source 405 and/or
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polysilicon strap 460 acting as the bitline, and the
polysilicon gate 275 acting as the wordline. Note,
the charge is.storea on the storage electrode or naode
525,- which is still exclusive Lo each pillar 230. By
way of analogy, the storage eluctrode or node 525 is
the storage node 110 shown in FIG 5.

In the embodiments shown in FIf; 34, the dielectric
layers 530 are isolated from the gates 275 by an_
insulating layer 537, which may be oxides of silicon,
for example. The insﬁlating layer 537 is formed over
each gate 275, between the upp:r doped regions 240 of
the pillars 230. The insulating layer 537 may be
formed prior to forming the storage nodes 525.

Instead of having individual storaye nodes 525 for
each memory dévice or pillar, and a common plate 535,
each memory device may have its own plate 535 and
storage nodes. 525. FIG 35 shows an array of cells,
where each has both individual storage and opposing
common plates 525, 535, which are exclusive to each
pillar 230. The plates 535 can then be connécted
together in any desired configuratjon by a first level
of metal similar to the dotted lines 490 of FIG 27.

Illustratively, all of the plates 535 for the
capacitors 520, which are on pillars along a common
diffused buried bitline, are connected together. That
is, the metal line 490 runs parallel to the bitline
220 shown in FIG 27, ox into the page in the cross-
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section shown in FIG 35. The buried source 405 or
buried strap 460 acts as the buried bitline.

In the embodiment shown in FIG 35, prior to forming
the stbrage nodes 525, an insulating layer 538 is
formed between the upper doped regions 240.

The insulating layer 538 extends over the gates 275
and is shaped to provide a supportlng layer for
forming the via holes 536, in which the storage—nodes
525 are subsequently formed.

The insulating layer 538 isolates the storage nodes
525 from each other and from the gatee 275. .
Illustratively, the insulating layer 538 is an oxide
of silicon. " Next, the dielectric layers 530 are -
formed over the storage nodes 525, followed by
formation of the individual plates 535. The plates
535 are isolated from each other and are confined
‘within their respective dielectric layers 530.

In the configuration shown in FIG 35, the buried
bitline 460 is a “bitline true”, while the metal
bitline 490 located on top of the capacitors 520 is
the “bitline complement”. The structure shown in FIG
35 yields an open/folded architecture, where the
voltages on both the true and complement bitlines are

varied.

In contrast to the open architecture of FIG 34, where

the capacitor plate 535 is common to all the cells,



-53~

each cell has a separate capacitor plate 535 in the
open/folded architecture of FIG 35. 1In the
open/folded“architeéture, the separate capacitof
plates 535 are connected together. The inter-
connected capacitor plates 535 of the open/folded
architecture of FIG 35 are parallel to the bitlines
and form a bitline compliment. A third architecture,
described in connection with FIG 51, referred to as a
folded architecture, has two wordlines that pass._.
through each cell, located on top of each other -around
eéch pillar, where one wordlire is active and the
other is passing for each cell.

The open/folded architecture gives twice the sense
voltage for the same amount of charge stored on the
capacitor. This is advantageous for sensing smaller
voltages, particularly as capacitance values continue
to drop with increased scaling. The open/folded.
architecture 120 (FIG 6) also gives an incfeased
tolerance to noise, which is often a drawback to the -
purely open bitline design 150 of FIG 7. Open/folded
architecture is discussed in T. Hamamoto, Y. Morooka,
M. Asakura, and H. ASIC, “Cell-plate-line and bit-line
complementarily-sensed (CBCS) architecture for ultia
low-powef non-destructive DRAMs,” i995, Symposium on
VLSI Circuits Digest of Technical Papers, p: 79,
hereinafter referred to as Hamamoto.

In conventional folded or open/folded architecture
using planar technology, cell area is increased due to
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the additional wordline (passing wordline iﬁ the
folded architecture), or due to connection between the
separate capacitor ﬁlates {in the open/folded
architecture). In the vertical cells of the. present
invention, the passing wordlines or the separate
capacitor plates are easily accessible and do not
increase the cell area. -

MEMORY DEVICE WITH TRENCH CAPACITdB

In another embodiment of the present invention, a deep
trench capacitor is provided below the memory cell
pillars of an array 540, shown in FIG 36. This arvay
540 is similar to arrays previously described herein.
Using vertical transistors as the transfer devices
prevent an increase in the lateral area of the cells
545.

By using vertical transistors, the gate ieﬁgth of cach
transistor is maintained at a suitable value for
‘obtaining low leakage, without decreasing the bitline
voltage or increasing the memory cell lateral area.

In addition, because the deep trench capéciﬁor is
placed directly below the vertical transistor, no
additional area is consumed.

Each memory cell 545, with its trench capacitor, is
used as the one transistor, one capacitor DRAM cel
100 of FIG 5. The pillars of the memory cell array
are formed using previously described step:s that form
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cells each having a size of 41" in either the open
bitline architecture, or the open/folded architecture
using dual bitlines; Cells between wordlines are

. separated by a length A, which may be approximately
0.1F to 0.2F, for example.

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

Details of forming the vertical transistors are
previously described. 1In addition, the previously
described variations are also applicable; For
example, the pillar body may o1 may not be in
electrical contact with the uﬁderlying substrate 215,
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.

Alternatively, for a floating transistor body, the
source may be formed prior to all etching steps by
implantation into a suitable-doped substrate, which
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may include epitaxial layers, .s long as the dual
trench etch depth is sufficient to separate the
heavily doped source regions 4u5 at the base of each
pilléf 230 between wordlines 2:5.

The trench capacitor comprises of a dielectric
material, e.g., an oxynitride tiln,. deposited_around
the base of each pillar. A pl.ate electrode méterial,
e.g., heavily doped polysilicon, is deposited-into the
ma;rix between the pillars, and recessed to just below
the top of the source region. This plate electrode
may be common to all pillars in the array (open
architecture). Alternatively, the plate electrode is
isolated by etching to just seive the pillars along a
common bitline (open/folded aichitecture). The plate
electrode material may also be silicided to reduce
resistance.

The middle section of each pillar, where tlie transl!er
device (or vertical transistor) is fabricated, is
encircled by the gate dielectric 270, e.g., thermally-
grown silicon dioxide. As in IFKIG 27, this gate
dielectric 270 extends between two heavily-doped
regions at the top and base of each pillar. A
conductive gate material 275, «.g., in-situ, heavily
doped polysilicon, with or without silicidation, i
deposited on the array to conn.«ct pillars along each
row or wordline 225 of the array. The wordlines 225
are orthogonal to the bitlines 220.
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The pillars in the array may .- separated by slightly
different amounts A in the bitline versus the wordline
directions. This allows the g.te material 275 to be
separated between wordlines 22 by RIE etching aloue,
e.g., bf'forming a polysilicon spacer along the ed:es
of the pillars, and encircling them, without
lithography. If the pillars are equi-spaced in.borh
directions, an additional mask can be used to“separate
the gate material in the desir.:d directions.

To illustrate the basic cell du:sign, an annotated
process flow is described below for the open bitline
architecture case. Changes nevessérf for the
open/folded design are mentiom:d in the process flow,
where appropriate. Note that :pecific materials
listed in this process flow may be substituted with
equivalent material, as previously indicated. For
example, other dielectrics and conductive material::
may be substituted for the gal. oxide 270 or oxide
£ill 250, and for the polysilicon gate 275 or strap
460. ’

1) As‘shown in FIGs 36-37, steps which are
. similar to steps previously de:cribed in'connéction
with FIGs 17-18 are performed. In particular, a thin
pad oxide layer and a thicker nitride layer are
deposited across the wafer. Pliotoresist is patterned
in parallel lines 550 across the array region. These
lines 550 have a width F and an inter-spacing F, and
define the pillars along the bitlines direction 314.
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With the photoresist lines 550 in place, the nitride
and pad oxide layers are etched through to form
nitride and pad oxide strips 290, 450 (FIGs 17-18).
This etch forms parallel nitride lines or strips 290
along the bitline direction 314, each ﬁaving a widcth F
and separated from each other by a distance F. The
‘nitride strips 290 serve as a mask for the deep Si
substrate 235 etch to follow.

If the open/folded design is desired, the Si itself,
between the photoresist lines .50, is al?o etched
approximately 0.5um. This bia:ses the Final pillar
‘height in the bitline direction 314 to be deeper than
in the wordline direction 312.

2) The pillar definition is completed by
etching and patterning the nitride strips 290 with
photoresist lines 552 that are perpendicular to the
previous photoresist lines 550. 7The width of the
photoresist lines 552 is F and the inter-line 555
spacing is F+de1ta; where delt« is on the order of
approximately 0.2F. This additional distance delta
prevents the gates 275, which .ure formed around the
pillars 230, from shorting between wordlines.225
without  the need for lithograplhiy. The resulting mask
pattern after the'photoresist 452 is removed is an
array of nearly-square islands of nitride 245 on the
Si substrate 235, as shown in IF'IG 36.
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3) As shown in FIG 37/, RIE is used to etch a
deep trench 555, using the nitiide squares or islands
245 as a masking material. This step is similar to
that described in connection with FIG 17, 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 172, 245, and etches the
substrate 235 to form the pillars 230. The etch depth
560 is approximately 9um in oirder 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 reliablea memofy functions.

In contrast to the bitline trenches 210 of FIG 17,
which are trench lines along only the bhitline
direction 314, the deeper trenches 555 are formed
between both the bitlines and wordlines. ‘"Therefore,
the cross sections along both the bit and word lines
are identical, as shown in FIG 37.

For the open/folded architectuire, where the 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 wordline
side, as this bias is translatgd down during the deep
trench etch. For example, the final depth of the

deeper bitline trenches, i.e., trenches parallel to
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the bitline direction 314, is approximately 0.5um more
than the depth of the wordline trenches.

4) Source outdiffusion material 460, such as
heavily-doped oxide, e.g., ASG, .is deposited on the
wafer, lining the sidewalls of the trenches 555. The
ASG layer 460 is then etched huck so that ASG material
460 is left only on the lower portion of the -
sidewalls, and possibly on the bottom, of the trenches
555. TIllustratively, ASG 460 is removed from the Lop
sidewalls of the trenches’ 555, so that ASG is left
only'up to the top of the desiied source region of the
vertical FET, a depth 565 of approximately 0.5um firom
the top of each pillar 230.

5) The wafer is annealed briefly at a'high
temperature to drive some of tlie As from the ASG 460
into the pillar sidewalls. The penetration of this n+
layer can be controlled so that it does not extend
completely across the pillars. This.allows the
transistor body to remain in cuntact with the
underlying substrate 235. The n' diffused regions 405
forms both the source (or drain, depending on
application) of the vertical FKT, as well as-the
charge storage node 110, shown in FIG 5, for the
trench capacitor that is subsequently forhea.

6) As shown in FIG 38, the ASG 460 is
removed, and the trenches are «:tched slightly deepwr
for an additional depth 570 of about 0.25um. This
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separates the n' regions 405 o! each pillar 230. ‘hat
is, each pillar 230 has its own isolated n' region 405
diffused therein from all side:.

To further ensure proper isolal ion between the storage
nodes 405 of different pillars 230, a high dose P-type
implant may be.performed to form a field isolation
region 575 at the bottom of the¢ trenches 555."
Alternatively, this isolation ould be formédﬁpy_*
outdiffusion from another dépowited material, or. by
using a p /p' epitaxial substral.e wafer.

7) As shown in FIG 3v, the trench capacilor
578 is now formed by growing an ONO film 580 in the
trenches 555. - Next, n' polysilicon 585 is deposited
in the trenches 555. The ONO %80 and n' poulysilicon
585 layers form the capacitor :lielectric and plate
material, respectively. These layers 580, 585 are
recessed, by RIE for example, (o a deplth 590 which is
a distance 592 of approximately 0.lum below the top of
the n' diffusion region 405.

For the open bitline case, this polysilicon 585 fills
" the whole trench lattice betweun the pillars 230, and
extends out beyond the memory .rray in order to be

contacted.

The polysilicon fill 585 is held at a fixed potential,
e.qg., ground, to form the plat«.- of all the trench
capacitors 578. Since the sub:trate 235 is also held

\
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at ground, there is no appreciable bias across the p*
field isolation regions 575. Thus, the leakage
between adjacent pillar capacitors is small.

FIG 40 shows the open/folded case, having different
depth trenches in the bitline and wordline directions
312, 314. The polysilicon fill 585 (FIG 39) only
lines sidewalls of these trenches. This is achieved
by removing the polysilicon that deposits on_the_
bottom of the trenches by the RIE recess step. - This
disconnects the polysiliéon (poly) between the
bitlines 225.

Due to the different depths of the trenches in
orthogonal directions, a sidewallﬂpf 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 535 is
determined by the amount of bias etch in step 1, e.g.,
0.5um, and can be varied from 0.5um to change the
resistance of the bitline 595. 1In addition, the poly
595 may be silicided, or an alternate conductive
material, such as tungsten, may be used instead of
poly to lower the resistance of bitline complement
line 595. | '

All subsequent array processing steps are identical
for the open and open/folded cases. Therefore, only
the open case will be shown in the figures.
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8) As shown in FIG 41, a barrier oxide 600,
having a thickness of approximately 50nm for example,
is deposited on the.wafer and recessed into the
trenches 555. This oxide 600 covers the n+
polysilicon capacitor plate 585 to isolate it from the
vertical FET gate polysilicon 275 which is formed
subsequently. Note that the n+ diffusion region 405
extends beyond the barrier oxide 600 to ensure that no
underlap occurs for the vertical FET. The recessing
step may include a chem-polish or resist depaéiézbn
step to achieve a more planar barrier oxide 600.
However, 1ithography is not neaded.

9) The gate oxide 270 for the vertical FiT
is grown around the exposed pillars’ sidewalls located
above the barrier oxide 600.

10) the actual control gate wmaterial 275,
(e.g., in-situ doped N-type polysilicon, in the casue
where the substrate 235 and pillaré 230 are P-type),
is deposited with a. thickness 10 of just over 0.5
extending away from the pillars 230. ‘'his ensures
that the polysilicon gates 275 are shorted between
devices along a wordline (to form a continuous
electrical connection), while allowing them to be
separated by subsequent RIE et:.hing beltween parall.l
wordlines (in the bitline direction) due to .the

greater spacing in the wordlince direct.ion.
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11) All layers of thu gate stack 615 (i.c.,
the gate oxide and gate layers 270, 275) are then RIE
etched to sebarate the wordlin.s, and to recess the
whole gate stack 615's1ightly helow the top of the
pillars.” The etch depth 620 i the gate stack recuss
is slightly larger than the cowbined thickness of the
nitride and pad oxide islands ::45, 472.

As shown in FIGs 42-43, final processing steps, which
are integrated with the proces:ing ‘steps of sabport
structures outside the memory array, are completed by
removing the nitride islands 2415 located on top of the
pillars 230; implanting n+ drain regions 240 on each
pillar 230; and connecting bitline metal 490 along
each bitline. . The bitline met.ls 490 are _
perpendicular to the wordlines. Note that, in the
open/folded case shown in FIG 10, the bitline metals
490, which act as bitline “tru..s”, are parallel to the
poly spacer bitline “complements” 595, which are
buried at the lower sidewalls «f each pillar.

As shown in FIG 44, the area t.ken up by eaéh cell,
which includes the area of the pillar 230 and the
spacing between the pillars 230, is slightly over 4FZ.
The additional area is due to the delta (4) necessary
for separating the wordlines 27/5. This delta (A) is
as small as lithographic toler.nce allows. It is also
possible to obtain a truly 4F* cell, o1 smaller, il
sub-]ithographic techniques ar. used.
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In the open bitline case just .lescribed, where a
general overview 1s shown in F1G 7, the polysilicon
capacitor plate 585 of the trench capacitor 578 is
common to all the cells 4in the array. Illustratively,
the common capacitor plate 585 is held at ' a constant
voltage, such as ground. With the metal 490, this
creates a standard open bitline architecture; wheiw
‘the metal 490 connects the tops of the pillars and
acts as the bitline, and the pulysilicon gat§_225,acts
as the wordline. Note that th.: charge is stored on
the n+ diffusion 405 within each p111a1, and that n+
dlffu51on regions 405 are sepatated from each OthEL.-
Thus, each pillar 230 has its «wn n+ diffusion region
405, which is isolated from n+ dif fusion regions 405
of all adjacent pillars ' '

Alternatively, the roles of th.: n: diffusion 405 and
the n+ polysilicon 585 which f«rm 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 capacitor plate, and the
charge is then stored on the iudividual-n+ polysil icon
sidewalls 585 surrounding each pillar. In this case,
the n+ poly5111con 585 of each pillar is 1solated from
that of the other pillars in the array.

In the open/folded case shown in IFIG 40, the
polysilicon capacitor plate 59'. is not common to all
the cells of the entire array. Rather the polysilicon
capacitor plate 595 is only common along each bitline
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column. In the open/folded ca:ie, the buried poly

spacer 595 serves as a “bitlinc complement”, while

the metal bitline 490 (FIG 43) on top of the pillars
is the “bitline true”.

As discussed in Hamamoto, the open/folded
architecture, where the voltaq: on both the true and
complement bitlines are varied, gives twice the sense
voltage for the same amount of charge stored on the
capacitor. This is advantageous and increases
sensitivity. As capacitéﬁce values continue to drop
with scaling down to smaller size:, the charges stored
on the scaled down capacitors ure_redhuéd. The
open/folded architecture allow: propex sensing of
these smaller gates charges stured in the capacitour.
The open/folded architecture also gives an increased
tolerance to noise, which is olten cited as a drawback
to the purely open bitline design. '

FIGs 45, 46 show cross section: along the bitline
direction of another embodiment of a folded bitline
architecture. FIG 6 shows a conventional folded
bitline architecture. This'is achieved by extending
the process flow of the DRAM with the trench capacitor
previously described. FIGs 45, 46 show cross sections
of adjacent bitlines 700, 705 of a cell array |
configured in a folded bitline architecture. For the
folded embodiment, two transisiors are fabricated on
the top of each pillar 230, abuve the cdeep trench
storage capacitor. -
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For each pillar 230, one transistor acts as the
vactive” transfer device for access to the charge
stored on the capacitor, while the other transistor is
a “passive” dummy transistor. In FIG 45, the upper
transistor 715 is active, whil:.: the lower transistor
717.is passive. FIG 46 shows « bitline 705 which is
adjacent to the bitline 715 of FIG 45. In FIG 46, the
lower transistor 720 is active, while the upper
transistor 722 is passive. Hence, only one of the two
poly wordlines of each cell (7::0 of FIG 45 and 725 of
FIG 46), crossing each pillar 130, is an “active”
wordline capable of acceésing the cell, while the
other wordline (730 of ‘FIG 45, and 735 of FIG 46) is a
wpassing” wordline which has n« effect on the cell.

By alternating which transistor (i.e., the upper or
lower device) is active on adjuceﬁt 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 t.ken paralle1 to the
bitline direction 314, all the active devices are
either on the upper or lower w.rdline. In contrast,
the cross-sections along the wurdline direction 312,
shown in FIGs 47-50 that accompany the prbéess flow to
be described, the active devices alternate between
upper and lower locations alon. each wordline.

To fabricate this pillar structure with alternating
active and passive devices, the¢ process steps 1-8
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described in connection with FIGs 36-44 for the open
bitline configuration, is cont inued. Because two
transistors are formed over th.: tirench capacitor,
instead of a single transisto:r, the deep trench etch
performed in step 3, to define the pillars, is
increased by approximately O.hum'Lo allow for a longer
pillar height. - This accommodaies the additional
transistor gate length. Except for this deeéér etch
in step 3, the process flow is idontical té the —

previously described steps 1-4.

After step 8, processing continues as follows, where
in lieu of steps 9-11, the following steps are
performed, designated by prime!d numerals:

9') As shown in FIG 17, which is a cross
section along'the wordline diruvction 312, a layer of
ASG 740 is deposited on the waler. The ASG layer 740
is recessed into the trenches :0 Lhat it extends up
the pillars to the top of what will become the lower
transistor. The ASG 740 serve: a dual function.
First, some of the As from the ASG layer 740 diffuses
into the pillar 230 during sub:iequent hot processes.
This connects the deep trench capacitor 750 to the
source 755 (FIG 48) of the uppu¢r active transistor.
Second, the ASG layer 740 decrcases the capacitance
between the lower wordline poly 730 of FIG 45 (and 725
of FIG 46) and the adjacent lower dummy devices
located on alternating pillars.
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In FIGs 45-46 and 48, the upper transistor region is
referenced by numeral 771, while the lower transistor
region is referenced by numeral 772. FIGs 45 and 48
show the source 755 of an upper transistor, while FIG
- 45 shows the drain'773 thereof .~ FIG 46 shows the
source 774 of.a lower transistor, and FIGs 46, 50 show
" the drain 810 thereof. .

, 10’) The ASG layer /40 is removed from-
alternating bitline rows by photo lithographic
patterning and RIE etching. A:s shown in FIG 47, a’
lithographic mask 760, used in this etching step, has
lines that are parallel to eacl other and to the
bitline direction 314 (FIGs 45, 46). ‘rhe mask lincs
760 are alignéd (non-critically) to the pillar array.
The mask lines 760 each have a width 2F,_and are
spaced 2F apart. The pillars 230 which are left with
this lower ASG collar 740, have the dummy transistors
in the “lower” position.. Hence:, the lower'poly
wordlines 770 (FIG 48) will be the passing wordlines.

11’) As shown in FIG 48, a gate oxide 7'/5
is formed over the pillar sidewalls that are not
covered by the ASG collar 740. The trenches are
filled with polysilicon to form a pblysilicpn wordline
770 for the lower transistors. The gate oxide 775 and
polysilicon wordline 770 are formed using the same
basic process steps described above and referenced as
steps 9-11 of the DRAM/trench capacitor fabrication
process. The gate oxide 775 and poly wordline 770 are
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recessed in this case to the tup of the lower ASG
collar 740. . This allows space on the pillar for the
upper transistor, which is faburicated next.

"""127) BAs shown in_F]G!49}Ia second barrier
okide 780, having a thickness of approximately 50nm,

" for example, is deposited and recessed into the

- trenches to insulate the lowe: poly wordline 770 trom

subsecquently formed upper pély wordline 800 (EIG_§O).

The second barrier oxide 780 i formed similar to the

first barrier oxide 600, described in step 8 of.the -

DRAM/trench capacitor fabricat ion process.

13') A second layer of ASG 785 is deposited
on the wafer. This second ASG layer 785 is patterned-
~and RIE etched so that it will remain on alternating
pillars which do not already have a lower ASG collar’
740. A lithographic mask 790 is used, which is
similar to the lithographic mask 760 of FIG 47, where

the 1iphographic'mask 790 has lines of width 2F, with -

2F spacing running parallel to the bitline direction.
However, the mask 790 is offselr by 2F from the mask
760 (FIG 47) used in step 10’'. The pillars which have
this upper ASG collar 795, have: the dummy transistors
in this “upper” position.

14') As shown in FIG 50 and similar to the
description of .step 11’, an upper gate oxide 795 is
formed on exposed sidewalls of the pillars not covered
by the upper ASG collar 785. ‘'The trenches between the
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pillars are filled with polysilicon (poly). The poly
surrounding. the upper ASG coll.r 785, act as passing
poly wordlines 800, while the poly surrounding the
upper gate oxides 795 are active poly wordlines 805.
Note, as shown in FIGs 45, 46, the poly wordlines are
separated from each other alomg the bitline direction
314. | '

In addition, the drain 810 of the lower transistor is
formed by outdiffusion_from the: second ASG layer 785.
Final device processing steps, including the drain
implant, are performed, using the same process steps
described above in steps 9-12 «f (e DRAM/trench
capacitor fabrication process.

The final structure, shown in IFFIGs 45-46 along_the
bitline direction 314 and in FIG 50 along the wordline
direction 312, offers all the !1eatures described for
the open bitline architecture, including.the minimum-
sized cell area. In addition, the final structure
offers the added advantages of the folded bitline
architecture, additional noise immunity and relaxed-
pitch sense amplifier design.

For use in other applications, this saﬁe process can
be used for fabrication of pillars with stacked
transistors (two or more), without the deep trench
storage capacitor at the base «f the pillars.
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Instead of a trench capacitor, another embodiment
includes forming a folded bitline architecture having
a stack capacitor, formed on top of the pillars; for
charge storage as described in connection with FIGs

) 27-35. “In this case, two tran:istors are fabricated
on each pillar, to form active and passing wordlines
with a buried, diffused bitlin.: below the lower '
transistor, for accessing chailgye in the stack
-capacitor located above the pillars. This- —_
configuration is an inversion of the deep trench
configuration described in connect ion with FIGs 36-50,
and is shown in FIG 51. The actual stack capacitor
structure 520 may vary from that shown in FIG 51, as
described in connection with FiIGs 34 and 35.

2F? Memory Cell

As an overview of the above'emhodiments, dense arrays
of vertical pillars etched on :i substrates, such as
the array 500 shown in FIG 27, are used as the base
structures for various memory ells. One advantage of
these arrays is the small area each memory cell
requires on the wafer, indepenident of the gate length
of the transistor. This is crucial for réaching the
high density necessary for gigabit memory chips, while
maintaining reasonable bitline vo]tége and low device
leakage.

By using the two etch process, such as steps III and V
described in connection with FiGs 13-14 and 8, or step



(b) and (f) described in connection with FIGs 17-22,
square pillars of size F x F (where F is the minimum
achievable lithographic line width) are fabricated,
with an inter-pillar'spacing of only F along the
wordline direction. The inter-pillar spacing along
the bitline_direction'is F+A, resulting in a memoyry
cell having a size of 4F*+2FA. '
This method also achieves a self—aligned,-bgz_ried1
diffused bitline under each cell column, which may be
strapped with polysilicoh to reduce the resistance.
In addition, self;aligned polyﬁilicbn wordlines are
formed perpendicular to the bitlines.

Once these pillar arrays are formed, each pillar forms
a transistor having two heavily doped regions at the
top and bottom of the pillar. The wordline poly is
the gate electrode wrapped around the pillar body
between the top and bottom heavily doped regions.

Note that the effective width of these transistors is
the circumference of the pillar, i.e., 4F, since the

gate poly wraps around each pillai entirely.’

In one of the previously descyibed embodimeﬁts,.if the
gate stack includes a fioating gal e structure embedded
in a dielectric material, such as silicon oxides that
form tunnel and gate oxides around the floating gate,

the memory cell is complete as is. In this

embodiment, the memory cell opc:rat.es as an EEPROM or
Flash wmemory device, for example. As previously



described in other embodiments, a DRAM cell is formed
where the pillar transistor is used as a transfer
device for either a stack cépauitor, or a deep trench
capacitqr, without increasing L.he footprint thereof.

'FIG 52 shows an array 850 of wmemory cells in
accordance with another embodiment which augments the
. previously discussed embodiments. In contrast to the
arrays 420, 500 of FIGs 16, 27 where pillars along the
wordline direction have a single wordline 2257-two
wordlines 225, 225’ are formed for the pillars’
arranged in the wordline direct.ion. '

The two wordlines 225, 225’ ar« separated by an
insulator or dielectric 855, such as oxides or othur
material depending on the application. The oxide 8585
is formed within the inter-pillar uspace bel.ween the:
two wordlines 225, 225’ prior o the wordlines 225,
225' formation, as will be des«ribed in the.procesu
flow below. The wordlines 225, 225%' are the control
gates 275, 275°' of two transistors formed per each

pillar, and are formed on pillar sidewalls which are
| opposite each other in the bitline direction 314.

Unlike previously described embodiment, when the tWo
gates 275, 27%' are formed, thcey no longer encircles
each pillar. Instead of forming a single géte around
\éach pillar, two gates 275, 275’ or wordlines 225,
225' are formed along two opposite sides of the
pillars arranged in the row or wordline direction 312.
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This has several advantages applicable to the -
previously described cell designs.

One auvantage is a decrease by almost a factor of Lwo
- of the overall capacitance of the wordline. - The
capacitance decrease is due to reduction in half of
the effective device area. This reduces the wordl ine
time delay significantly. Although the effective
width of each wordline 225, 225™.is aecreased, any

resulting increase in re51stance can be compensated by

conventional 911101datlon techniques.

Another advantage is that the inter-pillar spacing in

all directions is F. -That is, the additional spacing _

delta (A) between gates 275 along the bitline
direction, shown in FIGs 16, 27, is reduced to zeiro.
Elimination of the additional spacing delta is
achieved without,deleterioﬁs effects, since the gates
or wordlines of adjacent pillar rows are separated by
controlling the thiéknesses of the poly gates. These
gate thicknesses are independently adjusted to assure

that there is no shorting between wordlines. As such,

no additional lithography is needed 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 floating
gate structure, is having the dual wordlines 225, 125
per wordline or row pillars, i.e., per pillars along
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the wordline or row direction 312. Each row pillar
now has two wordlines 225, 225’ on it, one on each
side. While these two wordlines 225, 225’ may be used
as one wordline for the capacitor DRAM cells, each
_wprdliné'225; 225! may be contacted independently at
the perimeter of the memory arréy.

-With a properly isolated.floating'gate 265 located
between each pillar and control gaté 275, each pillar
comprises two memory cells. 'This is in contrast to
the array 420 of FIG 16, where each'pillar has one
transistor.

One portion of the oxide fill 855llocated hetween the
control and floating gateé 275, 265 acts as a gate
oxide 270, while another oxide fill portion located
between the floating gate 265 and pillar acts as a
tunnel oxide 260. For other application using only
the transistor (as opposed to a memory ceil'capab]u of
charge storage), or a transistor with a capacitér, the

floating gate 265 is ‘dispensed with.

After gate formation is completed, isolatiocn
therebetween is achieved by removing material (eitler
poly or oxide) located between the pillafs along the
wordline direction 312. Next, the exposed gate
material (e.g., polysilicon) are oxidized and
remainihg voids are filled with the oxide fill 855.
This isolates the floating gates 265 of each
transistor. '
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Each of the two cells on a pillar has its own wordline
and floating gate for charge storage. The two cells
or transistors, forﬁéd on opposite sides of each

. pillar, share bitlines 220. This effectively reduces
. each memory cell area to 2F-square.'which is' half Lhe.
size of previously described cells, used as EEPROM or
Flash memory for example.

By achieving this higher deﬁsity at a lithographic
line-width of F=0.18um, (which is a typical value for
Gigabit memory), up to 1 biga-byte (Gbyte) of data may
be stored in a six square-cm (6 cm’) area. Even with
additionalléverhead of support circuitry, up to 4
gigabytes of data is easily stored on a credit-card
size area. IThis makes the memory array 800 very
competitive with even magnetic disk drive storage.

It should be noted that the 2F-square cell size may
also be used with the stack and trench capacitors
described in connection with FIGs 33-51.

An exemplary process flow which implements pillar
formation and isolation is describe below. Note that
this ﬁrocess flow implements many of the -features of
the previous émbpdiments. All steps here assume
formation of NMOS devices on a P-type subsﬁrate, but a
similar procedure could be used for PMOS devices on an
N-type substrate. Also, sample thicknesses and depths
are given, assuming F=0.18 um.
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1) As described in connection wilh FiGs 17-
18, nitride is deposited across the wafer, and
patteined in parallel lines acrvoss the array region.
These nitride lines 290 have width and spacing F, «nd
-define tﬁé'pillars ﬁor the vertical MOS devices alung
‘the bitline direction 214. .

2) Etching, e.g., RIE, is used tc form a
shallow trench 210 between these nitride lines_290.
These trenches are referred to as hitl{ne (or column)
trenches, since they are élong'the bitline (or column)
direction 314. 1Illustratively, the bitline trench.s
have a depth 455 of approximately 700nm. ‘'his etch
depth is deep enough to contain the expeéfed drain
implantation depth, the desired gate length, and the
buried bitline diffusion.

3) N+ polysilicon (poly) 460 is formed to be
conformally deposited on the wafer, up to a thicknuss
of 60 wnm for example. The 60 um thick poly 460 lines
the bottom and sidewalls of the bitline trenches 210.
This poly layer 460 is then etched back to recess it
into the trenches 210, leaving sidewall formations
"that extend a distance 462, which is approxiniately
250nm, up the sidewalls of the trenchesi210t Some
poly 460 may remain on the bottom of the trenches ::10.
If necessary, resist coating is used during this
etchback. However, no additional lithography is
required.
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4) An additional etchind, e.g., RIE, step is
pe;formed to etch through the bély 460 located on the
bottom of the trenches 210, and to etch into the Si
substrate 235. The resulting structure along the
wordline direction is same as shown in FIGs 20. The
cross section along the bitline'directidn 314 remains
the same as.shown in FIG 18. This is because the top
nitride layer 290 is in the form of'pérallel strips,
{as opposed to nitride islands 245 shown in FIG 21).
Therefore, wordline trenches are not etched along the
wordline direction 312, which is perpendicular to the
bitline direction 314. —_— =

This additional etching separates the bitlines 405
between adjacent columns of pillars, i.e., between
adjacent pillars along the wordline direction. Note
that duriné subsequent heat cycles, dopant will
diffuse out from the poly 460 into the Si pillars 230
to form the diffused bitlines 405. '

5) As shown in FIG 53, the bitline trenches
210 are all filled with oxide 857, and the wafer is
chemical -polished back to a planar surface, using the
remaining nitride 290 as a stopping 1ayer. The filled
bitline trenches are designated as reference numeral
210'. As shown in FIG 56, after the chemical-
polishing; an additional layer of nitride 870 is

.deposited on the wafer.
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"As mentioned earlier, other materials besides the
oxide £ill 870 can be used for this fill. As shown in
FIG 54, if the material in the filled bitline trenches
210' will be removed in subsequent steps for floating
gate isolation, another choice would be to line the
trenches with an oxide liner 860, followed by a |
polysilicon £i1l 865. |

One advantage of using the polysilicon £i11 865 is
that it can be easily etched selective to oxide and
nitride during a subsequent removal or etch step. The
remaining steps are described where polysilicon lelf’
B65 is used. Except where noted, these remaining
steps are identical for both oxide/poly filled
trenches, as shown in FIG 54, and purely oxide filled
trenches, as shown in FIG 53. ' '

FTG 55 shows a top view of the meﬁory cell array
structure shown in FIG 54. The bitline nitride strips
290 cover the substrate.235 as shown in FIG 18, In
FIG 55, the diffused n' regions 405, which are -located
in the substrate 235 below the nitride strips 290, are
showﬁ as dashed lines extending along the bitline
dirxection 314. The filled bitline trenches 210° _
between the nitride strips 290 contain the oxide liner
860 and polysilicon £ill 865.

6) Next, an additional nitride 1aye£_is
 formed over the wafer. As shown in FIGs 56-57, in
order to complete pillar definition and form the
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wordlines, the nitride layer is patterned into nitride
strips or lines 870 which are parallel to the wordline
direction 312. The nitride lines 870 have a width F,
are spaced from each other by a distance F, and are

_ perpendiciilar to the filled bitline trenches 210'.

‘Note that along a wordline direction 312, when the

nitride is etched, there will now-be alternating
sections of oxide 860 and Si forming the pillgré_zao.
The oxide liner 860 extends above the Si pillars 230
by an amount equal to the thickness of the first
nitride deposition, minus any loss resulting from (he
nitride etch. This oxide extension is subsequently

planarized.

7) As shown in FIG 57, etching, e.g., RIH;
is again used to etch wordline trenches 430, which are
perpendicular to the filled bitline trenches 210’ (FIG
53). As shown in FIG 55, forming the wordline
trénches 430, along the wordline direction 312,
requires etching through both oxide and

silicon/polysilicon.

In particular, forming the wordline- trenches 430
requires etching through: the oxide liner 860; the
polysilicon 275 that fills the oxide lined bitline
trenches 210; and the silicon pillars 230 that are
exposed after patterning the nitride layer into
wordline nitride strips 870 (FIG 57). Note, the
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wordline nitride strips 870 are perpendicular to tlie
bitline nitride strips 290 (FIG 54).

Due to the dlfflculty of etching these dlfferent

-material 51mu1taneous1y, two approaches may be used-

“{a) In the first approach, shown in FIGs 56-

58, wordline trenches 430 extending along the entire
‘array are formed. Etching the wordline trenches 30 .

is perfotmed by using an RIE chemistry that etchés
oxide and'silicon, selectiveé to nitride. This etches
the oxide liner 860, the .silicon of the pillar 230,
and the polysilicon £ill 865.

Although the depth of the etch may vary between the:
two materials, (oxide 860 and silicon of the pillan
230 or polysilicon 275,) the different etch depth uoes
not effect final device structure or perfoirmance.

This is because the step formed by the different
height of the two materials, at the bottom of thé

wordline trenches, will be buried during a subsequi:nt
oxide £ill.

As shown in FIG 57, the depth 880 of this etch is :et
to reach just below the top of the diffused bitlin:-
regions 405, stopping on or near the buried bitline
straps 460 (FIG 56). . Illustratively, the depth 880 is
approximately 600nm. Alternatively, the wordline
trench etch may stop short of reaching the diffused
bitline regions 405,.1eaving a layer of oxide 860
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and/or poly filler 865 over the buried poly straps
460. -
' FIG 58 shows a'top view of the array stfucture after

} etchinguﬁhe'wordliﬂe trenches 430 that extend .alon

' the entire array in the wordline direction 312.

- Etching the wordline trenches 430, exposes the n' .

. giffusion region 405 located at the lower portions of
the pillars, separated by the substrate 235 of the
éxposed lower pillar portion. In addition, the .
wordline trench etching step’exposes the poly straps
460 and the lower portion 860’ of the oxide.liner_uso
that fills tﬁe deep portion of the bitline trenches
lo¢ated between the poly straps 460. This oxide liner
lower portion 860’ is also shown in FIG 56. Below the
wordline nitride strips 870, the pillars 230 separ.uted
by the filled bitline trenches 210’ are shown in FIG
58.

(b) The second approach, uses an RIE
chemistry that etches only Si (which includes
polysilicon), selective to both oxide and nitride.
The etch depth is the same as above, i.e.,
appfoximately 600nm. Because the oxide liner 860 is
not etched, the resulting wordline :reﬁches_430',
shown in a top view in FIG 59, contain square and
rectangular holes 890, 895 shown by dotted lines.
These holes are separated by the oxide liner 866,
which acts as walls of the holes 890, 895..
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The square holes 890, which have a size of F x F,
result from etching the exposed silicon of the'pillars
that are not covered by the wordline nitride stripu
870. The pillar etching exposes the n' diffusion

.regions 405, as shown at the bottom of the holes 890

of FIG 59. Within each square hole 890, the n' :

diffusion regions 405 are separated by the substrate
235. , ' - -

—

The rectangular holes 895 result from etch or removal
of the poly fill 865 shown in FIG 56. These holes 890
are located between the oxide walls 860, on.the '
opposilte sides of the n* diffusion regidns:405. The
widths of the rectangular holes 895 abut againét the
wordline nitride strips 870. The base of each _ _
rectangular hole 895 is the lower portion 860" of the
oxide 860 that covers the poly straps 460 shown -in FIG
56. For clarity, only one pillar 230 and filled
bitline trench 210’ are shown below the wordline
nitride strips 870. The pillars 230 and filled
bitline trench 210’ are delineated in FIG 58, which
has an identical structure below the wordline nitride
strips 870 as those of FIG 59.

The oxide walls 860 may be recessed if desi:ed.
However, for efficiency, it is preferable not to etch
or recess the oxide at this point, since the oxide
will be recessed in-the next step to form'an oxide
barrier 900 shown in FIG-60;



8) Regardless of the etch method (a) or (b)
chosen above, the wordline trenches 430 of FIG 58, or
the holes 890, B95 of FIG 59, are now filled with
oxide. Next, the wafer is chem-polished back to
.achieve'é“planar surface, using the wordline nitride
strips 870 as a stopping layer.

"As shown in FIG 60, the oxide in the wordline "trenches
430 is then re-etched to a depth of approximaggly,SGO
ﬁm. The oxide etch recesses thé oxide fill
approximately to the top of the diffused bitline
regions 405. This leaves a planar oxide barrier luyer
900 of about 40nm thick, which separates the ‘
polysilicon wordlines or gates 275, toc be formed, from
the buried bitlines 405, 466_(FIG 58). Note, FIG 60
is the cross section along the bitline direction 314,
while FIG 56 remains the cross section of Lhe array at
this point of fabrication, along the wordline
direction 312. '

9) As shown in FIG 61, and previously
described, a gate stack-is formed along the wordline
trenches 430 by growing the desired gate stack and
depositing the polysilicon gate/wordline 275: These
gate stacks are recessed below the top of the pilluars
to allow for drain implantation. The gate stack shown
in FIG 61 is similar to the one shown in FIG 26 and
includes a floating gate 265, which is isolated
between tunnel and gate oxides 260, 270.
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Alternatively, the tunnel oxide 260 and floating g.ite
265 are not formed, so that each gate stack only has
the gate oxide 270 and control poly gate/wordline ::75.

If no floating gate is -included, or if the floatiny
gate is of a “self-isolating” nature, e.g., Si nano-
crystals or silicon-rich oxide (SRO), then transisior
. formation is éompléted'by.rémOVing the wordline
nitride strips 870 and implantihg the drain region:
240 (FIG 26), as previously described. |

For a DRAM cell, as previously described, a stack
capacitor is formed on top of each pillar, yielding a
4F-square'ce¥1, witb reduced wordline capacitance «and
bitline resistance. Similar to the.stack capacitor
520 shown in FIG 34, FIG§,62, 63 show a stack
capacitor 520' formed over the pillars 230 of the
memory érray. FIG 62 shows the bitline trenches
filled'with oxide only. However, oxide and poly nay

£i1ll the bitline trenches as shown in FIG 34.

The stack capacitor 520’ has a storage node 525
surrounded by a dielectric 530‘, such as BST or other
high dielectric material. The storage node 525' and
dielectric 530 are formed over each drain region 240,
which is located at the top of each pillar é30, an«d
are surrouhded by a common plate 535’. FIG 64 shows a
top view of the stack capacitor 520‘. Note, the area
per pillar, which supports one bit, is 4F?, resulting
in an array having one bit per 4F?. The poly straj:s
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covered by the oxide 855 are shown as reference

- numeral 460’.. The pwb control gates 275, 275’ per

- wordline pillars are separated by the oxide fill 8%5.
Control. gates of adjacent pillars are separated by the
- wordl:ne trench whlch may be filled with oxide.
Except for the stack capacitor 520’ and the 1§ck of a
floating gate 265 (FIG 52), the top'view of FIG 64 is
" comparable to the three dimensional view of FIG 52.

—

Alternatlvely, proce851ng done prior to the
transistors o1 FETs formation, forms a trench
capacitor below each FET for charge storage similar to
that previously described in connection with FIGs 36-
41. 1n addition, two Separate'capacitors, stack or
trench, may be formed_around each pillar. This forms )
a 2F? DRAM cell, where each pillar has tﬁo such 2F

DRAM cell.

If a self-isolated floating gate is presénﬁ, then no
capacitor is necessary. Referring to FIG 52, the
wordlines 225, 225’ located on separate sides of euach
pillar, can be contacted to yield a 2F-square (2F%)
EEPROM or Flash type cell; two 2F? cells per pillar.

If an amorphous Si flecating gate 265 is~desired, a:s
shown in FIG 52, additional processing steps afe
performed. These additional steps isolate the
floating gate 265 on separate pillars alony the
wordline direction 312. ‘At this stage of array
fabrication, the wordline and bitline cross sections



- are shown in FIGs 56 and 61, respectively. The.
additional steps include:

10) As shown in FIGs 65-66, an additional
layer of nitride 910 is deposited on the wafer to
' pfoteét the gate stacks. In comparison to FIG 56, the
' nitride layer 910 covers the nitride strips 870 of FIG

—

‘Next, as shown in FIG 67, part of the nitride layer
910 is removed by RIE to ekpose the wordline inter
pillar material, (i.e., material located between
pillars along the wordline direction 312), which
material includes the polysilicon £ill 865 and the
oxide liner 860. After this nitride etch, the
thickness of the nitride layer 910, shown in FIG 6.,
is also reduced. Note, the thickness 920 (FIG 65)«f
the nitride léyer 910 over the wordline inter-pillar
region is less than the thickness over the rest of the
wafer. Therefore, no lithography is required';o
expose the wordline inter-pillar material.

11) FIGs 68 and 69 show the etched nitride
layer 910' that exposes the wordline inter-pillar
material. Next, the exposed polysilicoh fill 865 is
etched down, e.g., using RIE, to the bottom of the
gate stack. Illustratively, the .etch is performed to
a depth in 560nm and stops at the oxide liner bottom
portion 860", which is around the same depth as th.:



depth of the top of the buried bitline diffusion
region 405. _

This etch is selective to poly over oxide and nitride.
,.Therefoféf the poly etch forms holes between pillars
along the wordline direction 312, rveferred to as
‘'wordline holes 930 and shown as dottéd lines in Flus
.68 and 69. As shown in FIG 69, the entire wafer i
covered with the etched nitride layer 910’, except for
F by F square exposed regions containing the oxide
liner 860 and the poly fill 865, which is etched t-»
form |ectangh]ar holes 930.

Forming the holes 930 exposes the Eloating gate 26':
between the pillars along the wordline direction 312, )
i.e., between the wordline pillars. Depending on ihe
degree of etch selectivity, the thin tunnel oxide 60
may remain on the exposed floating gate 265. The
lengths of the holes 930 are bounded by the oxide
liner 860 along the bitline direction 314. ‘Along |he
wordline direction 312, the widths of the hole 930 are
bounded by the floating gate 265 (or the tunnel oxide
260). The floating gate 265, shown in FIG 68, is
behind the hole 930. ; -

Note, if only oxide had been used as the fii;.
material, instead of both the oxide liner eéo and joly
fill 865, then this etch step requires selective
etching of oxide over nitride, which is more diffi.:ult

to achieve. Also, it is important that the relative
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thicknesses of the oxide in both the bitline and
wordline trenches have been set such that the entive
flcating gate portions are exposed after this
-poiysilicon etch is complete, which portions are

- located between the oxide liners 860, along the

. wordline direction 312. .

12) As shown in FIGs 70-71, a brief re-
oxidat ion step is.perfbfmed,‘sufficient to o*idigg the -
exposed floating poly gate portions 265", or
sufficient: to oxidize the floating gate portion
coyerud,by'the exposed thin tunnel oxide 260 of th.:
holes 930. In FIG 71, the oxidized floating gate
porticon 2657 is shown, which is located behind the
hole 930. '

Ooxidizing the floating gate portion 265" isolates the
floating gates of each transistor along sides of the
pillars from each other.

The top view of the.array is shown in FIG 70, wher::
each pillar has two isolated floating gates 265, 2u5'.
Each f loal.ing gate extends beyond the piliar along the
wordline direction 312 a distance that includes th.:
width of two poly straps 460 that are bhuried adjacent
to the pillar. Each pillar has two transistors formed
in a scquare 2F by 2F, i.e., 4F%, area. Thué, there: is
one transistor or one bit per 2F? area.
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If dessired, an additional oxide fill and chem-poli:sh
may be performed to f£ill in the holes 930 left between
the wordline pillars. Then, as described above and
shown ip FIG 72, the nitride is removed, and drain

regious-ﬁéo'aré implanted on the top of each pillar.

This forms the array 850 of FIG 52 shown in a thres .
dimensiional view. For clarity, the oxide that fills
qhe-wordline and bitline trenches 130, 210 ig omitt.ed
in FIG 52. To realize the 2F;squaue cell size, ‘ea:h
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 coﬁventional
processing steps are performed to complete support
devices and circuitry on the periphery of the arravy.

While the invention has been pafticularly shown an:l
described with respect to illustralive and preferr«d
embddiments thereof, it will be understood by thos.
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 scop:: of
the appended claims.
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CLAIMS:
Having thus described our invention, what we claim as
new, and desire to secure by lLetters Patent is:

1. A semiconductor device comprl & :Lng

a substrate;

an array of cells haying pillars'formed on said
substréte, said pillars being arranged in rows:’
"and columns, each of said pillars extending
hpward and having an upper region doped with a
first type of impurity, a middle region doped
with a second type of impurity, and a lower
region doped with said first type of impurity,
said middle region being between said upper and
1pwer regions; and

a gate region formed on at least one sidewall of
said each pillar over said middle region to
control the resistance between said upper and
lower regions;

said lower regions being common along said
columns, and being ‘isolated fiom each other along
said rows by column trenches.

2. The semiconductor device of claim 1, wherein said
gate regions along said rows are continuous to
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form wordlines of said cells, and said lower
rgions _along said columns ar: bitlines of said
cells.

The semiconductor device of-claim 1, wherein said
1rows are separated from each other’ by row
trenches, said column trenche: belng deeper than

said row trenches.

——

The semlconductor device of cla1m 1, wherein said
lJower regions completely occupy footpllnts of
said pillars.

The semiconductor device of’c]aim'l, wherein uéid
gate region includes a first gate_oxide'formed on
said sidewall and a first gate electrode formed
over said first gate oxide. '

The semiconductor device of claim 4, wherein said

gate region includes a second gate oxide formed
on said first gate electrode and a second gate
electrode formed over said second gate oxide.

The semiconductor device of claim 4, -wherein said
first gate electrode is completely insulated «n
all sides to form a floating gate. '

The semiconductor device of claim 4, wherein a
thickness of said first gate axide is small so as -
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to allow direct tunneling of vlectrons .
t herethyrough.

‘'he semiconductor device of claim 1 further
cuﬁbfiéing a strap located -adjacent each of said
lower region to reduce a resistance of said lower
regions. - . |

The semiconductor .device of claim 1, whé;ein#ﬁaid
gate region is common albng pillars arranged

in said rows, and seﬁarated from gate régions of
pillars arranged in said coluunms.

A method of forming a.semiconductor device
comprising the steps of:

forﬁing in a substrate lower and upper doped
1regions; and

forming an array of pillars arranged in rows and
columns, each of said pillars having a body
portion sepafated by said lower and upper dop.-d
regions, one,siaewall of said pillar extendin.
between said lower and upper doped regidns, and
-another sidewall of said pillar extending from
said upper region to a region which is below uaid
lJower doped region to separate said lower dop::d
regions of adjacent columns.
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The method of claim 11, wherein the array forwing

sl ep includes the steps of:

et.ching columus trenches sepa:ated by a featu:re
s|ze,'and '

eLchlng rows Lrenches'separatnd by approximately

::lze to. ¢xpose said lowei

doped portlons and'to?deepen said columng. —
trenches. '

‘The method of claim:12 furthe: comprising the
sieps of: - '

i

prior to the column trenches forming step,

forming a mask over said substrate arranged in

columns; and

prior to the row trenches forming step), -
pitterning said mask columns to form mask
iglands. '

The method of claim 11 further comprising forming
an insulating spacer between said sidewalls of

~adjacent pillar.

The method of claim 11 further comprising forming
a gate region on at’ least one of said sidewalls
ol said pillars
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16.

17.

gate oxide; .

————

The method of claim 15, wherein said gate region
forming step includes the steps of:

forming a first gate oxide on said sidewall;

forming a first gate electrode over said first

formihg a'second-géte oxide on said first_gate:
electrode, said first gate electrode being
insulated to form a floating gate; and

forming a second gate electrode formed over said
sccond gate oxide. '

A method of forming a semiconductor device
comprising the steps of:

forming an array of pillars on a substrate
arranged in rows and columns, said pillérs being
separated by column trenches having a first dupth
and row trenches having a second depth which is
less than said first depth;

formihg lower doped regioﬁs below said pillar:s;

forming a gate region around at least one wall of
said pillars; and

forming upper doped regions on said pillars.
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20.
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The method of claim 17, wherein the arfay forming:
st.ep includes the steps of:

forming mask lines over said substrate parallcl
to said columns;

.?elchlng exposed portlons of said substrate to
"form said column trenches; - —

patterning said mask lines to Form mask islands;

-and

elt.ching said exposed portions of said substrate
to form said row trenches and to deepen said
columns trenches.

The method of claim 17, wherein the lower doped

"regions forming step includes the steps of:

forming an outdiffusion material on lower

portions of said column tirenches;

outdiffusing material from said outdiffusion
material to form said lower regions below said
pillars.

The method of claim 17, wherein said gate region
forming step includes the steps of:

-

<t Has Been Replaced

"N

REPLACED

THIS SHEET HAS BEEN




IIIIIIHIMIIHIII I

-98- "

forming a first gate oxide on said sidewall;
forming a first gate electrode over said firsl
gate oxide;

forming a second gate oxlde on said first gate
electrode, said first gate electrode belng
© insulated to form a floating gate; and

forming a second gate electrode formed over said
second gate oxide.
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4F-SQUARE MEMORY CELL HAVING VERTICAL FLOATING-GATE
TRANSISTORS WITH SELF-ALIGNED SHALLOW TRENCH ISOLATION

ABSTRACT |

A densely packed array (200) of vertical semiconductor devices and methods of
making thereof are disclosed. The array has columns of bitlines and rows of wordlines.
The gates of the transistors act as the wordlines (225), while the source or drain regions
acts as the bitlines (220). The array has vertical pillars (230), acting as a channel,
formed between source (215) and drain (240) regions. The source regions are self-
aligned (210) and located below the pillars. The source regions of adjacent bitlines are
isolated from each other without increasing the cell size and allowing a minimum area of
approximately 4F2 to be maintained. The isolated sources allow individual cells to be
addressed and written via direcg tunneling, in both volatile:and non-volatile memory cell
(205) configurations. The source may be initially implant?d. Alternatively, the source
may be diffused below the pillars after forming thereof.
Fig. 8
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4F-SQUARE MEMORY CELL HAVING VERTICAL FLOATING-GATE
TRANSISTORS WITH SELF-ALIGNED SHALLOW TRENCH ISOLATION

BACKGROUND OF THE INVENTION
Field of the invention

The present invention is directed to densely packed vertical transistors in a 4F-
square memory cell, aﬁd methods for making thereof, and more particularly, to non-
volatile/volatile memory cells having vertical floating-gate transistors with self-aligned
shallow trench isolation between source regions for addressing and writing individual

transistors via direct tunneling.
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Discussion of the Prior Art

There is much interest to scale down densely packed semiconductor devices on an
integrated circuit (IC) chip to reduce size and power consumption of the chip, and allow
faster operation. In order to achieve the high packing density necessary for Gbit
memory applications, it is crucial to shrink the size of an individual memory cell as
much as possible. FIG 1 shows a top' view of a conventional array 10 of conventional

erasable programmable read only memory
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direct electron tunneling, instead of programming by channel hot electron tunneling.

There is also a need for a memory cell having a proper gate length and capacitor,
without increasing the lateral area of the cell.

SUMMARY OF THE INVENTION

A mneed exists for a memory cell array, and a method of making thereof, that
eliminate the problems of conventional memory cell arrays.

Another need exists for a memory cell array, and a method of making thereof,
that has isolated sources on adjacent bitlines of the array without increasing the cell area.

Yet another need exists for a memory cell aﬁay, and a method of making thereof,
that has self-aligned isolation trenches between adjacent bitlines of the array.

A further need exists for a memory cell array that is programmed at high speed
using direct tunneling, can withstand a high number of write/erase cycles, consumes low
power, has reduced oxide degradation, operates at low voltages, and has a high retention
time.

An additional need exists for a memory cell having a proper gate length and
capacitor without increasing the cell lateral area.

A further need exists for 2 memory cell that prevents charge accumulation in the
body of the cell. |

Another need exists for a memory cell having a self aligned continuous source
regions along bitlines of the cell airay, without completely isolating the body of the cell
from the underlying substrate,

A still further need exists for a memory cell having a proper gate length suitable
for obtaining low leakage, without decreasing the bitline voltage or increasing the lateral

area of the memory cell.
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Another need exists for a memory cell having a capacitor such that additional
cell area is not consumed by the capacitor, by capacitor contacts, or by transistor contacts.

These and other needs are addressed by a semiconductor device and a method of
making thereof. The semiconductor device may be a vertical MOSFET semiconductor
device which may have a floating gate. The semiconductor device is fabricated on a
semiconductor pillar etched from a substrate which may be a single crystal substrate, for
example. A diffused source region is formed at the base of the pillar. Alternatively, the
source and drain regions are implanted or epitaxially grown. In addition, an array of these
pillars is formed with self-aligned isolation.

According to a first aspect of the invention there is provided a semiconductor
device comprising:

a substrate;

an array of cells having pillars formed on said substrate, said pillars being
electrically connected with said substrate and being arranged in rows and columns, said
rows of pillars being in the wordline direction and said columns of pillars being in the
bitline direction, each of said pillars extending upward and having an upper region doped
with a first type of impurity, a middle region doped with a second type of impurity, and a
lower region doped with said first type of in-lpurity, said middle region being between said
upper and lower regioxis; and

a gate region formed on at Jeast one sidewall of said each pillar over said
middle region to control the resistance between said upper and lower regions;

wherein lower regions of pillars arranged along said columns are continuous,
thercby being shared by éaid pillars arranged in said bitline direction, and lower regions
of pillars arranged along said rows are isolated from each other by column trenches,

thereby said lower regions of pillars arranged in said wordline direction are not shared.
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According to a second aspect of the invention there is provided a method of

forming a semiconductor memory cell comprising the steps of:

forming, in a substrate, lower and upper doped regions; and

forming an array of pillars arranged in rows and columns, wherein said rows of
pillars are in the bitline direction of the cell and said columns of pillars are in the wordline
direction of the cell, each of said pillars having a body portion separating said lowsr and
upper doped regions, one sidewall of said pillar extending between said lower and upper
doped regions, and another sidewall of said pillar extending from said upper doped region
to a region which is below said lower doped region thereby separating lower doped
regions of adjacent pillars of said memory cell so that said lower doped regions of pillars
arranged in said wordline direction are not shared while said lower doped regions of said
pillars in said bitline direction are shared,

According to a third aspect of the invention there is provided a method of
forming a semiconductor memory cell comprising the steps of:

forming an array of pillars on a substrate arranged in rows and columns, wherein
said rows of pillars are in the bitline direction of the cell and said columns of pillars are in
the wordline direction of the cell, said pillars being separated by column trenches having
a first depth and row trenches having a second depth which is less than said first depth;

forming lower doped regions below said pillars such that said lower doped
regions of pillars arranged in saici wordline direction are not shared while said lower
. doped regions of said pillars in said bitline direction are shared;
forming a gate region around at least one sidewall of said pilars; and

forming upper doped regions on said pillars of said memory cell.
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The vertical semiconductor device comprises a_heayily-
doped region on the top of the pillar, followed by a
body region with the opposite doping type, then
followed by the heavily-doped source region formed .
fér example, by implantation or by outdiffusion from
elther heavily-doped oxide, polysilicon, or other
suitable material deposited between columns (i.e.,
bitlines) in mnemory arrvay. Depending on the amount cf
source outdiffusion from the material, the body of che
pillar transistor may or may not maintain electrical
contact with the underlying subkstrate,

The source outdiffusion material may os may not be
removed subsequent to annealing. In tlhie case of
polysilicon, or .other highly conductive source
matexrials, this material may act as a buried “strap”,
reducing the resistance of the diffused source region.

The doped regions at the base of each pillar in the
array may pe separated by self aligned isolation
formed by a two step trench etch, oxide deposition,
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1. A semiconductor device comprising: ) ” !'l"c’ m,!l "!” ”'l' ” l!,’
a substrate;,

an array of cells having pillars formed on said substrate, said pillars being
clectrically connected with said substrate and being arranged in rows and columms, said
rows of pillars being in the wordline direction and said columns of pillars being in the
bitline direction, each of said pillars extending upward and having an upper region doped
with a first type of impurity, a middle region doped with a second type of impurity, and a
lower region doped with said first type of impurity, said middle region being between said
upper and Jower regions; and

a gate region formed on at least one sidewall of said each pillar over said
middle rcgion to control the resistance belween said upper and lower regions;

wherein lower regions of pillars arranged along said columns are continuous,
thereby being shared by said pillars arranged in said bitline direction, and lower regions
of pillars arranged along said rows are isolated from each other by column trenches,

thereby said lower regions of pillars arranged in said wordline direction are not shared.

2, The semiconductor device of claim 1, wherein said gate regions along said
rows are continuous to form wordlines of said cells, and said lower regions along said

columns are bitlines of said cells.

3. The semiconductor device of claim 1, wherein said rows are separated from

each other by row trenches, said column trenches being deeper than said row trenches.
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4, The semiconductor device of claim 1, wherein said lower region isolates

said middle region of said pillar from said substrate.

S. The semiconductor device of claim 1, wherein said gate region includes a first
gate oxide formed on said sidewall and a first gaté electrode formed over said first gate

oxide.

6. The semiconductor device of claim 4, wherein said gate region includes a
second gate oxide formed on said first gate electrode and a second gate clectrode formed

over said second gate oxide.

7. The semiconductor device of claim 4, wherein said first gate electrode 1s

completely insulated on all sides to form a floating gate.

8. The semiconductor device of claim 4, wherein a thickness of said first gate oxide

is small so as to allow direct tunneling of electrons therethrough.

9. The semiconductor device of claim 1 further comprising a strap located adjacent

each of said lower regions to reduce a resistance of said lower regions.
10. The semiconductor device of claim 1, wherein said gate region is common along
pillars arranged in said rows, and separated from gate regions of pillars arranged in said

columns.

11. A method of forming a semiconductor memory cell comprising the steps of:
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forming, in a substratc,' lower and upper doped regions; and

forming an array of pillars arranged in rows and columns, wherein said rows of
pillars are in the bitline direction of the cell and said columns of pillars are in the wordline
direction of the cell, each of said pillars having a body portion separating said lower and
upper doped regions, one sidewall of said pillar extending between said lower and upper
doped regions, and another sidewall of said pillar extending from said upper doped region
to a region which is below said lower doped region thereby separating lower doped
regions of adjacent pillars of said memory cell so that said lower doped regions of pillars
arranged in said wordline direction are not shared while said lower doped regions of said

pillars in said bitline direction are shared.

12, The method of claim 11, wherein the array forming step includes the steps of:
- etching column trenches separated by a feature size; and
etching row trenches separated by approximately 120% of said feature size to

expose said lower doped portions and to deepen said column trenches.

13. The method of claim 12 further comprising the steps of:

prior to the column trenches forming step, forming a mask over said substrate
arranged in columns; and

prior to- the row trenches forming stcp, patteming said mask columns to form

mask islands.

14. The method of claim 11 further coruprising the step of:

forming an insulating spacer between said sidewalls of adjacent pillar.
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15. The method of claim 11 further comprising the step of:

forming a gate region on at least one of said sidewalls of said pillars.

16. The method of claim 15, wherein said gate region forming step includes the steps
of:

forming a first gate oxide on said sidewall;

forming a first gate electrode over said first gate oxide;

forming a second gate oxide on said first gate electrode, said first gate electrode
being insulated to form & floating gate; and

forming a second gate electrode formed over said second gate oxide.

17. A method of forming a semiconductor memory cell cdmpn'sing the steps of:

forming an array of pillars on a substrate arranged in rows and columns, wherein
said rows of pillars are in the bitline direction of the cell and said columns of pillars are in
the wordline direction of the cell, said pillars being separated by column trenches having
a first depth and row trenches héving a second depth which is less than said first depth;

forming lower doped regions below said pillars such that said lower doped
regions of pillars arranged in said wordlinc direction are not shared while said lower
doped regions of said pillars in said bitline direction are shared;

formihg a gate region around at least one sidewall of said pillars; and

forming upper doped regions on said pillais of said memory cell.

18. The method of claim 17, wherein the array forming step includes the steps of:
forming mask lines over said substrate parallel to said columns;

etching exposed portions of said substrate to form said column trenches;
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patterning said mask lines to form mask islands; and

etching said exposed portions of said substrate to form said row trenches and to

deepen said column trenches.

19. The method of claim 17, wherein the lower doped regions forming step includes

the steps of:

forming an outdiffusion material on lower portions of said column trenches; and

outdiffusing material from said outdiffusion material to form said lower regions

below said pillars.
20. The method of claim 17, wherein said gate region forming step includes the steps
of:

forming a first gate oxide on said sidewall;

forming a first gate electrode over said first gate oxide;

forming a second gate oxide on said first gate electrode, said first gate electrode
being insulated to form a floating gate; and

forming a second gate electrode formed over said second gate oxide.
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4F-SQUARE MEMORY CELL HAVING VERTICAL FLOATING-GATE

TRANSISTORS WITH SELF-ALIGNED SHALLOW TRENCH ISOLATION

ABSTRACT |

A densely packed array (200) of vertical semiconductor devices and methods of
making thereof are disclosed. The array has columns of bitlines and rows of wordlines.
The gates of the transistors act as the wordlines (225), while the source or drain regions
acts as the bitlines (220). The array has vertical pillacs (230), acting as a channel,
formed between source (215) and draifx (240) regions.. The source regions are self-
aligned (210) and located below the ﬁillars. The source regions of adjacent bitlines are
isolated from each other without increasing the cell size and allowing a minimum area of
approximately 4F2 to be maintained. The isolated sources allow individual cells to be
addressed and written via direct tunpeling, in both volatile and non-volatile memory cell
(205) configurations. The source may be initially implanted. Alternatively, the source
may be diffused below the pillars after forming thereof.
Fig. 8




