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DENSE ARRAYS AND CHARGE STORAGE
DEVICES

[0001] This application is a continuation of U.S. applica
tion Ser. No. 13 /468,731, filed May 10 , 2012 , which is a
continuation of U.S. application Ser. No. 13/027,113, filed
Feb. 14 , 2011 , which is a divisional of U.S. application Ser.
No. 10 /842,008, filed on May 10 , 2004 , now U.S. Pat. No.
7,129,538 , which is a divisionalofU.S. application Ser. No.
09/927,648 filed on Aug. 13 , 2001, now U.S. Pat. No.
6,881,994 , which are incorporated by reference in their
entirety. application Ser. No. 09/927,648 is a continuation
in - part of U.S. application Ser. No. 09 /801,233 , filed on Mar.
6 , 2001, which is a continuation - in -part of U.S. application
Ser. No. 09/ 745,125 , filed on Dec. 21 , 2000 , both of which
are incorporated by reference in their entirety . application
Ser. No. 09 /927,648 is also a continuation -in -part of U.S.
application Ser. No. 09/639,579 filed on Aug. 14 , 2000,
which is incorporated by reference in its entirety. application
Ser. No. 09 /927,648 is also a continuation -in -part of U.S.
application Ser. No. 09/639,702 filed on Aug. 14 , 2000,
which is incorporated by reference in its entirety. application
Ser. No. 09/927,648 is also a continuation - in -part of U.S.
application Ser. No. 09 /639,749 filed on Aug. 17 , 2000 ,
which is incorporated by reference in its entirety. application
Ser. No. 09 /927,648 also claims benefit of priority of pro
visional application 60 /279,855 , filed on Mar. 28 , 2001,
which is incorporated by reference in its entirety .

devices, thereby limiting the amount of data that can be
stored to the number of devices that can be fabricated in a
single plane of silicon .
[0005 ] It has also been known to fabricate nonvolatile

memories that employed trapped charge in a dielectric layer.
Typically, electrons e trapped in a layer of silicon nitride by ,
for instance, tunneling a current through the nitride layer.
The silicon nitride is formed between a gate insulated from
the channel of a field -effect transistor. The trapped charge
shifts the threshold voltage of the transistor and thus, the
threshold voltage is sensed to determine whether or not
charge is trapped in the nitride layer. See U.S. Pat. No.
5,768,192 for an example of such memories.

[0006 ] U.S. Pat. No. 5,768,192 , issued to B. Eitan , and the

technical article entitled “ NROM : A Novel Localized Trap
ping , 2 -Bit Nonvolatile Memory Cell ” by B. Eitan et al. in

IEEE Electron Device Letters, vol. 21, No. 11 , November

2000 , pp . 543-545 teach a nonvolatile semiconductor

memory cell which uses asymmetrical charge trapping in the
nitride charge storage layer of the Oxide-Nitride -Oxide
(ONO ) stack to store two bits In one cell. The cell is written
by hot electron injection into the charge storage layer above
the drain junction . The cell is read in the opposite direction
to which it was written , i.e., voltages are applied to the
source and gate , with the drain grounded . The memory cell

1. Field of the Invention

is constructed in a p -type silicon substrate. However, this
silicon -oxide-nitride-oxide- silicon (SONOS ) ITC memory
is arranged in an NOR VirtualGround Array with a cell area
of 2.5 F2 per bit, where F is the minimum feature size . This
cell area is larger than desirable , and leads to a less than
optimum cell density .

[0002] The present invention relates to semiconductor
devices in general and to a three dimensional TFT array in
particular.

[0007] Prior art negative- resistance devices are also
described in Thin -MIS -Structure St Negative-Resistance

BACKGROUND OF THE INVENTION

2. Discussion of Related Art

[0003 ] As integrated circuits and computers have become
powerful, new applications have arisen that require the
ability to store large amounts of data . Certain applications
require a memory with the ability to write and erase data and
the ability to store data in a nonvolatile manner. There are
many applications which can be enabled by bringing the
price per megabyte of semiconductor memory down well
below a dollar (US ) per megabyte so that it becomes price
competitive with , for example : ( 1) chemical film for fit
storage of photographic images; (2 ) Compact Disks (CDs)

for the storage ofmusic and textualdata for distribution ; (3 )

Digital Versatile Disks (DVDs) for the storage of video and
multi-media materials for distribution ; and (4 ) Video Tape
and Digital Audio and Video Tape for the storage of con

sumer audio and video recordings. Such memories should be

archival and non - volatile in that they should be able to
withstand being removed from equipment and all sources of
power for a period of up to about 10 years with no significant
degradation of the information stored in them . Such a
requirement approximates the typical longevity for CDs ,
DVDs, magnetic tape and most forms of photographic film .
[0004 ] Presently , such memories are formed with electri
cally erasable nonvolatile memories such as flash memories
and EEPROMs. Unfortunately, these devices are typically
fabricated in a single crystalline silicon substrate and there
fore are limited to two -dimensional arrays of storage

known. These devices were discovered around 1972 and are

Diode. Applied Physics Letters, Volume 20 , No. 8, begin
ning on page 269, 15 Apr. 1972. The device described in the
article is a junction diode, such as diode 5510 of FIG.96 and

a thin oxide region disposed on the n - type region of the
diode, such as the oxide region 5511 of FIG . 96. The device
provides a switching phenomenon exhibiting a negative
resistance region as shown in FIG . 97. Note as the potential
on the diode is increased in the diode's forward direction ,
little conduction occurs until the voltage first reaches the
voltage shown as point 5512 at which point the device

exhibits a negative-resistance. From there the device exhib
its a somewhat diode - like characteristic as shown by the

segment 5513 in FIG . 97. This switching characteristic is
used to fabricate static memory cells ( flip -flops) such as
shown in U.S. Pat. Nos . 5,535,156 and 6,015,738. Addition
ally , the basic operation of this device is described in Sze's ,
The Physics of Semiconductor Devices. (2nd edition , Chapter
9.5 , pp. 549-553 ), although this explanation may contain an
error in its discussion in polarity.
[0008 ] The device of FIG . 96 comprises a PN junction

diode and a thin oxide region . When the diode is forward
biased, initially very little current flows because the diode
junction voltage is a fraction of the applied voltage ,with the
balance of the voltage drop across the n- region and oxide
region . Holes injected into the n- region from the p region
are sufficiently low in number that the tunneling current
through the oxide (despite the unfavorable barrier to the hole
flow ) allows the n- region to remain an n - type region .
Similarly , any holes generated within the depletion region

Aug. 6 , 2020

US 2020/0251492 A1
2

are able to pass through the thin oxide while any generated

electrons are swept across to the p region and out of the
anode contact.

[0009 ] As the applied forward voltage increases, the n
region begins to deplete at the interface with the oxide just
as in a normal MOSFET as the threshold voltage is
approached . At a high enough voltage this depletion region
extends all the way to the junction to produce punch

through , resulting in a significant injection of holes from the
p region into the n layer. The holes cannot flow well
through the oxide and consequently build up near the
surface. This causes the n -region to invert more strongly

near the oxide interface , and increasing the voltage drop
across the oxide, recalling that V = Q / C . The electron tun
neling current through the oxide rises by a super-exponential

factor, increasing the forward bias across the diode and the
current. At the same time holes flood the n region , raising

its conductivity and reducing its voltage drop . Since the
voltage across the diode is relatively small (and changes
little , even for large changes in current) a large reduction in
the n voltage drop reduces the voltage across the entire

structure dramatically (assuming a suitable series resistance

in the circuit to avoid device rupture ). Thus, the regenerative
action of the foregoing description causes a rapid increase in
current, accompanied by a rapid decrease in voltage. It is this
negative -resistance region that has been exploited to make
the SRAM cells described in the above referenced patents .
[ 0010 ] At higher current levels, the device behaves essen
tially as an ordinary forward biased diode as most of the

voltage is ultimately dropped across the PN junction . Over

all , the V - I characteristics of the structure are shown in FIG .

97 with the slope of the segment 5513 being determined in

large part by the series resistance coupled to the structure of
[0011 ] When reverse biased , the diode is in its blocking
state and the only current that flows through the oxide is
electron leakage current. The reverse junction voltage is a
fraction of the applied voltage because some is dropped
across the oxide region. It should be noted that electrons
carry current through the oxide region in both reverse bias
FIG . 96 .

and in a strong forward bias .
[0012 ] Another type of prior art memory device is dis
closed in the technical article entitled “ A Novel Cell Struc

ture for Olga -bit EPROMs and Flash Memories Using
Polysilicon Thin Film Transistors ” by S. Koyama in 1992
Symposium on VLSI Technology Digest of Technical Papers .
pp
. 44-45. As shown in FIG . 98 , each memory cell is a
" self-aligned " floating gate cell and contains a polycrystal
line silicon thin film transistor electrically erasable program
mable read only memory ( TFT EEPROM ) over an insulat
ing layer. In this device , the bit lines extend in the direction
parallel to the source - channel-drain direction ( i.e., the bit
lines extend parallel to the charge carrier flow direction).
The word lines extend in the direction perpendicular to the
source -channel -drain direction ( i.e., the word lines extend
perpendicular to the charge carrier flow direction ). The TFT
EEPROMs do not contain a separate control gate. Instead ,
the word line acts as a control gate in regions where it
overlies the floating gates .
[ 0013 ] The layout of Koyama requires two polycide con
tact pads to be formed to contact the source and drain
regions of each TFT . The bit lines are formed above the word
lines and contact the contact pads through contact vias in an
interlayer Insulating layer which separates the bits lines

from the word lines. Therefore, each cell in this layout is not
fully self-aligned , because the contact pads and the contact
vias are each patterned using a non -self aligned photolithog
raphy step . Therefore, each memory cell has an area that is
larger than desirable, and leads to a less than optimum cell
density . The memory cell of Koyama is also complex to
fabricate because it requires the formation of contact pads
and bit line contact vias. Furthermore , themanufacturability
of the device of Koyama is less than optimum because both
bit lines and word lies have a non -planar top surface due to
the non -planar underlying topography . This may lead to
open circuits in the bit and word lines .

[0014 ] The Virtual Ground Array approach to crystalline
silicon non - volatile memories has also been known for some
time and is an elegantway of aggressively reducing memory

cell size . Turning now to FIG.99 , the basic approach utilizes
a cross point army 5610 of bitlines in buried n + diffusion
5612 within a single crystalline silicon p -type substrate 5614
and wordlines formed of polysilicon rails 5616 disposed
over the substrate 5614. A transistor is formed from adjacent
bitlines 5612 and a p -type channel region 5618 disposed
between the adjacent bitlines 5612. A layer of gate oxide
5620 insulates the floating gates 5622 , which lie above the
channels 5618 and are formed of, for example, polysilicon .
An upper dielectric layer 5624 insulates the floating gates
5622 from polysilicon wordlines (WLs) 5616 .

[0015 ] “ Virtual round ” refers to the fact that there is no
dedicated ground line in the array. Whenever a cell is chosen

for read or program , a pair of buried n + bitlines (BLs) is the
source and drain with the source grounded . For example, to
select the cell 5624 outlined in FIG . 100 , BL (k ) and BL (k + 1 )
would be selected as the source and drain (or vice versa ) and
WL (j) would be selected as the control gate of the device . In
one approach , all of the bit lines to the left of BL (k ) as shown
in FIG . 100 would beheld at the samepotential as BL (k ) and
all of the bit lines to the right of BL (k + 1) would be held at
the same potential as BL (k + 1 ) so that source -drain current
would only flow ( for read and programming) in the selected
cell (al other WLs being grounded ) .
[0016 ] In all of these approaches , the charge storage
medium is a conducting floating gate made of doped poly
silicon . By hot electron injection programming ( the method
of choice in all classic EPROM ( erasable programmable
read only memory ) and single transistor Flash memory
cells ), electrons are injected onto the floating gate thus
changing the threshold voltage of the inherent MOS tran
sistor.
[0017 ] The above discussed SONOS (polysilicon -block
ing oxide-nitride-tunnel oxide - silicon ) charge trapping
approach has reemerged as a viable candidate for non
volatile MTP memories arranged in a virtual ground array
structure 5626 , as shown in FIG . 101. The array includes n +
buried bitlines 5612 disposed in a single crystalline silicon
substrate 5614. An ONO (oxide -nitride-oxide ) dielectric
stack 5628 insulates bitlines 5612 from polysilicon wordline
5630. The hot electrons are injected into the ONO dielectric

stack 5628 near the drain edge during programming where
charge is trapped in the nitride layer. Two hits can be stored

per memory cell utilizing this approach because hot elec

trons are injected into the ONO dielectric stack at the

programming drain edge . Since the nitride charge storage

medium does not laterally conduct, the charge stays where
it was injected . Trapped charge near the source of a transistor
has a large effect on the transistor's threshold voltage while
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trapped charge near the drain has little effect on threshold
voltage . Accordingly , individual charge zones on either side
of the ONO layer may be written and read by simply
reversing the drain and source connections for the cell.
When the cell is programmed , charge is injected at the zone
closest to the drain . If source and drain are reversed for the

same cell, another charge may be injected into the same cell

but at the “ other” drain . Both sides can also be read , thus two
bits per cell may be stored and retrieved .

[0018 ] The above described poor art devices are relatively
expensive because their density is not optimized .
SUMMARY OF THE INVENTION

[0019 ] According to one preferred embodiment of the
present invention , a semiconductor device comprises a
monolithic three dimensional array of charge storage
devices comprising a plurality of device levels, wherein at
least one surface between two successive device levels is
planarized by chemical mechanical polishing.
[ 0020 ] In another preferred embodiment of the present
invention , a monolithic three dimensional array of charge
storage devices is formed in an amorphous or polycrystalline
semiconductor layer over a monocrystalline semiconductor
substrate , and driver circuitry is formed in the substrate at
least in put under the array, within the array or above the

array .

[0021] Another preferred embodiment of the present

invention provides a memory device comprising a first
input/output conductor formed above or on a first plane of a
substrate . The memory device also includes a second input/
output conductor. A semiconductor region is located
between the first input/output conductor and the second
input/output conductor at an intersection of their projections.
The memory device includes a charge storage medium
wherein charge stored in the charge storage medium affects
the amount of current that flows between the first input/

output conductor and the second input/output conductor.
[0022 ] Another preferred embodiment of the present
invention provides a nonvolatile read -write memory cell

having an N doped region , a P doped region , and a storage
element disposed between the two.
[0023 ] Another preferred embodiment of the present
invention provides a method for operating a memory cell .
The method comprises the steps of trapping charge in a
region to program the cell, and passing current through the
region when reading data from the cell .
[ 0024 ] Another preferred embodiment of the present

invention provides an array of memory cells, said array
having a plurality of memory cells each comprising at least
one semiconductor region and a storage mea for tapping
charge. The array also has controlmeans for controlling the
flow of current through the semiconductor region and the

storage means of the cells .

[0025 ] Another preferred embodiment of the present

invention provides a nonvolatile stackable pillar memory
device and its method of fabrication. The memory device
includes a substrate having a first plane . A first contact is
formed on or above the plane of a substrate . A body is
formed on the first contact. A second contact is formed on
the body wherein the second contact is at least partially
aligned over the first contact A control gate is formed
adjacent to the charge storage medium A read current flows
between the first contact and the second contact in a direc
tion perpendicular to the plane of the substrate .

[0026 ] Another preferred embodiment of the present
invention provides a field effect transistor, comprising a
source, a drain , a channel, a gate , at least one insulating layer
between the gate and the channel, and a gate line which
extends substantially parallel to a source -channel -drain
direction and which contacts the gate and is self aligned to
the gate.
[0027 ] Another preferred embodiment of the present
invention provides a three dimensional nonvolatile memory
array, comprising a plurality of vertically separated device
levels, each level comprising an array of TFT EEPROMs,
each TFT EEPROM comprising a channel, source and drain
regions, and a charge storage region adjacent to the channel,
a plurality of bit line columns in each device level, each bit
line contacting the source or the drain regions of the TFT
EEPROMs, a plurality of word line rows in each device
level, and at least one interlayer insulating layer located

between the device levels .

[0028 ] Another preferred embodiment of the present
invention provides an EEPROM comprising a channel, a

source , a drain , a tunneling dielectric located above the
channel, a floating gate located above the tunneling dielec
tric , sidewall spacers located adjacent to the floating gate
sidewalls, a word line located above the floating gate, and a

control gate dielectric located between the control gate and
the floating gate . The control gate dielectric is located above
the sidewall spacers .

[0029 ] Another preferred embodiment of the present
invention provides an array of nonvolatile memory cells ,
wherein each memory cell comprises a semiconductor

device and each memory cell size per bit is about (2 F2)/N ,

where F is a minimum feature size and N is a number of

device layers in the third dimension and where N > 1 Another
preferred embodiment of the present invention provides a
method of making an EEPROM , comprising providing a
semiconductor active area, forming a charge storage region
over the active area , forming a conductive gate layer over
the charge storage region and patterning the gate layer to
form a control gate overlying the charge storage region . The
method also comprises doping the active area using the
control gate as a mask to form source and drain regions in
the active area, forming a first insulating layer above and
adjacent to the control gate , exposing a top portion of the
control gate without photolithographic masking, and form
ing a word line contacting the exposed top portion of the
control gate, such that the word line is self aligned to the
control gate .
[0030 ] Another preferred embodiment of the present
invention provides a method ofmaking an EEPROM , com
prising providing a semiconductor active area, forming a
tunnel dielectric layer over the active area , forming a con
ductive gate layer over the tunnel dielectric layer , patterning
the gate layer to form a floating gate overlying the tunnel
dielectric layer and doping the active area using the floating
gate as a mask to form source and drain regions in the active
area. The method also comprises forming sidewall spacers
adjacent to the floating gate sidewalls , forming a first
insulating layer above and adjacent to the sidewall spacers
and above the source and drain regions, forming a control
gate dielectric layer over the floating gate , and forming a
word line over the control gate dielectric and over the first
insulating layer.
[0031] Another preferred embodiment of the present
invention provides a method of forming a nonvolatile
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memory array, comprising forming a semiconductor active
layer, forming a first Insulating layer over the active layer,
forming a plurality of gate electrodes over the first insulating
layer and doping the active layer using the gate electrodes as
a mask to form a plurality of source and drain regions In the
active layer , and a plurality of bit lines extending substan
tially perpendicular to a source -drain direction . The method
also comprises forming a second Insulating layer above and
adjacent to the gate electrodes and above the source regions,
drain regions and the bit lines, planarizing the second
insulating layer, and forming a plurality of word lines over
the second insulating layer extending substantially parallel
to the source- drain direction .

[0032 ] Another preferred embodiment of the present
invention provides a method of making an EEPROM array,
comprising providing a semiconductor active area , forming
a plurality of dummy blocks above the active are , doping the
active area using the dummy blocks as a mask to form
source and drain regions in the active ara , forming an
intergate insulating layer above and between the dummy
blocks , planarizing the intergate insulating layer to expose
top portions of the dummy blocks, selectively removing the
dummy blocks horn between portions of the planarized
intergate insulating layer to form a plurality of vias between
the portions of the intergate insulating layer, forming charge
storage regions over the active area in the plurality of vias,
forming a conductive gate layer over the charge storage
regions, and patterning the conductive gate layer to form a
control gate overlying the charge storage region .
[0033 ] Another preferred embodiment of the present
invention provides a method of forming a TFT EEPROM ,
comprising forming a TFT EEPROM comprising an amor
phous silicon or a polysilicon active layer, a charge storage
region and a control gate, providing a crystallization catalyst
in contact with the active layer, and heating the active layer
after the step of providing the catalyst to recrystallize the
active layer using the catalyst.
[0034 ] Another preferred embodiment of the present
invention provides a two- or three -dimensional memory
array constructed of thin film transistors disposed above the
substrate . Spaced -apart conductors disposed in a first direc
tion form contacts with memory cells formed in rail stacks
disposed in a second direction different from the frit direc
tion . A local charge trapping medium receives and stores hot
electrons injected by thin film transistors formed at the
intersections of the spaced - apart conductors and the rail
stacks. The local charge trapping medium may be used to
store charge adjacent to a transistor drain and by reversing
the drain and source lines, two bits per memory cellmay be

stored , if desired . A programming method insures that stored
memory will not be inadvertently disturbed .

[0035 ] Another preferred embodiment of the present
invention provides a non -volatile thin film transistor ( TFT)
memory device that is constructed above a substrate . It
employs a source , drain and channel formed of transition
metal crystallized silicon . A local charge storage film is
disposed vertically adjacent to the channel and stores
injected charge . A two- or three -dimensional array of such
devices may be constructed above the substrate . Spaced
apart conductors disposed in a first direction form contacts
with memory cells formed in rail stacks disposed in a second
direction different from the first direction . The local charge
storage film receives and stores charge injected by TFTs
formed at the intersections of the spaced -apart conductors

and the rail stacks. The local charge storage film may be

used to store charge adjacent to a transistor drain and by
reversing the drain and source lines, two bits per memory
cell may be stored , if desired . A programming method

insures that stored memory will not be inadvertently dis

turbed .

[0036 ] Another preferred embodiment of the present
invention provides a flash memory army disposed above a
substrate , the array comprising a first plurality of spaced
apart conductive bit lines disposed at a firstheight above the

substrate in a first direction , and a second plurality of
spaced -apart rail -stacks disposed at a second height in a

second direction different from the first direction , each

rail- stack including a plurality of semiconductor islands
whose first surface is in contact with said first plurality of
spaced -apart conductive bit lines , a conductive word line,
and charge storage regions disposed between a second
surface of the semiconductor islands and the word line.

[0037 ] Another preferred embodiment of the present

invention provides a TFT CMOS device, comprising a gate
electrode, a first insulating layer adjacent to a first side of the
gate electrode , a first semiconductor layer having a first
conductivity type disposed on a side of the first insulating

layer opposite to the gate electrode, a first source and drain
regions of a second conductivity type disposed in the first
semiconductor layer, first source and drain electrodes in
contact with the first source and drain regions and disposed
on a side of the first semiconductor layer opposite to the first
insulating layer . The TFT CMOS device further comprises a
second insulating layer adjacent to a second side of the gate
electrode , a second semiconductor layer having a second
conductivity type disposed on a side of the second insulating
layer opposite to the gate electrode, second source and drain
regions of a first conductivity type disposed in the second
semiconductor layer, and second source and drain electrodes
in contact with the second source and drain regions and
disposed on a side of the second semiconductor layer
opposite to the second insulating layer .
[0038 ] Another preferred embodiment of the present

invention provides a circuit comprising a plurality of charge
storage devices and a plurality of antifuse devices .
[0039 ] Another preferred embodiment of the present
invention provides a semiconductor device comprising a
semiconductor active region , a charge storage region adja
centto the semiconductor active region , a first electrode , and
a second electrode . Charge is stored in the charge storage
region when a first programming voltage is applied between
the first and the second electrodes , and a conductive link is
formed through the charge storage region to form a conduc
tive path between the first and the second electrodes when a
second programming voltage higher than the first voltage is
applied between the first and the second electrodes.
BRIEF DESCRIPTION OF THE DRAWINGS

[0040 ] FIG . 1A is an illustration of a pillar memory in

accordance with an embodiment of the present invention .
[0041 ] FIG . 1B is an illustration of an overhead view of a

pillar memory in accordance with an embodiment of the
present invention having a single charge storage medium
and single control gate surrounding a pillar.
[0042 ] FIG . 1C is an illustration of an overhead view

showing a pillar memory in accordance with an embodiment
of the present invention having multiple charge storage
mediums and multiple control gates .
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[0043] FIG . 2 is an illustration of the pillar memory in

accordance with an embodiment of the present invention .
[0044 ] FIGS. 3A - 3D illustrate an ultra thin channel pillar
memory device in accordance with an embodiment of the
present invention and its method of fabrication .
[0045] FIG . 4 is an illustration of a pillar memory of an
embodiment of the present invention having Schottky con
tacts .
[0046 ] FIG . 5 is an illustration of a gated diode pillar
memory in accordance with an embodiment of the present
invention .
[0047] FIG . 6 is an illustration of a pillar memory in
accordance with an embodiment of the present invention
having a nanocrystal floating gate .
[0048 ] FIG . 7 is an illustration of a pillar memory of an
embodiment of the present invention having a charge trap
ping dielectric.
[0049 ] FIGS. 8A and 8B illustrate a method of forming a
pillar utilizing an explicit pillar formation process.
[ 0050 ] FIGS. 9A and 9B illustrate a method of forming a
pillar utilizing an intersection etch technique .
[ 0051] FIGS. 10A - 10E illustrate a method of forming a
pillar memory device in accordance with an embodiment of
the present invention utilizing a “ spacer etch ” technique .
[ 0052 ] FIGS. 11A - 11C illustrate a method of forming a
common control gate between adjacent pillar memories as
well as showing the isolation of control gates between
adjacent pillars .
[ 0053] FIGS. 12A and 12B illustrate a method of forming
a common continuous film control gate between to or more
levels of pillar memories.
[0054 ] FIG . 13A to FIG . 28 illustrate a method of fabri
cating multiple levels of pillarmemories in accordance with
an embodiment of the present invention .
[0055 ] FIG . 29A is a representation of a memory cell of an
embodiment of the present invention .
[0056 ] FIG . 29B is a graph illustrating the characteristics
of the cell of FIG . 29A .
[0057] FIG . 30 is a cross -sectional elevation view of a two
terminal cell built in accordance with an embodiment of the
present invention .

[0058 ] FIG . 31 is a cross-sectional elevation view of a

three terminal cell built in accordance with an embodiment

of the present invention .
[0059 ] FIG . 32 is a cross-sectional elevation view of a
tee -dimensionalmemory array employing rail stacks built in
accordance with an embodiment of the present invention .
[0060 ] FIG . 33 is a perspective view of a cell formed as a
pillar above a substrate in accordance with an embodiment
of the present invention .
[0061] FIG . 34 is another embodiment of a cell formed as
a pillar.

[0062] FIGS. 35 and 36 are schematics of a three dimen
sional army of devices .
[ 0063] FIG . 37 is a side cross -sectional view of a wafer
after ONO dielectric , first gate electrode, protective oxide
and blocking nitride layer have been deposited in a method
according to an embodiment of the present invention .
[0064 ] FIG . 38 is a side cross -sectional view of a memory
array after bit line patterning and source /drain implantation .

The cross -section is perpendicular to the bit lines.
after salicide process. The cross-section is perpendicular to

[ 0065 ] FIG . 39 is a side cross- sectional view of the array
the bit lines .

[0066 ] FIG . 40 is a side cross -sectional view of the array
after the oxide fill and planarization . The cross-section is
perpendicular to the bit lines.

[0067] FIG . 41 is a side cross-sectional view of the array

after the blocking layer is removed . The cross section is

perpendicular to the bit lines.
[0068 ] FIG . 42 is a side cross-sectional view of the array
during word line formation . The cross -section is perpen
dicular to the bit lines .

[0069 ] FIG . 43 is a side cross -sectional view of the array

after word line formation along line A - A in FIG . 42. The
cross -section is perpendicular to the word lines and passes
through a bit line.
[0070 ] FIG . 44 is a side cross -sectional view of the array
after word line formation along line B - B in FIG . 42. The
cross -section is perpendicular to the word lines and passes
through a transistor channel.

[0071 ] FIG . 45 is a side cross -sectional view of the array
of the second preferred embodiment after the oxide fill and
planarization . The cross-section is perpendicular to the bit
lines .

[0072 ] FIG . 46 is a side cross -sectional view of the array
of the second preferred embodiment after word line forma
tion . The cross-section is perpendicular to the bit lines .
[0073 ] FIG . 47 is a side cross -sectional view of the array
of a preferred embodiment after word line formation . The
cross-section is perpendicular to the bit lines .
[0074 ] FIGS . 48A - C and 49A - C illustrate alternative
methods of making a TFT of the array of a preferred
embodiment.
[0075 ] FIGS. 50 and 51 are side cross -sectional views of
the array of two preferred aspects of a preferred embodiment
after word line formation . The cross-section is perpendicular
to the bit lines.
[ 0076 ] FIG . 52 is a three dimensional view of a three
dimensional array of a preferred embodiment.
[0077 ] FIG . 53 is a side cross -sectional view of a word line
contact conductor and bit line contact conductor at the same
level. Openings are made for the next level contacts .
[0078 ] FIG . 54 is a side cross-section view of a word line
contact conductor in level N + 1 and word line and bit line
contact conductors in level N. Landing pads are made in
level N + 1 conductor for the next level contacts .

[0079 ] FIGS. 55-61 are side cross -sectional views of a
method ofmaking the array of a preferred embodiment. The
cross-section is perpendicular to the bit lines.
[0080 ] FIG . 62 is a top view of the array of a preferred
embodiment of the present invention after forming crystal
lization windows.
[0081 ] FIGS. 63 and 64 are side cross -sectional views
along lines A - A and B -B , respectively , in FIG . 62. The
cross -section is perpendicular to the bit lines in FIG . 63 and
parallel to the bit lines in FIG . 64.
[0082 ] FIG . 65 is a top view of the army of a preferred
embodiment after the crystallization of the active layer.
[0083] FIG . 66 is a drawing showing a float perspective
view of a two-dimensionalmemory array in accordance with
a specific embodiment of the present invention .
[0084 ] FIG . 67 is a drawing showing an elevational cross
sectional view of a two-dimensional memory array in accor
dance with a specific embodiment of the present invention .
[0085 ] FIG . 68 is a drawing showing a top plan view of a
memory array in accordance with a specific embodiment of
the present invention .
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[0086 ] FIG . 69 is a drawing showing an elevational cross
sectional view of a three -dimensional memory array in
accordance with a specific embodimentof the present inven
tion .
[0087 ] FIG . 70 is a drawing showing an elevational cross

sectional view of a two -dimensionalmemory array in accor
dance with a specific embodiment of the present invention .

[0088 ] FIG . 71 is a drawing showing an elevational cross
sectional view of a three-dimensional memory array in
accordance with a specific embodiment of the present inven

tion .

[0089 ] FIG . 72 is a drawing showing an elevational cross

sectional view of a memory array in accordance with a
specific embodiment of the present invention .

[0090 ] FIG . 73 is a drawing showing an elevational cross
sectional view of a three -dimensional memory army in

accordance with a specific embodiment of the present inven
tion .

[0091 ] FIGS. 74 and 75 are drawings illustrating methods
for programming memory cells in accordance with a specific
embodiment of the present invention .
[0092 ] FIG . 76 is a drawing illustrating a method of
fabrication of memory cells in accordance with a specific
embodiment of the present invention .

[0093 ] FIG . 77 is a cross sectional drawing illustrating a
SONOS on a dielectric stack .
[0094 ] FIG . 78 is a cross-sectional drawing illustrating a
nanocrystalline charge storage medium .
[0095 ] FIG . 79 is a cross-sectional drawing of a bitline of
doped polysilicon having a refractory metal silicide formed
therein to improve lateral conductivity .
[0096 ] FIG . 80 is a cross -sectional drawing of a substrate

in accordance with a specific embodiment of the present

invention .

[0097] FIGS. 81A -81H illustrate steps in the fabrication of
a memory array in accordance with a specific embodiment

of the present invention .

[0098 ] FIGS. 82A -821 illustrate steps in the fabrication of
a memory army in accordance with a specific embodiment

of the present invention .

[ 0099 ] FIGS. 83A -85 illustrate flash memory arrays
according to a preferred embodiment of the present inven

tion .

[0100 ] FIGS. 86A -86J illustrate methods of making the
arrays of FIGS. 83-85 .

[0101 ] FIG . 87 illustrates a CMOS array according to a
preferred embodiment of the present invention .
[ 0102 ] FIGS. 88A - D illustrate a method of making the
CMOS array of FIG . 87.
[0103 ] FIGS. 89-92 illustrate logic and memory circuits
using the CMOS array of FIG . 87.
[0104 ] FIG . 93 is a process flow diagram illustrating a
process for fabricating a crystallized amorphous silicon
layer for use in a no -volatile TFT memory device in accor
dance with a specific embodiment of the present invention .
[ 0105 ] FIGS. 94A - 94 are vertical cross-sectional drawings
illustrating steps in the process of FIG . 93.
[0106 ] FIG . 95 is a top plan view of a portion of a silicon
wafer after processing in accordance with the process of
FIG . 93 .

[0107 ] FIGS. 96-101 are illustrations of prior art devices.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0108] The present inventors have realized that the cost of
memory and logic devices would be decreased if the device
density was increased . Thus, the present inventors have
provided an ultra dense matrix array of charge storage
semiconductor devices which has an increased density and
a lower cost.
[0109 ] One method of improving device density is to

mange the devices in a monolithic three dimensional array
of charge storage devices comprising a plurality of device

levels . The term “ monolithic ” means that layers of each
level of the array were directly deposited on the layers of
each underlying level of the array. In contrast, two dimen
sional arrays may be formed separately and then packaged
together to form a non -monolithic memory device .
[0110 ] In order to form such a three dimensional array,
especially a array having four or mom layers, at least one
surface between two successive device levels is planarized
by chemical mechanical polishing (CMP). In contrast to
other planarization methods, such as etch back , chemical
mechanical polishing allows a sufficient degree of planariza
tion to stack multiple device levels of a commercially
feasible device on top of each other. The inventors have
found that chemical mechanical polishing typically achieves
flatness on the order of 4000 Angstroms or less within a
stepper field ( i.e., a peak to peak roughness value of 4000
Angstroms or less in an area on the order of 10 to 50 mm )
in three -dimensional memory arrays, even after 4 to 8 layers
of the array have been formed. Preferably, the peak to peak
roughness of a layer in the array polished by CMP is 3000
Angstroms or less, such as 500 to 1000 Angstroms, within
a stepper field. In contrast, etch back alone typically doesnot
afford sufficient flatness to achieve a commercially suitable
three - dimensional memory or logic monolithic array .
[0111] For example, the term “ at least one surface between
two successive device levels is planarized by chemical
mechanical polishing ” includes surfaces formed in the bot
tom and intermediate device layers, aswell as surfaces of the
interlayer insulating layers that are disposed in between the
device layers . Thus, the surfaces of conductive and /or insu
lating layers in each intermediate and bottom device level of
the array are planarized by chemical mechanical polishing .
Thus, if the array includes at least four device levels, then at
least three device levels should have at least one surface that

is planarized by chemical mechanical polishing . The sur
faces of the conductive and /or insulating layers in the top
device level may also be planarized by chemical mechanical
polishing
[0112 ] Another method of improving device density is to

vertically integrate the driver or peripheral circuits with the
memory or logic array . In the prior art, the peripheral circuits
were formed in the periphery of the monocrystalline silicon
substrate , while the memory or logic array was formed in the
other portions of the substrate , adjacent to the peripheral
circuits. Thus, the peripheral circuits occupied valuable
substrate space in the prior art devices. In contrast , a
preferred embodiment of the present invention provides a
monolithic three dimensional army of charge storage
devices formed in an amorphous or polycrystalline semi
conductor layer over a monocrystalline semiconductor sub
strate , while at least part, and preferably all , the driver ( i.e.,
peripheral) circuitry is formed in the substrate under the
array, within the array or above the array. Preferably , the
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driver circuitry comprises at least one of sense amps and
charge pumps formed wholly or partially under the army in
the substrate .
[0113] FIG . 35 schematically illustrates an array of charge
storage logic or memory devices 3101 formed above an
interlayer insulating layer 3102 disposed above a monoc
rystalline substrate 3105. The array of charge storage logic
or memory devices 3101 are thus arranged as three dimen

sional monolithic array thin film transistors or diodes in
amorphous or polysilicon layers. The army 3101 has a
plurality of device levels 3104, preferably separated by
interlayer insulating layers. The driver circuits 3103, such as
sense amps and charge pumps, are disposed in the monoc
rystalline substrate 3105 , as CMOS or other transistors. FIG .
36 schematically illustrates an array of charge storage logic
or memory devices 3101 formed above a monocrystalline
substrate 3105 as thin film transistors or diodes in amor
phous or polysilicon layers. The driver circuits 3103, such as
sense amps and charge pumps, are formed within the array
3101 and/ or above the array 3101.

[0114 ] Another method of improving device density is
self-alignment and using the same photolithography step to
pattern different layers. The device cell area is enlarged by
misalignment tolerances that are put into place to guarantee
complete overlap between features on different layers. Thus,
the present inventors have developed a fully or partially
aligned memory cell structure that does not require mis
alignment tolerances or that requires a reduced number of
misalignment tolerances . In such a cell structure , certain
device features may be self aligned to other device features ,
and do not require a photolithography step for patterning .
Alternatively , plural layers may be etched using the same
photoresist mask or a lower device layer may be etched
using a patterned upper device layer as a mask . Particular
examples of aligned memory cells willbe discussed in more

detail below .

[0115 ] The charge storage devices of the array maybe any
type of semiconductor devices which stare charge , such as
EPROMs or EEPROMs. In the preferred embodiments of
the present invention described in detail below , the charge
storage devices are formed in various configurations, such as
a pillar TFT EEPROM , a pillar diode with a charge storage
region , a self aligned TFT EEPROM , a rail stack TFT
EEPROM , and various other configurations . Each of these
confirmations provides devices with a high degree of pla
narity and alignment or self -alignment to increase the array
density .

[ 0116 ] For example, in the pillar TFT EEPROM or a pillar

diode with a charge storage region , at least one side of the
semiconductor active region is aligned to one of the elec
trodes contacting the semiconductor active region . Thus, in
a pillar TFT EEPROM configuration , the semiconductor
active region is aligned to both the source and the drain
electrodes . This alignment occurs because at least two sides
of the active semiconductor region and one of the electrodes
are patterned during a same photolithography step ( i.e.,
etched using the same photoresist mask or one layer is used
as a mask for the other layer ).
[0117 ] In a self-aligned TFT, two sides of the active
semiconductor region e aligned to a side of the gate elec
trode only in the channel portion of the active semiconductor
region , but not in the source and drain regions. This align

ment occurs because at least two sides of the channel region

and the gate electrode m patterned during a same photoli

thography step ( i.e., etched using the same photoresist mask
or one layer is used as a mask for the other layer). In
contrast, the source and drain regions am not etched .
[0118 ] In the following description , numerous specific

details are set forth such as specific thicknesses, materials
etc. in order to provide a thorough understanding of the
preset invention . It will be apparent to one skilled in the art

that the present invention may be practiced without these
specific details. In other instances, well -known concepts ,
circuit and fabrication techniques are not set forth in detail
in order not to unnecessarily obscure the present invention .
[0119 ] Any feature of any embodiment described below
may be used in another embodiment. The first set of embodi
ments describes various pillar devices, the second set of
embodiments describes self-aligned TFT devices and the
third set of embodiments describes rail stack TFT devices .
The fourth and fifth set of embodiments describes how these

devices may be used in a logic or memory circuit . The final
set of embodiments describes the use of metal induced

crystallization to improve the crystallinity of the device
levels .
I. The Pillar Devices

[0120 ] The present embodiment is directed to thin film
transistors ( TFTs) and diodes arranged in a pillar configu
ration ( i.e., the vertical direction with respect to the sub

strate , where the length of the device is perpendicular to the
substrate) and their method of fabrication . Preferably, the
pillar devices form a charge trapping memory that has a
vertical read current. The memory includes a first input/
output conductor formed on or above a plane of a substrate
and a second input/output conductor located above and
spaced apart from the first input/output conductor. The first
input/output conductor and the second input/output conduc
tor are positioned so that they overlap or intersect one
another and preferably intersect perpendicular to one
another. A semiconductor region , such as a doped silicon
region, is formed between the first input/output conductor
and the second input/output conductor at the intersection of
the first input/output conductor and the second input/output
conductor. A charge storage medium , such as but not limited
to a charge trapping dielectric , is formed near the semicon
ductor region and affects the amount of current that flows
through the semiconductor region between the first input/
output conductor and the second input/output conductor for

a given voltage applied across the first input/output conduc

tor and the second input/output conductor. The amount of
current (read current) for a single voltage that flows through
the semiconductor region can be used to determine whether
or not charge is stored in the charge storage medium and
therefore whether or not the memory is programmed or
erased . The read current that flows through the semiconduc

tor region between the first input/output conductor and the
second input/output conductor flows in a direction perpen
dicular to the plane of the substrate in which or on which the
memory is formed . The structure of the charge trapping

memory of the present embodiment, as well as its method of
fabrication , is ideally suited for integration into a three
dimensional array of memory devices.

[0121 ] As will be discussed below , the charge trapping
memory device of the present embodiment can be fabricated
with one of two general structures . In one embodiment the
charge storage medium is formed adjacent to the semicon
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ductor region and in a second embodiment the charge

storage medium is formed above or below the semiconduc
tor region .

[0122 ] 1. A Three Terminal Pillar Memory with Adjacent
Charge Storage Medium
[0123 ] An embodiment of the present invention is a three
terminalnonvolatile stackable pillar memory device . A pillar
memory device 100 in accordance with this embodiment of
the present invention is broadly illustrated in FIG . 1A . Pillar
memory device 100 includes a first contact region 102
formed on a first input/output (I/O ) 103 conductor formed on
or above a plane (x -y ) of a single crystal substrate 101. A
semiconductor body 104 is formed directly on the first
contact region 102 and a second contact region 106 is
formed directly on the body 104. A second I/ O conductor
116 is formed on the second contact region 106. The first
contact region 102 , the body 104, and the second contact
(source/drain ) region 106 are each vertically aligned with
one another to form a pillar 108. Adjacent to and in contact
with body 104 is a charge storage medium 110. A control
gate 112 is formed adjacent to and in direct contact with the
charge storagemedium 110. The control gate 112 and charge
storage medium 110 are constructed so that they lie laterally
adjacent to pillar 108 so that they may electrically commu
nicate with pillar 108. The charge storage medium is the
region that electrically screens the control gate and the
channel region addressed by the control gate .
[0124 ] The programmed or unprogrammed state of the
pillar memory device is determined by whether or not charge
is stored in charge storage medium 110. The charge stored
in the charge storage medium adds or subtracts from the
voltage applied to the control gate, thereby altering the
voltage required to form a conducting channel in body 104
to enable a current ( e.g., read current IR ) to flow between the
first and second contact ( source/drain ) regions. This voltage
is defined as the V7 . The amount of voltage required to form
a conducting channel in body 104 or the amount of current
flowing the body for a given control gate voltage can be
used to determine whether or not the device is programmed
or unprogrammed . Additionally, multiple bits of data can be
stored in a single charge storage medium 110 whereby each
different amount of stored charge creates a different V , each
representing a different state of the charge storage medium .
Because the charge storage medium can contain multiple
states , multiple bits can be stored in a single charge storage
medium .
(0125 ] During read operations of device 100 , when a
conductive channel is formed in body 104 , current 114 flows
vertically (z) (or perpendicular) with respect to the plane
(x -y ) of the substrate 101 above which pillar memory device
is formed . By creating a memory device with a “ vertical "
read current path , the pillar memory cell of the present
invention can be easily stacked in a three dimensional array
with source/drain conductors 103 and 116 running parallel
or perpendicular to each other and parallel to the plane of the
substrate 101 without requiring the use of vertical intercon
nect strategies for the source and drain connections. The
conductor 112 to the control gate may be run vertically (as
shown in FIG . 1A ) or horizontally.
[0126 ] Although memory device 100 shown in FIG . 1A
includes a charge storage medium 110 and a control gate 112
formed on only one side or surface of pillar 108 , it is to be
appreciated that the pillar memory device of the present
invention can be fabricated so that the entire body 110 of the

pillar 108 is surrounded by a single charge storage member
110 and a single control gate 112 as shown in FIG . 1B .
Additionally , each surface of the pillar 108 can have an
independently controlled charge storage member and con
trol gate as shown in FIG . 1C and thereby enable multiple
bits of data to be stored in a single pillar memory device of
the present invention . The use of multiple charge storage
members and control gates enables the storage of multiple
values on a single pillar device by determining how much of
the channel is exposed to charge .Additionally , each face of
body 104 of pillar 108 can have different doping densities to
create different threshold voltages for each face to further
enable the pillar memory to store additional states and
therefore additional bits .

[0127] FIG . 2 shows an embodiment of the present inven
tion where the pillar 207 comprises a first source /drain

contact region 202 comprising a heavily doped N + silicon

film having a doping density in the range between 1x1019 to
1x1020 , preferably 1x1019 to 1x1021 atoms/cm ", formed on
a first input/output 204 ( e.g. bit line ) formed on or above a
substrate 201. A body comprising a lightly doped P- type

silicon film 206 having a doping density between 1x1018 to

1x1018 atoms/cm is formed on and in direct contact with the
first N + source /drain contact region 202. A second source /
drain region 208 comprising a heavily doped N + silicon film

having a doping density of 1x1019 to 1x1020, preferably

1x1019 to 1x1021 , atoms/cm² is formed on and in direct
second conductive input/output (e.g. word line/bit line ) 210
is formed on the second N + source /drain region 208. The N +
contact with P type silicon film 206 , as shown in FIG . 2. A

source /drain films 202 and 208 can have a thickness between

500-1000 Å . The first and second input/outputs 204 and 210
can be formed of a highly conductive material such as but
not limited to a metal such as tungsten , a silicide such as
titanium silicide or tungsten silicide, or heavily doped sili

con . In memory device 200 N + source/drain region 202 , P
type silicon body 206 and N + source /drain region 208 are
each substantially vertically aligned with one another to
form pillar 207 .
[0128 ] Pillar memory 200 , shown in FIG . 2 , has a charge
storage medium 211 comprising a tunnel dielectric 212 , a
floating gate 214 , and a control gate dielectric 216. The
tunnel dielectric is formed adjacent to and in direct contact
with P type silicon body 206. A floating gate 214 is formed
adjacent to and in direct contact with tunnel dielectric 212 .
Floating gate 214 comprises a conductor such as but not
limited to doped silicon , such as N type silicon , or metal
such as tungsten . The control gate dielectric 216 is formed
adjacent to and in direct contact with floating gate 214 .
Finally a control gate 218 is formed adjacent to and in direct
contact with control gate dielectric 216. Control gate 218 is
formed of a conductor such as but not limited to doped
silicon or a metal such as tungsten .

[0129 ] The thicknesses of P type silicon film 206 and

tunnel dielectric 212 are dependent upon the desired pro
gramming and erasing voltage. If low voltage programming
operations between 4 to 5 volt are desired, then P -type
silicon film 206 can have a thickness between 1000-2500 Å

and the tunnel dielectric can have a thickness between 20

and 150 Å , such as 20-50 Å , preferably 80-130 Å . ( If a

nitride tunnel dielectric 212 is desired it would be scaled

slightly thicker .) It is to be appreciated that the thickness of

P -type silicon film 206 defines the channel length of the
device . If higher voltage (6-10 volts ) programming opera
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tions are desired the P type silicon film 206 can have a

thickness between 6000-7000 Å and tunnel dielectric 212
can have a thickness between 60-100 Å . The control dielec

tric 216 typically has a thickness on order of tunnel dielectric
212 but is slightly (10-30 Å ) thicker , preferably 130 to 180
Å.
[0130 ] Pillar memory 200 is considered programmed or
unprogrammed depending upon whether or not charge is
stored on floating gate 214. Pillarmemory device 200 can be
programmed utilizing drain side programming whereby
electrons are placed on floating gate 214 by grounding the
source region 202 while a relatively high voltage is applied
to the drain region 208 and while approximately 4-5 volts,
for low voltage operations, or 6-10 volts , for high voltage
operations, is applied to control gate 218 in order to invert
a portion of P -type silicon region 206 into N type silicon so
that a channel region is formed and electrons flow between
the source region and the drain region . The high control gate
voltage pulls electrons from the inverted channel region
through the tunnel dielectric 212 and on to floating gate 214 .
Because electrons lose some of their energy tunneling
through the tunnel oxide , they no longer have enough energy
to escape from the floating gate which is surrounded by
insulators . Other techniques such as but not limited to source
side injection can be used to program memory device 200 .
[0131] Memory device 200 can be erased by removing
stored electrons from floating gate 214.Memory device 200
can be erased by placing a relatively high positive voltage (3
volts ) on to the source region , while applying a negative
voltage of approximately 4-5 volts in low voltage operations
or 6-10 volts for high voltage operations on to control gate
218. The positive voltage on the source region attracts
electrons on floating gate 214 and thereby pulls electrons off

floating gate 214 through tunnel dielectric 212 and into the
source region .
[ 0132 ] In order to read the state ofmemory device 200 , a
voltage (such as 3.3 volts) can be applied to the drain while
a given control gate voltage is applied to the control gate .
The amount of current (read current) that flows from the
drain region through the channel gion and into the source
region for a given control gate voltage can be used to
determine the state of the memory device . Alternatively , one
can read the state of memory 200 by sensing the amount of
control gate voltage necessary to cause a given read current
to flow through body 206. When read current flowsbetween
the first and second source /drain regions 202 and 208

through body 206 it flows in a direction perpendicular (2 ) to
the plane (x -y ) of the substrate 201 on or above which it is

built.

[0133 ] FIG . 3 shows another embodiment of the nonvola

tile pillar memory device of the present invention . FIG . 3
shows a three terminalnonvolatile pillarmemory device 300
having an ultra thin silicon channel or body 302. Like

memory device 200 the ultra thin memory device 300 has a
first N + source/drain contact region 202 formed on a first
input/output 204. An insulator 304 , such as an SiO , film or
a silicon nitride film , is formed on the first source /drain
contact region 202. A second N + source /drain region 208 is
formed on the insulating layer 304. Insulator 304 separates
the source /drain regions 202 and 208 from one another and
therefore defines the channel length of the device. A thin

P -type silicon film 302 having a concentration in the range
between 1x1016 to 1x1018 atoms/ cm² is formed along the

sidewalls of the N + / insulator/N + stack so that it is adjacent

to and in direct contact with the first and second source /drain

regions as well as separating insular 304. The P -type silicon
film acts as the channel or body for the device and bridges
the gap between sore/drain regions 202 and 208.By forming
a thin P - type silicon film adjacent to the N + / insulator/ N +
stack the channel region can be made extremely thin ,
between 50-100 Å . The thickness of the P - type silicon film
which represents the channel thickness is preferably less
than 1/2 the channel length ( i.e. the distance between the
source /drain regions 202 end 208 ) and ideally less than 1/3
the channel length .
[0134 ] Like memory device 200 , memory device 300 also
includes a charge storage medium 211 , and a control gate
218. When transistor 300 is turned on , a portion of the
P -type silicon region inverts to form a conductive channel
therein so that current can flow from one source /drain region
202 to the other source /drain region 208. The majority of the

current path 306 through the ultra thin body 302 or channel
from one source /drain region to the other source /drain
region is in a direction perpendicular (z ) to the plane (x -y)

of the substrate above which the device is built.

[0135 ] An ultra thin channel or body transistor can be
formed , for example , by using a " spacer etch ” technique. For
example , as shown in FIG . 3B an N + silicon /insulator/ N +
silicon stack can be blanket deposited over a substrate
having a patterned metal I/O 204. The stack is then patterned
utilizing well -known photolithography and etching tech
niques into a pillar 306 is shown in FIG . 3B . A P -type silicon
film can then be blanket deposited over the pillar as shown
n FIG . 3C . The P -type silicon film is deposited to a thickness
desired for the channel thickness of the device . The P -type
polysilicon film is then anisotropically etched so that P -type
silicon film 302 is removed from horizontal surfaces and
remains on vertical surfaces such as the sidewalls of pillar
306. In this way the P -type silicon film is formed adjacent
to the pillar and bridges the source /drain regions across the
insulator 304. The charge storage medium 211 and control
gate 218 can then subsequently be formed as in the other
pillar devices.
[ 0136 ] FIG . 4 shows another embodiment of the three
terminal stackable nonvolatile pillar memory device of the
present invention. FIG . 4 is a three terminal stackable
non - volatile pillar memory device where Schottky contacts
form the source and drain regions of the device. The
Schottky contact MOSFET 400 of the present invention
includes a first metal contact 402 formed on a first input/
output 204. A doped silicon body or channel 404 such as N
type silicon doped to a concentration level between 1x1016
to 1x1018 atm /cm² and having a thickness desired for the
channel length is formed on metal contact 402. A second
metal contact 406 is formed on and in direct contact with
silicon body 404. A second I/O is then formed on second
metal contact 406. Firstmetal contact 402 and second metal
contact 406 are formed of a material such as platinum
silicide , tungsten silicide and titanium silicide and to a
thickness that forms a Schottky barrier contact with silicon
body 404. The first metal contact 402 , silicon body 404, and
second metal contact 406 are each directly vertically aligned
to one another to form a pillar 408 as shown in FIG . 4 .
Memory device 400 also includes a charge storage medium
211 directly adjacent to and in contact with silicon body 404
as shown In FIG . 4. Additionally , memory device 400
includes a control gate adjacentto and in direct contact with
the charge storage medium 211. When a channel is formed
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in silicon body 404 , current ( e.g., read current IR ) flows from

metal contact 402 to metal contact 406 in a direction

nanocrystals can be formed from silicon by utilizing chemi
cal vapor deposition to decompose a silicon source gas such

perpendicular (z ) to the surface of the substrate (x -y ) on

as silane at very low pressure. Similarly , a tungsten nanoc
rystal floating gate can be formed by chemical vapor depo
sition by decomposing a tungsten source gas such as WFo at
very low pressures. Still further, a aluminum nanocrystal
floating gate can be formed by sputter deposition at or near
the melting temperature of aluminum .

includes a P + type silicon film contact region 502 having a

[0140 ] Additionally, alternative to the use of a dielectric
Isolated floating gate to store charge in the memory devices

which memory device 400 is formed .
[0137 ] FIG . 5 illustrates another embodiment of a three
terminal nonvolatile memory device in accordance with the
embodiment of the present invention . FIG . 5 illustrates a
gated diode memory device 500. Memory device 500

dopant density between 1x1019 to 1x1021, preferably 1x101

to 1x1020 atoms/cm and a thickness between 500-1000 Å .

A P- silicon film 504 having a doping density between
1x1016 to 1x1018 atoms/ cm is formed on and in direct
contact with P + silicon film 502. An N + type silicon contact
region 506 having a doping density between 1x1019 to
1x1021 , preferably 1x1019, to 1x1020 atoms/cm²and a thick
ness between 500-1000 Å is formed directly on P- silicon
film 504. In an embodiment of the present Invention P +
silicon film 502 , P- silicon film 504 , and N + silicon film 506
are each vertically aligned with one mother to form a pillar
508 as shown in FIG . 5.Memory device 500 also includes
a memory storage medium 211 formed adjacent to and in
direct contact with P- silicon film 504 and N + silicon film
506 as shown in FIG . 5. Adjacent to and in direct contact
with charge storage medium 211 is a control gate 218.

Additionally , like transistors 100 , 200, 300, and 400, when

gated diode 500 is turned “ on” a current (I) travels from P +
silicon film 502 to N -type silicon film 506 in a direction

perpendicular (z ) to the plane (x -y ) of the substrate 501 on
or above which device 500 is formed .

[0138 ] Although devices 200-500 have been shown with a
charge storage medium comprising a continuous film float
ing gate 214 isolated by a tunnel dielectric 212 and a control
gate dielectric 216 , the floating gate need not necessarily be
formed from a continuous conductive film of silicon or
metal but can alternatively be formed from a plurality of a

electrically isolated nanocrystals 602 as shown in FIG . 6 .
Nanocrystals are small clusters or crystals of a conductive
material that are electrically isolated from one another. An
advantage of the use of nanocrystals for the floating gate is
thatbecause they do not form a continuous film , nanocrystal

floating gates are self isolating . Nanocrystals 602 enable
multiple self- isolating floating gates to be formed around a
single silicon body 206. For example , with a square or
rectangular shaped pillar, a floating gate can be formed on
each side of the silicon body or channel enabling four or
more isolated floating gates to be formed around a single
square pillar. In this way, multiple bits can be stored in each

pillar memory. Similarly , because nanocrystals form a non
continuous film ,

ting gates can be formed ater two or

more levels of pillars are formed without worrying about
shorting of the floating gate of one cell level to the floating
gates to adjacent cells lying directly above or below (i.e.,
vertically adjacent). Yet another advantage of the use of
nanocrystals for floating gates is that they experience less
charge leakage than do continuous film floating gates.
[ 0139 ] Nanocrystals 602 can be formed from conductive
material such as silicon , tungsten , or aluminum . In order to
be self isolating, the nanocrystals must have a material
cluster size less than one -half the pitch of the cell so that
floating gates from vertically and horizontally adjacent cells
are isolated . That is , the nanocrystals or material clusters 602
must be small enough so that a single nanocrystal602 cannot
bridge vertically or horizontally adjacent cells . Silicon

of the present invention , one can use a trapping layer formed
in the dielectric stack 702 as shown in FIG . 7. For example ,
the charge storage medium can be a dielectric stack 702
comprising a first oxide layer 704 adjacent to the silicon
body or channel, a nitride layer 706 adjacent to the first
oxide layer and a second oxide layer 708 adjacent to the
nitride layer and adjacent to the control gate 218. Such a
dielectric stack 702 is sometimes referred to as an ONO
stack (i.e., oxide -nitride-oxide) stack . Other suitable charge
trapping dielectric films such as an H + containing oxide film
can be used if desired .
[0141] It is to be appreciated that each of the memory

devices 200-500 shown in FIGS. 2-5 can be made of

opposite polarity by simply reversing the conductivity type
of each of the silicon regions in the pillar and maintaining
concentration ranges. In this way, not only can NMOS

devices be fabricated as shown in FIGS. 2-5 , but also PMOS

devices can be formed if desired . Additionally, the silicon

films used to firm the pillars of the device may be single
crystal silicon or polycrystalline silicon . Additionally , the
silicon film can be a silicon alloy film such as a silicon
germanium film doped with N type or P type conductivity
ions to the desired concentration .

[0142 ] Additionally, as shown in FIGS. 1-3 and 5 , the
pillars 108 , 208, 308 , and 508 are fabricated so that the

contacts and body are aligned with one another when viewed
from the top . This may be achieved by first forming an I/O
204 and then blanket depositing the pillar film stack ( e.g.,
N + /P-/N + ) as shown in FIG . 8A . The film stack 802 can
then be masked and all three films anisotropically etched in
a single step as shown in FIG . 88 to form a pillar 804. An
explicit pillar formation step can form a pillar having any
desired shape . For example , the pillar 804 can take the shape
of a square m shown in FIG . 8B or can take the shape of

rectangle, or a circle when viewed from above .

[0143] Alternatively , as shown in FIGS. 91 and 9B , a

pillar can be formed by the intersection of the patterning of
the first and second I/O's. For example, a pillar can be
formed by first blanket depositing a first I/ O conductor 900
followed by the sequential blanket deposition of the film
stack 902 (e.g. , N + /P- /N + ) of the desired pillar. The first I/O
film 900 and the pillar film stack 902 are then etched to form
a plurality of pillar strips 904 as shown in FIG . 9a . During
subsequent processing to pattern the second I/O , the second
I/O 906 is etched in a direction perpendicular or orthogonal
to the plurality of strips 904. The etch step used to pattern the
second I/ O 906 is continued so as to etch away the pillar film
stack 902 from the portions of the strip 904 which are not
covered or masked by the second I/ O 906. In this way , a
pillar 908 is formed at the intersection of the first and second
I/O's. The pillar 908 is formed in direct alignment with the
intersection or overlap of the first and second I/O's. The
intersection technique of forming a pillar is advantageous
because it saves additional lithography steps .
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[0144 ] The charge storage medium of the memory device
of the present invention can be formed utilizing a “ spacer
etch ” technique . For example , as shown in FIG . 10A - 10E a

pillar 1000 or a pillar strip is first formed . A first tunnel
dielectric 1002 is then blanket deposited over the pillar
1000. Next, a floating gate material 1004 is blanket depos

ited over the tunnel dielectric 1002. The floating gate
floating gate . The floating gate material can be nanocrystals

dielectric material is deposited to a thickness desired for the

or can be a continuous conductive film . The floating gate
tropically etched back to remove them from horizontal
surfaces such as the top of pillar 1000 and between adjacent
pillars so as to leave a floating gate 1008 isolated by a tunnel
dielectric on the sidewalls of the pillar 1000 or strip . If the
floating gate is made from a continuous conductive film , as
opposed to nanocrystals , then care must be taken to ensure
the complete removal of the floating gate material 1004 from
between adjacent cells so that the floating gates 1008 of
adjacent cells are isolated.
[0145 ] It is to be appreciated that wheat the floating gate
is made of nanocrystals or when the charge storage medium
is a trapping dielectric , the films need not necessarily be
etched from horizontal surfaces between adjacent cells
because these films do not electrically couple adjacent cells .
If desired, however, charge trapping dielectric and nanoc
rystal floating gates can be anisotropically etched back .
Next, as shown in FIG . 10D , a control gate dielectric 1006
is blanket deposited over floating gate 1008 and the top of
pillar 1000 .
[0146 ] A control gate can also be formed using a “ spacer
etch ” technique. In such a case , a control gate material 1010 ,
such as doped polysilicon , is blanket deposited over the
control gate dielectric 1006 to the thickness desired of the
control gate as shown in FIG . 10D . The control gate material
1010 is then anisotropically etched back as shown in FIG .
10E to remove the control gate material 1010 from horizon
tal surfaces such as on top of control gate dielectric 1006 and
between adjacent pillars or strips and form a control gate
1012 adjacent to control gate dielectric 1006. The control
gate dielectric 1006 protects the underlying silicon pillar
1000 from being etched during the anisotropic etch of the
control gate material.
[0147 ] While it is necessary to isolate the floating gate
from adjacent cells, the control gate can be shared between
horizontal or vertically adjacent cells . Horizontally shared
control gates can be achieved by utilizing lithography to
form a conductor strip which connects horizontally adjacent
transistors. Alternatively, as shown in FIGS . 11A - 11C , hori
zontal coupling of adjacent cells can be achieved by accu
rately controlling the space between adjacent cells 1100 so
that a minimal space 1102 is placed between cells having
control gates to be coupled together while larger gaps 1104
are placed between cells having controls gates which am to
be isolated as shown in FIG . 11A . In this way, when a
control gate material 1106 is deposited , it completely fills the
minimum or small gaps 1102 between adjacent cells while
leaving only a thin film on the large gaps 1104 between cells
to be isolated as shown in FIG . 11B . During the anisotropic
etch , the thin control gate material in the large gaps is
completely removed , isolating adjacent control gates, while
a portion 1108 of the thicker control gate material 1106 in
the small gap remains , so that it bridges adjacent cells and
couples horizontally adjacent cells as shown in FIG . 11C .
material 1004 and the tunnel dielectric 1002 are then aniso

[0148 ] Additionally, vertical sharing of the control gate

can be achieved by forming a control gate plug between
adjacent cells after two or more levels of pillar have been
formed as shown in FIGS. 12A and 12B . A control gate plug

can be formed by blanket depositing a conductive film such
as a doped polysilicon film or a tungsten film 1200 over and
between two or more levels of pillars and then planarizing

or patterning the portion of the tungsten film above the
pillars to form a plug between pillars. In this way, the control
gate would be shared with devices on two or more vertical
levels and between horizontally adjacent cells.

[0149] A method of integrating the pillar memory device
of the present invention into a multi-level army of storage
cells will now be described . As shown in FIG . 13 , the
fabrication starts by providing a substrate 1300 on which the
multilevel array of storage devices is to be formed . Substrate

1300 will typically include a lightly doped monocrystalline
oxide semiconductor (MOS) transistors are formed . These
transistors can be used as, for example , access transistors or
they can be coupled together into circuits to form , for
example , charge pumps or sense amps for the fabricated
memory devices . Substrate 1300 will typically also include
multiple levels of interconnects and interlayer dielectrics
1304 used to couple transistors in substrate 1302 together
silicon substrate 1302 in which transistors such as metal

into functional circuits . The top surface 1306 of substrate
1300 will typically include an insulating layer or passivation
layer to protect the underlying transistors and interconnects
from contamination . The top surface 1306 will typically
contain electrical contact pads to which multilevel arrays of
memory devices of the present invention can be electrically
coupled in order to make electrical contact with the transis
tors in silicon substrate 1302. In an embodiment of the
present invention , the memory devices are physically iso
lated and separated from the single crystalline substrate by
multiple levels of interconnects and dielectric 1304. The top
surface of passivation or insulating layer 1306 will typically
be planarized to enable uniform and reliable fabrication of
multiple levels of the charge storage devices of the present
invention . FIG . 13A shows a cross -sectional view through
the substrate while FIG . 13B illustrates an overhead view of
the substrate looking down at the plane of the substrate 1300
across which the devices of the present invention are fab
ricated . According to one embodiment of the present inven
tion , the memory devices are physically separated from
monocrystalline silicon substrate 1302. In an alternative
embodiment of the present invention, memory devices can
be fabricated on a glass substrate 1300 such as used in flat
panel displays.
[0150 ] A process of forming a multilevel army ofmemory
devices in accordance with an embodiment of the present
invention begins by blanket depositing a first conductor
layer 308 over surface 1306 of substrate 1300. Conductor
1308 can be any suitable conductor such as but not limited
to , titanium silicide , doped polysilicon , or a metal such as
aluminum or tungsten and their alloys famed by any suitable
technique. Conductor layer 1308 is to be used as , for
example , a bitline or a wordline to couple a row or column
of memory devices together . Next, a stack 1310 of films
from which the first level of pillars is to be fabricated is
blanket deposited over conductor 1308 as shown in FIG .
13A . For example , in one embodiment the pillar is to
comprise an N + source/drain region , a P- silicon body, and
an N + silicon source /drain region . A suitable film stack 1310
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can be formed by first blanket depositing an amorphous

silicon film by chemical vapor deposition (CVD ) which is in
situ doped with N type impurities to a doping density
between 1x1019 to 1x1021, preferably 1x1019 to 1x1020 ,
atoms/cm3. Next, a P- silicon film is deposited over the N +
silicon film 1312, by for example, depositing an amorphous
silicon film by chemical vapor deposition and which is in
situ doped with P type impurities ( e.g., boron ) to a dopant
density of between 1x1016 to 1x1018 atoms/cm '. An N +
silicon film 1316 is then blanket deposited over P- silicon
body 1314 by depositing a amorphous silicon film by
chemical vapor deposition and in situ doping it to a level
between 1x1019 to 1x1021 , preferably 1x1019 to 1x1020,
atoms/cm3. The amorphous silicon films can then be con
verted into polycrystalline silicon through a subsequent
anneal. Alternative to in situ doping, the stack of films can
be deposited as undoped silicon and then implanted or
diffused with dopants.
[0151 ] It is to be appreciated that other memory devices in
accordance with the present invention can be fabricated by
depositing appropriate film stacks to achieve their pillar
configurations such as metal/ silicon /metal strip to form a
device 400 as shown in FIG . 4 , a P + / P - N + stack to form a
device 500 as shown in FIG . 5 , as well as an N + /SiOz/N +
stack to form a device 300 as shown in FIG . 3A . Next, as

shown in FIGS . 14A and 14B the blanket deposited film
stack 1310 and metal conductor 1308 are patterned utilizing
well -known photolithography and etching techniques to

form a plurality of pillar strips 1318. The films of the
deposited film stack 1310 and metal conductor 1308 are
etched in alignment with one another and form strips with
vertical sidewalls .

[0152] Next, as shown in FIGS. 15A and 15B , if desired ,

the substrate can be subjected to threshold adjusting ion
implantation steps in order to alter the doping density of the
surface or face of the P type silicon region on each strip . That

is, at this time, a first ion implantation step 1315 can be used
to implant one surface of pillar 1318 with P type dopants to
increase its P type doping density or can be implanted with
N type dopants to counterdope and decrease its P type
doping density. Similarly , after the first implant 1315 , the
substrate can be rotated and subjected to a second ion
implantation step 1317 to alter the doping density of the
opposite side or face of pillars strips 1318. The threshold
adjustment implants should be of a sufficient dose to suffi
ciently alter the threshold voltage of each face so as to be
able to sufficiently distinguish or sense different read cur
rents associated with each face . The angle of the ion implan
tation step is chosen so that the bulk of the implantation
occurs into the surface of the P type body 1314. The angle
of the implant is dependent upon the strip height as well a
on the spacing between strips 1314 .
[0153 ] Next, as shown in FIGS. 16A and 16B , tunnel
dielectric 1320 is formed over the sidewalls and the top of
strip 1318 as well as on substrate 1300 between strips 1318 .
Tunnel dielectric can be an oxide , a nitride, a oxynitride , or
other suitable dielectric . The tunnel dielectric 1320 is pref
erably deposited utilizing a plasma deposition or growth

process at a temperature of less than 750 ° C. and preferably
less than 600 ° C. The tunnel dielectric 1320 is formed to a
thickness and quality to prevent breakdown and leakage at
operating conditions. Next, as also shown in FIGS. 16A and
16B , a floating gate material 1322 is blanket deposited over

tunnel dielectric 1320. In a preferred embodiment of the
present invention , the floating gate material is formed of
nanocrystals .

[0154 ] Silicon nanocrystals can be formed by depositing
silicon in a manner whereby silicon has a very high surface

diffusivity relative to its sticking coefficient. For example ,
silicon nanocrystals cam be formed by chemical vapor
deposition (CVD ), by decomposing silane (SiH ) at a very
low pressure , between 1 millitorr to 200 millitorr, at a
temperature between 250-650° C. In such a process, a very
thin deposition , between 50-250 Å , will form little islands

1322 of silicon. If H , is included with silane during the
deposition, higher pressures can be utilized and still obtain
nanocrystals. In an alternative embodiment of the present
invention, metal nanocrystals such as aluminum nanocrys
tals , can be formed by sputtering from a metal target at a
temperature near the melting temperature of the metal, so
that the metal agglomerates and forms nanocrystals . Tung
sten nanocrystals can be formed by chemical vapor deposi
tion utilizing a reactant gas mix comprising a tungsten
source gas such as WF , and germane (GeH4). In still yet
another embodiment of the present invention , a continuous
film of floating gate material can be deposited and then
caused to precipitate (by heating) to came islands to form in
the film .
[0155 ] It is to be appreciated that although nanocrystals
are preferred for the floating gate because of their self
isolating quality, the floating gate can be formed from a
continuous film such as, but not limited to , a metal such as
tungsten or a silicon film such as polycrystalline or amor
phous silicon doped to the desired conductivity type ( typi
cally N + silicon for an N +/P-/N + pillar ). If a continuous film
is used as floating gate material 1322, the film 1322 would
be anisotropically etched at this time to remove the portion
of the floating gate material 1322 between strips 1318 to

electrically isolate the strips .
[0156 ] Next , as also shown in FIGS. 16A and 16B , a
control gate dielectric 1324 is blanket deposited over and
onto floating gate material or nanocrystals 1322. The control
gate dielectric 1324 is a deposited dielectric of, for example ,
an oxide or oxynitride film formed by a plasma enhanced
deposition process to reduce the deposition temperature. The
control gate dielectric 1324 has a thickness similar to the
tunnel dielectric 1320 but slightly , e.g., 20-30 Å , thicker. The
control gate dielectric 1324 is used to isolate the floating
gate from a subsequently formed control gate . The thickness
and quality of the control gate dielectric depends upon the
program threshold voltage for programming and unpro
gramming the memory cell. As discussed above, the thick
ness of the tunnel dielectric as well as the thickness of the
P type silicon body or channel are dependent upon the
programming voltage desired .
[0157 ] Next, as shown in FIGS. 17A and 17B , a control
gate material 1328 is blanket deposited on and over strips
1318. The control gate material is formed to a thickness at
least sufficient to fill the gaps between adjacent strips .
Typically, a conformal film deposited to a thickness of at
least one-half the width of the gap 1330 will ensure complete
filling of gap 1330. In an embodiment of the present
invention , the control gate material 1328 is a doped poly
crystalline silicon film formed by chemical vapor deposi
tion . Alternatively, the control gate can be formed from other
conductors such as a blanket deposited tungsten film formed
by chemical vapor deposition utilizing WF6. Next, as shown
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in FIGS . 18A and 18B , the control gate film 1328 is
planarized back by for example, chemicalmechanical pol
ishing until the top surface of the control gate is substantially
planar with the control gate dielectric on the top of strips
1318. A plasma etch process is then utilized to recess 1331
the top surface of the control gate material below the top
surface of strips 1318 and preferably to slightly above the
top source /body junction (e.g., junction of N + silicon film
1316 and P- silicon film 1314 ) as shown in FIG . 18A . The
control gate dielectric 1324 on the top of strips 1318 protects
strips 1318 from etching during the recess etch . After the
recess etch , control gates 1332A and B have been formed .
[0158 ] Next, an interlayer dielectric (ILD ) 1334 such as an
oxide , is blanket deposited over the top of strips 1318 as well
as on and into recesses 1331 over control gate 1332. The
deposited oxide layer 1334 , as well as the control gate
dielectric , the nanocrystals, and tunnel dielectric on the top
of strips 1318 are then polished or etched back as shown in
FIGS. 19A and 19B to reveal and open the surface of the top
source/drain region ( e.g. , N + film 1316 ) of each pillar strip
1318 .
[0159 ] Next, as shown in FIGS. 20A and 20B , a second
conductor layer 1336 is blanket deposited over and in
contact with the top source/drain region (N + source /drain
region 1316 ) as well as over and onto ILD 1334. The second
conductive layer 1336 will be used to form a second
input/output ( e.g., a bitline or a wordline ) for the first level
ofmemory devices and will be used to form a first input/
output ( e.g., a wordline or a bitline ) for the second level of
memory devices. Second conductive layer 1336 can be
formed of materials and to thicknesses similar to first

conductive layer 1308 .

[0160 ] Next, a film stack 1338 , such as an N + /P-/N +
deposited over second conductive layer 1336 as shown in

stack , used to form the second level of pillars, is blanket
FIGS. 20A and 28B . The film stack 1338 can be formed with

the same materials and to the same thickness as used for film

stack 1310. Alternatively, if a different type of memory

device is desired , then a film stack corresponding to that
device type would be formed .
[0161 ] Next, as illustrated in FIGS. 21A and 21B , the
second pillar stack 1338 and the second conductive layer
1336 are patterned with well -known photolithography and
etching techniques to form a plurality of second pillar strips
1340 orthogonal or perpendicular to the first plurality of

pillar strips 1318. It is to be appreciated that the films of the

second pillar stack 1338 and the second conductive layer
1336 are etched in alignment with one another to form a strip
with substantially vertical sidewalls.
[0162] FIGS . 22A and 22B show the substrate of FIGS .
21A and 21B rotated 90 ° .
[0163 ] Once the second pillar film stack 1338 and second
conductor 1336 have been patterned by etching into a strip
1340 , the etch is continued to remove the portion 1341 of the
first pillar strips 1318 not covered or masked by the second
pillar strips 1340 as shown In FIGS . 23A and 238. The etch
is continued until the first conductive layer 1308 is reached .
In this way , as shown in FIGS. 23A and 23B , a first level of
square or rectangular pillars 1342 have been formed from
first pillar strips 1318 at the intersections or overlaps of the
first and second I/O 1308 and 1336 ( shown as M1 and M2
in FIG . 23A ). In an embodiment of the present invention
square pillars having a width of less than 0.18 um are
formed . It is to be appreciated that the etch step preferably

uses an etch that can selectively etch the pillar strip with
respect to the ILD 1334 and the tunnel and control gate
dielectrics . For example, if the pillar comprises doped

silicon and the ILD and the tunnel and control gate dielec
trics are oxides, then a plasma etch utilizing Cl2 and HBr can
etch silicon without significantly etching the oxide ILD or
tunnel and control gate dielectrics . It is to be appreciated that
ILD 1334 protects the underlying silicon control gate 1332
from being etched as shown in FIG . 23C . Additionally , the
purpose of ILD 1334 is to electrically isolate control gates
1332 from subsequently formed control gates for the second
level of pillars.
[0164 ] At this time, if desired , the substrate can be sub

jected to successive ion implantation steps to alter the

doping density of each newly revealed surface of P type
body 1314 of pillar 1342 (see FIG . 23A ) in order to alter the

doping density of each face and therefore the threshold
voltage of each face.
[0165 ] Next, as shown in FIG . 24 , a tunnel dielectric 1344 ,
a nanocrystal floating gate material 1346 , and a control gate
dielectric 1348 are each successively blanketdeposited over
substrate 1300 to form a tunnel dielectric/floating gate /
control gate on the sidewalls of pillar devices 1342 as well
a along the sidewalls of the second pillar strip 1340 (see FIG .
23A ). This film stack also formsalong the top surface of the
second pillar strips 1340 as well as on the first conductor
1308 between the first level of pillars 1342 and on ILD 1334 .

[0166 ] The floating gate material need not be anisotropi
cally etched to remove floating gate material from gaps 1343
between adjacent pillars 1342 in order to isolate the pillars
because although the floating gate material is conductive the
non - continuous nature of the nanocrystals provides isolation
between the pillars. In this way, the tunnel dielectric , floating
gate, ad control gate dielectric can be used to isolate a
subsequently formed control gate from the first metal con
ductor. Additionally , because the floating gate 1346 is
formed from nanocrystals , it is self isolating from the
floating gate positioned directly above in Level 2 even
though they have been formed at the same time.
[0167 ] Next, as shown in FIG . 25A a control gate 1350 is
formed between second pillar strip 1340 as well as in the
gaps 1343 between pillars 1342. The control gate can be
formed as discussed above with respect to FIGS. 17-20
whereby a control gate film , such as doped polysilicon , is
blanket deposited to fill the gaps 1343 between adjacent
pillars 1342 as well as the gaps between second pillar strips
1340. Optionally, the control gate film would then be pol
ished and recessed back below the top surface of the N +
source /drain regions and a second ILD 1352 formed in the
recesses as shown in FIG . 25A to allow additional layers to
be added . ILD 1352 , the tunnel dielectric/floating gate /
control gate dielectric on the top of the second pillar strip
1340 would then be polished back to reveal the top N +
source /drain regions of strips 1340 .
[0168 ] At this point, the fabrication of the first level of
memory devices is complete . Each pillar 1342 on the first
level includes a separate floating gate and control gate on
each face of the pillar for a total of four independently
controllable charge storage regions as shown in FIG . 26 .
That is, as illustrated in FIG . 26 , pillar 1342 contains a first
pair of control gates 1332A and B formed along laterally
opposite sidewalls of the pillar 1342. The control gates
1332A and B are each also shared with the horizontally
adjacent pillars. Pillar 1342 also contains a second pair of

