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(57) ABSTRACT

A 3D NAND memory has vertical NAND strings across
multiple memory planes above a substrate, with each memory
cell of a NAND string residing in a different memory layer.
Word lines in each memory plane each has a series of socket
components aligned to embed respective floating gates of a
group memory cells. In this way, the word line to floating gate
capacitive coupling is enhanced thereby allowing a 4 to 8
times reduction in cell dimension as well as reducing float-
ing-gate perturbations between neighboring cells. In one
embodiment, each NAND string has source and drain
switches that each employs an elongated polysilicon gate
with metal strapping to enhance switching. The memory is
fabricated by an open-trench process on a multi-layer slab
that creates lateral grottoes for forming the socket compo-
nents.
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Forming a multi-layer slab on top of a semiconducior substrate with
tayers corresponding to structures of an array of vertically aligned NAND | 310
strings, and wherein the layers includes memory cell layers for forming
meamory cells of the NAND strings and for forming word lines with socket
componenis

l

Opening trenches in the multi-layer slab {o expose the memory cell 392
lavers

l

Forming grotioes at where memory celis are to be formed in the memory
cell layers exposed by the trenches, each grolto having walls

320

Forming in each grotto a socket component of a word line by lining the 392
walls with deposition of a word line material

Coating the word line material in each grotio with insulating material  fe 324
while leaving a remaining space in each grotto

Fiiling the remaining space of each grotto with floating gate material to | 326
form a floating gate embedded in each grotio

l

Forming other structures of the NAND strings and a plurality of bit lines k. 330
through the trenches

,

Fartitioning the multi-layer slab by an isolation material into individual
memory cells acoessible by respective word lines and bit lines

| 340
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3D NAND MEMORY WITH SOCKETED
FLOATING GATE CELLS

BACKGROUND

This application relates to three dimensional memory sys-
tems such as semiconductor flash memory, and more particu-
larly to having memory cells, each with a charge-storage
floating gate embedded by a socket structure of a word line.

Solid-state memory capable of nonvolatile storage of
charge, particularly in the form of EEPROM and flash
EEPROM packaged as a small form factor card, has become
the storage of choice in a variety of mobile and handheld
devices, notably information appliances and consumer elec-
tronics products. Unlike RAM (random access memory) that
is also solid-state memory, flash memory is non-volatile, and
retains its stored data even after power is turned off. Also,
unlike ROM (read only memory), flash memory is rewritable
similar to a disk storage device. In spite of the higher cost,
flash memory is increasingly being used in mass storage
applications.

Flash EEPROM is similar to EEPROM (electrically eras-
able and programmable read-only memory) in that it is a
non-volatile memory that can be erased and have new data
written or “programmed” into their memory cells. Both uti-
lize a floating (unconnected) conductive gate, in a field effect
transistor structure, positioned over a channel region in a
semiconductor substrate, between source and drain regions.
A control gate is then provided over the floating gate. The
threshold voltage characteristic of the transistor is controlled
by the amount of charge that is retained on the floating gate.
That is, for a given level of charge on the floating gate, there
is a corresponding voltage (threshold) that must be applied to
the control gate before the transistor is turned “on” to permit
conduction between its source and drain regions. Flash
memory such as Flash EEPROM allows entire blocks of
memory cells to be erased at the same time.

The floating gate can hold a range of charges and therefore
can be programmed to any threshold voltage level within a
threshold voltage window. The size of the threshold voltage
window is delimited by the minimum and maximum thresh-
old levels of the device, which in turn correspond to the range
of the charges that can be programmed onto the floating gate.
The threshold window generally depends on the memory
device’s characteristics, operating conditions and history.
Each distinct, resolvable threshold voltage level range within
the window may, in principle, be used to designate a definite
memory state of the cell.

Nonvolatile memory devices are also manufactured from
memory cells with a dielectric layer for storing charge.
Instead of the conductive floating gate elements described
earlier, a dielectric layer is used. Such memory devices uti-
lizing dielectric storage element have been described by Eitan
etal., “NROM: A Novel Localized Trapping, 2-Bit Nonvola-
tile Memory Cell,” IEEE Electron Device Letters, vol. 21, no.
11, November 2000, pp. 543-545. An ONO dielectric layer
extends across the channel between source and drain diffu-
sions. The charge for one data bit is localized in the dielectric
layer adjacent to the drain, and the charge for the other data bit
is localized in the dielectric layer adjacent to the source. For
example, U.S. Pat. Nos. 5,768,192 and 6,011,725 disclose a
nonvolatile memory cell having a trapping dielectric sand-
wiched between two silicon dioxide layers. Multi-state data
storage is implemented by separately reading the binary
states of the spatially separated charge storage regions within
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the dielectric. 3D NAND memory devices using dielectric
layer for storing charge have been described in U.S. Pat. Nos.
7,558,141 and 8,405,142.

SUMMARY

A 3D NAND memory has vertical NAND strings across
multiple memory planes above a substrate, with each memory
cell of a NAND string residing in a different memory layer.
Word lines in each memory plane each has a series of socket
components aligned to embed respective floating gates of a
group memory cells.

Significant reduction in memory cell size is achieved by the
present 3D NAND memory when a floating gate of each
memory cell is embedded by a socket component of a word
line. The 3D NAND memory has an array of memory cells
arranged in a three-dimensional pattern defined by rectangu-
lar coordinates having x-, y-, z-directions. The memory cells
are organized into NAND strings in the z-direction to form a
2D array of NAND strings in an x-y plane. Each NAND string
is a daisy chain of memory cells with a channel terminated by
a source-side transistor at a first end of the string and a
drain-side transistor at a second end of'the string. The respec-
tive memory cells of each NAND string are in corresponding
memory planes which are stacked in the z-direction. The
floating gate of each memory cell is aligned in the y-direction
with a first end against the word line and a second end against
the channel. The word line along a group of memory cells has
a socket component for each memory cell where a respective
floating gate has its first end embedded by a respective socket
component and the second end at an open end of the socket
component.

In this way, the floating gates surrounded by the socket
word line have high coupling ratios, while maintaining small-
cell dimension. This could allow a 4 to 8 times reduction in
cell dimension as well as reduction in floating-gate perturba-
tions between neighboring cells.

The memory is fabricated by an open-trench process on a
multi-layer slab that creates lateral grottoes for forming the
socket components.

A process of fabricating the 3D NAND memory includes
forming a multi-layer slab on top of a semiconductor sub-
strate with layers corresponding to structures of an array of
vertically aligned NAND strings, and wherein the layers
includes memory cell layers for forming memory cells of the
NAND strings and for forming word lines with socket com-
ponents; opening trenches in the multi-layer slab to expose
the memory cell layers; forming grottoes at where memory
cells are to be formed in the memory cell layers exposed by
the trenches, each grotto having walls; forming in each grotto
a socket component of a word line by lining the walls with
deposition of a word line material; coating the word line
material in each grotto with insulating material while leaving
a remaining space in each grotto; filling the remaining space
of each grotto with floating gate material to form a floating
gate embedded in each grotto; forming other structures of the
NAND strings and a plurality of bit lines through the
trenches; and partitioning the multi-layer slab by an isolation
material into individual memory cells accessible by respec-
tive word lines and bit lines.

Various aspects, advantages, features and embodiments of
the present subject matters are included in the following
description of exemplary examples thereof, which descrip-
tion should be taken in conjunction with the accompanying
drawings. All patents, patent applications, articles, other pub-
lications, documents and things referenced herein are hereby
incorporated herein by this reference in their entirety for all
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purposes. To the extent of any inconsistency or conflict in the
definition or use of terms between any of the incorporated
publications, documents or things and the present applica-
tion, those of the present application shall prevail.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1illustrates schematically the main hardware compo-
nents of a memory system suitable for implementing the
present subject matter.

FIG. 2 illustrates schematically a non-volatile memory
cell.

FIG. 3 illustrates the relation between the source-drain
current I, and the control gate voltage V .. for four different
charges Q1-Q4 that the floating gate may be selectively stor-
ing at any one time at fixed drain voltage.

FIG. 4A illustrates schematically a string of memory cells
organized into a NAND string.

FIG. 4B illustrates an example of a NAND array of
memory cells, constituted from NAND strings such as that
shown in FIG. 4A.

FIG. 5 illustrates a 2D NAND memory in the x-y plane.

FIG. 6A illustrates the population of memory cells pro-
grammable into four distinct distributions of threshold volt-
ages respectively representing memory states “E”, “A”, “B”
and “C”.

FIG. 6B illustrates the initial distribution of “erased”
threshold voltages for an erased memory.

FIG. 6C illustrates an example of the memory after many of
the memory cells have been programmed.

FIG. 7 is a schematic illustration of a 3D NAND memory,
according to an architecture of the present subject matter.

FIG. 8 illustrates details of the 3D NAND memory with
word lines each having a series of socket components to
receive individual floating gates of a group of memory cells.

FIG. 9A is a plan view of a portion of the 3D NAND
memory in the x-y plane.

FIG. 9B is a sectional view of a portion of the 3D NAND
memory in the x-z plane along the cut A-A shown in FIG. 9A.

FIG. 9C is a sectional view of a portion of the 3D NAND
memory in the y-z plane along the cut C-C shown in FIG. 9A.

FIG. 10 illustrates a gross scheme of fabricating such a 3D
NAND memory that includes the following process steps.

FIG. 11A is a 3D perspective view of the multi-layer slab.
The slab comprises multiple layers formed on top of a sub-
strate (not shown).

FIG.11B is a top view of the multi-layer slab shown in FIG.
11A.

FIG. 11C is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 11A and FIG. 11B.

FIG. 12A is a top view of the multi-layer slab after an
anisotropic etch through the exposed strips of the mask 290-1.

FIG. 12B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 12A.

FIG. 13A is a top view of the multi-layer slab after a
selective isotropic etch through the trench created in the
anisotropic etch illustrated in FIG. 12B.

FIG. 13B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 13A.

FIG. 14A is a top view of the multi-layer slab after an
anisotropic etch to extend the trench down to the isolation
oxide layer 270-1'".

FIG. 14B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 14A.

FIG. 15A is a top view of the multi-layer slab after removal
of the mask.
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FIG. 15B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 15A.

FIG. 16A is a top view of the multi-layer slab after depo-
sition of a layer of metal.

FIG. 16B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 16A.

FIG. 17A is a top view of the multi-layer slab after removal
of the metal layer 310 shown in FIG. 16.

FIG. 17B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 17A.

FIG. 18A is a top view of the multi-layer slab after depo-
sition of a layer of oxide.

FIG. 18B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 18A.

FIG. 19A is a top view of the multi-layer slab after pla-
narization of the layer of oxide to expose the top layer of
nitride.

FIG. 19B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 19A.

FIG. 20A is a top view of the multi-layer slab after removal
of the nitride layer 23072' shown in FIG. 19A.

FIG. 20B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 20A.

FIG. 21A is a top view of the multi-layer slab after an
anisotropic etch to remove the layer of doped polysilicon 219'
not masked by the metal strips 294.

FIG. 21B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 21A.

FIG. 22A is a top view of the multi-layer slab after filling
with a layer of oxide 270-7.

FIG. 22B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 22A.

FIG. 23A is atop view of the multi-layer slab after masking
with a masking layer 290-2 to enable isolation of the memory
cells along each word line.

FIG. 23B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 23A.

FIG. 24A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove the layer of oxide 270-7
above the nitride layer 218' down the exposing strips.

FIG. 24B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 24A.

FIG. 25A is a top view of the multi-layer slab after an
anisotropic nitride etch to remove the layer of nitride 218'
above the oxide layer 270-4' down the exposing strips.

FIG. 25B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 25A.

FIG. 26A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove the layer of oxide 220-4'
above the nitride layer 220-2' down the exposing strips.

FIG. 26B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 26A.

FIG. 27A is a top view of the multi-layer slab after an
anisotropic nitride etch to remove the layer of nitride 220-2'
above the oxide layer 270-3' down the exposing strips.

FIG. 27B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 27A.

FIG. 28A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove the layer of oxide 220-3'
above the nitride layer 220-1' down the exposing strips.

FIG. 28B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 28A.

FIG. 29A is a top view of the multi-layer slab after an
anisotropic nitride etch to remove the layer of nitride 220-1'
above the oxide layer 270-2' down the exposing strips.

FIG. 29B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 29A.

Micron Ex. 1033, p. 58
Micron v. YMTC
IPR2024-00911



US 9,236,393 Bl

5

FIG. 30A is a top view of the multi-layer slab after filling
with oxide 270-8.

FIG. 30B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 30A.

FIG. 31A is a top view of the multi-layer slab after etching
to remove excess top layer of the oxide 270-8 deposited in the
last step above the masking layer 290-2.

FIG. 31B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 31A.

FIG. 32A is a top view of the multi-layer slab after removal
of the masking layer 290-2.

FIG. 32B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 34A.

FIG. 33A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove a predetermined thickness
from the top layer of oxide 270-7, 270-8.

FIG. 33B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 33A.

FIG. 34A is a top view of the multi-layer slab after depos-
iting a masking layer 290-3 of thickness D.

FIG. 34B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 34A.

FIG. 35A is a top view of the multi-layer slab after an
anisotropic mask etch to remove the layer of thickness D from
the mask 290-3.

FIG. 35B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 35A.

FIG. 36A is a top view of the multi-layer slab after an
anisotropic deep etch through the unmasked bands 290-6 to
create a deep trench 290-7 down to the isolation oxide layer
270-1'.

FIG. 36B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 36A.

FIG. 37A is a top view of the multi-layer slab after an
isotropic nitride etch.

FIG. 37B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 37A.

FIG. 38A is a top view of the multi-layer slab after depo-
sition of a layer of metal 220, such as tungsten.

FIG. 38B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 38A.

FIG. 39A is a top view of the multi-layer slab after depo-
sition of a layer of interpoly dielectric (IPD) material 250 on
top of the metal layer 220.

FIG. 39B is a sectional view in the y-z plane of the multi-
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FIG. 44A is a top view of the multi-layer slab after an
isotropic deposition of an initial protective layer of p-doped
polysilicon 230-1.

FIG. 44B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 44A.

FIG. 45A is a top view of the multi-layer slab after an
anisotropic etch to remove the layer of oxide 270-1 and the
layer of n-polysilicon 23071' at the bottom 290-7 of the trench
290-7.

FIG. 45B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 45A.

FIG. 46A is a top view of the multi-layer slab after an
isotropic deposition of a final layer of p-doped polysilicon
230p.

FIG. 46B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 46A.

FIG. 47A is a top view of the multi-layer slab after an
isotropic deposition of a layer of oxide 279-9 to fill the trench
290-7.

FIG. 47B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 47A.

FIG. 48A is a top view of the multi-layer slab after pla-
narization of the layer of oxide 270-9.

FIG. 48B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 48A.

FIG. 49A is a top view of the multi-layer slab after n-im-
plant at the surface of the p-doped polysilicon 230 at the top
of the multi-layer slab.

FIG. 49B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 49A.

FIG. 50A is a top view of the multi-layer slab after an
isotropic deposition of a layer of metal 240'.

FIG. 50B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 50A.

FIG. 51A is atop view of the multi-layer slab after masking
with a mask 290-8 to enable isolation of the metal layer 240'
to form global bit line 240 that are spaced apart in the x-di-
rection.

FIG. 51B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 51A.

FIG. 52A is a top view of the multi-layer slab after an
anisotropic metal etch to remove regions of the layer of metal
240' through the exposing strips.

FIG. 52B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 52A.

layer slab shown in FIG. 39A. DETAILED DESCRIPTION
FIG. 40A is a top view of the multi-layer slab after an
isotropic deposition of a layer of polysilicon 20 on top of the Memory System

layer of IPD 250 and isotropic etch back of the layer of
polysilicon 20.

FIG. 40B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 40A.

FIG. 41A is a top view of the multi-layer slab after an
isotropic etch back of the layer of IPD 250 to expose the
underlying layer of metal 220 on the side wall of the trench
290-7.

FIG. 41B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 41A.

FIG. 42A is a top view of the multi-layer slab after an
isotropic etch back of the layer of metal 220.

FIG. 42B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 42A.

FIG. 43A is a top view of the multi-layer slab after an
isotropic deposition of a layer of tunnel oxide 260.

FIG. 43B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 43A.

60

65

FIG. 1 illustrates schematically the main hardware compo-
nents of a memory system suitable for implementing the
present subject matter. The memory system 90 typically oper-
ates with a host 80 through a host interface. The memory
system may be in the form of a removable memory such as a
memory card, or may be in the form of an embedded memory
system. The memory system 90 includes a memory 100
whose operations are controlled by a controller 102. The
memory 100 comprises one or more array of non-volatile
memory cells distributed over one or more integrated circuit
chip. The controller 102 may include interface circuits 110, a
processor 120, ROM (read-only-memory) 122, RAM (ran-
dom access memory) 130, programmable nonvolatile
memory 124, and additional components. The controller is
typically formed as an ASIC (application specific integrated
circuit) and the components included in such an ASIC gen-
erally depend on the particular application.
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Multiple memory elements may be configured so that they
are connected in series or so that each element is individually
accessible. By way of non-limiting example, flash memory
devices ina NAND configuration (NAND memory) typically
contain memory elements connected in series. A NAND
memory array may be configured so that the array is com-
posed of multiple strings of memory in which a string is
composed of multiple memory elements sharing a single bit
line and accessed as a group. Alternatively, memory elements

8

Typically, in a monolithic three dimensional memory array,
one or more memory device levels are formed above a single
substrate. Optionally, the monolithic three dimensional
memory array may also have one or more memory layers at
least partially within the single substrate. As a non-limiting
example, the substrate may include a semiconductor such as
silicon. In a monolithic three dimensional array, the layers
constituting each memory device level of the array are typi-
cally formed on the layers of the underlying memory device

OT 10 levels of the array. However, layers of adjacent memory
may be configured so that each element is individually acces- . i s . .
. device levels of'a monolithic three dimensional memory array
sible, e.g., a NOR memory array. NAND and NOR memory . .
. may be shared or have intervening layers between memory
configurations are exemplary, and memory elements may be device levels.
otherwise c.onﬁgur ed. . Further, multiple two dimensional memory arrays or three
The semiconductor memory elemgnts located w1th1r.1 and/ |5 gimensional memory arrays (monolithic or non-monolithic)
or over a substrate may be arranged in two or three dimen- ),y be formed on separate chips and then packaged together
sions, such as a two dimensional memory structure or a three to form a stacked-chip memory device.
dimensional memory structure. Associated circuitry is typically required for operation of
In atwo dimensional memory structure, the semiconductor the memory elements and for communication with the
memory elements are arranged in a single plane or a single 20 memory elements. As non-limiting examples, memory
memory device level. Typically, in a two dimensional devices may have circuitry used for controlling and driving
memory structure, memory elements are arranged in a plane memory elements to accomplish functions such as program-
(e.g., in an x-z direction plane) which extends substantially ming and reading. This associated circuitry may be on the
parallel to a major surface of a substrate that supports the same substrate as the memory elements and/or on a separate
memory elements. The substrate may be a wafer over or in 25 substrate. For example, a controller for memory read-write
which the layer of the memory elements are formed or it may operations may be located on a separate controller chip and/or
be a carrier substrate which is attached to the memory ele- on the same substrate as the memory elements.
ments after they are formed. As a non-limiting example, the The three dimensional exemplary structures described
substrate may include a semiconductor such as silicon. cover all relevant memory structures within the spirit and
The memory elements may be arranged in the single 30 scope of the subject matter as described herein.
memory device level in an ordered array, such as in a plurality Physical Memory Structure
of rows and/or columns. However, the memory elements may FIG. 2 illustrates schematically a non-volatile memory
be arrayed in non-regular or non-orthogonal configurations. cell. The memory cell 10 can be implemented by a field-effect
The memory elements may each have two or more electrodes transistor having a charge storage unit 20, such as a floating
or contact lines, such as bit lines and word lines. 35 gate or a charge trapping (dielectric) layer. The memory cell
A three dimensional memory array is arranged so that 10 also includes a source 14, a drain 16, and a control gate 30.
memory elements occupy multiple planes or multiple There are many commercially successful non-volatile
memory device levels, thereby forming a structure in three solid-state memory devices being used today. These memory
dimensions (i.e., in the x, y and z directions, where the y devices may employ different types of memory cells, each
direction is substantially perpendicular and the x and z direc- 40 type having one or more charge storage element.
tions are substantially parallel to the major surface of the Typical non-volatile memory cells include EEPROM and
substrate). flash EEPROM. Examples of EEPROM cells and methods of
As a non-limiting example, a three dimensional memory manufacturing them are given in U.S. Pat. No. 5,595,924.
structure may be vertically arranged as a stack of multiple two Examples of flash EEPROM cells, their uses in memory
dimensional memory device levels. As another non-limiting 45 systems and methods of manufacturing them are givenin U.S.
example, a three dimensional memory array may be arranged Pat. Nos. 5,070,032, 5,095,344, 5,315,541, 5,343,063, 5,661,
as multiple vertical columns (e.g., columns extending sub- 053, 5,313,421 and 6,222,762. In particular, examples of
stantially perpendicular to the major surface of the substrate, memory devices with NAND cell structures are described in
i.e., in the y direction) with each column having multiple U.S. Pat. Nos. 5,570,315, 5,903,495, 6,046,935. Also,
memory elements in each column. The columns may be so examples of memory devices utilizing dielectric storage ele-

arranged in a two dimensional configuration, e.g., in an x-z
plane, resulting in a three dimensional arrangement of
memory elements with elements on multiple vertically
stacked memory planes. Other configurations of memory ele-

ments have been described by Eitan et al., “NROM: A Novel
Localized Trapping, 2-Bit Nonvolatile Memory Cell,” IEEE
Electron Device Letters, vol. 21, no. 11, November 2000, pp.
543-545, and in U.S. Pat. Nos. 5,768,192 and 6,011,725.

ments in three dimensions can also constitute a three dimen- 55  In practice, the memory state of a cell is usually read by
sional memory array. sensing the conduction current across the source and drain
By way of non-limiting example, in a three dimensional electrodes of the cell when a reference voltage is applied to
NAND memory array, the memory elements may be coupled the control gate. Thus, for each given charge on the floating
together to form a NAND string within a single horizontal gate of a cell, a corresponding conduction current with
(e.g., x-z) memory device levels. Alternatively, the memory 60 respect to a fixed reference control gate voltage may be
elements may be coupled together to form a vertical NAND detected. Similarly, the range of charge programmable onto
string that traverses across multiple horizontal memory the floating gate defines a corresponding threshold voltage
device levels. Other three dimensional configurations can be window or a corresponding conduction current window.
envisioned wherein some NAND strings contain memory Alternatively, instead of detecting the conduction current
elements in a single memory level while other strings contain 65 among a partitioned current window, it is possible to set the

memory elements which span through multiple memory lev-
els.

threshold voltage for a given memory state under test at the
control gate and detect if the conduction current is lower or
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higher than a threshold current (cell-read reference current).
In one implementation the detection of the conduction current
relative to a threshold current is accomplished by examining
the rate the conduction current is discharging through the
capacitance of the bit line.

FIG. 3 illustrates the relation between the source-drain
current I, and the control gate voltage V . for four different
charges Q1-Q4 that the floating gate may be selectively stor-
ing at any one time. With fixed drain voltage bias, the four
solid I, versus V. curves represent four of seven possible
charge levels that can be programmed on a floating gate of a
memory cell, respectively corresponding to four possible
memory states. As an example, the threshold voltage window
of a population of cells may range from 0.5V to 3.5V. Seven
possible programmed memory states “0”, 17, “27, “3” “4”,
“57,“6”, and an erased state (not shown) may be demarcated
by partitioning the threshold window into regions in intervals
of 0.5V each. For example, if a reference current, IREF of 2
LA is used as shown, then the cell programmed with Q1 may
be considered to be in a memory state “1” since its curve
intersects with I, in the region of the threshold window
demarcated by VCG=0.5V and 1.0V. Similarly, Q4 is in a
memory state “5”. In general, depending on the state parti-
tioning of the threshold voltage window, a memory cell may
be configured to store either one bit of data or more than one
bit of data.

As can be seen from the description above, the more states
a memory cell is made to store, the more finely divided is its
threshold voltage window. For example, a memory device
may have memory cells having a threshold voltage window
that ranges from -1.5V to 5V. This provides a maximum
width of 6.5V. If the memory cell is to store 16 states, each
state may occupy from 200 mV to 300 mV in the threshold
window. This will require higher precision in programming

10

gate 30 is supplied with an appropriate voltage. At the same
time, the rest of the non-addressed memory transistors in the
NAND string 50 are fully turned on by application of suffi-
cient voltage on their control gates. In this way, a conductive
path along a NAND channel 52 is effectively created from the
source of the individual memory transistor to the source ter-
minal 54 of the NAND string and likewise for the drain of the
individual memory transistor to the drain terminal 56 of the
cell. Memory devices with such NAND string structures are
described in U.S. Pat. Nos. 5,570,315, 5,903,495, 6,046,935.

FIG. 4B illustrates an example of a NAND array 140 of
memory cells, constituted from NAND strings 50 such as that
shown in FIG. 4A. Along each column of NAND strings, a bit
line such as bit line 36 is coupled to the drain terminal 56 of
each NAND string. Along each bank of NAND strings, a
source line such as source line 34 is coupled to the source
terminals 54 of each NAND string. Also the control gates 30
along a row of memory cells in a bank of NAND strings are
connected to a word line such as word line 40. The control
gates 32 along a row of select transistors S1 in a bank of
NAND strings are connected to a select line such as select line
42. The control gates 34 along a row of select transistors S2 in
a bank of NAND strings are connected to a select line such as
select line 44. An entire row of memory cells in a bank of
NAND strings can be addressed by appropriate voltages on
the word lines and select lines of the bank of NAND strings.

FIG. 5 illustrates a 2D NAND memory in the x-y plane.
The planar NAND memory is formed in a substrate. The
memory is organized into pages, with each page of memory
cells being sensed or programmed in parallel. FIG. 5A essen-
tially shows a bank of NAND strings 50 in the memory array
140 of FIG. 4B, where the detail of each NAND string is
shown explicitly as in FIG. 4A. A physical page, such as the

and reading operations in order to be able to achieve the 35 page 60, is a group of memory cells enabled to be sensed or
required resolution. programmed in parallel. This is accomplished by a corre-
NAND Structure sponding page of sense amplifiers 150. The sensed results are

FIG. 4A illustrates schematically a daisy chain of memory
cells organized into a NAND string. A NAND string 50 com-
prises a series of memory transistors M1, M2, . . . Mn (e.g.,
n=4, 8, 16 or higher) daisy-chained by their sources and
drains. A pair of select transistors S1, S2, respectively on the
source side and the drain side of the string, controls the
memory transistor chain’s connection to the external world
via the NAND string’s source terminal 54 and drain terminal
56 respectively. In a memory array, when the source select
transistor S1 is turned on, the source terminal is coupled to a
source line (see FIG. 4B). Similarly, when the drain select
transistor S2 is turned on, the drain terminal of the NAND
string is coupled to a bit line of the memory array. Each
memory transistor 10 in the chain acts as a memory cell. It has
a charge storage element 20 to store a given amount of charge
so as to represent an intended memory state.

A control gate 30 of each memory transistor allows control
over read and write operations. As will be seen in FIG. 4B, the
control gates 30 of corresponding memory transistors of a
row of NAND string are all connected to the same word line
40. Similarly, a control gate 32 of the select transistor S1, and
a control gate 34 of the select transistor S2, provide control
access to the NAND string via its source terminal 54 and drain
terminal 56 respectively. Likewise, the control gates 32 of
corresponding select transistors S1 of a row of NAND string
are all connected to the same select line 42. The control gates
34 of corresponding select transistors S2 of a row of NAND
string are all connected to the same select line 44.

When an addressed memory transistor 10 within a NAND
string is read or is verified during programming, its control
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latched in a corresponding set of latches 160. Each sense
amplifier can be coupled to a NAND string via a bit line. The
page is enabled by the control gates of the cells of the page
connected in common to a word line 40 and each cell acces-
sible by a sense amplifier accessible via a bit line 36. As an
example, when respectively sensing or programming the
page of cells 60, a sensing voltage or a programming voltage
is respectively applied to the common word line WL3
together with appropriate voltages on the bit lines.
Organization of the Memory into Erase Blocks

One difference between flash memory and other of types of
memory is that a cell must be programmed from the erased
state. That is the floating gate must first be emptied of charge.
Programming then adds a desired amount of charge back to
the floating gate. It does not support removing a portion of the
charge from the floating gate to go from a more programmed
state to a lesser one. This means that updated data cannot
overwrite existing data and must be written to a previous
unwritten location.

Furthermore erasing is to empty all the charges from the
floating gate and generally takes appreciable time. For that
reason, it will be cumbersome and very slow to erase cell by
cell or even page by page. In practice, the array of memory
cells is divided into a large number of blocks of memory cells.
As is common for flash EEPROM systems, the block is the
unit of erase. That is, each block contains the minimum num-
ber of memory cells that are erased together. While aggregat-
ing a large number of cells in a block to be erased in parallel
will improve erase performance, a large size block also entails
dealing with a larger number of update and obsolete data.
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Each block is typically divided into a number of physical
pages. A logical page is a unit of programming or reading that
contains a number of bits equal to the number of cells in a
physical page. In a memory that stores one bit per cell, one
physical page stores one logical page of data. In memories
that store two bits per cell, a physical page stores two logical
pages. The number of logical pages stored in a physical page
thus reflects the number of bits stored per cell. In one embodi-
ment, the individual pages may be divided into segments and
the segments may contain the fewest number of cells that are
written at one time as a basic programming operation. One or
more logical pages of data are typically stored in one row of
memory cells. A page can store one or more sectors. A sector
includes user data and overhead data.

All-Bit, Full-Sequence MLC Programming

FIG. 6A-6C illustrate an example of programming a popu-
lation of 4-state memory cells. FIG. 6A illustrates the popu-
lation of memory cells programmable into four distinct dis-
tributions of threshold voltages respectively representing
memory states “E”, “A”, “B” and “C”. FIG. 6B illustrates the
initial distribution of “erased” threshold voltages for an
erased memory. FIG. 6C illustrates an example of the
memory after many of the memory cells have been pro-
grammed. Essentially, a cell initially has an “erased” thresh-
old voltage and programming will move it to a higher value
into one of the three zones demarcated by verify levels vV,
vV, and vV;. In this way, each memory cell can be pro-
grammed to one of the three programmed states “A”, “B” and
“C” or remain un-programmed in the “erased” state. As the
memory gets more programming, the initial distribution of
the “erased” state as shown in FIG. 6B will become narrower
and the erased state is represented by the “0” state.

A 2-bit code having a lower bit and an upper bit can be used
to represent each of the four memory states. For example, the
“E”, “A”, “B” and “C” states are respectively represented by
“117,“017, “00” and “10”. The 2-bit data may be read from
the memory by sensing in “full-sequence” mode where the
two bits are sensed together by sensing relative to the read
demarcation threshold values rV, rV, and rV, in three sub-
passes respectively.

3-D NAND Structure

FIG. 7 is a three-dimensional (3D) NAND array, which
further extends a conventional two-dimensional (2D) NAND
array illustrated in FIG. 5. In contrast to 2D NAND arrays,
which are formed in a substrate of a planar surface of a
semiconductor wafer, 3D arrays are formed on stacks of
memory layers extend up from the substrate. Various 3D
arrangements are possible. In one arrangement a NAND
string is formed vertically with one end (e.g. source) at the
wafer surface and the other end (e.g. drain) on top. In another
arrangement a NAND string is formed in a U-shape so that
both ends of the NAND string are accessible on top, thus
facilitating connections between such strings. Examples of
such NAND strings and their formation are described in U.S.
Pat. No. 7,558,141, U.S. Pat. No. 8,405,142, U.S. Patent
Publication Number 2012/0220088 and in U.S. Patent Pub-
lication Number 2013/0107628.

FIG. 7 is a schematic illustration of a 3D NAND memory,
according to an architecture of the present subject matter. The
3D NAND memory 150 has NAND strings 50 line up in the
z-direction. The NAND strings 50 form a 2D array of vertical
strings in the x-y plane on top of the substrate 180. Memory
cells 10 are at crossings where a vertical bit line (local bit line,
e.g., BLO, BL1, etc.) 230 crosses a word line 220 (e.g. WLO,
WL1, etc.). In the present embodiment, the vertical bit line
230 are doped polysilicon that forms the NAND channel 52
(see F1G. 4A) as well as part of the switches S1 and S2 of the
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NAND string. The page of vertical bit lines BL0-BLm 230,
crossed by the same word line 220, are switchably connected
to sense amplifiers (not shown) via corresponding global bit
lines GBLO-GBLm 240. The global bit lines 240 are running
along the y-direction and spaced apart in the x-direction. In
one embodiment, the word lines 220 and the global bit lines
240 are metal lines.

As with planar NAND strings, select transistors S1 212, S2
216, are located at either end of the string to allow the NAND
string to be selectively connected to, or isolated from external
elements. For example, the select transistor S1 212, in
response to a signal on a control line SGS 214, switches the
source side of a NAND string to a common source line. The
select transistor S2 216, in response to a signal on a control
line SGD 218, switches the drain side of a NAND string to a
local bit line 230, which in turn may be switched to a global
bit line 240.

Vertical NAND strings may be operated in a similar man-
ner to planar NAND strings and both SL.C and MLC opera-
tions are possible. While FIG. 7 shows explicitly one bank of
vertical NAND strings, it will be understood that similar
banks are spaced apart in the y-direction.

The 3D NAND memory 150 forms multiple layers on top
ofasubstrate 180. As the NAND strings are aligned vertically,
each of the multiple layers corresponds to a structure of the
vertical NAND string. For example, the substrate 180 forms a
bottom substrate layer 200-1. On top of the substrate layer
200-1 is a first metal line layer 200-2, which corresponds to
the source lines 222. The metal line layer 200-1 is followed by
a source-side switch layer 200-3, which corresponds to the
source-side switch S1 212 and control line SGS 214. The
source-side switch layer 200-3 is followed by a memory layer
200-4 where the memory cells and word lines of the NAND
string will reside. The memory layer 200-4 is followed by a
drain-side switch layer 200-5, which corresponds to the
drain-side switch S2 216 and control line SGD 218. The
drain-side switch layer 200-5 is followed by a second metal
line layer 200-6, which corresponds to the global bit lines
240.

The memory layer 200-4 further comprises of multiple
memory cell layers corresponding to respective memory cells
in the NAND string 50. The respective memory cells of each
NAND string are in corresponding memory cell layers, which
are stacked in the z-direction. Thus, each memory cell layer is
a 2D array of memory cells from respective memory cells of
the 2D array of vertical NAND strings in the x-y plane. For
example, a first memory cell layer is contributed from all the
first memory cells above the S1 switch of every NAND string.
A second memory cell layer is contributed from all the
memory cells above the first memory cells in the NAND
strings.

Floating Gate Charge Storage Element Coupled to a Word
Line with a Socket Structure

Existing 3D NAND memories employ a charge trapping
layer between the local bit line and the word line to store
charge to modify the threshold voltage of the transistor
formed by the word line (gate) coupled to the vertical bit line
(channel) that it encircles. Such memory cells may be formed
by forming stacks of word lines and then etching memory
holes where memory cells are to be formed. Memory holes
are then lined with a charge trapping layer and filled with a
suitable local bit line/channel material (with suitable dielec-
tric layers for isolation).

One difference between a three dimensional memory array
and a two dimensional memory array is that certain physical
dimensions of memory cells may vary with the location ofthe
memory cells in the vertical direction. While memory cells in
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a planar array may be made by process steps that generally
have uniform effect across the plane of the substrate, some
steps in formation of three dimensional memory arrays are
not uniform from layer to layer and may also have significant
non-uniformity laterally across a substrate. For example,
memory holes may be formed by etching down through mul-
tiple layers using an appropriate anisotropic etch. However,
such holes may not be perfectly uniform from top to bottom
because of the high aspect ratio that is typical of such memory
holes. In general, such memory holes are wider towards the
top than the bottom. Or, they may be widest somewhere near
the top with some narrowing towards the top. This problem is
more serious with the scaling of the memory to higher den-
sity. As the number of memory cells in a NAND string
increases, so is the number of layers and the higher is the
aspect ratio.

The present 3D NAND memory affords significant reduc-
tion in memory cell size allowing a 4 to 8 times reduction in
cell dimension compared to existing 3D NAND memories.
Instead of using a charge trapper layer with a annular geom-
etry of small curvature to increase capacitive coupling with a
word line, the present memory cell employs a floating gate 20
to trap charges. In particular, the size of the memory cells is
reduced without having to use a conventional floating gate to
ensure sufficient capacitive coupling with the word line. This
is accomplished by each floating gate being embedded by a
socket component of a word line, which increases capacitive
coupling. In addition, this geometry has the benefit that float-
ing-gate to floating-gate disturb (Yupin effect) between
neighboring memory cells are diminished.

FIG. 8 illustrates details of the 3D NAND memory with
word lines each having a series of socket components to
receive individual floating gates of a group of memory cells.
The floating gate 20 of each memory cell is aligned in the
y-direction with a first end 21 against the word line 220 and a
second end 22 against the channel 52 of the NAND string 50,
which forms part of the bit line 230. The word line 220 along
a group (page 60) of memory cells (see FIG. 7) has a back
plate 221 and series of socket components 222, one for each
memory cell of the group. Each socket component 222 is
aligned in the y-direction with an opening 224. At each
memory cell, its floating gate 20 has a first end 21 embedded
by a respective socket component 222 and a second end 22
sticking out from the opening 224 of the respective socket
component 222 with an offset 226.

The floating gate 20 of each memory cell is isolated from
the respective socket component 222 by a dielectric material
250. The channel 52 or bit line 230 is isolated from the
floating gate 20 and the word line 210 by a tunnel oxide 260.

FIG. 9A is a plan view of a portion of the 3D NAND
memory in the X-y plane. As is consistent with the orientation
of the memory shown in FIGS. 7 and 8, the NAND string 50
and therefore the NAND channel 52 is along the z-direction,
the word line 220 is along the x-direction and the floating gate
20 is along the y-direction. FIG. 9A illustrates the memory
layout looking along the z-direction. Only four word lines
220 spaced apart in the y-direction are shown. The four word
lines 220 are isolated from each other by an isolation oxide
270. Each word line run horizontally along the x-direction
and show four socket components 222. It will be seen that at
each memory cell location, the first end 21 of the floating gate
20 is embedded in a respective socket component 222. The
floating gate 20 of each memory cell is isolated from the
respective socket component 222 by a dielectric material 250.
The channel 52 or bit line 230 is isolated from the floating
gate 20 and the word line 220 by a tunnel oxide 260.
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FIG. 9A also shows three reference cuts for further refer-
ences. A cut A-A is in the x-z plane at a given y location,
which cuts through the center of the series of socket compo-
nents 222 of a word line. A cut B-B is in the x-z plane at a
boundary between two adjacent memory cells and therefore
between two adjacent socket components 222 along the x-di-
rection. A cut C-C is in the x-z plane right through the center
of a memory cell and therefore through the center of a socket
component 222 along the x-direction.

FIG. 9B is a sectional view of a portion of the 3D NAND
memory in the x-z plane along the cut A-A shown in FIG. 9A.
In this view, four NAND strings 50 are shown aligned in the
z-direction. For expediency, each NAND string 50 is shown
with four memory cells in the chain. Again, as in FIG. 9A, a
socket component 222 of a word line 220 at each memory cell
allows a floating gate 20 to be embedded into the socket
component. At the source side of the NAND chain 50, the
daisy chain of memory cells is connected to the source-side
switch S1 212 (see FIG. 9C) with the control line SGS 214.
The drain side of the NAND chain 50 is connected to the
drain-side switch S2 216 (see FIG. 9C) with the control line
SGD 218. The channel of the NAND chain 50 forms part ofa
bit line 230. The source-side switch S1 212 switches the
source terminal of a NAND string 50 to the common metal
source line 232. The drain-side switch S2 216 switches the
drain terminal of the NAND string 50 to a metal global bit line
240.

In this view in the x-z plane, the word lines, are running
along the x-direction, horizontally row-by-row. In each row,
the socket components 222 associated with a word line 220
are electrically connected by the word line through a base
plate as can be seen in FIG. 9A. Each socket component 222
is aligned in the y-direction and embeds a floating gate 20,
which is isolated by the dielectric material 250.

FIG. 9C is a sectional view of a portion of the 3D NAND
memory in the y-z plane along the cut C-C shown in FIG. 9A.
In this view, each NAND string 50 is shown aligned in the
z-direction, straddling between the common source line 232
and a global bit line 240. The NAND string 50 is illustrated
with four memory cells in the chain and terminated on the
source side by the source-side transistor switch S1 212 and on
the drain side by the drain-side transistor switch S2 216.
Again, as in FIG. 9A, a socket component 222 of a word line
220 at each memory cell allows a floating gate 20 to be
embedded into the socket component 222.

The channel 52 of the NAND string 50, which is part of the
bit line 230, can be clearly seen. The bit line 230 comprises
different portions of the channel, such as channel portion
230-n1, channel portion 230-p, and channel portion 230-n2,
which together straddle in series between the source line 232
and the global bit line 240. In an embodiment, the different
portions of the channel portions are of polysilicon (“poly”)
with different doping. For example, the channel portion 220-p
adjacent the memory cells and the switches S1 and S2 are of
p-doped poly. The channel portion 220-n1 between the chan-
nel portion 220-p and the common source line is of n-doped
poly. The channel portion 220-n2 between the channel por-
tion 220-p and the global bit line is of n-doped poly. In this
way, an n-p-n channel is formed. Application of voltages on
the various gates (word lines 220, SGS 214, SGD 218) will
exert electric field on the channel portion 230-p to possibly
cause alocal inversion to n-type. When all the gates are turned
on, the entire channel portion 230-p will be inverted into an
n-type channel, thereby causing conduction along the entire
channel 52 and bit line 230.
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As can be seen from FIG. 9C, the vertical NAND strings
are arranged in pairs, with each pair back-to-back (the closed
end of their socket components adjacent each other and their
channels facing out).

NAND String with Source- and Drain-Side Transistor
Switches Having an Elongated Polysilicon Gate

According to one aspect of the present 3D NAND memory,
each NAND string has a source-side and a drain-side transis-
tor switch, which employ an elongated polysilicon gate with
metal strapping to enhance switching.

The 3D NAND memory includes a 3D array of memory
cells arranged in a three-dimensional pattern on top of a
semiconductor substrate; the 3D array of memory cells being
organized into a 2D array of NAND strings aligned vertically
relative to the substrate, and each NAND string further
including a daisy-chain of vertically stacked memory cells; a
channel having first and second ends terminated by a source-
side transistor on the first end and a drain-side transistor on
the second end; and said source-side transistor having a
source-side control gate, which comprises a source-side
metal gate strapped to a vertical, elongated source-side doped
polysilicon gate.

In contrast, prior art 3D NAND memory has a NAND
string where the source- and drain-side transistor switches are
implemented by controlling a small bank of dedicated
memory cells near each end of the string. The dedicated
memory cells in the small bank have their floating gates
programmed appropriately to allow the small bank of dedi-
cated memory cells to act as a switch. However, since each
NAND string is part of an erase block, every time the block is
erased through use, additional system management will be
require to reprogram these small bank of dedicated memory
cells.

FIG. 9C shows the NAND strings with a source-side tran-
sistor switch or a drain-side transistor switch having an elon-
gated polysilicon gate. The source-side transistor switch S1
212 and the drain-side transistor switch S2 216 each has an
elongated gate. The source-side transistor switch S1 212 has
a polysilicon gate 215 strapped with the metal line SGS 212.
The drain-side transistor switch S2 216 has a polysilicon gate
219 strapped with the metal line SGD 218. The polysilicon
gate is fabricated from conductive, doped polysilicon. The
length of the gate is designed to provide the required switch-
ing capacity for the operating current in the NAND string 50.
To enhance the conductivity of the polysilicon gate, the metal
line, such as metal line 214 or metal line 218 is used to strap
the polysilicon gate.

A Self-Aligned Process of Fabricating the 3D NAND
Memory

The 3D NAND memory shown in FIGS. 9A, 9B and 9C
essentially has the vertical (z-direction) NAND strings form-
ing a 2D array in the x-y plane. Each NAND string includes a
chain of memory cells and a bit line (230-n1, 230-p, 230-n2)
aligned in the z-direction, each memory cell 10 accessible by
word lines 220 (see also FIG. 8) in the x-direction. Each word
line has a back plate 221 and, at each memory cell’s location,
a socket component 222. A floating gate 20 is formed at each
memory cell 10 between the bit line 230 and the word line 220
and is inserted into the socket component 222 of each
memory cell.

In one embodiment, the word lines in the x-direction in
each cell memory plane are grouped in pairs in the y-direc-
tion, with the socket component openings 224 of one of the
pair facing that of the other of the pair. This architecture
allows the NAND strings associated with the pair of word
lines to be processed at the same time via a trench between the
two word lines. Thus, in a memory cell plane, each pair of
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word lines have their socket components 222 facing each
other and back plates 221 of a word line of each pair faces a
back plate from an adjacent pair (see FIG. 9A).

FIG. 10 illustrates a gross scheme of fabricating such a 3D
NAND memory that includes the following process steps.

STEP 310: Forming a multi-layer slab on top of a semi-
conductor substrate with layers corresponding to structures of
an array of vertically aligned NAND strings, and wherein the
layers includes memory cell layers for forming memory cells
of the NAND strings and for forming word lines with socket
components.

STEP 312: Opening trenches in the multi-layer slab to
expose the memory cell layers.

STEP 320: Forming grottoes at where memory cells are to
be formed in the memory cell layers exposed by the trenches,
each grotto having walls.

STEP 322: Forming in each grotto a socket component of
a word line by lining the walls with deposition of a word line
material.

STEP 324: Coating the word line material in each grotto
with insulating material while leaving a remaining space in
each grotto.

STEP 326: Filling the remaining space of each grotto with
floating gate to form a floating gate embedded in each grotto.

STEP 330: Forming other structures of the NAND strings
and a plurality of bit lines through the trenches.

STEP 340: Partitioning the multi-layer slab by an isolation
material into individual memory cells accessible by respec-
tive word lines and bit lines.

FIGS. 11A to 52B illustrate in more detail the process steps
of fabricating the 3D NAND memory with socketed word
lines and NAND strings having switching transistors with
elongated polysilicon gates.

FIG. 11A is a 3D perspective view of the multi-layer slab.
The slab comprises multiple layers formed on top of a sub-
strate (not shown). Each layer corresponds to a structure of
the vertical NAND string shown in FIG. 9C. Thus, the fol-
lowing layers are deposited from the bottom in turn: a first
metal layer 232" for the common source line; an n-doped
polysilicon 230x1' for the bottom n-portion of the NAND
channel/bit line 230; an isolation oxide 270-1'; a nitride layer
214' (as a place-holder and sacrificial layer for metal select
lines SGS 214); a doped polysilicon layer 215" for the elon-
gated polysilicon gates 215; an isolation oxide layer 270-2'; a
nitride layer 220-1' (as a place-holder and sacrificial layer for
a first layer of memory cells including metal word lines 220
with socket components 222); an isolation layer 270-3"; a
nitride layer 220-2' (as a place-holder and sacrificial layer for
a second layer of memory cells including metal word lines
220 with socket components 222); an isolation layer 270-4"; a
nitride layer 218' (for the metal line SGD 218); a doped
polysilicon layer 219' for the elongated polysilicon gates 219;
a nitride layer 23072' (for n-doped portion of the bit line
23072); an isolation oxide layer 270-5'. At the top layer is a
mask 290-1.

For expediency, only two memory cell layers are illustrated
in FIG. 11A. It will be understood if the NAND string 50 has
a chain of n memory cells, there will be n number of memory
cell layers.

FIG. 11B is a top view of the multi-layer slab shown in FIG.
11A. Two panes are shown side-by-side. The right pane cor-
responds to the portion of the slab with a section taken at the
cut B-B, which is also shown in FIG. 9A. The left pane
corresponds to the portion of the slab with a section taken at
the cut C-C, which is also shown in FIG. 9A. The mask 290-1
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exposes strips of width 2L along the x-direction between
where two back-to-back NAND strings are to be formed (see
FIG. 9C).

FIG. 11C is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 11A and FIG. 11B. Two sections are
shown side-by-side. The right section corresponds to the sec-
tion taken at the cut B-B, which is shown in FIG. 9A and FIG.
11B. The left section corresponds to the section taken at the
cut C-C, which is shown in FIG. 9A and FIG. 11B. The mask
290-1 exposes strips along the x-direction parallel to the word
lines. Each strip is of width 2L, where for example, L is of
dimension 16 nanometers.

FIG. 12A is a top view of the multi-layer slab after an
anisotropic etch through the exposed strips of the mask 290-1
through the layers 270", 280 to expose the doped polysilicon
layer 219'.

FIG. 12B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 11A. As in FIG. 11C, the right
section corresponds to the section taken at the cut B-B, which
is shown in FIG. 9A and FIG. 12A. The left section corre-
sponds to the section taken at the cut C-C, which is shown in
FIG. 9A and FIG. 12A. The isotropic etch creates a trench
through each exposed strip that stops at the doped polysilicon
layer 219'".

FIG. 13A is a top view of the multi-layer slab after a
selective isotropic etch through the trench created in the
anisotropic etch illustrated in FIG. 12B. The isotropic etch
selectively etch back the nitride layer 23072' by a predeter-
mined width of L on either sides of the trench. This trims off
an additional empty strip 292 of width L for the nitride layer
23072 on either side of the trench along the x-direction.

FIG. 13B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 13A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 13A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
13A. As can be more clearly seen in this view, the isotropic
etch selectively etch back the nitride layer 230%2' by a pre-
determined width of L on either sides of the trench. This trims
off an additional empty strip 292 of width L for the nitride
layer 23072' on either side of the trench along the x-direction.

FIG. 14A is a top view of the multi-layer slab after an
anisotropic etch to extend the trench down to the isolation
oxide layer 270-1".

FIG. 14B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 14A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 14A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
14A. As can be more clearly seen in this view, the anisotropic
etch extends the trench downward to stop at the isolation
oxide layer 270-1".

FIG. 15A is a top view of the multi-layer slab after removal
of the mask.

FIG. 15B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 14A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 14A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
14A. As can be more clearly seen in this view, after the
removal of the mask 290-1 (see FIG. 13A) the top layer
isolation oxide 270-5' is exposed. So is the bottom layer
isolation oxide 270-1' when looking down the trench.

FIG. 16A is a top view of the multi-layer slab after depo-
sition of a layer of metal 310.

FIG. 16B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 16A. The right section corresponds
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to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 16A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
16A. As can be more clearly seen in this view, the layer of
metal 310 is deposited isotropically on top of all exposed
surfaces, including the sidewalls the additional empty strip
292 and the bottom of the trench.

FIG.17A is a top view of the multi-layer slab after removal
of'the metal layer 310 shown in FIG. 16 A, but leaving behind
the metal filling the additional empty strip 292 to form a metal
strip 294.

FIG. 17B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 17A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 17A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
15A. As can be more clearly seen in this view, after the
removal of the metal layer 310 (see FIG. 16A) the state of
process shown in FIG. 15B is obtain except with the addi-
tional formation of the metal strip 294 of width L. This metal
strip 294 will be used as a mask to form the backplate 221 of
a word line 220 (see FIG. 8).

FIG. 18A is a top view of the multi-layer slab after depo-
sition of a layer of oxide 270-6.

FIG. 18B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 18A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 18A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
18A. As can be more clearly seen in this view, the layer of
oxide 270-6 is deposited isotropically on top of all exposed
surfaces, including filling the trench.

FIG. 19A is a top view of the multi-layer slab after pla-
narization of the layer of oxide 270-6 to expose the top layer
of nitride 23072".

FIG. 19B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 19A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 19A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
19A. As can be more clearly seen in this view, the layer of
oxide 270-6 is removed only from the top of'the slab to expose
the layer of nitride 230#2' inlaid with the metal strips 294.

FIG. 20A is a top view of the multi-layer slab after removal
of the nitride layer 230#2' shown in FIG. 19A.

FIG. 20B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 20A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 17A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
15A. As can be more clearly seen in this view, after the
removal of the nitride layer 23072' (see FIG. 19B) the layer of
doped polysilicon layer 219" is exposed except for portions
masked by the metal strips 294.

FIG. 21A is a top view of the multi-layer slab after an
anisotropic etch to remove the layer of doped polysilicon 219'
not masked by the metal strips 294.

FIG. 21B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 21A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 21A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
21A. As can be more clearly seen in this view, the anisotropic
etch removes the layer of doped polysilicon 219" not masked
by the metal strips 294 to expose the underlying layer of
nitride 218' except of portions masked by the metal strips 294,
which retain corresponding strips of doped polysilicon 219"
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FIG. 22A is a top view of the multi-layer slab after filling
with a layer of oxide 270-7.

FIG. 22B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 22A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 22A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
22A. As can be more clearly seen in this view, the layer of
oxide 270-7 is deposited on top of all exposed surfaces,
including filling the emptied out layer of dope polysilicon
219 from the last step shown in FIG. 21B.

Etching Deep Trenches to Form Isolations Between the
Memory Cells Along Each Word Line

FIG. 23 A is atop view of the multi-layer slab after masking
with a masking layer 290-2 to enable isolation of the memory
cells along each word line. The masking layer 290-2 masks
portions where the memory cells along a word line reside and
provides exposing strips in between the memory cells.

FIG. 23B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 23A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 23A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
23A. As can be more clearly seen in this view, the section
taken at the cut B-B is in the middle of an exposing strip and
therefore will expose the underlying layer of oxide 270-7. The
section taken at the cut C-C, is in the middle of a memory cell
along a word line and will be masked.

Alternate oxide and nitride etches are applied to form the
deep trench.

FIG. 24A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove the layer of oxide 270-7
above the nitride layer 218' down the exposing strips.

FIG. 24B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 24A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 23A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
23A. As can be more clearly seen in this view, the anisotropic
oxide etch removes the layer of oxide 270-7'. The antisotropic
oxide etch is specific to etching oxide and hence will be
stopped when the underlying layer of nitride 218" is reached.

FIG. 25A is a top view of the multi-layer slab after an
anisotropic nitride etch to remove the layer of nitride 218’
above the oxide layer 270-4' down the exposing strips.

FIG. 25B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 25A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 25A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
25A. As can be more clearly seen in this view, the anisotropic
nitride etch removes the layer of nitride 218'. The antisotropic
nitride etch is specific to etching nitride and hence will be
stopped when the underlying layer of oxide 270-4' is reached.
Also, the metal strip 294 acts as a submask, masking the
layers underneath the submask from being etched.

FIG. 26A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove the layer of oxide 220-4'
above the nitride layer 220-2' down the exposing strips.

FIG. 26B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 26A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 26A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
26A. As can be more clearly seen in this view, the anisotropic
oxide etch removes the layer of oxide 270-4'. The antisotropic
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oxide etch is specific to etching oxide and hence will be
stopped when the underlying layer of nitride 220-2' is
reached.

FIG. 27A is a top view of the multi-layer slab after an
anisotropic nitride etch to remove the layer of nitride 220-2'
above the oxide layer 270-3' down the exposing strips.

FIG. 27B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 27A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 27A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
27A. As can be more clearly seen in this view, the anisotropic
nitride etch removes the layer of nitride 220-2'. The antiso-
tropic nitride etch is specific to etching nitride and hence will
be stopped when the underlying layer of oxide 270-3' is
reached. Also, the metal strip 294 acts as a submask, masking
the layers underneath the submask from being etched.

FIG. 28A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove the layer of oxide 220-3'
above the nitride layer 220-1' down the exposing strips.

FIG. 28B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 28A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 28A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
28A. As can be more clearly seen in this view, the anisotropic
oxide etch removes the layer of oxide 220-3'. The antisotropic
oxide etch is specific to etching oxide and hence will be
stopped when the underlying layer of nitride 220-1' is
reached.

FIG. 29A is a top view of the multi-layer slab after an
anisotropic nitride etch to remove the layer of nitride 220-1'
above the oxide layer 270-2' down the exposing strips.

FIG. 29B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 29A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 29A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
29A. As can be more clearly seen in this view, the anisotropic
nitride etch removes the layer of nitride 220-1'. The antiso-
tropic nitride etch is specific to etching nitride and hence will
be stopped when the underlying layer of oxide 270-2' is
reached. Also, the metal strip 294 acts as a submask, masking
the layers underneath the submask from being etched.

FIG. 30A is a top view of the multi-layer slab after filling
with oxide 270-8.

FIG. 30B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 30A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 30A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
30A. As can be more clearly seen in this view, the layer of
oxide 270-8 fills the deep trenches to form isolations.

FIG. 31A is a top view of the multi-layer slab after etching
to remove excess top layer of the oxide 270-8 deposited in the
last step above the masking layer 290-2.

FIG. 31B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 31A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 31A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
31A. As canbe more clearly seen in this view, the excess layer
of oxide 270-8 deposited in the last step is removed only from
the top of the slab to expose the masking layer 290-2.

FIG. 32A is a top view of the multi-layer slab after removal
of the masking layer 290-2.
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FIG. 32B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 34A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 32A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
32A. As can be more clearly seen in this view, the masking
layer 290-2 is removed from the top of the slab to expose the
underlying oxide layer.

Forming the Word Lines with Socket Components

FIG. 33A is a top view of the multi-layer slab after an
anisotropic oxide etch to remove a predetermined thickness
from the top layer of oxide 270-7, 270-8. Essentially, the top
layer of oxide is etched back to a predetermined thickness D
below the metal strip 294. It will be such that the length of the
socket component 222 in the y-direction+d, where & 226 will
be a setback of the front of the socket component 224 from the
NAND channel 52/bit line 230 (see FIG. 8).

FIG. 33B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 33A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 24A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
24A. As can be more clearly seen in this view, the anisotropic
oxide etch removes a predetermined thickness from the layer
of oxide 270-7, 270-8. The metal strips 294 provide a sub-
mask to form at the metal strips 294 raised islands of height D
after the oxide etch.

FIG. 34A is a top view of the multi-layer slab after depos-
iting a masking layer 290-3 of thickness D.

FIG. 34B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 34A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 23A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
23A. As can be more clearly seen in this view, the masking
layer 290-3 of thickness D is deposited on top of the multi-
layer slab and wraps around the raised islands of height D.
The raised islands in the y-direction are alternately of dis-
tances L1 and 1.2 apart, where L.1>1.2>21,,and L.3=[.1-2D. It
will be seen later in FIG. 37B that D+the width of the metal
strip 294 amounts to the length of the grotto 223 for forming
the socket component.

FIG. 35A is a top view of the multi-layer slab after an
anisotropic mask etch to remove the layer of thickness D from
the mask 290-3. The mask etch leaves a remnant mask around
each raised island, which is a masking spacer band 290-4 in
the x-direction of width D.

FIG. 35B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 35A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 35A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
35A. As can be more clearly seen in this view, the anisotropic
mask etch shaves off the layer of mask 290-3 (see FIG. 34B)
by a thickness of D, thereby exposing an unmasked band
290-6 of width L3 along the x-direction, centered between
each pair of raised islands that are L1 apart (see FIG. 34B).
The mask etch leaves a remnant mask around each raised
island, which is a masking spacer band 290-4 in the x-direc-
tion of width D. The width of the unmasked band 290-6 is
therefore L3=L1-2D.

FIG. 36A is a top view of the multi-layer slab after an
anisotropic deep etch through the unmasked bands 290-6 to
create a deep trench 290-7 down to the isolation oxide layer
270-1'.

FIG. 36B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 36A. The right section corresponds
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to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 36A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
36A. As can be more clearly seen in this view, the anisotropic
etch extends the trench 290-7 downward to stop at the isola-
tion oxide layer 270-1".

FIG. 37A is a top view of the multi-layer slab after an
isotropic nitride etch to remove, through the deep trench
290-7, the layers of sacrificial nitride 218', 220-2', 220-1',
214' shown in FIG. 36B.

FIG. 37B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 37A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 37A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
37A. As can be more clearly seen in this view, the isotropic
nitride etch, through the deep trench 290-7, removes the
layers of sacrificial nitride 218", 220-2', 220-1', 214' shown in
FIG. 36B. The isotropic nitride etch is specific to etching
nitride and hence will be stopped when the underlying layer
of oxide is reached after the nitride has been etched away,
grottoes 223 are left behind where the socket components 222
will be formed (see also FIG. 9C).

FIG. 38A is a top view of the multi-layer slab after depo-
sition of a layer of metal 220, such as tungsten.

FIG. 38B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 38A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 38A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
38A. As can be more clearly seen in this view, the layer of
metal 220 is deposited isotropically on top of all exposed
surfaces, including the sidewalls, and filling the grottoes 223
previously occupied by the nitride layers and the bottom of
the deep trench 290-7.

FIG. 39A is a top view of the multi-layer slab after depo-
sition of a layer of interpoly dielectric (IPD) material 250 on
top of the metal layer 220.

FIG. 39B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 39A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 39A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
39A. As can be more clearly seen in this view, the layer of
interpoly dielectric material IPD 250 is deposited isotropi-
cally on top of all exposed surfaces, including the sidewalls,
and filling the grottoes previously occupied by the nitride
layers and the bottom of the deep trench 290-7. However, the
dimension of each grotto relative to the thickness of the layer
of IPD is such that a cavity 20' remains in the socket compo-
nent space. This cavity 20' will be filled by polysilicon in the
next step to form the embedded floating gate 20 of each
memory cell.

FIG. 40A is a top view of the multi-layer slab after an
isotropic deposition of a layer of polysilicon 20 on top of the
layer of IPD 250 and isotropic etch back of the layer of
polysilicon 20.

FIG. 40B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 40A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 40A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
40A. As can be more clearly seen in this view, the layer of
polysilicon 20 is deposited isotropically on top of all exposed
surfaces, including the sidewalls, and filling the cavity 20' in
the socket component space shown in FIG. 39B. This depo-
sition step is followed by an isotropic etch back of the layer of
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polysilicon 20 so that the layer of polysilicon is removed
except for that filling the cavity 20'

FIG. 41A is a top view of the multi-layer slab after an
isotropic etch back of the layer of IPD 250 to expose the
underlying layer of metal 220 on the side wall of the trench
290-7.

FIG. 41B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 41A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 41A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
41A. As can be more clearly seen in this view, the isotropic
etch back removes the layer of IPD 250 and exposes the
underlying layer of metal 220 except in the socket component
where the IPD 250 filling remains.

FIG. 42A is a top view of the multi-layer slab after an
isotropic etch back of the layer of metal 220.

FIG. 42B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 42A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 42A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
42A. As can be more clearly seen in this view, the isotropic
etch back trim the metal 220 with the offset or setback 226
(see FIG. 8 and FIG. 9C) from the trench 290-7.

FIG. 43A is a top view of the multi-layer slab after an
isotropic deposition of a layer of tunnel oxide 260.

FIG. 43B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 43A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 43A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
43A. As can be more clearly seen in this view, the isotropic
deposition of the layer of tunnel oxide 260 also fills the space
from the setback 226 and insulates the metal 220 and the
polysilicon 20 from the trench 290-7

FIG. 44A is a top view of the multi-layer slab after an
isotropic deposition of an initial protective layer of p-doped
polysilicon 230-1.

FIG. 44B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 44A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 44A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
44A. As can be more clearly seen in this view, the isotropic
deposition of the initial protective layer of p-doped polysili-
con 230-1 is on top of the previously deposited tunnel oxide.
The p-doped polysilicon 230-1 will form the bulk of the bit
line 230. The initial protective layer is to protect the under-
lying tunnel oxide 260 in the next step when the layer of oxide
270-1' at the bottom of the trench 290-7 is being etched.

FIG. 45A is a top view of the multi-layer slab after an
anisotropic etch to remove the layer of oxide 270-1 and the
layer of n-polysilicon 23021' at the bottom 290-7 of the trench
290-7.

FIG. 45B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 45A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 45A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
45A. As can be more clearly seen in this view, the anisotropic
removes the layer of oxide 270-1 and the layer of n-polysili-
con 23071" at the bottom 290-7 of the trench 290-7 while the
initial protective layer of p-doped polysilicon 230-1 protects
the layer of tunnel oxide in the trench 290-7.
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FIG. 46A is a top view of the multi-layer slab after an
isotropic deposition of a final layer of p-doped polysilicon
230p.

FIG. 46B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 46A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 46A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
46A. As can be more clearly seen in this view, the isotropic
deposition of the final protective layer of p-doped polysilicon
230 is on over the layer of tunnel oxide 260. The p-doped
polysilicon 230p will form the bulk of the bit line 230. At the
bottom of the trench, the p-doped polysilicon 230p is in
contact with the n-doped layer.

FIG. 47A is a top view of the multi-layer slab after an
isotropic deposition of a layer of oxide 279-9 to fill the trench
290-7.

FIG. 47B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 47A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 47A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
47A. As can be more clearly seen in this view, the isotropic
deposition of the layer of oxide 270-9 is over the layer of
p-doped polysilicon 230p and fills the trench 290-7.

FIG. 48A is a top view of the multi-layer slab after pla-
narization of the layer of oxide 270-9. The planarization is
effected by a chemical, mechanical process.

FIG. 48B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 48A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 48A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
48A. As can be more clearly seen in this view, the layer of
oxide 270-7 is removed only from the top of the slab to expose
the underlying layer of p-doped polysilicon 230p at the top of
the multi-layer slab.

FIG. 49A is a top view of the multi-layer slab after n-im-
plant at the surface of the p-doped polysilicon 230 at the top
of'the multi-layer slab. The implant converts a top layer of the
p-doped polysilicon 230p near the top of the multi-layer slab
to n-doped polysilicon 23072".

FIG. 49B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 49A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 49A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
49A. As can be more clearly seen in this view, the implant
converts a top layer of the p-doped polysilicon 230p near the
top of the multi-layer slab to n-doped polysilicon 230,2'. It
will be seen that the bit line 230 and NAND channel 52 are
effectively constituted from an npn channel given by the layer
of n-doped polysilicon 23071", the layer of p-doped polysili-
con 230p and the layer of n-doped polysilicon 23072'.

FIG. 50A is a top view of the multi-layer slab after an
isotropic deposition of a layer of metal 240'.

FIG. 50B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 50A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 50A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
50A. As can be more clearly seen in this view, the isotropic
deposition of the layer of metal 240" is over the layer of
n-doped polysilicon 23072'. This metal layer 240" will form
the global bit lines 240.

FIG.51A is atop view of the multi-layer slab after masking
with a mask 290-8 to enable isolation of the metal layer 240'
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to form global bit line 240 that are spaced apart in the x-di- 3. The 3D nonvolatile memory as in claim 1, further com-
rection. The mask 290-8 masks portions where the memory prising:
cells reside along a word line in the x-direction and provides a dielectric insulating said floating gate from said socket
exposing strips in between the memory cells. component.

FIG. 51B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 51A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 23A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
23A. As can be more clearly seen in this view, the section
taken at the cut B-B is in the middle of an exposing strip and
therefore will expose the underlying layer of metal 240'. The
section taken at the cut C-C, is in the middle of a memory cell
along a word line and will be masked.

Global Bit Lines Isolation

FIG. 52A is a top view of the multi-layer slab after an
anisotropic metal etch to remove regions of the layer of metal
240" through the exposing strips.

FIG. 52B is a sectional view in the y-z plane of the multi-
layer slab shown in FIG. 52A. The right section corresponds
to the section taken at the cut B-B, which is shown in FIG. 9A
and FIG. 52A. The left section corresponds to the section
taken at the cut C-C, which is shown in FIG. 9A and FIG.
52A. As can be more clearly seen in this view, the anisotropic
metal etch removes regions of the layer of metal 240' through
the exposing strips. This will isolate the metal layer 240" into
individual global bit lines 240 that running along the y-direc-
tion and spaced apart in the x-direction.

CONCLUSION

The foregoing detailed description of the subject matter
has been presented for purposes of illustration and descrip-
tion. It is not intended to be exhaustive or to limit the subject
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4. The 3D nonvolatile memory as in claim 1, wherein said
floating gate is of doped polysilicon material.

5. The 3D nonvolatile memory as in claim 1, wherein said
plurality of word lines are metallic.

6. The 3D nonvolatile memory as in claim 1, wherein each
NAND string further comprises:

a channel having first and second ends terminated by a
source-side transistor on the first end and a drain-side
transistor on the second end.

7. The 3D nonvolatile memory as in claim 6, further com-

prising:

a tunnel oxide insulating the open end of said floating gate
from said channel.

8. The 3D nonvolatile memory as in claim 6, further com-

prising:

a tunnel oxide insulating between the open end of said
socket component from said channel; and

wherein the open end of said socket component is recessed
from the open end of the floating gate such that the
tunnel oxide is thicker between the channel and the open
end of said socket component than between the channel
and the open end of said floating gate.

9. The 3D nonvolatile memory as in claim 6, wherein said
channel of each NAND string is of doped polysilicon mate-
rial.

10. The 3D nonvolatile memory as in claim 6, wherein

the drain-side transistor has a control gate; and

the drain-side transistors of a group of NAND strings have
associated control gates interconnected by a metal line.

matter to the precise form disclosed. Many modificationsand 35 11. The 3D nonvolatile memory as in claim 6, wherein
variations are possible in light of the above teaching. The the source-side transistor has a control gate; and
described embodiments were chosen in order to best explain the source-side transistors of a group of NAND strings
the principles of the present subject matter and its practical have associated control gates interconnected by a metal
application. It is intended that the scope of the subject matter line.
be defined by the claims appended hereto. 40 12. The 3D nonvolatile memory as in claim 6, further
It is claimed: comprising:
1. A 3D nonvolatile memory, comprising: aplurality of global bit lines, each global bit line connected
a semiconductor substrate; to each respective NAND string via each respective
a 3D array of memory cells arranged in a three-dimen- drain-side transistor.
sional pattern on top of said semiconductor substrate; 45  13. The 3D nonvolatile memory as in claim 12, wherein:

said 3D array of memory cells being organized into a 2D
array of NAND strings aligned vertically relative to the
substrate, each NAND string comprising a daisy-chain
of vertically stacked memory cells;

the plurality of global bit lines are metal lines on top of said
stack of memory planes.

14. The 3D nonvolatile memory as in claim 1, wherein

individual memory cells each stores more than one bit of data.

corresponding memory cells of said vertically stacked so  15. A 3D nonvolatile memory, comprising:
memory cells from said 2D array of NAND strings form- an array of memory cells arranged in a three-dimensional
ing a 2D array of memory cells in each of a correspond- pattern defined by rectangular coordinates having x-, y-
ing stack of memory planes; and z-directions;

a plurality of word lines in each memory plane for access- said array of memory cells being organized into NAND
ing respective groups of memory cells in the memory 55 strings aligned vertically in the z-direction to form a 2D
plane, each word line having a socket component for array of NAND strings on top of a semiconductor sub-
each memory cell of the group; and strate in the x-y plane, each NAND string comprising a

said each memory cell of the group having a floating gate daisy-chain of vertically stacked memory cells;
embedded into said socket component of said each word corresponding memory cells of said vertically stacked
line. 60 memory cells from said 2D array of NAND strings form-

2. The 3D nonvolatile memory as in claim 1, wherein: ing a 2D array of memory cells in each of a correspond-

said socket component has a closed end and an open end; ing stack of memory planes in the x-y plane;
and a plurality of word lines along the x-direction in each

said floating gate has a long axis in the memory plane and memory plane for accessing respective groups of
has an embedded end being embedded in the closed end 65 memory cells in the memory plane, each word line hav-

of said socket component and an open end being at the
open end of said socket component.

ing a socket component for each memory cell of the
group; and
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said each memory cell of the group having a floating gate
embedded into said socket component of said each word
line.

16. A 3D nonvolatile memory as in claim 15, wherein:

said socket component has a closed end and an open end;
and

said floating gate has a long axis in the memory plane and
has an embedded end being embedded in the closed end
of said socket component and an open end being at the

5
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a plurality of global bit lines along the y-direction and
spaced apart in the x-direction;

each global bit line connected to each respective NAND
string via each respective drain-side transistor.

20. A 3D nonvolatile memory, comprising:
a semiconductor substrate;

a 3D array of memory cells arranged in a three-dimen-
sional pattern on top of said semiconductor substrate;
said 3D array of memory cells being organized into a 2D

array of NAND strings aligned vertically relative to the

open end of said socket component. 10 substrate, each NAND string comprising a daisy-chain
17. The 3D nonvolatile memory as in claim 15, further of vertically stacked memory cells;
comprising: a plurality of word lines for accessing respective groups of
a dielectric insulating said floating gate from said socket memory cells, each word line having a socket compo-
component. s nent for each memory cell of the group; and
18. The 3D nonvolatile memory as in claim 15, wherein said each memory cell of the group having a floating gate
said floating gate is of doped polysilicon material. embedded into said socket component of said each word
19. The 3D nonvolatile memory as in claim 15, further line.
comprising: ® o w k%
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