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(57) ABSTRACT

The nonvolatile semiconductor memory of this mvention
includes: a semiconductor substrate; a plurality of memory
cells formed 1n a matrix on the semiconductor substrate,
cach of the memory cells including a first insulating film
formed on the semiconductor substrate, a floating gate
formed on the first insulating film, and a control gate formed
on the floating gate via a second insulating film sandwiched
therebetween, a source diffusion region, and a drain diffu-
sion region; a diffusion layer formed in a portion of the
semiconductor substrate located between two of the memory
cells adjacent 1n a first direction, the diffusion layer includ-
ing the drain diffusion region for one of the two memory
cells and the source diffusion region for the other memory
cell; a word line formed by connecting the control gates of
the memory cells lined in the first direction; and a bit line
formed by connecting the diffusion layers lined 1n a second
direction substantially perpendicular to the first direction,
wherein the memory cells have a structure 1n which a tunnel
current flows between the drain diffusion region and the
floating gate of one of the two adjacent memory cells via the
first insulating film when a predetermined voltage 1s applied
to the diffusion layers and no tunnel current flows between
the diffusion layer and the floating gate of the other memory
cell.

6 Claims, 33 Drawing Sheets
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METHOD OF MAKING NONVOLATILE
SEMICONDUCTOR MEMORY

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifi-
cation; matter printed in italics indicates the additions
made by reissue.

RELATED APPLICATTONS

This application 1s related to commonly assigned copend-
ing application Ser. No. 08/690,621 filed Jul. 31, 1996.

BACKGROUND OF THE INVENTION

1. Field of the Invention:

The present mvention relates to a nonvolatile semicon-
ductor memory using a Fowler-Nordheim (FN) tunnel cur-
rent for writing and erasing, and a driving method and
fabrication method for such a nonvolatile semiconductor
memory. More specifically, the present invention relates to
a flash memory, and a driving method and fabrication
method for the flash memory.

2. Description of the Related Art:

Conventional general flash memories are classified 1nto
the type using hot electron mnjection for writing and the type
using an FN tunnel current for writing,.

FIG. 47 1s a sectional view of memory cells of a conven-
fional flash memory 500 of the type using hot electron
injection. FIG. 48 1s an equivalent circuit of a memory cell
array of the flash memory 500.

Referring to FIG. 47, the flash memory 500 includes a
semiconductor substrate 151, a tunnel 1nsulating film 153
formed on the semiconductor substrate 151, and floating
cgates 155 formed on the tunnel insulating film 153. An
insulating film 156 made of ONO(S10,/SiN/SiO,) and the
like 1s formed covering the floating gates 155. Control gates
157 are formed on the insulating film 156. As shown 1 FIG.
48, memory cells (memory cells Cs; to C55 and Cg, to Cgy
are shown 1n FIG. 48) are arranged in a matrix. The control
cgates 157 of the memory cells lined 1n an X direction shown
in FIG. 47 are electrically connected to one another, forming
a word line WL (word lines WL, and WL, are shown in FIG.
48).

As shown in FIG. 47, an impurity diffusion layer (a
source/drain diffusion layer) 161 i1s formed between every
two memory cells adjacent in the X direction, and shared by
the two memory cells as a source diffusion layer 159 for one
memory cell and a drain diffusion layer 160 for the other
memory cell. Such source/drain diffusion layers are formed
in a self-aligning manner by 10on implantation using a film as
a mask during the fabrication process. Upon completion of
the fabrication process, the film will become the floating
cgates 155 formed 1n a stripe shape.

As shown in FIG. 48, bit lines BL (bit lines BL; to BL,
are shown in FIG. 48) extend in the Y direction, electrically
connecting the diffusion layers 161 lined 1n the Y direction
with one another. Each bit line serves as a source wiring or
a drain wiring depending on the selected memory cell. Such
a driving method where each bit line 1s not fixed as the
source wiring or the drain wiring, but where the source
wiring (ground line) and the drain wiring are appropriately
switched 1s called a virtual ground method.

In the virtual ground method, since the impurity diffusion
layer 161 1s used both as the source diffusion layer 159 for
one memory cell and the drain diffusion layer 160 for a
memory cell adjacent 1n the X direction as described above,
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2

no 1solation region 1s required between the source diffusion
layer 159 for one memory cell and the drain diffusion layer
160 for the-adjacent memory cell mn the X direction.
Furthermore, since the bit lines BL are formed by connecting
the 1impurity diffusion layers 161 lined 1n the Y direction via
diffusion wirings, no contact regions are required for the
connection of the bit lines B with the memory cells. This
makes it possible to realize high integration of memories.

Japanese Laid-Open Patent Publication No. 2-231772, for
example, discloses the configuration shown i FIG. 51,
where two memory cells adjacent 1n the X direction are
paired, sharing a source line SL but having individual bit
lines BL. This configuration allows for parallel reading and
parallel writing of data.

Referring to FIG. 48, the write operation of a flash
memory 500 1s conducted 1n the following manner. Assume
that the memory cell Cs, 1s selected as a memory cell in
which data is to be written (hereinafter, such a selected
memory cell 1s referred to as a selected cell). First, a high
voltage 1s applied to the word line WL, connected with the
selected cell Cs,. Simultaneously, a predetermined voltage 1s
applied to one of the bit lines connected with the selected
cell Cs, (e.g., the bit line BL;) to define the drain side, while
a ground voltage (0 V) 1s applied to the other bit line (e.g.,
the bit line BL,) to define the source side. As a result, hot
clectrons generated 1n a channel region of the selected cell
C,, are mjected mto the floating gate 155, allowing data to
be written 1n the memory cell C.,. At this time, for the other
memory cells where no data is written (hereinafter, such
memory cells are referred to as non-selected cells), certain
voltages are applied to two bit lines connected with any one
of the non-selected cells so that the two bit lines have the
same potential. For example, for the non-selected cell Cs,,
voltages are applied to the bit lines BL, and BL, so that the
potentials of these bit lines are the same.

The erase operation of the flash memory 500 1s conducted
in the following manner. A negative voltage 1s applied to the
word lines WL, and simultaneously, a predetermined posi-
tive voltage is applied to all the bit lines BL (or all bit lines
in a block when the memory cell array 1s divided into
blocks). This causes an FN tunnel current to flow, drawing
out charges accumulated in the floating gates 155 and thus
erasing data stored in all the memory cells (or all memory
cells in the block) at one time.

The read operation of the flash memory 500 1s conducted
in the following manner. A predetermined voltage 1s applied
to a word line WL connected with a selected cell for reading.
Simultaneously, a predetermined voltage 1s applied to one of
two bit lines connected with the selected cell, while a ground
voltage (0 V) is applied to the other bit line. The amount of
current flowing between the two bit lines 1s different depend-
ing on the amount of charge (i.e., data) stored in the floating
cgate 155. The data 1s thus read by detecting the amount of
current. At this time, voltages are applied to two bit lines
connected with a non-selected cell where no reading 1is
conducted so that the potential of the two bit lines is the
same as 1n the write operation.

The write operation using the channel hot electron injec-
fion as described above has the following drawbacks. The
efficiency of electron injection (write efficiency) is generally
poor. Since the write current is large (about 1 mA), power
consumption at writing 1s large. A high-voltage power
source (or a booster) is required to supply the comparatively
large write current, which prevents the flash memory 500
from lowering the driving voltage and using a single power
source.
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In contrast, a flash memory using an FN tunnel current for
writing requires a write current of only about several tens of
nanoamps (nAs). Therefore, this type of flash memory can
use a single power source. FIG. 49 1s a sectional view of
memory cells of a conventional flash memory 600 of the
type using an FN tunnel current for writing. FIG. 50 1s an
equivalent circuit of a memory cell array of flash memory
600. Similar components to those of flash memory 500
shown 1n FIGS. 46 and 47 are denoted by the same reference
numerals.

Referring to FIG. 49, the flash memory 600 includes a
semiconductor substrate 151, a tunnel 1nsulating film 153
formed of a uniform oxide film on the semiconductor
substrate 151, and floating gates 155 formed on the tunnel
insulating film 153. A source diffusion layer 159 and a drain
diffusion layer 160 are formed on both ends of each of the
floating gates 155. An element 1solation film 162 i1s formed
between every two adjacent memory cells, 1solating the
source diffusion layer 159 of one memory cell from the drain
diffusion layer 160 of the other memory cell. An insulating
film 156 made of ONO (S10,/SiN/S10,) is formed covering
the floating gates 155. Control gates 157 are formed on the
insulating film 156.

Referring to FIG. 50, memory cells (memory cells C,; to
C.,, and Cg, to C, are shown in FIG. 50) are arranged in a
matrix. The control gates 157 of the memory cells lined 1n
the X direction shown 1n FIG. 50 are electrically connected
with one another, forming a word line WL (word lines WL,
and WL, are shown in FIG. 50). Bit lines BL (bit lines BL,
to BL, are shown in FIG. 50) extend in the Y direction,
clectrically connecting the corresponding source diffusion
layers 159 or the drain diffusion layers 160 with one another.
The function of each bit line BL 1s fixed as the source line
or the drain line.

The write operation of the flash memory 600 1s conducted
in the following manner. A negative voltage or 0 V 1s applied
to the word line WL connected with a selected cell, while a
positive voltage 1s applied to the drain diffusion layer 160 of
the connected cell so that electrons are drawn out of the
floating gate 155. The erase operation 1s conducted in the
following manner. A positive high voltage 1s applied to one
word line WL, while 0 V 1s applied to the source diffusion
layers 159 and the drain diffusion layers 160 so that elec-
trons are injected into the floating gates of all the memory
cells connected with the word line WL.

FIG. 51 shows another example of the flash memory 700
using an FN tunnel current. In the memory cell 600 of FIG.
49, the drain diffusion layer and the source diffusion layer
cell of the adjacent memory cells are i1solated from each
other. In the flash memory 700 of FIG. 51, the drain diffusion
layers of respective memory cells are separated from one
another and these mdividual drain diffusion layers lined 1n
the Y direction are connected with one another to form a bat
line. Stmultaneously, each pair of memory cells adjacent in
the X direction share the source diffusion layer to form a
source line extending in the Y direction.

However, the conventional flash memory of the type
using an FN tunnel current has the following drawbacks. As
described above, 1n the conventional memory using an FN
tunnel current for writing, a tunnel current generated by the
clectric field applied to the tunnel insulating film 153 1s used.
Accordingly, 1f 1n the memory cells shown 1n FIG. 49, each
pair of memory cells adjacent i the X direction share the
diffusion layer as shown 1n FIG. 48, data will be written 1n
a non-selected memory cell which shares the drain diffusion
layer with a selected memory cell in data 1s to be written and
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1s connected with the same word line as the selected memory
cell. Accordingly, 1t 1s necessary to form the element 1sola-
tion film 162 as shown 1n FIG. 49 and 1solate at least the
drain diffusion layers 160 of the adjacent memory cells 1n
the X direction from each other as shown 1n FIGS. 50 and
51. Thus, the conventional flash memory of the type using
an FN tunnel current for writing cannot employ the virtual
oround method. This prevents the flash memory of this type
from being made smaller.

As shown 1n FIG. 49, the tunnel msulating film 153 1s
comparatively thin. Accordingly, when a comparatively high
voltage 1s applied to the drain diffusion layer 160 at writing,
a current 10° times the write current may sometimes flow
from the end of the drain diffusion layer 160 to the substrate
151 due to the interband tunnel phenomenon.

As the tunnel insulating film 153 becomes thinner, the
capacitance between the floating gate and the substrate 1s
larger. This makes it difficult to increase the capacitance
coupling ratio of the control gate. Also, as the tunnel
insulating film 153 becomes thinner, the disturb margin
against a high voltage to be applied to the control gate
clectrode at writing becomes smaller.

SUMMARY OF THE INVENTION

The nonvolatile semiconductor memory of this invention
includes: a semiconductor substrate; a plurality of memory
cells formed 1n a matrix on the semiconductor substrate,
cach of the memory cells including a first insulating film
formed on the semiconductor substrate, a floating gate
formed on the first insulating film, and a control gate formed
on the floating gate via a second insulating film sandwiched
therebetween, a source diffusion region, and a drain diffu-
sion region; a diffusion layer formed in a portion of the
semiconductor substrate located between two of the memory
cells adjacent 1n a first direction, the diffusion layer includ-
ing the drain diffusion region for one of the two memory
cells and the source diffusion region for the other memory
cell; a word line formed by connecting the control gates of
the memory cells lined in the first direction; and a bit line
formed by connecting the diffusion layers lined 1n a second
direction substantially perpendicular to the first direction,
wherein the memory cells have a structure 1n which a tunnel
current flows between the drain diffusion region and the
floating gate of one of the two adjacent memory cells via the
first 1nsu. atmg f1lm when a predetermined voltage 1s applied
to the diffusion layer and no tunnel current flows between
the diffusion layer and the floating gate of the other memory
cell.

In one embodiment of the invention, the source diffusion

region and the drain diffusion region of each of the memory
cells have impurity densities different from each other.

In another embodiment of the invention, the drain diffu-
sion region has a double-layered diffusion layer structure
where the 1mpurity density 1s lower in an outer layer.

In still another embodiment of the invention, the first
mnsulating film includes a first portion which does not
constitute a tunnel region and a second portion which
constitutes a tunnel region, and the drain diffusion region of
cach memory cell capacitively couples with the floating gate
via the second portion, and the source diffusion region of
cach memory cell capacitively couples with the floating gate
via the first portion.

In still another embodiment of the invention, the thickness
of the first portion of the first insulating film which does not
constitute a tunnel region 1s larger than that of the second
portion which constitutes a tunnel region.
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According to another aspect of the invention, a method for
fabricating a nonvolatile semiconductor memory 1s pro-
vided. The method includes the steps of: forming a tunnel
insulating film on a semiconductor substrate of a {first
conductivity type; forming a first conductive layer pattern
with a patterned portion having a predetermined width by
patterning a first conductive layer formed on the semicon-
ductor substrate; forming a first diffusion layer in the semi-
conductor substrate by implanting 1mpuritiecs of a second
conductivity type using the first conductive layer pattern as
a mask; forming a second diffusion layer in the semicon-
ductor substrate in contact with the first diffusion layer by
implanting 1impurities of the second conductivity type under
implantation conditions different from those for forming the
first diffusion layer, the impurity density of the second
diffusion layer being higher than that of the first diffusion
layer; forming an insulating film and a second conductive
layer on the first conductive layer pattern in this order; and
patterning the second conductive layer, the insulating film,
and the first conductive layer, to form control gates, insu-
lating layers, and tloating gates, respectively.

In one embodiment of the mnvention, the step of forming,
the second diffusion layer 1s performed using a mask having
a second width, and the impurities of the second conduc-
fivity type are 1implanted 1n a predetermined region of the
first diffusion layer.

In another embodiment of the invention, the step of
forming the first diffusion layer includes implanting the
impurities of the second conductivity type at a predeter-
mined angle directed to one side of an opening of the first
conductive layer pattern used as the mask, and the step of
forming the second diffusion layer mcludes implanting the
impurities of the second conductivity type at a predeter-
mined angle directed to the other side of the opening of the
first conductive layer pattern used as the mask.

Alternatively, the method for fabricating a nonvolatile
semiconductor memory of this invention includes: the steps
of: forming a first insulating film on a semiconductor
substrate of a first conductivity type; forming a drain diffu-
sion layer by implanting impurities of a second conductivity
type 1n the semiconductor substrate using a first resist
pattern having a first opening as a mask, forming a gate
insulating film using a second resist pattern having a second
opening corresponding to a tunnel region as a mask and
removing a portion of the first mnsulating film located below
the second opening; forming a tunnel insulating film 1n the
tunnel region where the first insulating film has been
removed by forming a second insulating film on the semi-
conductor substrate after removal of the second resist pat-
tern; forming a first conductive layer having a predetermined
width by patterning to cover the tunnel region where the
tunnel msulating film has been formed; forming a source
diffusion layer in contact with the drain diffusion layer by
implanting 1impurities of the second conductivity type 1n the
semiconductor substrate using the first conductive layer as a
mask; forming a third insulating film; and forming a second

conductive layer on the third insulating film by patterning.

Alternatively, the method for fabricating a nonvolatile
semiconductor memory of this invention includes the steps
of: forming a first insulating film on a semiconductor
substrate of a first conductive type; forming a drain diffusion
layer by implanting impurities of a second conductivity type
in the semiconductor substrate using a resist pattern having
an opening corresponding to a tunnel region as a mask;
removing a portion of the first insulating film using the resist
pattern as a mask; forming a tunnel insulating film in the
tunnel region where the first insulating film has been
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removed by forming a second insulating film on the semi-
conductor substrate after removal of the resist pattern;
forming a first conductive layer having a predetermined
width by patterning to cover the tunnel region where the
tunnel msulating film has been formed; forming a source
diffusion layer 1n contact with the drain diffusion layer by
implanting 1impurities of the second conductivity type 1n the
semiconductor substrate using the first conductive layer as a
mask; forming a third insulating film; and forming a second

conductive layer on the third insulating {ilm by patterning.

Alternatively, the method for fabricating a nonvolatile
semiconductor memory of this mvention includes the steps
of: forming a first insulating film on a semiconductor
substrate of a first conductivity type; forming a first nitride
film having a first width on the first mnsulating film by
patterning; covering the first nitride film with an oxide film
and then forming spacers on both side walls of the first
nitride {ilm, the spacer on one of the side walls correspond-
ing to a region defining a tunnel region; forming a diffusion
layer by implanting impurities of a second conductivity type
using the first nitride film and the spacers on the side walls
as a mask; removing the spacer on the other side wall of the
first nitride film; forming a second insulating film having a
thickness larger than that of the first insulating film selec-
tively using the first nitride film and the spacer as a mask;
removing the spacer on the one of the both side walls of the
first nitride film and a portion of the first insulating film
located below the spacer; forming a thermal oxide film 1n a
region where the spacer on the other side wall and the
portion of the first insulating film have been removed;
removing the first nitride film; removing the thermal oxide
f1lm; forming a tunnel region by forming a tunnel msulating
film on a region where the thermal oxide film has been
removed; and forming a floating gate to cover the tunnel
region.

In one embodiment of the invention, writing and erasing,
are conducted using a tunnel current, the memory including;:
a plurality of memory cells formed 1n a matrix on a semi-
conductor substrate and divided into a plurality of blocks; a
word line formed by connecting control gates of the memory
cells lined 1n a first direction; a first bit line formed by
connecting diffusion layers formed between the memory
cells adjacent 1n the first direction 1n a second direction
perpendicular to the first direction; a second bit line pro-
vided to correspond to a predetermined number of the first
bit lines; and a selective transistor provided to correspond to
cach of the first bit lines for connecting the first bit line to
the corresponding second bit line, wherein the selective
transistor electrically connects the first bit lines 1n a selected
block to the corresponding second bit lines and puts the first
bit lines in blocks other than the selected block 1n a floating
state, 1n order to conduct an erase operation for every block.

In another embodiment of the invention, the plurality of
blocks are formed within one well region of the semicon-
ductor substrate.

A method for driving a nonvolatile semiconductor
memory 1s provided. The memory includes: a plurality of
memory cells formed 1n a matrix on a semiconductor
substrate and divided into a plurality of blocks; a word line
formed by connecting control gates of the memory cells
lined 1n a first direction; a first bit line formed by connecting
diffusion layers formed between the memory cells adjacent
in the first direction 1n a second direction perpendicular to
the first direction; a second bit line provided to correspond
to a predetermined number of the first bit lines; and a
selective transistor provided to correspond to each of the
first bit lines for connecting the first bit line to the corre-
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sponding second bit line. The method includes the steps of:
clectrically connecting the first bit lines 1n a selected block
to the corresponding second bit lines, while putting the-first
bit lines 1n blocks other than the selected block 1n a floating,
state by controlling the selective transistors; applying a
predetermined negative voltage to the first bit lines and the
semiconductor substrate; applying a predetermined positive
voltage to the word lines 1 the selected block, while
applying a ground voltage to the word lines 1n the blocks
other than the selected block; and consequently erasing data
in the memory cells 1n the selected block using a tunnel

current.

Alternatively, a method for driving a nonvolatile semi-
conductor memory 1s provided. The memory includes: a
plurality of memory cells formed 1n a matrix on a semicon-
ductor substrate; a word line formed by connecting control
gates of the memory cells lined 1n a first direction; a first bit
line formed by connecting diffusion layers formed between
the memory cells adjacent in the first direction in a second
direction perpendicular to the first direction; a second bit
line provided to correspond to a predetermined number (N)
of first bit lines; a selective transistor provided to correspond
to each of the first bit lines for connecting the first bit line
to the corresponding second bit line; and a signal line for
controlling the N selective transistors separately. The
method includes the steps of: (a) selecting a word line; (b)
supplying a predetermined potential to the second bit line
connected with a drain of the memory cell in which data 1s
to be written; (c) selecting one of the N first bit lines to be
connected to the second bit line by controlling one of the
signal lines to allow the corresponding selective transistor to
be turned on, and writing data on the selected second bait line
in the memory cell connected with the selected word line
and the first bit line connected to the second bit line; and (d)
repeating step (c) to write data in all the N memory cells
connected with the selected word line and the N first bit lines
corresponding to the selected second bit.

Alternatively, a method for driving a nonvolatile semi-
conductor memory 1s provided. The memory includes: a
plurality of memory cells formed 1n a matrix on a semicon-
ductor substrate and divided into a plurality of blocks; a
word line formed by connecting control gates of the memory
cells lined 1n a first direction; a first bit line formed by
connecting diffusion layers formed between the memory
cells adjacent 1n the first direction mm a second direction
perpendicular to the first direction; a second bit line pro-
vided to correspond to a predetermined number of the first
bit lines; and a selective transistor provided to correspond to
cach of the first bit lines for connecting the first bit line to
the corresponding second bit line selectively. The method
includes the steps of: applying a predetermined voltage to
the word line connected with the memory cell from which
data 1s to be read; applying a predetermined voltage to one
of the first bit lines connected with a source diffusion layer
of the memory cell from which data i1s to be read, and
applying the same predetermined voltage to the other first bit
lines existing 1n parallel with the one of the first bit lines via
the one of the first bit lines under a floating state.

A method for driving a nonvolatile semiconductor
memory 1s provided. The memory cells of the nonvolatile
semiconductor device have a structure 1in which a tunnel
current flows between the drain diffusion region and the
floating gate of one of the two adjacent memory cells via the
first insulating film when a predetermined voltage 1s applied
to the diffusion layer and no tunnel current flows between
the diffusion layer and the floating gate of the other memory
cell. The method comprises a step of applying a predeter-
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mined voltage to the memory cell from the source diffusion
region so as to read data stored in the memory cell.

Thus, according to the present invention, an asymmetric
memory cell where the coupling capacitance of the floating
gate 1s asymmetric between the source diffusion region side
and the drain diffusion region side at writing 1s used.
Accordingly, when voltages are applied to a word line and
bit lines (drain diffusion layers) connected with a selected
memory cell (selected cell), no data is written in a non-
selected cell of which the source diffusion region 1s con-
nected with the selected bit line. Such an asymmetric
memory cell can be realized by having the impurity density
of the drain diffusion layer higher than that of the source
diffusion layer. Since the floating gate 1s capacitively
coupled with the high-density drain diffusion layer, a tunnel
current easily flows between the floating gate and the drain
diffusion layer via the tunnel mnsulating film. In contrast, the
impurity density of the source diffusion layer capacitively
coupled with the floating gate 1s low even 1if the same voltage
as that applied to the drain diffusion layer is applied to the
source diffusion layer. The surface of this low-density source
diffusion layer 1s thus depleted, lowering the electric field
applied to the tunnel 1nsulating film and thus preventing the
tunnel phenomenon from occurring. Thus, in the non-
selected cell sharing the bit line with the selected cell, no
tunnel current flows since the floating gate thereof 1s capaci-
tively coupled with the low-density source diffusion layer of
the shared bit-line, preventing data from being mistakenly
written 1n the non-selected cell.

The above asymmetric memory cell can also be realized
by forming a tunnel 1nsulating film only between the drain
diffusion layer and the floating gate. In such a case, when
voltages are applied to a word line and bit lines of a selected
cell, since the floating gate of the selected cell 1s coupled
with one of the bit lines via a tunnel 1nsulating film with a
smaller thickness, tunnel current flows easily. As for the
non-selected cell which 1s connected with the same word
line and shares the same bit line, the floating gate 1is
capacitively coupled with the bit line via the gate mnsulating
f1lm with a comparatively large thickness. Thus, no tunnel
current 1s allowed to flow through the thick gate msulating
film. Accordingly, it 1s possible to employ the virtual ground
method where one bit line 1s shared by two adjacent memory
cells without writing data mistakenly 1n a non-selected cell
in the write operation using a tunnel current.

Thus, the mvention described herein makes possible the
advantages of (1) providing a nonvolatile semiconductor
memory using an FN tunnel current for writing and erasing
and employing the virtual ground method for driving a
memory cell array thereof, (2) providing a driving method of
such a nonvolatile semiconductor memory, (3) providing a
fabrication method of such a nonvolatile semiconductor
memory, (4) providing a nonvolatile semiconductor memory
with high write efficiency and reliability where a current
flowing 1nto a semiconductor substrate at writing 1s reduced,
(5) providing a driving method of such a nonvolatile semi-
conductor memory, and (6) providing a fabrication method
of such a nonvolatile semiconductor memory.

These and other advantages of the present invention will
become apparent to those skilled 1n the art upon reading and
understanding the following detailed description with refer-
ence to the accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 15 a plan view of a portion of a memory cell array
of a nonvolatile semiconductor memory of Example 1
according to the present 1invention.
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FIGS. 2A and 2B are sectional views of the memory cell
array shown 1 FIG. 1 taken along lines A—A and B—B of
FIG. 1, respectively.

FIG. 3 1s an equivalent circuit diagram of the memory cell
array of the nonvolatile semiconductor memory of Example

1.

FIG. 4 shows the relationship between the 1impurity dose
amount of a source diffusion layer and the influence of the

write operation to a non-selected cell.

FIG. § 1s a plan view 1illustrating a portion of a memory
cell array of a nonvolatile semiconductor memory of
Example 1 according to the present invention.

FIG. 6 1s a sectional view illustrating a step of a fabrica-
tion method of memory cells of the nonvolatile semicon-
ductor memory of Example 2 according to the present
invention.

FIG. 7 1s a sectional view 1llustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 2 according to the
present mvention.

FIG. 8 1s a sectional view 1llustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 2 according to the
present mvention.

FIG. 9 1s a sectional view 1llustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 2 according to the
present invention.

FIG. 10 1s a sectional view illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 2 according to the
present mvention.

FIGS. 11A, 11B, 11C, and 11D are sectional views
illustrating steps of an alternative fabrication method of
memory cells of the nonvolatile semiconductor memory of
Example 2 according to the present invention.

FIGS. 12A and 12B are sectional views 1llustrating a tilt
lon 1njection process ol another alternative fabrication
method of memory cells of the nonvolatile semiconductor
memory of Example 2 according to the present invention.

FIG. 13A 1s a plan view of a portion of a memory cell
array of an alternative nonvolatile semiconductor memory
according to the present invention, where element 1solation
1s conducted by a p-n joint, and FIG. 13B 1s a sectional view
of the memory cells shown 1n FIG. 13A taken along line

D—D of FIG. 13A.

FIG. 14 1s a plan view of a portion of a memory cell array
of a nonvolatile semiconductor memory of Example 3
according to the present 1nvention.

FIGS. 15A and 15B are sectional views of the memory

cell array shown i FIG. 14 taken along lines A—A and
B—B of FIG. 14, respectively.

FIG. 16 1s an equivalent circuit diagram of the memory
cell array of the nonvolatile semiconductor memory of
Example 3 according to the present invention.

FIG. 17 shows the relationship between the thickness of
a gate insulating film and the write efficiency (leak current/
tunnel current).

FIG. 18 1s a plan view of a portion of a memory cell array
of an alternative nonvolatile semiconductor memory accord-
ing to the present invention.

FIG. 19 1s a sectional view 1illustrating a step of a
fabrication method of memory cells of a nonvolatile semi-
conductor memory of Example 4 according to the present
invention.
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FIG. 20 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 4 according to the
present 1vention.

FIG. 21 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 4 according to the
present 1vention.

FIG. 22 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 4 according to the
present 1vention.

FIG. 23 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 4 according to the
present 1vention.

FIG. 24 1s a sectional view 1illustrating a step of an
alternative fabrication method of the memory cells of the
nonvolatile semiconductor memory of Example 4 according
to the present 1nvention.

FIG. 25 1s a sectional view 1illustrating a step of the
alternative fabrication method of the memory cells of the
nonvolatile semiconductor memory of Example 4 according
to the present 1invention.

FIG. 26 1s a sectional view 1illustrating a step of the
alternative fabrication method of the memory cells of the
nonvolatile semiconductor memory of Example 4 according
to the present 1invention.

FIG. 27 1s a sectional view 1illustrating a step of the
alternative fabrication method of the memory cells of the
nonvolatile semiconductor memory of Example 4 according
to the present 1nvention.

FIG. 28 1s a sectional view 1illustrating a step of the
alternative fabrication method of the memory cells of the
nonvolatile semiconductor memory of Example 4 according
to the present 1nvention.

FIG. 29A 15 a plan view of a portion of a memory cell
array ol an alternative nonvolatile semiconductor memory
according to the present invention, where element 1solation
1s conducted by a p-n joint, and FIG. 29B 1s a sectional view

of the memory cells shown 1n FIG. 29A taken along line
D—D of FIG. 29A.

FIG. 30 1s a plan view of a portion of a memory cell array
of a nonvolatile semiconductor memory of Example 5
according to the present 1invention.

FIGS. 31A and 31B are sectional views of the memory

cell array illustrated in FIG. 30 taken along lines A—A and
B—B of FIG. 30, respectively.

FIG. 32 1s a sectional view 1illustrating a step of a
fabrication method of memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present 1vention.

FIG. 33 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present 1vention.

FIG. 34 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present 1vention.

FIG. 35 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present 1nvention.
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FIG. 36 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present invention.

FIG. 37 1s a sectional view 1illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present invention.

FIG. 38 1s a sectional view illustrating a step of the
fabrication method of the memory cells of the nonvolatile
semiconductor memory of Example 5 according to the
present invention.

FIG. 39 15 a plan view of a portion of a memory cell array
of a nonvolatile semiconductor memory of Example 6
according to the present 1nvention.

FIG. 40 shows a state of a memory cell in the read
operation.

FIG. 41 shows the relationship between the read current
(channel current) and the leak current in the read operation.

FIG. 42 1s a timing chart schematically showing the
applied voltages 1n the erase operation.

FIG. 43 shows the relationship between the voltage appli-
cation time to a control gate and the threshold voltage of a
memory cell when a negative voltage 1s applied to a source/
drain diffusion layer and a semiconductor substrate.

FIG. 44 shows the relationship between the negative
voltage applied to the semiconductor substrate and the life of
the memory cell (reliability).

FIG. 45 1s a timing chart schematically showing the
applied voltages 1n the write operation.

FIG. 46 1a a plan view of an alternative example of the
memory cell array of the nonvolatile semiconductor memory
according to the present 1nvention.

FIG. 47 1s a sectional view of a portion of a memory cell
array of a conventional nonvolatile semiconductor memory
of the type of using hot electron 1njection for writing.

FIG. 48 1s an equivalent circuit diagram of the memory
cell array of the nonvolatile semiconductor memory 1llus-

trated 1n FIG. 47.

FIG. 49 1s a sectional view of a portion of a memory cell
array of a conventional nonvolatile semiconductor memory
of the type of using an FN tunnel current for writing.

FIG. 50 1s an equivalent circuit diagram of the memory
cell array of the nonvolatile semiconductor memory 1llus-

trated in FIG. 49.

FIG. 51 1s an equivalent circuit diagram of a portion of a
memory cell array of another conventional semiconductor
memory of the type of using an FN tunnel current for
writing.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The present invention will be described by way of
examples with reference to the accompanied drawings.

(EXAMPLE 1)

FIG. 1 1s a plan view of a portion of a memory cell array
of a nonvolatile semiconductor memory 100 of Example 1
according to the present invention. FIGS. 2A and 2B are
sectional views of the nonvolatile semiconductor memory

100 taken along lines A—A and B—B of FIG. 1,
respectively,

Referring to FIGS. 1, 2A, and 2B, the nonvolatile semi-
conductor memory 100 includes a plurality of memory cells
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C formed 1n a matrix on a semiconductor substrate 1. In FIG.
1, the respective memory cells C are denoted by individual
codes such as C, . Each of the memory cells C includes a
tunnel 1nsulating film 3 formed on the semiconductor sub-

strate 1 and a floating gate 5 formed on the tunnel insulating
film 3.

A control gate 7 1s formed on the floating gate 5 via an
msulating film 6 made of ONO and the like. Such control
cgates 7 extend 1n a channel direction of the memory cell C
(an X direction shown in FIG. 1), constituting a word line
WL as shown 1n FIG. 3 for connecting the memory cells C
lined 1n the X direction.

As shown 1 FIGS. 1 and 2A, a diffusion layer 2 1is
formed-between every two memory cells adjacent each
other in the X direction (e.g., memory cells C,,. and c;,,). The
diffusion layer 2 includes a drain diffusion layer 2a for one
of the two adjacent memory cells (e.g., the memory cell C;)
and a source diffusion layer 2b for the other memory cell
(e.g., the memory cell C, ). The diffusion layer 2 is thus
shared by the two adjacent memory cells. The 1mpurity
density of the drain diffusion layer 2a (N*) is made higher
than that of the source diffusion layer 2b (N7). The diffusion
layer 2 has a double-layered structure where the drain
diffusion layer 2a 1s formed 1nside the diffusion region with
a low 1mpurity density constituting the source diffusion layer

2b.

In the memory cell C located between the two diffusion
layers 2, the floating gate 5 1s capacitively coupled with the
drain diffusion layer 2a of one of the two diffusion layers 2
via the tunnel insulating film 3 (defining the drain side),
while 1t 1s capacitively coupled with the source diffusion
layer 2b of the other diffusion layer 2 wvia the tunnel
insulating film 3 (defining the source side). The tunnel
insulating film 3 may be composed of a silicon oxide film or
a lamination of a silicon oxide film and a silicon nitride film.

In this example, the diffusion layers 2 lined in the Y
direction are connected with one another via diffusion layer
wirings, forming a so-called buried bit line. Alternatively,
the diffusion layers 2 may be electrically connected with one
another with metal wirings. In the latter case, a contact
region 1s required for each diffusion layer 2. As shown 1n
FIG. 2B, a field oxide film (element isolation film) 12 is
formed between two memory cells adjacent 1 the Y direc-
tion (e.g., the memory cells C;,, and C,,).

As shown 1n the equivalent circuit diagram of FIG. 3, the
nonvolatile semiconductor memory 100 employs the virtual
ground method, where bit lines BL (bit lines BL; to BL, are
shown in FIG. 3) serve as source wirings or drain wirings
depending on the selected cell.

The operation of the nonvolatile semiconductor memory
100 will now be described. Table 1 below shows the
operation conditions when the memory cell C,, shown 1n
FIG. 3 1s selected, for example.

TABLE 1

Word line voltage (V)

Operation Selected Non-selected Bit line voltage (V)
mode WL, WL, BL, BL, BL., BL,
Write -8 0 Float 4 Float Float
Erase 17 0 0 0 0 0
Read 3 0 0 0 1 1

In the write operation, a negative high voltage V., (e.g.,
-8 V) is applied to the word line WL, connected with the
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control gate 7 of the memory cell C,,, while 0 V 1s applied
to the other word lines. A predetermined positive voltage V_
(c.g., 4 V) is applied to the bit line BL, connected with the
drain diffusion layer 2a for the memory cell C,,, while the
other bit lines are put 1n a floating state. In the memory cell
C,, of the above state, a tunnel current flows from the drain
diffusion layer 2a to the floating gate 5 via the tunnel
insulating film 3 due to the electric field applied between the
floating gate 5 and the drain diffusion layer 2a, allowing data
to be written 1n the memory cell C,,,.

The same write voltage 1s also applied to the control gate
7 of a non-selected cell which 1s connected with the selected
word line WL and the source diffusion layer 2b of the bit line
BL of which source i1s selected, for example, the non-
selected cell C,, which 1s connected with the word line W,
and the bit line BL,. However, since the impurity density of
the source diffusion layer 2b 1s low, no tunnel current flows
between the source diffusion layer 2b and the floating gate
S of the non-selected cell C,,. Accordingly, even though the
diffusion layer 2 1s shared with the selected cell, no data 1s
written 1n the n on-selected cell.

In the erase operation, first, 0 V 1s applied to all the bit
lines BL. Then, a positive high voltage V,,, (e.g., 17 V) is
applied to a desired word line WL. This allows electrons to
be 1njected 1nto the floating gates 5 of a plurality of memory
cells sitmultaneously, and thus data are erased at one time.
For example, when a high voltage V,,, 1s applied to the word
line WL, date mn the memory cells C,,, C,,, and C,; are
crased at one time. When a high voltage V,,, 1s applied to the
word line WL, date in the memory cells C,,, C,,, and C,,
are erased at one time.

The data reading from the selected cell C,, 1s conducted
in a conventional manner. First, a predetermined voltage V __
(e.g., 3 V) is applied to the word line WL,. Simultaneously,
a predetermined voltage V, (e.g., 1 V) is applied to the bit
line BL,, and O V 1s applied to the bit line BL;. A current
flows between these bit lines, and data 1s read by detecting
a potential at the bit line BL;.

Now, the influence given to a non-selected cell (e.g., the
memory cell C,,) by the write operation for a selected cell
(¢.g., the memory cell C,,) will be described. FIG. 4 shows
a change in the cell voltage (threshold) of the non-selected
cell C,, when the impurity dose amount of the source
diffusion layer 2b i1s changed. A curve 4a represents the
change 1n the threshold Voltage when data 1s written 1n a
memory cell of which drain diffusion layer 2a has a impurity
dose amount of 5x10 *°/cm?, while curves 4b to 4d represent
changes 1n the threshold Voltage when the same voltage as
that applied to the drain diffusion layer in the write operation
1s applied to the source diffusion layer of memory cells of

which source diffusion layer 2b has a impurity dose amount
of 1x10**/cm?, 5x10"/cm?, and 1x10'°/cm?, respectively.

As 1s observed-from the curve 4a, when a negative high
voltage 1s applied to the drain diffusion layer of the selected
cell C,,, electrons are drawn from the tloating gate, lowering
the threshold value. When this voltage application 1is
retained for 10 ms or longer, the threshold voltage of the
selected cell C,, falls below 0 V. At this time, as shown 1n
curves 4¢ and 4d, the threshold voltage of the non-selected
cell C,, of which source diffusion layer 1s in contact with the
drain diffusion layer of the selected cell C,, hardly changes
when the impurity dose amount of the source diffusion layer
2b is 5x10"/cm” or less. The threshold voltage of the
non-selected cell C,, 1s 4 V even when a high voltage is
applied to the selected cell C,, for 100 ms. In the case where
the impurity dose amount of the source diffusion layer 2b 1s
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1x10"°/cm® (curve 4d), the threshold voltage of the non-
selected cell C,, hardly changes when a high voltage 1s
applied to the selected cell C,, for 1000 ms. Thus, by
appropriately setting the impurity dose amount of the source
diffusion layer 2b, the nonselected cell adjacent to the
selected cell 1s not mf uenced by the write operation for the
selected cell even though the diffusion layer 2 1s shared with

the selected cell. This makes 1t possible to write data only in
the selected cell.

FIG. 5 shows an example of an equivalent circuit of a
nonvolatile semiconductor memory cell array 100" where, in
order to reduce the wiring resistance of the bit line BL
composed of the diffusion layers shown 1 FIG. 3, a sub-bit
line SBL 1s connected to a main bit line MBL made of metal
via a selective transistor.

(EXAMPLE 2)

Referring to FIGS. 6 to 10, a first example of the fabri-
cation method of a nonvolatile semiconductor memory
according to the present invention will be described. In this
example, the fabrication method of the nonvolatile semi-
conductor memory 100 of Example 1 will be described.
FIGS. 6 to 10 are sectional views taken along line A—A of
FIG. 1, showing steps of the fabrication method.

First, the field insulating films (element 1solation films) 12
shown 1n FIG. 2B are formed on the semiconductor substrate
(silicon substrate) 1. Then, the tunnel insulating film 3 with
a thickness of about 80 A is formed by thermal oxidation,
and first polysilicon 1s deposited on the tunnel insulating
film 3 to a thickness of about 1000 to 2000 A. A first resist
mask 8a with a predetermined pattern 1s formed on the first
polysilicon by photolithography, to form first polysilicon
layers §' 1in a striped shape by patterning. Each of the first
polysilicon layers §' has the same width as the width in the
channel direction of the floating gate § to be formed 1n a later

step (FIG. 6).

Thereafter, phosphorous 1ons are implanted with an
energy of 50 KeV and a dose amount of 3x10"°/cm>. The
regions where the phosphorous 1ons are implanted will
become the low-density n-type impurity diffusion layers
(source diffusion layers) 2b in a later step (FIG. 7). Then,
after removing the first resist mask 8a, a second resist mask
8b with a predetermined pattern having openings corre-
sponding to regions which will become the drain diffusion
layers 1n a later step 1s formed. Using the second resist mask
8b, arsenic 10ons are implanted with an energy of 70 KeV and
a dose amount of 1x10">/cm=. The regions where the arsenic
lons are 1mp1anted will become the high-density N-type
impurity diffusion layers (drain diffusion layers) 2a 1n a later
step (FIG. 8). After the second resist mask 8b is removed, the
resultant structure 1s heat-treated under a nitrogen atmo-
sphere at 900° C. for 10 minutes, so that a DDD structure is
formed i1n the drain diffusion layers 2a, while an LDD
structure 1s formed 1n the source diffusion layers 2b. The
high-density impurity diffusion layer 2a and the low-density
1mpur1ty diffusion layer 2b constitute one continuous diffu-
sion layer 2, and a series of the diffusion layers 2 in the Y
direction constitute a one bit line.

An oxide film 1s formed by CVD and etched back to form
oxide films 4 between the first polysilicon layers 5'. The
ONO film (oxide film/nitride film/oxide film) 6 is formed on
the resultant structure (FIG. 9). Then, a second polysilicon

film 7' with a thickness of about 1000 A is formed on the
ONO film 6. By patterning the second polysilicon layer 7',
the ONO film 6, and the first polysilicon layers 5' by
photolithography (see FIG. 2B), the control gates 7, the
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insulating films 6, and the floating gates 5§ are formed (FIG.
10). The control gates 7 of respective memory cells are
formed consecufively 1n the X direction, forming one word
line.

Alternatively, the control gates 37 (i.¢., the word line WL)
may be of a double-layered structure where metal silicide
with a high melting point such as tungsten silicide (WSi) 1s
deposited to a thickness of about 1000 A on the second
polysilicon layer with a thickness of about 1000 A and these
layers are patterned.

Next, an alternative fabrication method of the nonvolatile
semiconductor memory according to the present mvention
will be described with reference to FIGS. 11A to 11D. In the
above fabrication method, the first and second resist masks
8a and 8b are used. In response to the recent request for a
smaller memory cell array, the spaces between the adjacent
floating gates 5 are made smaller. This makes 1t difficult to
form the second resist mask 8b. To overcome this problem,
in this alternative method, both phosphorous and arsenic
ions are 1mplanted using the first resist mask 8a.

The step until the first resist mask 8a i1s formed on the
semiconductor substrate 1 1s the same as that 1n the above
method (FIG. 6). Then, as shown 1n FIG. 11A, phosphorous
1ons are implanted to form the lowdensity impurity diffusion
layer. At this time, by implanting phosphorous 1ons at a
predetermined tilt angle (e.g., about 7° with respect to the
normal of the semiconductor substrate 1), the phosphorous
ions are 1mplanted in the portions of the semiconductor
substrate along one side (source side) of each of the open-
ings of the first resist mask 8a (corresponding to the bit

lines). This implantation does not form the DDD structure,
but 1s suitable for miniaturization.

Phosphorous 1ons may be implanted on only the source
side as described above, or, as 1n the case shown 1 FIG. 7,
may be implanted so that the DDD structure 1s formed.

Thereafter, as shown 1n FIG. 11B, arsenic 1ons are
implanted at a predetermined tilt angle (e.g., about 7°
inversely with respect to the normal of the semiconductor
substrate 1). Thus, arsenic ions are implanted in the portions
of the semiconductor substrate along the other side (drain
side) of each of the openings of the first resist mask 8a. The
first resist mask 8a 1s then removed and the resultant
structure 1s heat-treated, forming the diffusion layers 2 each
including the highdensity N-type diffusion layer 2a on the
drain side and the low-density N-type diffusion layer 2b on
the source side consecutively (FIG. 11C). The ONO films 6
and the control gates 7 are then formed 1n a manner similar
to the steps shown in FIGS. 9 and 10 (FIG. 11D).

According to the above tilt 1on 1implantation, the step of
forming the second resist mask 8b can be omitted and an
allowance for alignment 1s not required. Thus, the cell size
can be further reduced.

In the above alternative method, phosphorous and arsenic
ions may be implanted after the removal of the first resist
mask 8a as shown 1n FIGS. 12A and 12B. In this case, the
f1lt angle for 10n 1mplantation should be larger than the case
using the resist mask 8a.

FIGS. 13A and 13B show an alternative nonvolatile
semiconductor memory according to the present invention.
A nonvolatile semiconductor memory 110 does not include
the field oxide films 12 (see FIG. 2B) on the semiconductor
substrate 1, but includes p-type impurity diffusion layers 14
o 1solate memory cells lined 1n the Y direction from one
another.

The fabrication process of the nonvolatile semiconductor
memory 110 1s almost the same as those described above
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(see FIGS. 6 to 10, 11A to 11D, and 12A and 12B). The
p-type impurity diffusion layers 14 for element isolation are
formed by implanting phorone 1ons with an energy of 40
KeV and a dose amount of 1x10"°/cm” using the control
gates (word lines) as the mask after the formation of the

control gates (word lines) (FIG. 13B).

Since a pattern for forming an element 1solation film 1s not
required, the distance between the memory cells adjacent in

the Y direction can be made smaller to the limit of the
resolution for photolithography.

(EXAMPLE 3)

FIG. 14 1s a plan view of a portion of a memory cell array
of a nonvolatile semiconductor memory 300 of Example 4
according to the present invention. FIGS. 15A and 15B are
sectional views of the nonvolatile semiconductor memory
300 taken along lines A—A and B—B of FIG. 14,

respectively,

Referring to FIGS. 14, 15A, and 15B, the nonvolatile
semiconductor memory 300 includes a plurality of memory
cells C' formed m a matrix on a semiconductor substrate 31.
In FIG. 14, the respective memory cells C' are denoted by
individual codes such as C'. . Each of the memory cells '
includes a floating gate 35 formed on the semiconductor
substrate 31 via an insulating film. A control gate 37 1is
formed on the floating gate 35 via an insulating film 36 made
of ONO and the like. Such control gates 37 extend 1n a
channel direction of the memory cell C' (an X direction
shown in FIG. 14), constituting a word line WL as shown in
FIG. 16 for connecting the memory cells C' lined 1n the X
direction.

As shown 1n FIGS. 14 and 15A, a high-density n-type
diffusion layer 32 i1s formed between two memory cells
adjacent 1n the X direction (e.g., memory cells C', and C';)).
The diffusion layer 32 includes a drain diffusion layer 9 for
one of the two adjacent memory cells (¢.g.; the memory cell
C'. ) and a source diffusion layer 10 for the other memory
cell (e.g., the memory cell C',,). The diffusion layer 32 is
thus shared by the two adjacent memory cells.

As shown 1n FIGS. 14 and 15A, a tunnel insulating film

33 and a gate 1nsulating film 34 are formed underneath each
of the floating gate 35. The tunnel insulating film 33 1is
formed above the diffusion layer 32 and thinner than the gate
insulating film 34. Thus, when a predetermined voltage 1is
applied between the floating gate 35 and the semiconductor
substrate 31, a tunnel current flows through the tunnel
insulating film 33, while 1t does not flow through the gate
insulating film 34.

In each memory cell (', the floating gate 35 1s capacitively
coupled with the drain diffusion layer 9 of one of the two
diffusion layers 32 located on both sides of the memory cell
C' via the tunnel insulating film 33 on the drain side
(defining a tunnel region 9'), while it is capacitively coupled
with the source diffusion layer 10 of the other diffusion layer
32 via the gate insulating film 34 on the source side. Thus,
the transistor of the memory cell C' 1n this example 1s an
asymmetric transistor where the insulating film 1s formed
asymmetrically between the drain side and the source side.
The tunnel mnsulating film 33 may be composed of a silicon
oxide film or a lamination of a silicon oxide film and a
silicon nitride film.

In this example, the diffusion layers 32 lined in the Y
direction are connected with one another via diffusion layer
wirings, forming a so-called buried bit line. Alternatively,
the diffusion layers 32 may be electrically connected via
metal wirings. In the latter case, a contact region 1s required
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for each diffusion layer 32. As shown in FIG. 15B, a field
oxide film (element isolation film) 42 is formed between the
floating gates 35 of two adjacent memory cells 1n the Y

direction (¢.g., the memory cells C';, and C',,).

As shown 1n the equivalent circult of FIG. 16, the non-

volatile semiconductor memory 300 employs the wvirtual
ground method, where bit lines BL (bit lines BL, to BL, are

shown in FIG. 16) serve as the source wirings or the drain
wirings depending on the selected cell.

The operation of the nonvolatile semiconductor memory
300 will now be described. Table 2 below shows the
operation conditions when the memory cell C',, shown in
FIG. 16 1s selected, for example.

TABLE 2

Word line voltage (V)

Operation Selected Non-selected Bit line voltage (V)
mode WL, WL, BL, BL, Bl BL,
Write -6 0 Float 3 Float  Float
Erase 12 0 0 0 0 0
Read 3 0 0 0 1 1

In the write operation, a negative high voltage V., (e.g.,
-6 V) is applied to the word line WL, connected with the
control gate 37 of the memory cell C',,, while 0 V 1s applied
to the other word lines. A predetermined positive voltage V__
(e.g., 3 V) is applied to the bit line BL, connected with the
drain of the memory cell ', ,, while the other bit lines are
put 1n the floating state. In the memory cell C', of the above
state, a tunnel current flows from the drain diffusion layer 9
to the floating gate 35 via the tunnel msulating film 33 due
to the electric field applied between the floating gate 35 and
the drain diffusion layer 9, allowing data to be written 1n the
memory cell C',.

The same write voltage 1s also applied to the control gate
37 of the non-selected cell C',,, which 1s connected with the
word line WL, and the source diffusion layer 10 of the bit
line BL,. However, since the comparatively thick gate
msulatmg film 34 which does not cause the tunnel phenom-
enon 1s formed above the source diffusion layer 10, no
tunnel current flows between the source diffusion layer 10
and the floating gate 35 of the non-selected cell C'y;.
Accordmgly, though the non-selected cell shares the diffu-

sion layer 32 with the selected cell, no data 1s written in the
non-selected cell.

In the erase operation, first, 0 V 1s applied to all the bt
lines BL. Then, a positive high voltage V,,, (e.g., 12 V) is
applied to a desired word line WL. This allows electrons to
be 1jected into the floating gates 35 of a plurality of
memory cells simultaneously, and thus data stored in the
memory cells are erased at one time. For example, when a
high voltage V., 1s applied to the word line WL ,, data in the
memory cells C',,, C'.,, and C',; are erased at one time.
When a high voltage V., 1s applied to the word line WL,
data in the memory cells C',,, C',,, and C',, are erased at one
fime.

The data reading from the selected cell C',, 1s conducted
in a conventional manner. First, a predetermined voltage V __
(e.g., 3 V) is applied to the word line WL,. Simultaneously,
a predetermined voltage V, (e.g., 1 V) is applied to the bit
line BL;, and O V 1s applied to the bit line BL.,. Data 1s read
by detecting a current flowing between these bit lines.

Now, the dependency of the current flowing into the
semiconductor substrate 31 upon the thickness of the gate
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insulating film 34 when a predetermined voltage 1s applied
to the floating gate 35 1n the write operation will be
described. FIG. 17 1s a graph plotting the ratio of the leakage
current (i.e., the current flowing into the semiconductor
substrate 31) to the write current (i.., the tunnel current
flowing between the drain diffusion layer 9 and the floating
gate 35) with respect to the thickness of the gate insulating

film 34. The thickness of the tunnel insulating film 33 1s 11
nm (110 A). As is observed from FIG. 17, when the
thickness of the gate insulating film 34 1s 17 nm or more, the
leakage current flowing into the semiconductor substrate 31
1s smaller than the tunnel current. Thus, by comparatively
thickening the gate insulating film 34, the write efficiency
can be 1mproved. Since the voltage applied in the write
operation can be reduced by thinning the tunnel insulating
film 33, the gate insulating film 34 can be thinned in
proportion to the thinning of the tunnel msulating film 33.
Also, the voltage can be lower than the case of the memory
cells in Example 1.

In this example, the asymmetric memory cell can be
realized by varying the thickness of the gate insulating film.
Alternatively, 1t can be realized by forming the tunnel
insulating film of a different material from that of the other
portion of the insulating film.

FIG. 18 shows an example of an equivalent circuit of a
nonvolatile semiconductor memory cell array 420 where, 1n
order to reduce the wiring resistance of the bit line BL
composed of the diffusion layers shown 1n FIG. 16, a sub-bit
line SBL 1s connected to a main bit line MBL made of metal
via a selective transistor.

(EXAMPLE 4)

Referring to FIGS. 19 to 23, a second example of the
fabrication method of a nonvolatile semiconductor memory
according to the present invention will become described. In
this example, the fabrication method of the nonvolatile
semiconductor memory 300 shown in FIG. 14 will be

described.

First, the field insulating films (element 1solation films) 42
shown 1n FIG. 15B are formed on the semiconductor sub-
strate (silicon substrate) 31. Then, the gate insulating film 34
with a thickness of about 200 A(ZO nm) 1s formed by thermal
oxidation. A first resist mask 8a with a predetermined pattern
1s formed on the gate msulating film 34 by photolithography.
The first resist mask 8a has openings 8' at positions corre-
sponding to regions which will become drain diffusion
layers 9 1n a later step. Arsenic 1ons are implanted using the

first resist mask 8a with an energy of 70 KeV and a dose
amount of 5x10"/cm” (FIG. 19).

After the first resist mask 8a i1s removed, the resultant
structure 1s heat-treated under a mtrogen atmosphere at 900°
C. for 30 minutes so that the drain diffusion layers 9 which
are high-density n-type diffusion layers are formed.
Thereafter, a second resist mask 8b with a predetermined
pattern having openings 8" corresponding to regions which
will become tunnel regions 9' 1 a later step 1s formed by
photolithography. Using the second resist mask 8b, the
portions of the gate insulating film 34 located above the
tunnel regions 9' are removed (FIG. 20).

The tunnel insulating films 33 with a thickness of about 80
A are formed in the tunnel regions 9', and first polysilicon 1s
deposited on the insulting films to a thlckness of about 1500
A. A third resist mask 8c with a predetermined pattern 1s
formed on the first polysilicon by photolithography. Using
the third resist mask 8c, the first polysilicon 1s patterned to
form first polysilicon layers 35" 1n a striped shape. Each of




US RE37,199 E

19

the first polysilicon layers 35' has the same width as the
width 1n the channel direction of the floating gates 35 to be
formed 1n a later step (FIG. 21).

Thereafter, using the first polysilicon layer 358" as the
mask, arsenic 1ons are implanted with an energy of 70 KeV

and a dose amount of 1x10">/cm*(FIG. 22). After the third
resist mask 8c 1s removed, the resultant structure is heat-
treated under a nitrogen atmosphere at 900° C. for 30
minutes, thereby to form the source diffusion layers 10. The
source diffusion layer 10 of each memory cell 1s 1n contact
with the drain diffusion layer 9 of an adjacent memory cell,
jointly forming the diffusion layer (bit line) 32.

The ONO film (oxide film/nitride film/oxide film) 36 is
formed on the resultant structure by CVD, and then a second
polysilicon layer 37' with a thickness of about 1000 A is
formed on the ONO film 36. The second polysilicon layer
37', the ONO film 36, and the first polysilicon layers 35' are
then patterned by photolithography (see FIG. 15B), to form
the control gates 37, the insulating films 36, and the floating
gates 35 (FIG. 23). The control gates 37 of the respective

memory cells are formed consecutively, forming the word
line.

Alternatively, the control gates (word line) 37 may be of
a double-layered structure where metal silicide with a high
melting point such as tungsten silicide (WSi) is deposited to
a thickness of about 1000 A on the second polysilicon layer
with a thickness of about 1000 A and these layers are
patterned.

Next, an alternative fabrication method of the nonvolatile
semiconductor memory according to the present invention
will be described with reference to FIGS. 24 to 28. In the
above fabrication method, 1n order to cover the entire tunnel
region with the diffusion layer, two different masks 8a and
8b for 1on implanting to form the drain diffusion layer and
to define the tunnel region, respectively, are used. Since
allowances for aligning the respective masks are required at
the formation of these masks, the size reduction of the
memory cells 1s restricted. To overcome this problem, in this
alternative method, impurity ions are implanted using the
mask for defining the tunnel region, so as to form the
diffusion layer in the tunnel region 1n a self-alignment
manner.

First, as 1n the above fabrication method, the gate 1nsu-
lating film (first gate insulating film) 34 with a thickness of
about 200 A (20 nm) is formed by thermal oxidation on the
semiconductor substrate 31 having the field insulating films
(element 1solation films) 42 formed thereon. A resist mask
8d with a predetermined pattern having openings corre-
sponding to regions which will become tunnel regions 1n a
later step 1s formed on the gate msulating film by photoli-
thography. Using the resist mask 8d, arsenic 1ons are
implanted with an energy of 70 KeV and a dose amount of
5x10"/cm? (FIG. 24). Then, still using the resist mask 8d,
the portions of the gate insulating film 34 located above the
tunnel regions are removed (FIG. 25).

After the resist mask 8d 1s removed, the resultant structure
is heat-treated under a nitrogen atmosphere at 900° C. for 10
minutes, forming the drain diffusion layers 9 which are
high-density n-type diffusion layers. The tunnel insulating
films (second gate insulating films) 33 with a thickness of
about 80 A are then formed by thermal oxidation at 900° C.
for 10 minutes (FIG. 26).

A fist polysﬂlcon f1ilm with a thickness of about 1000 to
2000 A is formed, which is then patterned by photolithog-
raphy using a resist mask with a predetermined pattern to
form the first polysilicon layers 35' in a striped shape. Each
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of the first polysilicon layers 35" has the same width as the
width 1 the channel direction of the floating gates 35 to be
formed 1n a later step. After the resist mask 1s removed,
phosphorous 1ons are implanted at a tilt angle of about 45°
with respect to the normal of the semiconductor substrate 31
(tilt ion implantation) with an energy of 30 KeV and a dose
amount of 1 to 5x10"*/cm”. Subsequently, still using the first
polysilicon layers 35' as the mask, arsenic 1ons are implanted

by tilt 10n implantation with an energy of 70 KeV and a dose
amount of 1x10"/cm* (FIG. 27). Only one-time implanta-
tion of either phosphorous 10ns or arsenic 10ns 1s acceptable.
However, the contact with the diffusion layers 9 under the
tunnel insulating films 33 can be more ensured by the
two-time 1mplantation of phosphorous 1ons and arsenic 10ns
as described above. Thereafter, the source diffusion layers
10 are formed by predetermined heat-treatment. The source
diffusion layer 10 of one memory cell is 1n contact with the
drain diffusion layer 9 of an adjacent memory cell, jointly
forming the diffusion layer (bit line) 32.

The ONO f{ilm 36 1s formed on the resultant structure by
CVD, and then the second polysilicon layer 37' with a
thlckness of about 1000 A is formed on the ONO film 36.
The second polysilicon layer 37", the ONO film 36, and the
first polysilicon layers 35" are then patterned (see FIG. 15B)
to form the control gates 37, the 1nsulating films 36 and the
floating gates 35 (FIG. 28). The control gates 37 of the
respective memory cells are formed consecutively, forming
the word line.

Alternatively, the control gates (word line) 37 may have
a double-layered structure where metal silicide with a high
melting point such as tungsten silicide (WSi) is deposited to
a thickness of 1000 A on the second polysilicon layer of a
thickness of about 1000 A and these layers are patterned.

Thus, according to this example, since the bit line 1s
shared by two adjacent memory cells, the memory cell
structure 1s 51mp11ﬁed and the cell size can be reduced. Since
all the tunnel regions are formed above the diffusion layers
(especially, the drain diffusion layers), a leakage current
from the diffusion layers to the semiconductor substrate in
the write operation can be reduced. This improves the write
ciiciency and lowers the power consumption. Since no
clectron/hole trapping due to the leakage current occurs, the
reliability of the memory cells can be improved.

FIGS. 29A and 29B show an alternative example of the
nonvolatile semiconductor memory according to the present
invention. A nonvolatile semiconductor memory-310 does
not include the field oxide films 42 (see FIG. 15B) on the
semiconductor substrate 31. Instead, i1t includes p-type
impurity diffusion layers 39 to isolate memory cells lined in
the Y direction from one another.

The fabrication process of the nonvolatile semiconductor

memory 310 1s almost the same as those described above
(see FIGS. 19 to 23, and FIGS. 24 to 28). The p-type
impurity diffusion layers 39 are formed by implanting
phorone 1ons under the condition of an energy of 40 KeV
and a dose amount of 1x10">/cm” using the control gates
(word lines) 37 as the mask after the formation of the control

gates (word lines) 37 (FIG. 29B).
(EXAMPLE 5)

In Example 5, a nonvolatile semiconductor memory 320
using asymmetric transistors where the insulating film 1s
formed asymmetrically between the drain side and the
source side, as the nonvolatile semiconductor memory 300
of Example 3, will be described.

FIG. 30 1s a plan view of a portion of a memory cell array
of the nonvolatile semiconductor memory 320 of this
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example according to the present invention. FIGS. 31A and
31B are sectional views of the nonvolatile semiconductor
memory 320 taken along lines A—A and B—B of FIG. 30,

respectively,

Referring t o FIGS. 30, 31A, and 31B, the nonvolatile

semiconductor memory 320 mncludes a plurality of memory
cells C" formed 1n a matrix on a semiconductor substrate 41.
In each memory cell C", a floating gate 51 1s formed on the
semiconductor substrate 41 via an insulating film 35. As
shown in FIG. 31A, the insulating film 35 is not uniform in
thickness, including a gate insulating film (first gate insu-
lating film) 42, a tunnel insulating film (second gate insu-
lating film) 50, and a bit line insulating film 48 of different
thicknesses.

A control gate 53 1s formed on the floating gate 51 via an
insulating film 52 made of ONO and the like. Such control
gates 53 extend 1n a channel direction of the memory cell C"
(an X direction shown in FIG. 30), constituting a word line
WL for connecting the memory cells C" lined i the X
direction.

As shown 1n FIGS. 30 and 31A, a high-density n-type
diffusion layer 46 1s formed between two memory cells
adjacent 1in the X direction. The diffusion layer 46 includes
a drain diffusion. layer for one of the two adjacent memory
cells and a source diffusion layer for the other memory cell.
The diffusion layer 46 1s thus shared by the two adjacent
memory cells. The diffusion layers 46 lined m the Y direc-
fion are connected via diffusion layer wirings, forming a
buried bit line.

The gate msulating film 42 and the tunnel 1insulating film
50 are formed underneath the floating gate 51. All the tunnel
insulating films 50 are formed above the diffusion layers 46.
Each of the diffusion layers 46 1s capacitively coupled with
the floating gate 51 of one of the adjacent memory cells via
the tunnel insulating film 50 on the drain side (defining a
tunnel region 50), while it is capacitively coupled with the
floating gate 51 of the other memory cell via the gate
insulating film 42 on the source side. The tunnel msulating
film 50 1s thinner than the gate insulating film 42. Thus,
when a predetermined voltage 1s applied between the float-
ing gate 51 and the semiconductor substrate 41, a tunnel
current flows through the tunnel insulating film 50, whate 1t
does not tlow through the gate insulating film 42.

Thus, the transistor of the memory cell C" in this example
1s an asymmetric transistor where the insulating film 1is
formed asymmetrically between the drain side and the
source side. The tunnel 1insulating film 50 may be composed
of a silicon oxide film or a lamination of a silicon oxide film
and a silicon nitride film. The bit line insulating films 48
with a comparatively large thickness are formed above the
portions of the diffusion layers 46 other than the drain and
source diffusion layers (i.€., in the regions located between
adjacent memory cells).

The nonvolatile semiconductor memory 320 employs the
virtual ground method, where the bit lines BL serve as the

source wirings or the drain wirings depending on the
selected cell.

The fabrication method of the nonvolatile semiconductor

memory 320 will now be described with reference to FIGS.
32 to 38.

First, the gate insulating film 42 with a thickness of about
40 nm, for example, 1s formed on the semiconductor sub-
strate (silicon substrate) 41. Then, a first silicon nitride film
43 of a thickness of about 100 nm, for example) is formed
on the gate insulating film 42 and patterned into a prede-
termined stripe shape. The first silicon nitride film 43 serves
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as a substantial mask for forming the buried bit lines
(diffusion layers). After the patterning of the silicon nitride
films 43, an oxide film 44 with a thickness of about 40 nm,
for example, 1s formed over the semiconductor substrate 41

(FIG. 32).

A second silicon nitride film 45 1s formed on the oxide
f1lm 44 and etched back to form nitride film spacers 45 on
both side walls of each of the first silicon nitride films 43
covered with the oxide film 44. Each of the nitride film
spacers 45 1s composed of a nitride film spacer 45a corre-
sponding to the drain side (tunnel region) and a nitride film
spacer 45b corresponding to the source side. Using the first
silicon nitride films 43 and the nitride film spacers 45 as the
mask, arsenic 1ons are implanted, forming the high-density
N-type impurity diffusion layers 46 by heat treatment (i.e.,

the bit lines BL) (FIG. 33).

Thereafter, a resist mask 47 with a predetermined pattern
1s formed to cover the nitride film spacers 45a corresponding
to the tunnel regions 50' to be formed 1n a later step, and the
nitride film spacers 45b are removed by 1sotropic plasma
etching using the resist mask 47 (FIG. 34). Then, the
comparatively thick oxide films 48 (thickness: about 150
nm, for example) arc formed on the semiconductor substrate
41, covering the diffusion layers 46 (i.e., the bit lines BL)

(FIG 35).
Ims 44

The nitride film spacers 45a and then the oxide fil
are removed by etching. The portions of the oxide films 44
located above the tunnel regions 50' are completely removed
by removing the thermal oxide films (44 and 48) by the
thickness of the oxide films 44 (about 40 nm) by etching. By
this etching, since the oxide films 48 are sufliciently thick,
the portions of the semiconductor substrate other than the
tunnel regions 50" will not be exposed. In a subsequent
thermal oxidation step, thin thermal oxide films 49

(thickness: about 10 nm, for example) are formed on the
tunnel regions 50' (FIG. 36).

Thereafter, the first silicon nitride films 43 are completely
removed by phosphorous boiling, for example. The oxide
films 49 are then removed by etching, to expose only the
portion of the semiconductor substrate which 1s to be the
tunnel regions 50'. Then, the tunnel insulating films S50
(thickness: about 8 nm, for example) are formed by thermal
oxidation. Subsequently, a first polysilicon film with a
thickness of about 1500 13&, for example, 1s formed on the
resultant structure, and patterned 1nto a predetermined shape
by photolithography, forming the floating gates 51 (FIG. 37).
After the ONO film 52 1s formed by CVD, covering the
floating gates 51, a second polysﬂlcon film with a thickness
of about 1000 A, for example, 1s formed on the ONO {ilm
52 and patterned by photolithography, forming the control
gates 53 (FIG. 38). The control gates 53 of the respective
memory cells are formed consecutively, forming the word
line.

The first polysilicon film may be formed 1n the shape of
strips each having the same width as the width in the channel
direction of the floating gates 51 and then patterned simul-
taneously with the second polysilicon film. The control gates
53 may be the word line with the double-layered structure
where metal silicide with a high melting point such as
tungsten silicide (WSi) is deposited to a thickness of about
100 nm on the second polysilicon layer with a thickness of
about 100 nm and these layers are patterned.

Thus, each transistor of this example 1s an asymmetric
transistor having an insulating film including portions with
different thicknesses (the gate insulating film 48 and the
tunnel insulating film 50) underneath the floating gate 51. In




US RE37,199 E

23

this example, the tunnel region 50' 1s defined by the nitride
film spacer 45a formed on the side walls of the first nitride
f1lm 43. This makes 1t possible to reduce the regions where
the tunnel insulating films 50 are formed.

Since all the tunnel regions 50" are formed on the diffusion
layers 46, the generation of an interband tunnel current 1n the
write operation can be significantly reduced, improving the
write efficiency and the reliability of the memory.

In this example, the capacitance coupling ratio of the
control gates increases. This eliminates the necessity of a
high voltage transistor module and thus reduces processing
COSIS.

The wiring portlons of the diffusion layers 46, 1.c., the
portions of the diffusion layers 46 other than the SOUrce
coupling regions and the drain coupling regions (tunnel
regions 30") coupled with the floating gates 51 are covered
with the comparatively thick insulating films 48. This
reduces the parasitic capacitance between the control gates

53 and the bit lines.

(EXAMPLE 6)

FIG. 39 1s a plan view showing the configuration of a
nonvolatile semiconductor memory 400 of Example 6
according to the present invention. A memory cell array of
the nonvolatile semiconductor memory 400 1s divided into a
plurality of blocks 410. This division of the memory cell
array 1nto a predetermined number of blocks contributes to
reducing the parasitic capacitance and resistance of wirings
and 1ncreasing the operation speed. In this example, the
memory cells C used 1n the nonvolatile semiconductor
memory 100 mm Example 1 are used. The configuration of
this example can also be applied to the nonvolatile semi-
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The sub-bit lines SBL are connected to the corresponding,
main bit lines MBL via selective transistors. For example,
the sub-bit lines SBL, and SBL; are connected to the main
bit line MBL, via selective transistors Q, and Q.,,
respectively, while the sub-bit lines SBL, and SBL, are
connected to the main bit line MBL, via selective transistors
Q, and Q., respectively. The selective transistors are con-

trolled via corresponding selective lines ST (selective lines
ST,, to ST,,, and ST,, to ST,, are shown in FIG. 39).

The block 410 includes a plurality of word lines WL, to
WL . (e.g., when n=31, 32 word lines). Incidentally, the
right-side number of the subscript of the word line code (01,
nl, etc.) represents the block number. The number is there-

fore 2 for the word lines 1n a second block 410' shown 1n
FIG. 39 (word lines WL, WL ,, etc.). The configuration of

F12?

the block 410 and the arrangement of the main bit lines MBL
are not limited to those described above.

When the block 410 1s a non-selected block 1n the erase
operation, the selective transistors Q, to Q. are turned off to
electrically isolate all the diffusion layers 2 (sub-bit lines
SBL) in the block 410 from the corresponding main bit lines
MBL (floating state). This prevents data in the non-selected
block from being erased mistakenly even if the erase opera-
fion 1s repeated.

The sub-bit line closest to the boundary of each block 1s
not connected with a memory cell included 1n the adjacent

block.

The operation of the nonvolatile semiconductor memory
400 will now be described. Table 3 shows examples of
applied voltages 1n the respective operation modes when a
memory cell C;, 15 selected.

TABLE 3

Word line

voltage (V) Selective line voltage (V)

Operation voltage (V) Selected Non-selected Selected Non-selected
mode MBL1 MBL2 MBL3 WLO WIL31 ST11 ST21 ST31 ST41 STin
write 4 Float Float -8 0 0 6 6 0 0
Erase 0 0 0 17 17 or O 3 3 3 3 0

Read 0 1 1 3 0 0 3 3 0 0

conductor memory 300 of Example 3. The operation of such
a nonvolatile semiconductor memory obtained by dividing
the memory cell array of the nonvolatile semiconductor
memory 300 of Example 3 into a plurality of blocks 1is
basically the same as that described hereinbelow. Voltages to
be applied may be changed depending on the characteristics
of the memory cells.

Referring to FIG. 39, the diffusion layers 2 of the non-
volatile semiconductor memory 400 are coupled 1n the Y
direction, forming sub-bit lines SBL (sub-bit lines SBL, to
SBL; are shown in FIG. 39). One main bit line MBL is
arranged for every two sub-bit lines SBL (main bit lines
MBL, to MBL; are shown in FIG. 39). The main bit lines
MBL are made of a metal layer and arranged in the same
direction as the sub-bit lines SBL at a pitch of every two
memory cells C. In this example, the submit lines SBL are
diffusion layer wirings, while the main bit lines MBL are
metal wirings so that the memory cells can be formed
irrelevant of the pitch of the metal wirings, the pitch of the
metal wirings can be every two memory cells, and thus the
parasitic capacitance of the metal wirings can be reduced.
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In the write operation, a negative high voltage (e.g., =8 V)
1s applied to the word line WL,,, while the main bit line
MBL, 1s put in the floating state, and a predetermined
positive voltage (e.g., 4 V) 1s applied to the main bit line
MBL,. The selective line ST, is set at a low level (6 V) to
turn on the selective transistor Q, and thus connect the
sub-bit line SBL, to the main bit line MBL,.
Simultaneously, the selective lines ST, and ST, are set at
a low level (e.g., 0 V) to turn off the selective transistors Q,
and Q. and put the sub-bit lines SBL; and SBL, 1n the
floating state. As a result, in the selected cell C;,, a negative
high voltage 1s apphed to the control gate 7, 0 V 1s apphed
to the source diffusion layer 2b, and a predetermmed POSI-
tive voltage 1s applied to the dram diffusion layer 2a. This
causes a tunnel current to flow into the floating gate 5 (i.e.,
electrons are drawn out), and thus data to be written in the
selected cell C;;,.

At that time, the drain disturb immunity of the memory
cells connected with the same sub-bit line SBL, can be
improved by applying a voltage lower than the voltage
applied to the drain to the non-selected word lines WL 1n the
same block.
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The erase operation 1s conducted for every sector or every
block. The voltage of 0 V 1s applied to the main bit lines
MBL,, MBL,, and MBL; and a positive high voltage (e.g.,
17 V) is applied to a predetermined word lie e.g., the word
line WL,,, while O V 1s applied to the other word lines
WL, ;. Data of the memory cells connected with the word
line WL to which the positive high voltage has been applied
are erased, while data of the memory cells connected with
the word lines WL to which 0 V 1s applied are not erased, by
setting the selective lines ST,,, ST, ,, ST;,, and ST,,3 at a
high level (e.g., 3 V) and turning all the selective transistors
in the block where the memory cells to be erased are
included. Accordingly, when sector-unit erasing 1s
conducted, a positive high voltage 1s applied to only one
word line, while 0 V 1s applied to the other word lines.

When block-unit erasing 1s conducted, data in all the
memory cells in the block 410 are erased at one time by
applying a high voltage to all the word lines 1n the block 410
simultaneously.

The read operation for the selected cell C,, 1s conducted
in the following manner. A predetermined positive voltage
(e.g., 1 V) is applied to the main bit line MBL,, while a
positive voltage (€.g., 3 V) is applied to the word line WL,.
The selective lines ST,,; and ST, are set at a high level (e.g.,
3 V) to turn on the selective transistors Q, and Q,. No “soft
write” phenomenon occurs in the memory cells by reading
data from the low-density source diffusion layer side.

At this time, the selective transistor Q; 18 turned on
simultaneously, allowing the sub-bit line SBL. to be con-
nected to the main bit line MBL,. FIG. 40 shows how the
memory cells connect with the word line WL, ,. Referring to
FIG. 40, in the read operation for a selected memory cell (A
in FIG. 40), when a positive voltage is applied to the word
line W,,, the drain diffusion layer (sub-bit line SBL,) is
connected to the main bit line MBL, (ground level) via the
selective transistor Q,, the source diffusion layer (sub-bit
line SBL,) is connected to the main bit line MBL,, (1 V) via
the selective transistor Q,, and the sub-bit line SBL. 1is
connected to the main bit line MBL; via the selective
transistor Q5. At this time, the memory cell transistor is
turned on or off depending on whether data stored in the
memory cell C;; 18 1 or 0. When the memory cell transistor
1s off, correct reading of data may not be possible due to the
lowering of the potential at the main bit line MBL, (sub-bit
line SBL,). To avoid this occurrence, the same potential is
applied to the main bit line MBL; (sub-bit line SBL;). The
sub-bit lines SBL; and SBL, are 1n the floating state and the
parasitic capacitance 1n the sub-bit lines 1s small compared
with the main bit lines. The influence of the sub-bit lines 1s
therefore small. When the memory cell transistor 1s on, the
leakage current flowing from the memory cell C,, through
the memory cell C;, 1s negligible compared with the current
flowing to the memory cell C;,, even 1f the same voltage has
been applied to the main bit line MBL, (sub-bit line SBL.),

causing no trouble for reading.

In FIG. 40, the capacitance of the main bit line 1s denoted
as C,,nr.

When data 1s read from the memory cell A connected with
the word line WL _,, the leakage current flowing along the
word line WL _, from the sub-bit line SBL, to the sub-bit
line SBL, adjacent each other 1n the Y direction 1s negligible
compared with the channel current of the memory cell A in
which the data has been written, as shown 1n FIG. 41. As 1s
observed from FIG. 41, when the threshold voltage of the
memory cell 1s more than 0.5 V, the leakage current of the
non-selected memory cell of which control gate 1s grounded
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1s smaller than the read current by seven digits, which 1s
therefore negligible.

Now, an alternative example of the driving method of the
nonvolatile semiconductor memory 400 will be described.
In the above driving method, a high voltage (17 V) is applied
to the word line 1n the erase operation. However, the high
voltage applied to the word line can be reduced by applying
a negative voltage to the diffusion layer 2 and the semicon-
ductor substrate 1 in the erase operation.

According to this alternative driving method, in the erase
operation, the selective transistors 1n a nonselected block are
turned off, to put the diffusion layers 2 (i.e., the sub-bit lines
SBL) of the non-selected block in the floating state. When a
negative voltage 1s applied to the semiconductor substrate 1,
the selective transistors Q are turned on or oif depending on
the high level (0 V) or the low level (negative voltage, ¢.g.,
-8 V) of the selective lines. Specifically, as shown in FIGS.
39 and 42, the selective lines ST, ; (n=1 to 4) of the selected
block 410 are set at 0 V and the selective lines ST, , (n=1 to
4) of the non-selected block 410" are set at a low level (-8
V).

As shown in FIG. 42, a negative voltage (e.g., -8 V) is
applied to the semiconductor substrate 1, while a positive
voltage (e.g., 9 V) is applied to the word lines WL (i.e., the
control gates 7) and a negative voltage (e.g., —8 V) is applied
to the diffusion layers 2 (main bit lines MBL) in the selected

block 410. As a result, all data 1n the selected block 410 are
erased.

FIG. 43 shows the time required to erase data in a memory
cell (erase time) when voltages of 8 V and 9 V are applied
to the control gate 7. As 1s observed from FIG. 43, assuming
that the threshold voltage of the memory cell 1n the erase
state 1s 5 V, when a voltage of 9 V 1s applied to the control
gate 7, data in the memory cell is erased in about 107~
seconds.

The memory cell array 1s formed on a well which 1s
formed 1n the semiconductor substrate. When a negative
voltage 1s applied to the well, 1t 1s necessary to 1solate the
well for each block to prevent the negative voltage from
being applied to other non-selected blocks formed on the
same substrate. Isolating the well for every block results 1n
increasing the size of the memory. In practice, however, no
problem will occur 1n the aspect of reliability of the memory
cells 1f the well 1s not 1solated for every block, due to the
following reasons.

FIG. 44 shows the relationship between the negative
voltage (-V_,;) applied to the semiconductor substrate and
the reliability (disturb immunity) of the tunnel insulating
film (thickness: about 80 A). As is observed from FIG. 44,
when the tunnel insulating film with a thickness of about 80
A is formed, the nonvolatile semiconductor memory has a
life of 10 years or longer as long as the voltage applied to the
substrate does not exceed -20 V.

Another example of the write operation will be described.
In writing data 1n each memory cell, as described above,
only the selective transistors connected with the selected
block 410 are turned on. Then, while a negative voltage
(e.g., —=8V) is applied to the word line WL (i.e., the control
gate 7) connected with the selected call in which data is to
be written, a voltage corresponding to the data 1s applied to
the sub-bit line SBL connected with the drain diffusion layer
2a of the selected cell.

In this example, two sub-bit lines SBL are connected to
one main bit line MBL via respective selective transistors. In
the nonvolatile semiconductor memory 400, the main bat
line MBL 1s selected 1n the following manner so that data
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can be written 1n the corresponding memory cell.
Hereinbelow, the case where the main bit line MBL, 1s

selected as the drain wiring will be described with reference
to Table 4 below and FIG. 45.

TABLE 4

Word line

Main bit line voltage (V)

23

In the nonvolatile semiconductor memory 430, data can
be written 1n all the memory cells connected with one word
line by one write operation. However, the main bit line 1s
required for every sub-bit line. Since the memory cell size

Selective line voltage (V)

Operation voltage (V) Selected Non-selected Selected Non-selected

mode MBL1 MBI2 MBL3 Wlol Wlal ST11 ST21 ST31 ST41 STin

Write 4/Float 4/Float 4/Float -8 0 0 6 6 0 0
4/Float 4/Float 4/Float -8 0 6 0 0 6 0

Referring to Table 4 and FIG. 45, a negative write voltage
(-8 V) 1s applied to the selected word line WL _;. The,
ground voltage (0 V) is retained for the non-selected word

lines WL, ; (n=0). Then, the selective lines ST,; and ST;,
are set at a high level (6 V), the sub-bit line SBL, is
connected to the main bit line MBL, via the selective
transistor QQ,, the sub-bit line SBL, 1s connected to the main
bit line MBL., via the selective transistor Q,, and the sub-bit
line SBL; 1s connected to the main bit line MBL; via the
selective transistor Q. Under this state, a write voltage 1s
applied to the main bit line MBL depending on the data to
be stored 1in the memory cell C 1n which the data 1s to be
written. For example, 4 V 1s applied as the write voltage for
data 1 to allow a tunnel current to flow, while the floating
state 1s established for data 0 to inhibit writing. Thus, data
are written in the memory cells C;,, C;,,C55 (not shown),
ctc. The selective lines for the other nonselected selective
transistors are retained grounded.

While the negative write voltage (-8 V) 1s kept applied to
the selective word line WL _,, the selective lines ST,,, and
ST;,, are set at a low level (0 V), and then the selective lines
ST,, and ST, are set at a high level (5 V). The sub-bit line
SBL; 1s connected to the main bit line MBL, via the
selective transistor Q,, and the sub-bit line SBL, is con-
nected to the main bit line MBL, via the selective transistor
Q. Likewise, a write voltage corresponding to the memory
cell C to be selected next 1s applied to each main bit line
MBL (4 V for data 1, while the floating state is established
for data 0). Thus, data are written in the memory cells C,,
and C,,. By these two write operations, writing to the
memory cells connected with the word line WL, 1s com-
pleted. After the writing, the potential at the word line WL _,
is returned to the ground voltage (0 V).

In this example, two sub-bit lines SBL are connected to
one main bit line MBL. However, an arbitrary number (N)
of sub-bit lines SBL may be connected to the main bit line
MBL via corresponding selective transistors. In this case,
when one word line WL 1s selected, data can be written 1n
all memory cells corresponding to the N sub-bit lines SBL
connected to one main bit line MBL by N-time repetition of
the write operation.

FIG. 46 shows an alternative example of a nonvolatile
semiconductor memory 430 where only one sub-bit line
SBL 1s connected to each main bit line MBL via the
corresponding transistor Q (N=1). Referring to FIG. 46, the
sub-bit line SBL,, for example, 1s connected to the main bit
line MBL, via the selective transistor Q. The sub-bit lines
SBL,, SBL,, . . . are electrically 1solated from the main bit
lines MBL,, MBL,, . . . and put in the floating state by
turning off the selective transistors Q,, Q., . . ., respectively.
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1s determined by the pitch of the metal wirings, this con-
figuration of the nonvolatile semiconductor memory 430 is
not suitable for miniaturization compared with the device

shown 1n FIG. 39.

Thus, according to the present invention, a tunnel current
flows only between the drain diffusion layer and the floating
cgate by applying a predetermined voltage to the source/drain
diffusion layer (bit line). This allows the flash memory to
conduct the write operation using an FN tunnel current while
employing the virtual ground method. Thus, the size of the
flash memory can be made smaller.

The impurity density is made different between the source
diffusion layer and the drain diffusion layer constituting the
source/drain diffusion layer which 1s shared by two adjacent
memory cells. This makes it possible to flow a tunnel current
only 1n the region of the memory cell coupled with the drain
diffusion layer.

The thicker portion (the gate insulating film) and the
thinner portion (the tunnel insulating film) are formed in the
insulating film formed underneath the floating gate. This
makes 1t possible to flow a tunnel current only on the drain
side of the memory cell capacitively coupled via the tunnel
insulating film when a predetermined voltage 1s applied,
even though the memory cell shares the source/drain diffu-
sion layer with an adjacent memory cell.

All the comparatively thin tunnel insulating films are
formed above the source/drain diffusion layers. This makes
it possible to greatly reduce the generation of an mterband
tunnel current 1n the write operation and thus 1mprove the
write efficiency and the reliability of the memory cells.

The nitride film spacers are formed as the mask defining
the arrangement of the source/drain diffusion layers, and the
tunnel regions are defined by use of the nitride film spacers.
Thus, the tunnel regions can be made smaller. This makes 1t
possible to increase the capacitance coupling ratio of the
control gates, eliminating the necessity of a high voltage
transistor module, and thus reducing processing costs.

The wiring portions of the source/drain diffusion layers,
1.€., the portions of the diffusion layers other than the source
coupling regions and the drain coupling regions coupled
with the floating gates (tunnel regions) are covered with the
comparatively thick msulating films. This makes 1t possible

to reduce the parasitic capacitance between the control gates
and the bit lines.

Various other modifications will be apparent to and can be
readily made by those skilled in the art without departing
from the scope and spirit of this invention. Accordingly, it 1s
not intended that the scope of the claims appended hereto be
limited to the description as set forth herein, but rather that
the claims be broadly construed.
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What 1s claimed 1s:
1. A method for fabricating a nonvolatile semiconductor
memory, comprising the steps of:

forming a tunnel insulating film on a semiconductor
substrate of a first conductivity type;

forming a first conductive layer pattern with a patterned
portion having a predetermined width by patterning a
first conductive layer formed on the semi-conductor
substrate;

forming a first diffusion layer in the semiconductor sub-
strate by implanting impurities of a second conductivity
type using the first conductive layer pattern as a mask;

forming a second diffusion layer in the semiconductor
substrate in contact with the first diffusion layer by
implanting 1mpurities of the second conductivity type
within an implantation mask different from the mask
used for forming the first diffusion layer, the 1impurity
density of the second diffusion layer being higher than
that of the first diffusion layer;

forming an 1nsulating film and a second conductive layer
on the first conductive layer pattern in this order; and

patterning the second conductive layer, the insulating
film, and the first conductive layer, to form control
gates, insulating layers, and floating gates, respectively.
2. The fabrication method according to claim 1, wherein
the step of forming the second diffusion layer 1s performed
using a second mask having a second width, and the
impurities of the second conductivity type are implanted in
a predetermined region of the first diffusion layer.
3. A method for fabricating a nonvolatile semiconductor
memory, comprising the steps of:

forming a tunnel insulating film on a semiconductor
substrate of a first conductivity type;

forming a first conductive layer with a patterned portion
having a predetermined width by patterning a {first
conductive layer formed on the semi-conductor sub-
strate;

forming a first diffusion layer 1in the semiconductor sub-
strate by implanting impurities of a second conductivity
type using the first conductive layer pattern as a mask;

forming a second diffusion layer in the semiconductor
substrate 1n contact with the first diffusion layer by
implanting 1mpurities of the second conductive type
under 1implantation condition different from those for

forming the first diffusion layer, the 1impurity density of

the second diffusion layer being higher than that of the

first diffusion layer;

forming an 1nsulating film and a second conductive layer
on the first conductive layer pattern in this order; and

patterning the second conductive layer, the insulating
film, and the first conductive layer, to form control
gates, insulating layers, and floating gates, respectively;

wherein the step of forming the first diffusion layer
includes implanting the impurities of the second con-
ductivity type at a predetermined angle directed to one
side of an opening of the first conductive layer pattern
used as the mask, and

the step of forming the second diffusion layer imcludes
implanting the 1mpurities of the second conductivity
type at a predetermined angle directed to the other side
of the opening of the first conductive layer pattern used
as the mask.
4. A method for fabricating a nonvolatile semiconductor
memory, comprising the steps of:

forming a first insulating film on a semiconductor sub-
strate of a first conductivity type;
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forming a drain diffusion layer by implanting impurities
of a second conductivity type in the semiconductor
substrate using a first resist pattern having a {first
opening as a mask;

forming a gate msulating film using a second resist pattern
having a second opening corresponding at a tunnel
region as a mask and removing a portion of the first

insulating film located below the second opening;

forming a tunnel insulating film in the tunnel region
where the first insulating film has been removed by
forming a second 1nsulating film on the semiconductor
substrate after removal of the second resist pattern;

forming a first conductive layer having a predetermined
width by patterning to cover the tunnel region where
the tunnel msulating film has been formed;

forming a source diffusion layer in contact with the drain
diffusion layer by implanting impurities of the second
conductivity type 1n the semiconductor substrate using,
the first conductive layer as a mask;

forming a third insulating film; and

forming a second conductive layer on the third insulating,
film by patterning.
5. A method for fabricating a nonvolatile semiconductor
memory, comprising the steps of:

forming a first insulating film on a semiconductor sub-
strate of a first conductive type;

forming a drain diffusion layer by implanting impurities
of a second conductivity type in the semiconductor
substrate using a resist pattern having an opening
corresponding to a tunnel region as a mask;

removing a portion of the first insulating film using the
resist pattern as a mask;

forming a tunnel insulating film i1n the tunnel region
where the first insulating film has been removed by
forming a second insulating film on the semiconductor
substrate after removal of the resist pattern;

forming a first conductive layer having a predetermined
width by patterning to cover the tunnel region where
the tunnel nsulating film has been formed;

forming a source diffusion layer in contact with the drain
diffusion layer by implanting impurities of the second
conductivity type 1n the semiconductor substrate using
the first conductive layer as a mask;

forming a third insulating film; and

forming a second conductive layer on the third insulating,
film by patterning.
6. A method for fabricating a nonvolatile semiconductor
memory, comprising the steps of:

forming a first insulating film on a semiconductor sub-
strate of a first conductivity type;

forming a first nitride film having a first width on the first
insulating film by patterning;

covering the first nitride film with an oxide film and then
forming spacers on both side walls of the first nitride
f1lm, the spacer on one of the side walls corresponding
to a region defining a tunnel region;

forming a diffusion layer by implanting impurities of a
second conductivity type using the first nitride film and
the spacers on the side walls as a mask;

removing the spacer on the other side wall of the first
nitride film;

forming a second insulating {ilm having a thickness larger
than that of the first insulating film selectively using the
first nitride film and the spacer as a mask;
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removing the spacer on the one of the both side walls of removing the thermal oxide film;
the first nitride film and a portion of the first insulating forming a tunnel region by forming a tunnel insulating
film located below the spacer; film on a region where the thermal oxide film has been
forming a thermal oxide film 1n a region where the spacer removed; and
on the other side wall and the portion of the first 5 forming a floating gate to cover the tunnel region.

insulating film have been removed;

removing the first nitride film; I
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