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(57) ABSTRACT

A nonvolatile semiconductor memory device includes: a
memory unit; and a control unit. The memory unit includes:
a multilayer structure including electrode films and inter-
clectrode 1nsulating films alternately stacked; a semiconduc-
tor pillar piercing the multilayer structure; msulating films
and a memory layer provided between the electrode films
and the semiconductor pillar; and a wiring connected to the
semiconductor pillar. In an erase operation, the control unit
performs: a first operation setting the wiring at a first
potential and the electrode film at a second potential lower
than the first potential during a first period; and a second
operation setting the wiring at a third potential and the
clectrode film at a fourth potential lower than the third
potential during a second period after the first operation. A
length of the second period 1s shorter than the first period,
and/or a difference between the third and fourth potentials 1s
smaller than a difference between the first and second

potentials.
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1

NONVOLATILE SEMICONDUCTOR
MEMORY DEVICE

Matter enclosed in heavy brackets [ ]| appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No.
2009-214116, filed on Sep. 16, 2009; the entire contents of

which are incorporated herein by reference.

BACKGROUND

1. Field

Embodiments of this invention relate generally to a non-
volatile semiconductor memory device.

2. Background Art

A method for collectively processing a three-dimensional
multilayer memory has been proposed to increase the
memory capacity of a nonvolatile semiconductor memory
device (memory) (see, e.g., JP-A 2007-266143 (Kokai)). In
this method, a multilayer memory can be collectively
formed 1rrespective of the number of stacked layers, and
hence the increase of cost can be suppressed.

In this collectively processed three-dimensional multi-
layer memory, msulating films and electrode films (to serve
as word lines) are alternately stacked to form a multilayer
body, 1n which through holes are collectively provided.
Then, a charge storage layer (memory layer) 1s provided on
the side surface of the through hole, and silicon 1s filled
inside the through hole to form a silicon pillar. A tunnel
insulating film 1s provided between the charge storage layer
and the silicon pillar, and a block msulating film 1s provided
between the charge storage layer and the electrode film.
Thus, a memory cell 1llustratively made of a MONOS (metal
oxide nitride oxide semiconductor) transistor 1s formed at
the intersection between each of the electrode films and the
silicon pillar.

In such a collectively processed three-dimensional mul-
tilayer memory, further stabilization of its erase state has
many advantages, such as higher controllability 1n the write
operation.

A method of performing a plurality of erase loops as the
crase operation has been proposed for a three-dimensional
multilayer memory with planar memory cells simply stacked
therein, not for the collectively processed three-dimensional
multilayer memory as described above. However, because
the structure and operating mechanism of memory cells are
different from those in the collectively processed three-
dimensional multilayer memory, this method 1s not directly
applicable to the collectively processed three-dimensional
multilayer memory. Thus, 1t 1s necessary to develop an
operation method specific to the collectively processed
three-dimensional multilayer memory.

SUMMARY

According to an aspect of the invention, there 1s provided
a nonvolatile semiconductor memory device including: a
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2

memory unit; and a control unit, the memory unit including;:
a multilayer structure including a plurality of electrode films
and a plurality of interelectrode nsulating films alternately
stacked 1n a first direction; a first semiconductor pillar
piercing the multilayer structure in the first direction; a first
memory layer provided between each of the electrode films
and the first semiconductor pillar; a first inner insulating film
provided between the first memory layer and the first
semiconductor pillar; a first outer msulating film provided
between each of the electrode films and the first memory
layer; and a first wiring electrically connected to one end of
the first semiconductor pillar, the control unit performing: a
first operation setting the first wiring at a first potential and
setting the electrode film at a second potential lower than the
first potential during a first period; and an operation 1nclud-
ing a second operation setting the first wiring at a third
potential and setting the electrode film at a fourth potential
lower than the third potential during a second period after
the first operation, the operation including the second opera-
tion having at least one of: a length of the second period
being shorter than a length of the first period; and a differ-
ence between the third potential and the fourth potential
being smaller than a difference between the first potential
and the second potential, the first operation and the operation
including the second operation being performed 1n an opera-
tion for performing at least one of 1njection of holes into the
first memory layer and extraction of electrons from the first
memory layer.

According to another aspect of the invention, there is
provided a nonvolatile semiconductor memory device
including: a memory unit; and a control unit, the memory
unit including: a multilayer structure including a plurality of
clectrode films and a plurality of interelectrode insulating
f1lms alternately stacked 1n a first direction; a semiconductor
pillar piercing the multilayer structure 1n the first direction;
a memory layer provided between each of the electrode
films and the semiconductor pillar; an inner msulating film
provided between the memory layer and the semiconductor
pillar; an outer insulating film provided between each of the
clectrode films and the memory layer; and a wiring electri-
cally connected to one end of the semiconductor pillar, and
the control unit setting: the wiring at a first potential; and the
clectrode film opposed to one of memory sections of the
memory layer facing the plurality of electrode films at a
second potential lower than the first potential and the
clectrode film opposed to the memory section except the one
of memory sections in a floating state, the setting being
performed 1n an operation for performing at least one of
injection of holes nto the one memory section and extrac-
tion of electrons ifrom the one memory section.

According to another aspect of the invention, there is
provided a nonvolatile semiconductor memory device
including: a memory unit; and a control unit, the memory
unit including: a multilayer structure including a plurality of
clectrode films and a plurality of interelectrode insulating
films alternately stacked 1n a first direction; a semiconductor
pillar piercing the multilayer structure 1n the first direction;
a memory layer provided between each of the electrode
films and the semiconductor pillar; an inner msulating film
provided between the memory layer and the semiconductor
pillar; an outer insulating film provided between each of the
clectrode films and the memory layer; and a wiring electri-
cally connected to one end of the semiconductor pillar, and
the control unit setting: the wiring at a first potential one
clectrode film of the plurality of electrode films at a second
potential lower than the first potential; and another electrode
film of the plurality of electrode films at a seventh potential




US RE46,957 E

3

lower than the first potential and different from the second
potential, the setting being performed in an operation for
performing at least one of injection of holes mto the memory
layer and extraction of electrons from the memory layer.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a flow chart illustrating the operation of a
nonvolatile semiconductor memory device according to a
first embodiment:

FIG. 2 1s a schematic cross-sectional view illustrating the
configuration of the nonvolatile semiconductor memory
device according to the first embodiment;

FIG. 3 1s a schematic perspective view illustrating the
configuration of the nonvolatile semiconductor memory
device according to the first embodiment;

FIG. 4 1s a schematic cross-sectional view illustrating the
configuration of the nonvolatile semiconductor memory
device according to the first embodiment;

FIG. 5 1s a schematic plan view 1illustrating the configu-
ration of the electrode films of the nonvolatile semiconduc-
tor memory device according to the first embodiment;

FIGS. 6A to 6D are schematic diagrams illustrating the
operation of the nonvolatile semiconductor memory device
according to the first embodiment;

FIGS. 7A to 7C are schematic diagrams 1llustrating the
operation of the nonvolatile semiconductor memory device
according to the first embodiment;

FIGS. 8A to 8C are schematic diagrams 1illustrating the
operation of the nonvolatile semiconductor memory device
according to the first embodiment;

FIGS. 9A to 9D are schematic diagrams illustrating the
operation of an alternative nonvolatile semiconductor
memory device according to the first embodiment.

FIGS. 10A to 10C are schematic diagrams 1illustrating the
operation of the alternative nonvolatile semiconductor
memory device according to the first embodiment;

FIGS. 11A and 11B are tlow charts illustrating the opera-
tion ol an alternative nonvolatile semiconductor memory
device according to the first embodiment;

FIGS. 12A to 12D are schematic diagrams 1llustrating the
operation of an alternative nonvolatile semiconductor
memory device according to the first embodiment;

FIGS. 13A to 13D are schematic diagrams 1llustrating the
operation of a nonvolatile semiconductor memory device
according to a second embodiment;

FIGS. 14A to 14F are schematic diagrams illustrating the
operation of a nonvolatile semiconductor memory device
according to a third embodiment;

FIG. 15 1s a schematic cross-sectional view illustrating
the configuration of a nonvolatile semiconductor memory
device according to a fourth embodiment; and

FIG. 16 1s a schematic perspective view 1llustrating the
configuration of the nonvolatile semiconductor memory
device according to the fourth embodiment.

DETAILED DESCRIPTION

Embodiments of the invention will now be described with
reference to the drawings.

The drawings are schematic or conceptual. The relation-
ship between the thickness and the width of each portion,
and the size ratio between the portions, for instance, are not
necessarily identical to those in reality. Furthermore, the
same portion may be shown with different dimensions or
ratios depending on the figures.
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In the specification and the drawings, the same elements
as those described previously with reference to earlier
figures are labeled with like reference numerals, and the
detailed description thereof 1s omitted as appropniate.

First Embodiment

FIG. 1 1s a flow chart illustrating the operation of a
nonvolatile semiconductor memory device according to a
first embodiment.

FIGS. 2, 3, and 4 are a schematic cross-sectional view, a
schematic perspective view, and a schematic cross-sectional
view, respectively, illustrating the configuration of the non-
volatile semiconductor memory device according to the first
embodiment.

It 1s noted that for clarity of illustration, FIG. 3 shows only
the conductive portions and omits the insulating portions.

FIG. 5 1s a schematic plan view illustrating the configu-
ration of the electrode films of the nonvolatile semiconduc-
tor memory device according to the first embodiment.

A nonvolatile semiconductor memory device 110 accord-
ing to this embodiment 1s a collectively processed three-
dimensional multilayer memory.

First, the configuration of the nonvolatile semiconductor
memory device 110 1s outlined with reference to FIGS. 2 to

S.

As shown in FIG. 2, the nonvolatile semiconductor
memory device 110 includes a memory unit MU and a
control unit CTU. The memory unit MU and the control unit
CTU are provided on the major surface 11a of a substrate 11
illustratively made of single crystal silicon. However, the
control unit CTU may be provided on a substrate different
from the substrate on which the memory unit MU 1s pro-
vided. In the following description, it 1s assumed that the
memory unit MU and the control unit CTU are provided on
the same substrate (substrate 11).

On the substrate 11, for mstance, a memory array region
MR to be provided with memory cells and a peripheral
region PR 1illustratively provided around the memory array
region MR are defined. In the peripheral region PR, various
peripheral region circuits PR1 are provided on the substrate
11.

In the memory array region MR, a circuit unit CU 1s
illustratively provided on the substrate 11, and the memory
umt MU 1s provided on the circuit unit CU. It 1s noted that
the circuit unit CU 1s provided as needed and can be omitted.
An interlayer mnsulating film 13 illustratively made of silicon
oxide 1s provided between the circuit umt CU and the
memory unit MU.

At least part of the control unit CTU, for istance, can
illustratively be provided in at least one of the peripheral
region circuit PR1 and the circuit unit CU described above.

The memory umit MU includes a matrix memory cell unit
MU1 including a plurality of memory transistors MT and a
wiring connecting umt MU2 for connecting wirings in the
matrix memory cell unit MUL.

FIG. 3 1llustrates the configuration of the matrix memory
cell unit MUI.

With regard to the matrix memory cell unit MU1, FIG. 2
illustrates part of the A-A' cross section of FIG. 3 and part
of the B-B' cross section of FIG. 3.

As shown in FIGS. 2 and 3, in the matrix memory cell unit
MU1, a multilayer structure ML 1s provided on the major
surface 11a of the substrate 11. The multilayer structure ML
includes a plurality of electrode films WL and a plurality of
interelectrode msulating films 14 alternately stacked 1n the
direction perpendicular to the major surface 11a.

In this specification, for convenience ol description, an
XY 7 orthogonal coordinate system 1s introduced. In this
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coordinate system, the direction perpendicular to the major
surface 11a of the substrate 11 is referred to as a Z-axis
direction (first direction). Furthermore, one of the directions
in the plane parallel to the major surface 11a 1s referred to
as a Y-axis direction (second direction). Furthermore, the
direction perpendicular to the Z axis and the Y axis is
referred to as a X-axis direction (third direction).

The stacking direction of the electrode films WL and the
interelectrode insulating films 14 in the multilayer structure
ML 1s the Z-axis direction. In other words, the electrode
films WL and the interelectrode insulating films 14 are
provided parallel to the major surface 11a.

FIG. 4 1llustrates the configuration of the matrix memory
cell unit MUI1, 1llustratively corresponding to part of the
B-B' cross section of FIG. 3.

As shown 1n FIGS. 3 and 4, the memory unit MU of the
nonvolatile semiconductor memory device 110 includes the
alforementioned multilayer structure ML, a semiconductor
pillar SP (first semiconductor pillar SP1) piercing the mul-
tilayer structure ML 1n the Z-axis direction, a memory layer
48 (first memory layer 48a), an inner insulating film 42 (first
inner msulating {ilm 42a), an outer isulating film 43 (first
outer insulating film 43a), and a wiring WR (first wiring
W1).

The memory layer 48 1s provided between each of the
clectrode films WL and the semiconductor pillar SP. The
inner insulating film 42 1s provided between the memory
layer 48 and the semiconductor pillar SP. The outer insu-
lating film 43 1s provided between each of the electrode films
WL and the memory layer 48. The wiring WR 1s electrically
connected to one end (first end) of the semiconductor pillar
SP.

For instance, the outer mnsulating film 43, the memory
layer 48, and the inner msulating film 42 are formed in this
order on the inner wall surface of the through hole TH
piercing the multilayer structure ML 1n the Z-axis direction,
and the remainming space 1s filled with a semiconductor to
form the semiconductor pillar SP.

A memory cell MC 1s provided at the intersection between
the electrode film WL of the multilayer structure ML and the
semiconductor pillar SP. That 1s, memory transistors MT
including the memory layver 48 are provided i1n a three-
dimensional matrix at the intersection between the electrode
film WL and the semiconductor pillar SP. Each of the
memory transistors MT functions as a memory cell MC for
storing data by storing charge in the memory layer 48.

The inner insulating film 42 functions as a tunnel 1nsu-
lating {ilm 1n the memory transistor MT of the memory cell
MC. On the other hand, the outer insulating film 43 func-
tions as a block insulating film in the memory transistor MT
of the memory cell MC. The interelectrode 1nsulating film
14 functions as an interlayer insulating film for insulating
the electrode films WL from each other.

The electrode film WL can be made of any conductive
material, such as amorphous silicon or polysilicon provided
with conductivity by impurity doping, or can be made of
metals and alloys. A prescribed electrical signal 1s applied to
the electrode film WL, which functions as a word line of the
nonvolatile semiconductor memory device 110.

The interelectrode mnsulating film 14, the inner insulating
f1lm 42, and the outer insulating film 43 can illustratively be
silicon oxide films. It 1s noted that the interelectrode insu-
lating film 14, the mnner msulating film 42, and the outer
insulating film 43 may be a monolayer film or a multilayer
{1lm.

The memory layer 48 can 1llustratively be a silicon nitride
film and functions as a portion for storing information by
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storing or releasing charge by an electric field applied
between the semiconductor pillar SP and the electrode film
WL. The memory layer 48 may be a monolayer film or a
multilayer film.

As described later, the mterelectrode nsulating film 14,
the mner sulating film 42, the memory layer 48, and the
outer insulating film 43 can be made of various materials,
not limited to the materials illustrated above.

Although FIGS. 2 and 3 illustrate the case where the

multilayer structure ML 1ncludes four electrode films WL,
the number of electrode films WL provided 1n the multilayer
structure ML 1s arbitrary. In the following description, 1t 1s
assumed that the number of electrode films WL 1s four.

In this example, two semiconductor pillars SP are con-
nected by a connecting portion CP. More specifically, the
memory unit MU further includes a second semiconductor
pillar SP2 (one of a plurality of semiconductor pillars SP),
a second memory layer 48b, a second inner insulating film
42b, a second outer insulating film 43b, a second wiring W2,
a first connecting portion CP1 (one of a plurality of con-
necting portions CP), a first select gate SG1 (one of a
plurality of select gates SG, such as source side select gate
SGS), and a second select gate SG2 (one of the plurality of
select gates SG, such as drain side select gate SGD).

The second semiconductor pillar SP2 1s adjacent to the
first semiconductor pillar SP1 (one of the plurality of
semiconductor pillars SP) illustratively in the Y-axis direc-
tion and pierces the multilayer structure ML 1n the Z-axis
direction.

The second memory layer 48b 1s provided between each
of the electrode films WL and the second semiconductor
pillar SP2. The second inner insulating film 42b 1s provided
between the second memory layer 48b and the second
semiconductor pillar SP2. The second outer 1nsulating {ilm
43b 1s provided between each of the electrode films WL and
the second memory layer 48b.

The second wiring WR2 1s electrically connected to one
end (second end) of the second semiconductor pillar SP2.

The first connecting portion CP1 electrically connects the
other end (third end) opposite to the one end (first end) of the
first semiconductor pillar SP1 and the other end (fourth end)
opposite to the one end (second end) of the second semi-
conductor pillar SP2.

Specifically, the third end 1s the end of the first semicon-
ductor pillar SP1 on the substrate 11 side, and the fourth end
1s the end of the second semiconductor pillar SP2 on the
substrate 11 side. The first connecting portion CP1 connects
the first semiconductor pillar SP1 and the second semicon-
ductor pillar SP2 to each other on the substrate 11 side. The
first connecting portion CP1 aligns 1n the Y-axis direction.
The first connecting portion CP1 1s made of the same
material as the first and second semiconductor pillars SP1
and SP2.

More specifically, a back gate BG (connecting conductive
layer) 1s provided on the major surface 11a of the substrate
11 via the interlayer mnsulating film 13. A trench 1s provided
in portions of the back gate BG opposed to the first and
second semiconductor pillars SP1 and SP2. An outer insu-
lating film 43, a memory layer 48, and an inner isulating
film 42 are formed inside the trench, and the remaining
space 1s lilled with a connecting portion CP made of a
semiconductor. It 1s noted that the formation of the outer
insulating film 43, the memory layer 48, the inner imsulating
film 42, and the connecting portion CP in the trench is
performed simultaneously and collectively with the forma-
tion of the outer msulating film 43, the memory layer 48, the
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inner insulating film 42, and the semiconductor pillar SP.
Thus, the back gate BG 1s provided opposite to the connect-
ing portion CP.

Thus, the first and second semiconductor pillars SP1 and
SP2 and the connecting portion CP constitute a U-shaped
memory string. This memory string 1s 1llustratively a NAND
memory string.

However, the invention 1s not limited thereto. As
described later, each semiconductor pillar SP may be 1nde-
pendent and not be connected by the connecting portion CP
on the substrate 11 side. In the following description, 1t 1s
assumed that two semiconductor pillars SP are connected by
the connecting portion CP.

As shown 1n FIGS. 2 and 3, one end (first end) of the first
semiconductor pillar SP1 opposite to the first connecting
portion CP1 1s connected to a source line SL (first wiring
W1), and one end (second end) of the second semiconductor
pillar SP2 opposite to the first connecting portion CP1 1s
connected to a bit line BL (second wiring W2). Here, the
semiconductor pillar SP 1s connected to the bit line BL by a
via VAl and a via VA2.

In this example, the bit line BL aligns in the Y-axis
direction, and the source line SL aligns 1 the X-axis
direction.

The first select gate SG1 (e.g., source side select gate
SGS) 1s provided between the first end of the first semicon-
ductor pillar SP1 and the multilayer structure ML and
pierced by the first semiconductor pillar SP1.

The second select gate SG2 (e.g., drain side select gate
SGD) 1s provided between the second end of the second
semiconductor pillar SP2 and the multilayer structure ML
and pierced by the second semiconductor pillar SP2.

Thus, desired data can be written to and read from an
arbitrary memory cell MC of an arbitrary semiconductor
pillar SP.

The select gate SG can be made of any conductive
material, such as polysilicon or amorphous silicon. In this
example, the select gate SG 1s divided 1n the Y-axis direction
and shaped like strips aligning in the X-axis direction.

As shown 1n FIG. 2, an interlayer insulating film 15 1s
provided at the top (on the side farthest from the substrate
11) of the multilayer structure ML. Furthermore, an inter-
layer insulating film 16 i1s provided on the multilayer struc-
ture ML, a select gate SG i1s provided thereon, and an
interlayer msulating film 17 1s provided between the select
gates SG. A through hole TH 1s provided 1n the select gate
SG, a select gate msulating film SGI of a select gate
transistor 1s provided on the mner side surface thereot, and
a semiconductor 1s filled inside 1t. This semiconductor 1is
connected to the semiconductor pillar SP.

That 1s, the memory unit MU includes a select gate SG
stacked on the multilayer structure ML 1n the Z-axis direc-
tion and pierced by the semiconductor pillar SP on the
wiring WR (at least one of the source line SL and the bit line
BL) side.

Furthermore, an interlayer insulating film 18 1s provided
on the interlayer msulating film 17, and a source line SL and
vias 22 (vias VAl and VA2) are provided thereon, and an
interlayer msulating film 19 1s provided around the source
line SL. Furthermore, an interlayer insulating film 23 1s
provided on the source line SL, and a bit line BL 1s provided
thereon.

The interlayer insulating films 15, 16, 17, 18, 19, and 23,
and the select gate msulating film SGI can 1illustratively be
made of silicon oxide.

With regard to the plurality of semiconductor pillars
provided in the nonvolatile semiconductor memory device
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110, when all or any of the semiconductor pillars are referred
to, the wording “semiconductor pillar SP” 1s used. On the
other hand, when a particular semiconductor pillar 1is
referred to 1n describing the relationship between the semi-
conductor pillars, for istance, the wording “n-th semicon-
ductor pillar SPn” (n 1s any integer of one or more) 1s used.

As shown 1n FIG. 5, among the electrode films WL, the
clectrode films corresponding to the semiconductor pillars
SP(4m+1) and SP(4m+3) with the aforementioned integer n
being equal to 4m+1 and 4m+3 are commonly connected
into an electrode film WLA, and the electrode films corre-
sponding to the semiconductor pillars SP(4m+2) and
SP(4dm+4) with n being equal to 4m+2 and 4m+4 are
commonly connected 1nto an electrode film WLB, where m
1s an 1integer of zero or more. That 1s, the electrode films WL
are shaped into the electrode film WLA and the electrode
film WLB, which are opposed 1n the X-axis direction and
meshed with each other like comb teeth.

As shown in FIGS. 4 and 5, the electrode film WL 1s

divided by an 1nsulating layer IL 1nto a first region (electrode
film WLA) and a second region (electrode film WLB).

Furthermore, as in the wiring connecting unit MU?2 1llus-
trated 1n FIG. 2, at one end in the X-axis direction, the
clectrode film WLB 1s connected to a word line 32 by a via
plug 31 and electrically connected to, for istance, a driving
circuit provided 1n the substrate 11. Likewise, at the other
end 1n the X-axis direction, the electrode film WLA 1s
connected to the word line by the via plug and electrically
connected to the driving circuit. In other words, the length
in the X-axis direction of the electrode films WL (electrode
film WLA and electrode film WLB) stacked in the Z-axis
direction 1s varied stepwise, so that electrical connection to
the driving circuit 1s 1mplemented by the electrode film
WLA at one end 1n the X-axis direction and by the electrode
film WLB at the other end 1n the X-axis direction.

As shown in FIG. 3, the memory unit MU can further
include a third semiconductor pillar SP3 (one of the plurality
of semiconductor pillars SP), a fourth semiconductor pillar
SP4 (one of the plurality of semiconductor pillars SP), and
a second connecting portion CP2 (one of the plurality of
connecting portions CP).

The third semiconductor pillar SP3 1s adjacent to the first
semiconductor pillar SP1 on the opposite side of the first
semiconductor pillar SP1 from the second semiconductor
pillar SP2 1n the Y-axis direction and pierces the multilayer
structure ML 1n the Z-axis direction. The fourth semicon-
ductor pillar SP4 1s adjacent to the third semiconductor pillar
SP3 on the opposite side of the third semiconductor pillar
SP3 from the first semiconductor pillar SP1 in the Y-axis
direction and pierces the multilayer structure ML 1n the
Z-axi1s direction.

The second connecting portion CP2 electrically connects
the third semiconductor pillar SP3 and the fourth semicon-
ductor pillar SP4 on the same side (the same side as the first
connecting portion CP1) in the Z-axis direction. The second
connecting portion CP2 aligns 1n the Y-axis direction and 1s
opposed to the back gate BG.

The memory layer 48 1s provided also between each of the
clectrode films WL and the third and fourth semiconductor
pillars SP3 and SP4 and between the back gate BG and the
second connecting portion CP2. The inner insulating film 42
1s provided also between the third and fourth semiconductor
pillars SP3 and SP4 and the memory layer 48 and between
the memory layer 48 and the second connecting portion
CP2. The outer mnsulating film 43 1s provided also between
cach of the electrode films WL and the memory layer 48 and
between the memory layer 48 and the back gate BG.
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The source line SL 1s connected to the end of the third
semiconductor pillar SP3 opposite to the second connecting
portion CP2. The bit line BL 1s connected to the end of the
fourth semiconductor pillar SP4 opposite to the second
connecting portion CP2.

Furthermore, a third select gate SG3 (one of the plurality
of select gates SG, such as source side select gate SGS) 1s
provided opposite to the third semiconductor pillar SP3, and
a fourth select gate SG4 (one of the plurality of select gates
S@, such as drain side select gate SGD) 1s provided opposite
to the fourth semiconductor pillar SP4.

As shown 1n FIG. 1, in the nonvolatile semiconductor
memory device 110 thus configured, when performing an
erase operation, the control unit CTU performs operations
including execution of a first operation E1 (step S110) and
execution of a second operation E2 (step S120) described
below.

The first operation E1 (first erase operation) 1s performed
during a first period. In the first operation E1, the control unit
CTU sets the first wiring W1 at a first potential V01 and the
clectrode film WL at a second potential V02 lower than the
first potential VO1.

The second operation E2 (second erase operation) 1s
performed during a second period after the first operation
E1. In the second operation E2, the control unit CTU sets the
first wiring W1 at a third potential V03 and the electrode film
WL at a fourth potential V04 lower than the third potential
V3.

Furthermore, at least one of the following 1s satisfied: the
length of the second period being shorter than the length of
the first period; and the difference between the third potential
V03 and the fourth potential V04 being lower than the
difference between the first potential V01 and the second
potential V2.

The erase operation 1s the operation of performing at least
one ol imjection of holes into the memory layer 48 (first
memory layer 48a and second memory layer 48b) and
extraction of electrons from the memory layer 48 (first
memory layer 48a and second memory layer 48b). The
memory transistor MT serving as a memory cell MC has a
state (erase state) of low threshold voltage and a state (write
state) having a relatively higher threshold voltage than the
state of low threshold voltage. The erase operation 1s an
operation for setting the threshold voltage of the memory
transistor MT to the lower state.

The write operation 1s the operation of performing at least
one of 1njection of electrons nto the memory layer 48 and
extraction of holes from the memory layer 48. That 1s, the
write operation 1s an operation for setting the threshold
voltage of the memory transistor MT to the higher state.

In the first operation E1, because the second potential V02
1s lower than the first potential V01, the electrode film WL
1s set at a potential of negative polarity with reference to the
first wiring W1. This results 1n performing at least one of
injection of holes ito the memory layer 48 and extraction of
clectrons from the memory layer 48.

The first operation E1 1s the erase operation. The first
operation E1 produces a state (shallow state) having a
voltage slightly higher than the target threshold voltage.
That 1s, the first operation E1 1s “soft erasure”.

In the second operation E2 as well, because the fourth
potential V04 1s lower than the third potential V03, the
clectrode film WL 1s set at a potential of negative polarity
with reference to the first wiring W1. This results 1n per-
forming at least one of injection of holes into the memory
layer 48 and extraction of electrons from the memory layer

48.
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The second operation E2 1s also the erase operation. The
threshold voltage, which has been set slightly higher than the
target threshold voltage 1n the first operation F1, 1s set to the
target value by this second operation E2. That 1s, the second
operation E2 1s “additional erasure”.

For instance, the length of the second period of the second
operation E2 1s set shorter than the length of the first period
of the first operation E1. In other words, the pulse width of
the erase voltage applied 1n the second operation E2 1s set
shorter than the pulse width of the erase voltage applied 1n
the first operation FE1. Alternatively, the diflerence between
the third potential V03 and the fourth potential V04 1s set
smaller than the difference between the first potential V01
and the second potential V2.

That 1s, the second operation E2 (additional erasure) 1s an
operation with at least one of shorter pulse width and lower
erase voltage than 1n the first operation E1 (soit erasure).

Thus, 1n the erase operation, a stable erase state can be
realized by combining the erase operation of “soft erasure”
(first operation E1) for setting the threshold voltage to a
value higher (shallower) than the target value and the
operation of “additional erasure” (second operation E2) for
subsequently setting the threshold voltage to the target
value.

In the following, for simplicity of description, a descrip-
tion 1s first given of an example 1n which the length of the
second period of the second operation E2 1s equal to the
length of the first period of the first operation E1 and the
difference between the third potential V03 and the fourth
potential V04 1s smaller than the difference between the first
potential V01 and the second potential V02.

FIGS. 6A to 6D are schematic diagrams illustrating the
operation of the nonvolatile semiconductor memory device
according to the first embodiment. More specifically, FIGS.
6A and 6B are a schematic diagram and a graph, respec-
tively, 1llustrating the state of potential in the first operation
El. FIGS. 6C and 6D are a schematic diagram and a graph,
respectively, 1llustrating the state of potential 1n the second
operation E2. In FIGS. 6B and 6D, the horizontal axis
represents time t, and the vertical axis represents potential
Vp.

FIGS. 7A to 7C are schematic diagrams illustrating the
operation of the nonvolatile semiconductor memory device
according to the first embodiment. More specifically, FIGS.
7A, 7B, and 7C show, in the first operation E1 and the
second operation E2, the potential of the first wiring W1 (the
potential VSL of the source line SL) and the potential of the
second wiring W2 (the potential VBL of the bit line BL); the
potential VSGD of the drain side select gate SGD and the
potential VSGS of the source side select gate SGS; and the
potential VWL of the electrode film WL, respectively.

FIGS. 8A to 8C are schematic diagrams illustrating the
operation of the nonvolatile semiconductor memory device
according to the first embodiment. More specifically, FIGS.
8A, 8B, and 8C are energy band diagrams in the first
operation E1, in the second operation E2, and after the
second operation E2, respectively.

As shown 1n FIGS. 6A and 6B, the control unit CTU sets
the wiring WR (e.g., first wiring W1 and second wiring W2)
at a {irst potential V01 and the electrode film WL at a second
potential V02 lower than the first potential V01. In the
following, it 1s assumed that the second potential V02 1s the
reference potential V00.

The reference potential V00 can be set to an arbitrary
potential. In the following, 1t 1s assumed that the reference
potential V0O 1s the ground potential GND.
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For instance, as shown in FIGS. 7A to 7C, in the first
operation F1, the first erase voltage Veral applied to the
wiring WR rises from the reference potential V00 at time
t11, reaches the first potential V01 at time t13, then keeps the
first potential V01 until time t14, starts falling at time t14,
and returns to the reference potential V00 at time t16. In this
example, the period from time t13 to time t14 1s the first
period TFE1.

The first erase-time select gate voltage VeraGl applied to
the source side select gate SGS and the drain side select gate
SGD nises from the reference potential V00 at time t12,
reaches a fifth potential V03 at time t13, then keeps the fifth
potential V05 until time t14, starts falling at time t14, and
returns to the reference potential V00 at time t15.

In this example, the time when the first erase-time select
gate voltage Vera(G1l reaches the fifth potential V03 and the
time when 1t starts falling from the fifth potential V05 are
respectively the same as the time t13 when the {first erase
voltage Veral reaches the first potential V01 and the time t14
when 1t starts falling from the first potential V01. However,
the time of reaching the fifth potential V03 and the time of
starting falling from the fifth potential V05 may be different
from the time t13 of reaching the first potential V01 and the
time t14 of starting falling from the first potential VO1.

In the first operation E1, the potential of the electrode film
WL and the back gate BG 1s constant at the second potential
V02 (reference potential V00).

The first potential V01 1s illustratively 20 V (volts), the
fifth potential V05 1s illustratively 15 V, and the second
potential V02 (reference potential V00) 1s 1llustratively 0 V.
Thus, the fifth potential V0S5 is lower than the first potential
V01, and the difference between the first potential V01 and
the ﬁfth petentlal V03 1s illustratively about 5 V. It 1s noted
that the maximum of the first erase-time select gate voltage
VeraG1 (1.e., the difference between the fifth potential V03
and the reference potential V00) 1s lower than the break-
down voltage of the select gate transistor of the select gate
SQ.

Time t12 comes after time t11, time t13 comes a:
t12, time t14 comes after time 113, time t15 comes a:
t14, and time t16 comes after time t15.

The first erase voltage Veral 1s not less than the first
crase-time select gate voltage VeraGl at any time. More
specifically, during the first period TE1, after the time (time
t11) when the potential of the first wiring W1 starts changing
from the second potential V02 to the first potential V01, the
potential of the select gate (source side select gate SGS and
drain side select gate SGD) starts changing from the second
potential V02 to the fifth potential V05 (time t12). During
the second period TE2, after the time (time t16) when the
potential of the first wiring W1 finishes changing from the
first potential V01 to the second potential V02, the potential
of the select gate finishes changing from the fifth potential
V05 to the second potential V02 (time t15).

By applying this first erase-time select gate voltage
Vera(G1 to the drain side select gate SGD and the source side
select gate SGS, GIDL (gate-induced drain leakage) can be
generated 1 the semiconductor pillar SP near the portion
opposed to the drain side select gate SGD and the source
side select gate SGS without gate breakdown of the select
gate transistor.

By applying the first erase voltage Veral to the first wiring
W1 and the second wiring W2, holes are injected into the
memory layer 48 (first memory layer 48a and second
memory layer 48b) of the memory transistor MT formed at
the intersection between the electrode film WL and the
semiconductor pillar SP. Here, the first erase voltage Veral
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1s set to a voltage such that the threshold voltage of the
memory transistor MT 1s slightly higher than the target value
of the erase state. For instance, when the target threshold
voltage 1s -2 V, the threshold voltage of the memory
transistor MT 1s set to approximately —1 V. That 1s, soft
crasure 1s performed.

In the erase operation, the operation based on GIDL as
described above 1s specific to the collectively processed
three-dimensional multilayer memory, unlike the operation
in the three-dimensional multilayer memory with planar
memory cells simply stacked therein. Furthermore, 1 order
to generate GIDL, the alorementioned potential (first erase
voltage Veral) of the wiring WR (first wiring W1 and second
wiring W2) and the atorementioned potential (first erase-
time select gate voltage Vera(Gl) of the select gate SG (first
select gate SG1 and second select gate SG2) are specific to
the collectively processed three-dimensional multilayer
memory, unlike those 1n the three-dimensional multilayer
memory with planar memory cells simply stacked therein.
Thus, the control unit CTU of the nonvolatile semiconductor
memory device 110 according to this embodiment performs
operations specific to the collectively processed three-di-
mensional multilayer memory.

Thus, as shown 1n FIG. 8A, holes are mjected from the
semiconductor pillar SP side toward the electrode film WL,
and holes cg2a are captured 1n the memory layer 48.

Here, the first erase voltage Veral 1s set to make the
threshold voltage of the memory transistor MT shallower
(higher) than the target threshold voltage. This suppresses
holes cg2b from being captured by traps at shallow energy
levels at the interface between the semiconductor pillar SP
and the inner mnsulating film 42 and in the portion of the
inner msulating film 42 on the semiconductor pillar SP side.

Subsequently, as shown 1 FIGS. 6C and 6D, in the
second operation E2, the control unit CTU sets the wiring
WR (e.g., first wiring W1 and second wiring W2) at a third
potential V03 and the electrode film WL at a fourth potential
V04 lower than the third potential V03. Here, the fourth
potential V04 1s arbitrary. However, 1n the following, it 1s
assumed that the fourth potential V04 1s equal to the second
potential V02 (i.e., in this example, the reference potential
V00).

Because the difference between the third potential V03
and the fourth potential V04 1s smaller than the difference
between the first potential V01 and the second potential
V02, the third potential V03 1s lower than the first potential
VO01. The third potential V03 1s illustratively 18 V.

For instance, as shown in FIGS. 7A to 7C, 1n the second
operation E2, the second erase voltage Vera2 applied to the
wiring WR rises from the reference potential V00 at time
t21, reaches the third potential V03 at time 123, then keeps
the third potential V03 until time 124, starts falling at time
t24, and returns to the reference potential V00 at time 126.
In this example, the period from time 23 to time 124 1s the
second period TE2. The length of the second period TE2 1s
equal to the length of the first period TEL.

The second erase-time select gate voltage Vera(G2 applied
to the source side select gate SGS and the drain side select
gate SGD rises from the reference potential V00 at time 122,
reaches a sixth potential V06 at time t23, then keeps the sixth
potential V06 until time 124, starts falling at time t24, and
returns to the reference potential V00 at time t235. Again, the
time of reaching the sixth potential V06 and the time of
starting falling from the sixth potential V06 may be different
from the time t23 of reaching the third potential V03 and the
time 124 of starting falling from the third potential V03,
respectively.
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In the second operation E2, the potential of the electrode
film WL and the back gate BG 1s constant at the fourth
potential V04, which 1s equal to the second potential V02 or
the reference potential V0.

If the third potential V03 1s illustratively 18 V, the sixth
potential V06 1s illustratively 13 V. The sixth potential V06
only needs to be lower than the third potential V03 and
higher than the fourth potential V04 (in this example, the
second potential V02, or the reference potential V00) and
may be equal to the fifth potential V05.

The sixth potential V06 1s lower than the third potential
V03. In this example, the difference between the third
potential V03 and the sixth potential V06 1s approximately
S5 V. Again, the maximum of the second erase-time select
gate voltage VeraG2 (1.e., the difference between the sixth
potential V06 and the reference potential V00) 1s lower than
the breakdown voltage of the select gate transistor of the
select gate SG.

Time t22 comes after time t21, time 123 comes after time
122, time 124 comes after time t23, time t25 comes after time
t24, and time t26 comes after time t25.

The second erase voltage Vera2 1s not less than the second
crase-time select gate voltage VeraG2 at any time.

By applying this second erase-time select gate voltage
Vera(G2 to the drain side select gate SGD and the source side
select gate SGS, GIDL 1s generated in the semiconductor
pillar SP near the portion opposed to the drain side select
gate SGD and the source side select gate SGS without gate
breakdown of the select gate transistor.

By applying the second erase voltage Vera2 to the first
wiring W1 and the second wiring W2, holes are injected into
the memory layer 48 (first memory layer 48a and second
memory layer 48b) of the memory transistor MT.

Here, the second erase voltage Vera2 is set lower than the
first erase voltage Veral. Thus, the threshold voltage, which
has been set slightly higher by application of the first erase
voltage Veral, 1s slightly lowered and set to the target value.
Consequently, the threshold voltage of the memory transis-
tor MT 1s set to the target value, such as -2 V.

More specifically, as shown 1n FIG. 8B, holes are mjected
from the semiconductor pillar SP side toward the electrode
film WL, and holes cg2a are captured in the memory layer
48 m addition to the holes cg2a captured in the first
operation El.

Here, the second erase voltage Vera2 applied 1s a low
voltage. This also suppresses holes cg2b from being cap-
tured by traps at shallow energy levels at the interface
between the semiconductor pillar SP and the mner insulating,
film 42 and 1n the portion of the 1nner nsulating film 42 on
the semiconductor pillar SP side.

Thus, as shown 1 FIG. 8C, holes cg2b are suppressed
from being captured by traps at shallow energy levels at the
interface between the semiconductor pillar SP and the 1inner
insulating film 42 and 1n the portion of the inner insulating
film 42 on the semiconductor pillar SP side. This results 1n
the desired erase state 1n which holes cg2a are captured in
the memory layer 48.

By this second operation E2, the threshold voltage of the
memory transistor MT {falls approximately 1 V from after
the first operation E1 and results 1in reaching the target value
(e.g., =2 V).

Thus, 1 the nonvolatile semiconductor memory device
110 according to this embodiment, the erase operation EP
includes a combination of the first operation E1 for soft
erasure and the second operation E2 for additional erasure.
Hence, the erase state can be made uniform. In other words,
an excessively deep erase state (the state with an excessively
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low threshold voltage) can be suppressed. Thus, the state
betore writing can be made uniform, which facilitates writ-
ing and can improve controllability in the write operation.

For instance, 1n a comparative example in which the erase
operation EP 1s performed only by a single operation (e.g.,
first operation E1), the erase voltage needs to be excessively
increased 1n order to form the erase state irrespective of the
characteristics variation among a plurality of memory tran-
sistors MT. An excessively high erase voltage causes exces-

sively deep erasure, and some memory transistors M1 may
fall outside the desired threshold voltage. Furthermore,
under an excessively high erase voltage, holes cg2b may be
captured by traps at shallow energy levels at the interface
between the semiconductor pillar SP and the mner insulating
film 42 and 1n the portion of the 1nner insulating {ilm 42 on
the semiconductor pillar SP side and may degrade retention
characteristics. Furthermore, erroneous write may occur due
to the so-called back tunneling by which electrons are
injected into the memory layer 48 (first memory layer 48a
and second memory layer 48b) via the outer msulating film
43 (first outer insulating {ilm 43a and second outer insulating
film 43b), for mstance. Furthermore, an excessive stress 1s
applied to the memory transistor M1, and it may cause
reliability degradation.

In contrast, according to this embodiment, the erase
operation EP includes a combination of the first operation Fl
for soit erasure and the second operation E2 for additional
erasure. Hence, the excessively deep erasure does not occur,
and the threshold voltage can be made umiform. This facili-
tates write operation. Furthermore, holes cg2b are sup-
pressed from being captured by traps at shallow energy
levels, which improves retention characteristics and stabi-
lizes the erase state. Furthermore, the back tunneling is
suppressed, and erroneous write 1s suppressed. Furthermore,
stress on the memory transistor MT 1s reduced, thereby
improving reliability.

As described above, the memory unit MU further includes
a select gate SG stacked on the multilayer structure ML 1n
the first direction (Z-axis direction) and pierced by one end
of the semiconductor pillar SP. The control unit CTU sets,
during the first period TE1 of the first operation El, the
select gate SG at the fifth potential V05, which 1s lower than
the first potential V01 and higher than the second potential
V02, and sets, during the second period TE2 of the second
operation E2, the select gate SG at the sixth potential V06,
which 1s lower than the third potential V03 and higher than
the fourth potential V04. Thus, GIDL 1s generated to per-
form the erase operation EP.

In the following, a description 1s given of an example 1n
which the length of the second period TE2 of the second
operation E2 1s shorter than the length of the first period TE1
of the first operation E1 and the difference between the third
potential V03 and the fourth potential V04 1s equal to the
difference between the first potential V01 and the second
potential V02. A nonvolatile semiconductor memory device
111 1n which this operation 1s performed 1s the same 1n
configuration as the nonvolatile semiconductor memory
device 110, but different 1n the operation of the control unit
CTU.

FIGS. 9A to 9D are schematic diagrams illustrating the
operation of an alternative nonvolatile semiconductor
memory device according to the first embodiment.

More specifically, FIGS. 9A and 9B are a schematic
diagram and a graph, respectively, 1llustrating the state of
potential 1n the first operation F1. FIGS. 9C and 9D are a
schematic diagram and a graph, respectively, 1llustrating the
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state of potential 1n the second operation E2. In FIGS. 9B
and 9D, the horizontal axis represents time t, and the vertical
axis represents potential Vp.

FIGS. 10A to 10C are schematic diagrams 1illustrating the
operation of the alternative nonvolatile semiconductor
memory device according to the first embodiment.

More specifically, FIGS. 10A, 10B, and 10C show, 1n the
first operation E1 and the second operation E2, the potential

of the first wiring W1 (the potential VSL of the source line

SL) and the potential of the second wiring W2 (the potential
VBL of the bit line BL); the potential VSGD of the drain side
select gate SGD and the potential VSGS of the source side
select gate SGS; and the potential VWL of the electrode film
WL, respectively.

As shown 1n FIGS. 9A and 9B, 1n the nonvolatile semi-
conductor memory device 111, the control unit CTU sets the
wiring WR (e.g., first wiring W1 and second wiring W2) at
a first potential V01 and the electrode film WL at a second
potential V02 lower than the first potential VO1.

For instance, as shown in FIGS. 10A to 10C, during the
first period TE1 of the first operation E1, the first erase
voltage Veral applied to the wiring WR rises from the
reference potential V00 at time t11, reaches the first potential
V01 at time t13, then keeps the first potential V01 until time
t14, starts falling at time t14, and returns to the reference
potential V00 at time t16. The period from time t13 to time
t14 1s the first period TEL.

The first erase-time select gate voltage VeraG1 applied to
the source side select gate SGS and the drain side select gate
SGD nises from the reference potential V00 at time t12,
reaches a fifth potential V03 at time t13, then keeps the fifth
potential VO3S until time t14, starts falling at time t14, and
returns to the reference potential V00 at time t15. Again, it
1s noted that the time of reaching the fifth potential V05 and
the time of starting falling from the fifth potential V05 may
be different from the time t13 of reaching the first potential
V01 and the time tl4 of starting falling from the first
potential VO1.

In the first operation E1, the potential of the electrode film

WL and the back gate BG 1s constant at the second potential
V02 (reference potential V00).

The first potential V01 1s illustratively 20 V, the fifth
potential VOS5 1s illustratively 15 V, and the second potential
V02 (reference potential V00) 1s illustratively 0 V.

Time t12 comes after time t11, time t13 comes a:
t12, time t14 comes after time 113, time t15 comes aj
t14, and time t16 comes after time t15.

The first erase voltage Veral 1s not less than the first
crase-time select gate voltage VeraGl at any time.

Thus, GIDL 1s generated, and holes are injected into the
memory layer 48 (first memory layer 48a and second
memory layer 48b) of the memory transistor MT.

Here, again, the first erase voltage Veral 1s set to a voltage
such that the threshold voltage of the memory transistor MT
1s slightly higher than the target value of the erase state. For
instance, when the target threshold voltage 1s -2 V, the
threshold voltage of the memory transistor MT 1s set to
approximately -1 V.

Subsequently, as shown mn FIGS. 9C and 9D, in the
second operation E2, the control unit CTU sets the wiring
WR (e.g., first wiring W1 and second wiring W2) at a third
potential V03 and the electrode film WL at a fourth potential
V04 lower than the third potential V03. Here, 1t 1s assumed
that the fourth potential V04 1s equal to the second potential
V02. Furthermore, 1n this case, the difference between the
third potential V03 and the fourth potential V04 1s equal to
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the difference between the first potential V01 and the second
potential V02. That 1s, the third potential V03 1s equal to the
first potential V01, or 20 V.

Furthermore, the period for which the third potential V03
(equal to the first potential V01 1n this case) 1s applied in the
second operation E2 i1s shorter than the period for which the
first potential V01 1s applied in the first operation E1.

For instance, as shown 1n FIGS. 10A to 10C, 1n the second
operation E2, the second erase voltage Vera2 rises from the
reference potential V00 at time t21, reaches the third poten-
tial V03 at time 123, then keeps the third potential V03 until
time 124, starts falling at time t24, and returns to the
reference potential V00 at time t26. In this example, the
period from time 123 to time t24 1s the second period TE2.
The length of the second period TE2 1s shorter than the
length of the first period TEL.

Also 1n this case, the second erase-time select gate voltage
VeraG2 rises from the reference potential V00 at time 22,
reaches a sixth potential V06 at time t23, then keeps the sixth
potential V06 until time 124, starts falling at time t24, and
returns to the reference potential V00 at time t235. Again, the
time of reaching the sixth potential V06 and the time of
starting falling from the sixth potential V06 may be different
from the time t23 of reaching the third potential V03 and the
time t24 of starting falling from the third potential V03.

In the second operation E2, the potential of the electrode
film WL and the back gate BG 1s constant at the fourth
potential V04, which 1s equal to the second potential V02, or
the reference potential V00.

The third potential V03 1s equal to the first potential V01,
such as 20 V. The sixth potential V06 1s equal to the fifth
potential V05, such as 15 V.

Time 122 comes after time t21, time t23 comes aj
122, time 124 comes after time 123, time t25 comes aj
t24, and time t26 comes after time 125.

The second erase voltage Vera2 1s not less than the second
crase-time select gate voltage VeraG2 at any time.

Thus, GIDL 1s generated, and holes are injected into the
memory layer 48 (first memory layer 48a and second
memory layer 48b) of the memory transistor MT.

As described above, the first period TE1 for which the first
operation E1 1s performed 1s set to the period for which the
first erase voltage Veral 1s the first potential V01. Further-
more, the second period TE2 for which the second operation
E2 1s performed 1s set to the period for which the second
crase voltage Vera2 1s the third potential V03 (equal to the
first potential V01 1n this example). The second period TE2
1s shorter than the first period TEL.

By this second operation E2, the threshold voltage, which
has been set slightly higher by the first operation E1, 1s
slightly lowered and set to the target value. That 1s, the
threshold voltage of the memory transistor MT 1s set to the
target threshold value, such as -2 V.

The foregoing has described the example i which the
length of the second period TE2 of the second operation E2
1s equal to the length of the first period TE1 of the first
operation E1 whereas the difference between the third
potential V03 and the fourth potential V04 1s smaller than
the difference between the first potential V01 and the second
potential V02 and the example in which the length of the
second period TE2 of the second operation E2 1s shorter than
the length of the first period TE1 of the first operation E1
whereas the difference between the third potential V03 and
the fourth potential V04 1s equal to the difference between
the first potential V01 and the second potential V02. How-
ever, 1t 1s only necessary to satisty at least one of: the length
of the second period TE2 of the second operation E2 being
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shorter than the length of the first period TE1 of the first
operation E1; and the difference between the third potential
V03 and the fourth potential V04 being smaller than the
difference between the first potential V01 and the second
potential V2.

In the nonvolatile semiconductor memory device accord-
ing to this embodiment, the control unit CTU can further
perform a verily read operation as described below.

FIGS. 11A and 11B are tlow charts illustrating the opera-
tion ol an alternative nonvolatile semiconductor memory
device according to the first embodiment.

As shown 1 FIG. 11A, between the first operation El
(step S110) and the second operation E2 (step S120), an
alternative nonvolatile semiconductor memory device 112
according to this embodiment performs a third operation E3
(step S130) for reading the threshold voltage of the memory
transistor MT formed at the intersection between the semi-
conductor pillar SP and the electrode film WL.

The configuration of the nonvolatile semiconductor
memory device 112 can be the same as that of the nonvola-
tile semiconductor memory devices 110 and 111, and hence
the description thereof 1s omitted.

The third operation E3 1s the so-called verity read opera-
tion.

In the third operation E3, for instance, the first wiring W1
(source line SL) 1s set at a second potential V02 (e.g., 0 V),
the second wiring W2 (bit line BL) 1s set at a low potential
Ve (e.g., approximately 3 V), the first select gate SG1 and
the second select gate SG2 are set at the low potential Vcc,
and the electrode film WL 1s set at a search potential Vse.
Then, with the search potential Vse varied (that 1s, with the
potential of the electrode film WL varied between the first
potential V01 and the second potential V02), the threshold
voltage of the memory transistor MT corresponding to each
clectrode film WL 1s read. This operation is also performed
by the control unit CTU.

Then, 11 the threshold voltage of the memory transistor
MT read by the third operation E3 has not reached the target
value, the process proceeds to the second operation E2, and
if the threshold voltage has reached the target value, the
process 1s completed (step S131).

When the threshold voltage has not reached the target
value, the second operation E2 (step S120) 1s performed.

Thus, 1n this example, the second operation E2 1s per-
formed on the basis of the state of the threshold voltage of
the memory transistor MT after the first operation E1. Thus,
in the erase operation EP, the control unit CTU performs an
operation including the execution of the first operation E1
and the execution of the second operation E2.

Thus, the second operation E2 can be performed as
needed, and the erase operation EP can be performed efli-
ciently.

As shown 1n FIGS. 11B, 1n a nonvolatile semiconductor
memory device 113 according to this embodiment, a third
operation E3a (step S130a) for reading the threshold voltage
of the memory transistor MT formed at the intersection
between the semiconductor pillar SP and the electrode film
WL 1s performed after the second operation E2.

The configuration of the nonvolatile semiconductor
memory device 113 can be the same as that of the nonvola-
tile semiconductor memory devices 110 and 111, and hence
the description thereof 1s omitted.

The third operation E3a 1s also the verily read operation.
In the third operation E3a, an operation similar to the
alorementioned third operation E3 1s performed.

If the threshold voltage of the memory transistor MT read
by the third operation E3a has not reached the target value,
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the process returns to the second operation E2, and 1if the
threshold voltage has reached the target value, the process 1s
completed (step S131a). Then, the aforementioned step
S120, step S130a, and step S131a are repeated until the
threshold voltage reaches the target value.

In this example, between the first operation E1 (step S110)
and the second operation E2 (step Sl20) the aforemen-
tioned third operation E3 (step S130) 1s performed. IT the
threshold voltage of the memory transistor MT read by the
third operation E3 has not reached the target value, the
process proceeds to the second operation E2, and if the
threshold voltage has reached the target value, the process 1s
completed (step S131).

Then, after the second operation E2, the atorementioned
step S130a and step S131a are performed.

More specifically, the third operation E3a 1s performed
alter the second operation E2. During a third period after the
third operation E3a, the control unit CTU performs an
operation (corresponding to a second additional erasure) for
setting the first wiring W1 at an eighth potential and setting
the electrode film WL at a ninth potential lower than the
cighth potential. Here, at least one of the following is
satisfied: the length of the third period being shorter than the
length of the second period; and the difference between the
eighth potential and the ninth potential being smaller than
the difference between the third potential V03 and the fourth
potential V04,

The ninth potential 1s illustratively equal to the fourth
potential V04, that 1s, equal to the second potential V02.

However, the invention 1s not limited thereto. It 1s also
possible to omit step S130 and step S131, perform step S110
and step S120, then perform step S130a and step S131a,
repeating the aforementioned step S120, step S130a, and
step S131a until the threshold voltage reaches the target
value.

That 1s, the third operation E3 (or third operation E3a) can
be performed at least one of between the first operation FEl
and the second operation E2 and after the second operation
E2.

Thus, the second operation E2 can be repeated as needed,
and the erase operation EP can be performed efficiently.

In the case of repeating the second operation E2, at least
one of the second period TE2 of the second operation E2 and
the difference between the third potential V03 and the fourth
potential V04 may be varied with the number of repetltlons
Thus, the erase operation EP can be performed more etfli-
mently

FIGS. 12A to 12D are schematic diagrams 1llustrating the
operation of an alternative nonvolatile semiconductor
memory device according to the first embodiment.

More specifically, FIGS. 12A and 12B are a schematic
diagram and a graph, respectively, 1llustrating the state of
potential 1n the first operation E1. FIGS. 12C and 12D are a
schematic diagram and a graph, respectively, illustrating the
state of potential 1n the second operation E2. In FIGS. 12B
and 12D, the horizontal axis represents time t, and the
vertical axis represents potential Vp.

As shown 1n FIGS. 12A to 12D, 1n the operation of an
alternative nonvolatile semiconductor memory device 114
according to this embodiment, an erase voltage (first erase
voltage Veral) 1s applied to the first wiring W1 (source line
SL), but the second wiring W2 (bit line BL) 1s set in the
floating state FLLT. Here, an erase-time select gate voltage
(first erase-time select gate voltage Vera(Gl) 1s applied to the
first select gate SG1 (source side select gate SGS), but the
second select gate SG2 (drain side select gate SGD) on the
second wiring W2 side 1s set 1n the floating state FLT.
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More specifically, the memory unit MU further icludes
a second semiconductor pillar SP2 provided adjacent to the
first semiconductor pillar SP1 1n the second direction (Y-axis
direction) orthogonal to the first direction (Z-axis direction)
and piercing the multilayer structure ML 1n the first direc-
tion, a second memory layer 48b provided between each
clectrode film WL and the second semiconductor pillar SP2,
a second imnner insulating film 42b provided between the
second memory layer 48b and the second semiconductor
pillar SP2, a second outer insulating film 43b provided
between each electrode film WL and the second memory
layer 48b, a second wiring W2 electrically connected to one
end (second end) of the second semiconductor pillar SP2, a
connecting portion CP (first connecting portion CP1) elec-
trically connecting the other end (third end) opposite to the
one end (first end) of the first semiconductor pillar SP1 and
the other end (fourth end) opposite to the one end (second
end) of the second semiconductor pillar SP2, a first select
gate SG1 provided between the one end (first end) of the first
semiconductor pillar SP1 and the multilayer structure ML
and pierced by the first semiconductor pillar SP1, and a
second select gate SG2 provided between the one end
(second end) of the second semiconductor pillar SP2 and the
multilayer structure ML and pierced by the second semi-
conductor pillar SP2.

During the first period TE1 of the first operation E1, the
control unit CTU sets the first wiring W1 at a first potential
V01, the second wiring W2 1n the floating state FLT, and the
clectrode film WL at a second potential V02 lower than the
first potential VO1.

Then, during the second period TE2 of the second opera-
tion E2 after the first operation E1, the control unit CTU sets
the first wiring W1 at a third potential V03, the second
wiring W2 1n the floating state FLT, and the electrode film
WL at a fourth potential V04 lower than the third potential
V3.

Furthermore, during the first period TE1 of the first
operation E1, the first select gate SG1 1s set at a fifth
potential V05, which 1s lower than the first potential V01 and
higher than the second potential V02. Here, the second select
gate SG2 1s preferably set in the floating state FLT.

Then, during the second period TE2 of the second opera-
tion E2, the first select gate SG1 1s set at a sixth potential
V06, which 1s lower than the third potential V03 and higher
than the fourth potential V04. Here, the second select gate
SG2 1s preferably set in the floating state FLT.

Thus, 11 the erase voltage (first erase voltage Veral and
second erase voltage Vera2) and the erase-time select gate
voltage (first erase-time select gate voltage VeraGl and
second erase-time select gate voltage VeraG2) are applied,
respectively, to the first wiring W1 and the first select gate
SG1 corresponding to one end of a memory string, then the
second wiring W2 and the second select gate SG2 corre-
sponding to the other end of the memory string may be 1n the
floating state FLT.

Second Embodiment

FIGS. 13A to 13D are schematic diagrams 1illustrating the
operation of a nonvolatile semiconductor memory device
according to a second embodiment.

More specifically, FIGS. 13A and 13B are a schematic
diagram and a graph, respectively, illustrating the state of
potential 1n the first operation E1. FIGS. 13C and 13D are a
schematic diagram and a graph, respectively, 1llustrating the
state of potential in the second operation E2. In FIGS. 13B
and 13D, the horizontal axis represents time t, and the
vertical axis represents potential Vp.
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In this embodiment, the second operation E2 does not
necessarily need to be performed as a combination with the
first operation E1 after the first operation E1, but the first
operation E1 and the second operation E2 may be performed
independently.

As shown 1n FIG. 13A, 1n a nonvolatile semiconductor
memory device 120 according to this embodiment, the
control unit CTU sets the wiring WR (e.g., first wiring W1
and second wiring W2) at a first potential V01 when
performing at least one operation of: injection of holes 1nto
one memory layer 48 (one memory section, selected
memory layer 48) of a plurality of memory layers 48; and
extraction of electrons from the one memory layer 48 (the
one memory section, selected memory layer 48).

Furthermore, the electrode film WL opposed to the one
memory layer 48 (the one memory section) 1s set at a second
potential V02 lower than the first potential V01, and the
clectrode films WL opposed to the memory layers 48
(memory section) except the one memory layer 48 (the one
memory section) are set in the floating state FLT.

In this example, the electrode films WLOS, WLI1S,
WLOD, and WL1D opposed to the selected memory layers
48 are grounded to the reference potential V00, which 1s the
second potential V02, and the electrode films WL2S, WL3S,
WL2D, and WL3D opposed to the other memory layers 48
are set 1n the floating state FLT.

By this operation, a memory transistor M T corresponding,
to a particular electrode film WL can be selectively erased.
In this example, the memory transistors MT corresponding
to the electrode films WLOS, WL1S, WLOD, and WL1D are
selectively erased.

On the other hand, because the electrode films WL2S,
WL3S, WL2D, and WL3D are set in the floating state FLT,
these electrode films WL are boosted by capacitive coupling.
Hence, no potential difference occurs between the electrode
films WL and the wiring WR. Thus, erasure 1s not performed
in the memory transistors MT corresponding to these elec-
trode films WL.

Here, at least one of the erase voltage (first erase voltage
Veral) and the length of the first period TE1 can be
optimally adapted to these memory transistors MT.

For istance, the size of the through hole TH provided 1n
the multilayer structure ML may be nonuniform depending
on the distance from the substrate 11. For instance, in
comparison between the lower portion (substrate-proximal
portion) near the substrate 11 and the upper portion (sub-
strate-distal portion) at farther distance from the substrate 11
than the lower portion, the through hole TH 1n the upper
portion may have a larger diameter, and hence a larger
curvature radius. In this case, a relatively larger potential
difference 1s applied between the wiring WR and the elec-
trode film WL to erase the memory transistor MT 1n the
upper portion than in the lower portion. By using an optimal
erase voltage 1n each of the upper portion and the lower
portion, each memory transistor MT can be set 1n a suitable
erase state.

For instance, the first potential V01, which 1s the maxi-
mum of the first erase voltage Veral, 1s illustratively 20 V,
and the second potential V02 1s the reference potential V00,
or the ground potential GND (0 V).

Here, the setting of the potential of the first select gate
SG1 and the second select gate SG2 (fifth potential V05, or
first erase-time select gate voltage Vera(Gl) can be the same
as that described with reference to FIGS. 6A to 6D, and
hence the description thereof 1s omuitted.

By using the voltage as described above, only the desired
memory transistor MT can be erased by an optimal erase
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voltage. Thus, the erase state can be made uniform, which
can improve controllability in the subsequent write opera-
tion, for instance. Furthermore, this improves retention
characteristics, stabilizes the erase state, and also suppresses
erroneous write. Furthermore, selective erasure of only the
desired memory transistor MT serves to improve reliability
and accelerate the erase operation.

In the second operation E2 shown i FIG. 13C, the
electrode films WL2S, WL3S, WL2D, and WL3D are
grounded to the reference potential V00, which 1s the fourth
potential V04, and the electrode films WLOS, WLI1S,
WLOD, and WL1D opposed to the other memory layers 48
are set 1n the tloating state FLT.

By this operation, the memory transistors M T correspond-
ing to the electrode films WL2S, WL3S, WL2D, and WL3D
are selectively erased.

Here, at least one of the erase voltage (second erase
voltage Vera2) and the length of the second period TE2 can
be optimally adapted to these memory transistors MT.

The third potential V03, which 1s the maximum of the
second erase voltage Vera2, 1s illustratively 19 V, and the
fourth potential V04 is the reference potential V00, or the
ground potential GND (0 V).

Here, the setting of the potential of the first select gate
S(G1 and the second select gate SG2 (sixth potential V06, or
the maximum of the second erase-time select gate voltage
VeraG2) can be the same as that described with reference to
FIGS. 6A to 6D, and hence the description thereof 1is
omitted.

By using the voltage as described above, only the desired
memory transistor MT can be erased by an optimal erase
voltage. Thus, the erase state can be made uniform, which
can 1mprove controllability 1n the subsequent write opera-
tion, for instance. Furthermore, this improves retention
characteristics, stabilizes the erase state, and also suppresses
erroneous write. Furthermore, selective erasure serves to
improve reliability and accelerate the erase operation.

Thus, 1n a selective first erase operation EP on a first
selected memory layer 48 (one memory layer 48 of a
plurality of memory layers 48, memory section), during the
first pertod TEI1, the control umit CTU performs a first
operation E1 for setting the wiring WR (first wiring W1 and
second wiring W2) at a first potential V01, setting the
clectrode film WL opposed to the first selected memory
layer 48 at a second potential V02 lower than the first
potential V01, and setting the electrode film WL opposed to
first non-selected memory layers 48 (the memory layers 48
except the first selected memory layer 48, memory section)
in the floating state FLT. Furthermore, during the second
period TE2 (e.g., after the first period TE1), in a selective
second erase operation EP on a second selected memory
layer 48 (another memory layer 48 of a plurality of memory
layers 48, memory sections) other than the first selected
memory layer 48 (the memory section), the control unit
CTU can perform a second operation E2 for setting the
wiring WR (first wiring W1 and second wiring W2) at a third
potential V03, setting the electrode film WL opposed to the
second selected memory layer 48 (the memory section) at a
tourth potential V04 lower than the third potential V03, and
setting the electrode film WL opposed to second non-
selected memory layers 48 (the memory layers 48 except the
second selected memory layer 48, the memory section)) 1n
the floating state FLT.

Furthermore, at least one of the following may be satis-
fied: the length of the second period TE2 being different
from the length of the first period TE1; and the difference
between the third potential V03 and the fourth potential V04
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being different from the difference between the first potential
V01 and the second potential V2.

Hence, each desired memory transistor MT can be selec-
tively erased by an optimal erase voltage. Thus, the erase
state can be made more uniform.

Furthermore, also 1n this case, as described with reference
to FIG. 12, 1n the first operation E1, with the first wiring W1
set at a first potential V01, the second wiring W2 can be set
in the floating state FL'T, and with the first select gate SG1
set at a fifth potential V03, the second select gate SG2 can
be set 1n the floating state FLT. Furthermore, 1n the second
operation E2, with the first wiring W1 set at a third potential
V03, the second wiring W2 can be set 1n the floating state
FLT, and with the first select gate SG1 set at a sixth potential
V06, the second select gate SG2 can be set 1n the floating
state FL1.

Third Embodiment

FIGS. 14A to 14F are schematic diagrams 1llustrating the
operation of a nonvolatile semiconductor memory device
according to a third embodiment.

More specifically, FIG. 14A 1s a schematic diagram
illustrating the state of potential 1n a nonvolatile semicon-
ductor memory device 130. FIGS. 14B to 14F are graphs
illustrating the state of potential, where FIG. 14B shows the
erase voltage Vera and the erase-time select gate voltage
VeraG, and FIGS. 14C to 14F show, respectively, the appli-
cation voltage VWL3 to the electrode films WL3S and
WL3D, the application voltage VWL2 to the electrode films
WL2S and WL2D, the application voltage VWL1 to the
clectrode films WL1S and WL1D, and the application
voltage VWLO to the electrode films WLOS and WLOD.

As shown 1n FIGS. 14A to 14F, the control umit CTU

performs the following process 1n the operation of perform-
ing at least one of: 1njection of holes into the memory layer
48; and extraction of electrons from the memory layer 48.

The control unit CTU sets the wiring WR (e.g., first
wiring W1 and second wiring W2) at a first potential V01
and one electrode film WL of a plurality of electrode films
WL at a second potential V02 lower than the first potential
V01. Furthermore, the control unit CTU sets another elec-

trode film WL of the plurality of electrode films WL at a
seventh potential V07, which 1s lower than the first potential
V01 and different from the second potential V02.

The first potential V01 1s illustratively 20 V, and the
second potential V02 1s 1llustratively the reference potential
V00, or OV,

The erase voltage Vera, the erase-time select gate voltage
VeraQ, the fifth potential V035, the period TE, and time t11,
t12, t13, t14, t15, and t16 1llustrated in FIG. 14B can be the
same as the first erase voltage Veral, the first erase-time
select gate voltage VeraG1, the fifth potential V035, the first
period TE1l, and time t11, t12, t13, t14, t15, and t16
described with reference to FIGS. 6 A to 6D, and hence the
description thereol 1s omitted.

In the first operation E1 illustrated in FIGS. 6A to 6D, all
the electrode films WL are simultaneously set at the second
potential V02. However, in the nonvolatile semiconductor
memory device 130 according to this embodiment, at least
two of the electrode films WL are set at diflerent potentials.

For instance, the application voltage VWL3 to the elec-
trode films WL3S and WL3D 1s constant at the second
potential V02 (reference potential V00), or 0 V. The maxi-
mum of the application voltage VWL2 to the electrode films
WL2S and WL2D 1s 1llustratively 1 V. The maximum of the
application voltage VWL to the electrode films WL1S and
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WLI1D 1s illustratively 2 V. The maximum of the application
voltage VWLO0 to the electrode films WLO0OS and WLOD 1s

illustratively 3 V.

Each of the application voltages VWL0 to VWL2 rises
from the reference potential V00 at time t11, reaches the
associated maximum potential (3 V, 2 Vand 1 V) at time t13,
then keeps the maximum potential until time tl14, starts
talling at time t14, and returns to the reference potential V0O
at time t16. In this example, the period from time t13 to time
t14 1s the period TE.

Thus, by setting the electrode films WL independently at
different potentials, each memory transistor MT opposed to
the associated electrode film WL can be optimally erased.

For instance, as described above, the size of the through
hole TH provided in the multilayer structure ML may be
nonuniform depending on the distance from the substrate 11.
For mstance, as compared with the lower portion (substrate-
proximal portion) near the substrate 11, the through hole TH
may have a larger diameter, and hence a larger curvature
radius, 1n the upper portion (substrate-distal portion) at
tarther distance from the substrate 11 than the lower portion.
In this case, while the erase voltage Vera applied to the
wiring WR 1s left constant, the electrode film WL 1n the
upper portion having a relatively larger curvature radius 1s
set at 0 V, and the electrode film WL in the lower portion
having a relatively smaller curvature radius 1s set at a voltage
higher than O V, for instance

More specifically, a first region (e.g., substrate-distal
portion, or upper portion) where the outer insulating film 43
has a large outer diameter along the second direction (Y-axis
direction) perpendicular to the first direction (Z-axis direc-
tion), and a second region (e.g., substrate-proximal portion,
or lower portion) where the outer diameter along the second
direction 1s smaller than in the first region, are defined. The
alorementioned one electrode film WL of a plurality of
clectrode films WL 1s an electrode film WL in the first
region, and the aforementioned other electrode film WL of
the plurality of electrode films WL 1s an electrode film WL
in the second region. Here, the seventh potential V07 1s
illustratively 1 V to 3 V, which 1s higher than the second
potential V02 (e.g., 0 V).

That 1s, as 1llustrated 1n FIGS. 14A to 14F, the maximum
of the application voltage VWL to the electrode film WLOS
and the electrode film WLO0D, for instance, Correspondmg to
the memory transistors MT 1n the lower portion 1s set higher
than the maximum of the application voltage VWL3 to the
clectrode film WL3S and the electrode film WL3D corre-
sponding to the memory transistors MT 1n the upper portion
so that optimal potential differences are respectively applied
to the memory transistors MT 1n the upper portion and the
lower portion. Thus, each of the memory transistors MT can
be set at a suitable erase state.

Also 1n this case, as described with reference to FIGS.
12A to 12D, with the first wiring W1 set at a first potential
V01, the second wiring W2 can be set 1n the tloating state
FLT, and with the first select gate SG1 set at a fifth potential
V035, the second select gate SG2 can be set 1n the floating
state FL1.

It 1s noted that various operations described with refer-
ence to the first to third embodiments may be suitably
combined. For instance, the second embodiment and the
third embodiment can be combined. Then, the memory
transistors M1 opposed to different electrode films WL can
be separately erased by varying the erase voltage Vera and
turther varying the potential VWL depending on the elec-
trode film WL.

10

15

20

25

30

35

40

45

50

55

60

65

24

Fourth Embodiment

FIGS. 15 and 16 are a schematic cross-sectional view and
a schematic perspective view, respectively, illustrating the
configuration of a nonvolatile semiconductor memory
device according to a fourth embodiment.

It 1s noted that for clarity of illustration, FIG. 16 shows
only the conductive portions and omits the msulating por-
tions.

As shown 1in FIGS. 15 and 16, a nonvolatile semiconduc-

tor memory device 140 according to this embodiment also
includes a memory unit MU and a control unit CTU.

In the memory umit MU, semiconductor pillars SP are not
connected 1n a U-shape, but are independent of each other.
That 1s, the nonvolatile semiconductor memory device 140
includes linear NAND strings. An upper select gate USG
(second select gate SG2, illustratively serving as a drain side
select gate SGD) 1s provided above the multilayer structure
ML, and a lower select gate LSG (first select gate SG,
illustratively serving as a source side select gate SGS) 1s
provided below the multllayer structure ML

An upper select gate insulating film USGI illustratively
made of silicon oxide 1s provided between the upper select
gate USG and the semiconductor pillar SP, and a lower
select gate insulating film LSGI 1illustratively made of sili-
con oxide 1s provided between the lower select gate LSG and
the semiconductor pillar SP.

Furthermore, a source line SL (first wiring W1, which 1s
one of the wirings WR) 1s provided below the lower select
gate L.SG. An interlayer imnsulating film 13a 1s provided
below the source line SL, and an iterlayer msulating film
13b 1s provided between the source line SL and the lower
select gate LSG.

The semiconductor pillar SP 1s connected to the source
line SL below the lower select gate LSG and to a bit line BLL
(second wiring W2, which 1s one of the wirings WR) above
the upper select gate USG. Thus, memory transistors MT
(memory cells MC) are formed 1n the multilayer structure
ML between the upper select gate USG and the lower select
gate LSG, and the semiconductor pillar SP functions as one
linear memory string. This memory string 1s illustratively a
NAND string.

The upper select gate USG and the lower select gate LSG
are divided 1n the Y-axis direction by an interlayer insulating
film 17 and an interlayer insulating film 13c, respectively,
and shaped like strips aligning in the X-axis direction.

On the other hand, the bit line BL connected to the upper
portion of the semiconductor pillar SP and the source line SL
connected to the lower portion of the semiconductor pillar
SP are shaped like strips aligning 1n the Y-axis direction.

In this case, the electrode film WL 1s a plate-like conduc-
tive film parallel to the X-Y plane.

Also 1 the nonvolatile semiconductor memory device
140 having such a structure, the control unit CTU performs
the operation described with reference to the first to third
embodiments. Thus, a stable erase state can be realized.

In the nonvolatile semiconductor memory device accord-
ing to the embodiments of the invention, the interelectrode
insulating film 14, the inner insulating film 42, and the outer
insulating film 43 can be a monolayer film made of a
material selected from the group including silicon oxide,
silicon nitride, silicon oxynitride, aluminum oxide, alumi-
num oxynitride, hatnia, hatnium aluminate, hainia nitride,
hatnmium nitride aluminate, hatnium silicate, hatnium nitride
silicate, lanthanum oxide, and lanthanum aluminate, or a
multilayer film made of a plurality of materials selected
from the group.
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The memory layer 48 can be a monolayer film made of a
matenal selected from the group including silicon nitride,
silicon oxynitride, aluminum oxide, aluminum oxynitride,
hatnia, hatnium aluminate, hatfma nitride, hatnium nitride
aluminate, hatnium silicate, hatnium nitride silicate, lantha-
num oxide, and lanthanum aluminate, or a multilayer film
made of a plurality of materials selected from the group.

In the specification of the application, “perpendicular”
and “parallel” refer to not only strictly perpendicular and
strictly parallel but also include, for instance, the fluctuation
due to manufacturing processes, etc. It 1s suilicient to be
substantially perpendicular and substantially parallel. The
embodiments of the invention have been described with
reference to examples. However, the imnvention 1s not limited
to these examples. For instance, various specific configura-
tions of the components, such as the substrate, electrode
film, insulating film, msulating layer, multilayer structure,
memory layer, charge storage layer, semiconductor pillar,
word line, bit line, source line, wiring, memory transistor,
and select gate transistor constituting the nonvolatile semi-
conductor memory device are encompassed within the scope
of the invention as long as those skilled in the art can
similarly practice the mvention and achieve similar effects
by suitably selecting such configurations from convention-
ally known ones.

Furthermore, any two or more components of the
examples can be combined with each other as long as
technically feasible, and such combinations are also encom-
passed within the scope of the invention as long as they fall
within the spirit of the invention.

Furthermore, those skilled 1n the art can suitably modify
and i1mplement the nonvolatile semiconductor memory
device described above 1n the embodiments of the invention,
and all the nonvolatile semiconductor memory devices thus
modified are also encompassed within the scope of the
invention as long as they fall within the spirit of the
invention.

Furthermore, those skilled in the art can conceive various
modifications and variations within the spirit of the inven-
tion, and 1t 1s understood that such modifications and varia-
tions are also encompassed within the scope of the inven-
tion. For instance, those skilled 1n the art can suitably modify
the above embodiments by addition, deletion, or design
change of components, or by addition, omission, or condi-
tion change of processes, and such modifications are also
encompassed within the scope of the invention as long as
they fall within the spirit of the invention.

The 1nvention claimed 1s:

1. A nonvolatile semiconductor memory device compris-
ng:

a memory unit; and

a control unit,

the memory unit including:

a multilayer structure including a plurality of electrode
films and a plurality of iterelectrode insulating films
alternately stacked in a first direction;

a first semiconductor pillar piercing the multilayer
structure 1n the first direction;

a first memory layer provided between each of the
clectrode films and the first semiconductor pillar;

a first inner msulating film provided between the first
memory layer and the first semiconductor pillar;

a lirst outer insulating film provided between each of
the electrode films and the first memory layer; and

a first wiring electrically connected to one end of the
first semiconductor pillar,
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the control unit performing:

a first operation setting the first wiring at a first poten-
tial and setting the electrode film at a second poten-
tial lower than the first potential during a first period;
and

an operation including a second operation setting the
first wiring at a third potential and setting the elec-
trode film at a fourth potential lower than the third
potential during a second period after the first opera-
tion,

the operation 1including the second operation having at
least one of:

a length of the second period being shorter than a length
of the first period; and

a difference between the third potential and the fourth
potential being smaller than a difference between the
first potential and the second potential,

the first operation and the operation including the
second operation being performed 1n an operation for
performing at least one of injection of holes 1nto the
first memory layer and extraction of electrons from
the first memory layer.

2. The device according to claim 1, wherein the control
unit performs a third operation reading a threshold voltage
of a memory transistor formed at an intersection between the
first semiconductor pillar and the electrode film at least one
ol after the second operation and between the first operation
and the second operation.

3. The device according to claim 2, wherein

the third operation 1s performed after the second opera-

tion,

the control umt performs an operation setting the first

wiring at an eighth potential and setting the electrode

film at a ninth potential lower than the eighth potential
during a third period atfter the third operation, and

the operation preformed during the third period includes
at least one of: a length of the third period being shorter
than the length of the second period; and a difference
between the eighth potential and the ninth potential
being smaller than the difference between the third
potential and the fourth potential.

4. The device according to claim 1, wherein

the memory unit further includes a select gate stacked on

the multilayer structure 1n the first direction and pierced

by the one end of the semiconductor pillar, and

the control unit sets:

the select gate at a fifth potential during the first period,
the fifth potential being lower than the first potential
and higher than the second potential; and

the select gate at a sixth potential during the second
period, the sixth potential being lower than the third
potential and higher than the fourth potential.

5. The device according to claim 4, wherein a difference
between the fifth potential and the second potential and a
difference between the sixth potential and the second poten-
tial are lower than a breakdown voltage of a select gate
transistor of the select gate.

6. The device according to claim 4, wherein

a potential of the select gate starts changing from the

second potential to the fifth potential after a time when

a potential of the first wiring starts changing from the

second potential to the first potential during the first

period, and

the potential of the select gate finishes changing from the

fifth potential to the second potential after the time
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when the potential of the first wiring finishes changing

from the first potential to the second potential during

the second period.

7. The device according to claim 4, wherein

the control unit performs a third operation reading a
threshold voltage of a memory transistor formed at an
intersection between the first semiconductor pillar and
the electrode film at least one of after the second
operation and between the first operation and the sec-
ond operation, and

the control unit sets the first wiring at the second potential,
sets the select gate at a potential being lower than the
first potential and higher than the second potential, and
reads the threshold voltage of the memory transistor
with the potential of the electrode film varied between
the first potential and the second potential 1n the third
operation.

8. The device according to claim 1, wherein

the memory unit further includes:

a second semiconductor pillar provided adjacent to the
first semiconductor pillar n a second direction
orthogonal to the first direction and piercing the
multilayer structure in the first direction;

a second memory layer provided between each of the
clectrode films and the second semiconductor pillar;

a second inner insulating film provided between the
second memory layer and the second semiconductor
pillar;

a second outer msulating film provided between each of
the electrode films and the second memory layer;

a second wiring electrically connected to one end of the
second semiconductor pillar; and

a connecting portion electrically connecting between
another end opposite to the one end of the first
semiconductor pillar and another end opposite to the
one end of the second semiconductor pillar,

the control unit sets:

the second wiring 1n a floating state during the first
period of the first operation; and

the second wiring 1n the floating state during the second
period of the second operation.

9. The device according to claim 1, wherein
the memory umt further includes:

a second semiconductor pillar provided adjacent to the
first semiconductor pillar 1n a second direction
orthogonal to the first direction and piercing the
multilayer structure 1n the first direction;

a second memory layer provided between each of the
clectrode films and the second semiconductor pillar;

a second inner insulating film provided between the
second memory layer and the second semiconductor
pillar;

a second outer msulating film provided between each of
the electrode films and the second memory layer;

a second wiring electrically connected to one end of the
second semiconductor pillar;

a connecting portion electrically connecting between
another end opposite to the one end of the first
semiconductor pillar and another end opposite to the
one end of the second semiconductor pillar;

a first select gate provided between the one end of the
first semiconductor pillar and the multilayer struc-
ture and pierced by the first semiconductor pillar;
and
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a second select gate provided between the one end of
the second semiconductor pillar and the multilayer
structure and pierced by the second semiconductor
pillar,

the control unit sets:

the second wiring in a floating state;

the first select gate at a fifth potential being lower than
the first potential and higher than the second poten-
tial; and

the second select gate at the fifth potential or 1n the
floating state, during the first period of the first
operation, and

the control unit sets:

the second wiring in the tloating state;

the first select gate at a sixth potential being lower than
the third potential and higher than the fourth poten-
tial; and

the second select gate at the sixth potential or in the
floating state, during the second period of the second
operation.

10. The device according to claim 9, wherein a difference
between the fifth potential and the second potential 1s lower
than a breakdown voltage of a select gate transistor of the
first select gate.

11. The device according to claim 10, wherein a difference
between the sixth potential and the second potential 1s lower
than the breakdown voltage of a select gate transistor of the
second select gate.

12. The device according to claim 9, wherein the control
umt performs a third operation reading a threshold voltage
ol a memory transistor formed at an intersection between the
first semiconductor pillar and the electrode film at least one
of after the second operation and between the first operation
and the second operation.

13. The device according to claim 12, wherein

the control unit sets the first wiring at the second potential,

sets the second wiring, the first select gate, and the
second select gate at a potential being lower than the
first potential and higher than the second potential, and
reads the threshold voltage of the memory transistor
with the potential of the electrode film varied between
the first potential and the second potential, 1n the third
operation.

14. The device according to claim 1, wherein the memory
layer includes a monolayer film made of a material selected
from a first group including silicon nitride, silicon oxyni-
tride, aluminum oxide, aluminum oxynitride, hainia, hait-
nium aluminate, hatma nitride, hatnium nitride aluminate,
hatmium silicate, hatnium nitride silicate, lanthanum oxide,
and lanthanum aluminate, or a multilayer film made of a
plurality of matenals selected from the first group.

15. The device according to claim 14, wherein at least one
of the interelectrode insulating film, the inner insulating
f1lm, and the outer insulating film includes a monolayer film
made of a material selected from a second group including
silicon oxide, silicon nitride, silicon oxynitride, aluminum
oxide, aluminum oxynitride, hafnia, hafnium aluminate,
hatnia nitride, hatnhium nitride aluminate, hatnium silicate,
hatnium nitride silicate, lanthanum oxide, and lanthanum
aluminate, or a multilayer film made of a plurality of
materials selected from the second group.

16. A nonvolatile semiconductor memory device com-
prising:

a memory unit; and

a control unit,
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the memory unit including:

a multilayer structure including a plurality of electrode
films and a plurality of interelectrode insulating films
alternately stacked in a first direction;

a semiconductor pillar piercing the multilayer structure
in the first direction;

a memory layer provided between each of the electrode
films and the semiconductor pillar;

an mner msulating film provided between the memory
layer and the semiconductor pillar;

an outer msulating film provided between each of the
clectrode films and the memory layer; and

a wiring electrically connected to one end of the
semiconductor pillar, and

the control unit setting:

the wiring at a first potential; and

the electrode film opposed to one of memory sections
of the memory layer facing the plurality of electrode
films at a second potential lower than the first
potential and the electrode film opposed to the
memory section except the one of memory sections
in a floating state,

the setting being performed in an operation for per-
forming at least one of 1njection of holes 1nto the one
memory section and extraction of electrons from the
one memory section.

17. The device according to claim 16, wherein
the one memory section 1s a first selected memory section,
the control unit sets:

the wiring at the first potential, the electrode film
opposed to the first selected memory section at the
second potential lower than the first potential, and
the electrode film opposed to the memory sections
except the first selected memory section 1n the tloat-
ing state during a first period 1n the operation for
performing at least one of 1njection of holes into the
first selected memory section and extraction of elec-
trons from the first selected memory section; and

the wiring at a third potential, the electrode film
opposed to a second selected memory section at a
fourth potential lower than the third potential, and
the electrode film opposed to the memory section
except the second selected memory section 1n the
floating state during a second period after the first
period 1n an operation for performing at least one of
injection of holes nto the second selected memory
section of the plurality of memory sections other
than the first selected memory section and extraction
of electrons from the second selected memory sec-
tion,

the operation performed during the second period 1includ-
ing at least one of:

a length of the second period being diflerent from a
length of the first period; and

a difference between the third potential and the fourth
potential being different from a difference between
the first potential and the second potential.

18. The device according to claim 17, wherein
the memory umt further includes:

a second semiconductor pillar provided adjacent to the
first semiconductor pillar 1n a second direction
orthogonal to the first direction and piercing the
multilayer structure 1n the first direction;

a second memory layer provided between each of the
clectrode films and the second semiconductor pillar;
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a second inner insulating film provided between the
second memory layer and the second semiconductor
pillar;

a second outer msulating film provided between each of
the electrode films and the second memory layer;

a second wiring electrically connected to one end of the
second semiconductor pillar;

a connecting portion electrically connecting between
another end opposite to the one end of the first
semiconductor pillar and another end opposite to the
one end of the second semiconductor pillar;

a first select gate provided between the one end of the
first semiconductor pillar and the multilayer struc-
ture and pierced by the first semiconductor pillar;
and

a second select gate provided between the one end of
the second semiconductor pillar and the multilayer
structure and pierced by the second semiconductor
pillar,

the control umt setting;

the second wiring in a floating state;

the first select gate at a fifth potential being lower than
the first potential and higher than the second poten-
tial; and

the second select gate at the fifth potential or 1n the
floating state, during the first period of the operation,
and

the control unit setting:

the second wiring 1n the tloating state;

the first select gate at a sixth potential being lower than
the third potential and higher than the fourth poten-
tial; and

the second select gate at the sixth potential or in the
floating state, during the second period of the opera-
tion.

19. A nonvolatile semiconductor memory device com-

prising:

a memory unit; and
a control unit,
the memory unit including:

a multilayer structure including a plurality of electrode
films and a plurality of interelectrode insulating films
alternately stacked in a first direction;

a semiconductor pillar piercing the multilayer structure
in the first direction;

a memory layer provided between each of the electrode
films and the semiconductor pillar;

an mner 1nsulating film provided between the memory
layer and the semiconductor pillar;

an outer mnsulating film provided between each of the
clectrode films and the memory layer; and

a wiring electrically connected to one end of the
semiconductor pillar, and

the control unit setting:

the wiring at a first potential

one electrode film of the plurality of electrode films at
a second potential lower than the first potential; and

another electrode film of the plurality of electrode films
at a seventh potential lower than the first potential
and different from the second potential,

the setting being performed 1n an operation for performs-
ing at least one of injection of holes into the memory
layer and extraction of electrons from the memory
layer.

20. The device according to claim 19, wherein

the memory umt includes a first region and a second
region, an outer diameter of the outer mnsulating film
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along a second direction perpendicular to the first
direction in the first region 1s larger than an outer
diameter of the outer msulating film along the second
direction 1n the second region,

the one electrode film of the plurality of electrode films 1s
an e¢lectrode film 1n the first region, and the another
clectrode film of the plurality of electrode films 1s an
clectrode film in the second region, and

the seventh potential 1s higher than the second potential.

21. A nonvolatile semiconductor memory device compris-

Ing:

a block including a first memory string and a second
memory string, the first memory string including a fivst
memory cell and a second memory cell being connected
to the first memory cell in series, the second memory
cell being disposed above the first memory cell, the
second memory string including a thivd memory cell
and a fourth memory cell being connected to the thivd
memory cell in servies, the third memory cell being
disposed above the fourth memory cell;

a first word line connected to the first memory cell;

a second word line connected to the second memory cell;

a third word line connected to the third memory cell;

a fourth word line connected to the fourth memory cell;
and

a control circuit that applies a first voltage to the first
word line and the third word line in an ervase operation
and to apply a second voltage to the second word line
and the fourth word line in the erase operation, the first
voltage being different from the second voltage, the
erase operation being performed for the first memory
cell, the second memory cell, the thivd memory cell, and
the fourth memory cell.

22. The device according to claim 21, further comprising:

a first wirving connected to one end of the first memory
String,

whevrein the control civcuit applies a third voltage to the
fivst wiring.

23. The device according to claim 22, further comprising:

a semiconductor substrate;

a first silicon material, the first silicon material being
included in the first memory string and extending in a
first direction crossing to the semiconductor substrate;
and

a first select gate transistor having a first gate electrode,
and one end of the first select gate transistor connect-
ing to the first silicon material and the other end of the
fivst select gate transistor connecting to the first wiring,

whevrein, in the erase operation, the control cirvcuit applies
a fourth voltage different from the third voltage to the
first gate electrode.

24. The device according to claim 21, further comprising:

a fifth word line connected to a first memory cell, the fifth
word line included in the first memory string, and the
fifth word line disposed above the second word line,

wherein, in the evase operation, the control circuit applies
a fifth voltage to the fifth word line, the fifth voltage
being different from the first voltage and the second
voltage.

25. The device according to claim 24, wherein the second

voltage is between the first voltage and the fifth voltage.

26. The device according to claim 21, further comprising:

a fifth word line disposed above the second word line,

wherein the control circuit applies the second voltage to
the fifth word line in the evase operation.

27. The device according to claim 23, wherein a width of

a part of the first silicon material at the position which the
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first word line is disposed is narrvower than a width of a part
of the first silicon material at the position which the second
word line is disposed.

28. The device according to claim 27, wherein the first
voltage is higher than the second voltage.

29. The device according to claim 21, wherein a part of
a first period overlaps part of a second period, the first
voltage is applied in the first period, and the second voltage
is applied in the second period.

30. The device according to claim 21, the first memory
string including:

a first silicon material extending in a first divection

crossing to a semiconductor substrate;

a first memory portion provided between the first silicon
material and the first word line; and

a second memory portion provided between the first
silicon material and the second word line.

31. The device according to claim 30, wherein the first
silicon material functions as a body of the first memory cell
and the second memory cell, the first memory portion is part
of the first memory cell, and the second memory portion is
part of the second memory cell.

32. The device according to claim 30, further comprising:

a second silicon material extending in the first direction
and adjacent to the first silicon material;

a first wiring connecting to one end of the first silicon
material

a second wiring connecting to one end of the second
silicon material;

a sixth word line and a seventh word line arranged in the
first direction, and the sixth word line being disposed in
a same level as the first word line and the seventh word
line being disposed in a same level as the second word
line.

33. The device according to claim 32, further comprising:

a connection portion connecting the second silicon mate-
rial and the first silicon material; and

a second gate electrode disposed on a first insulating film;

wherein, in the erase operation, the control circuit applies
a sixth voltage different from the third voltage to the
second gate electrode.

34. The device according to claim 32, further comprising:

a first select gate transistor having a first gate electrode,
one end of the first select gate transistor connecting to
the first silicon material and the other end of the first
select gate transistor connecting to the first wiring;

a second select gate transistor having a third gate elec-
trode, one end of the second select gate tramsistor
connecting to the second silicon material and the other
end of the second select gate transistor connecting to
the second wiring;

wherein the control circuit applies a fourth voltage dif-
Jervent from the third voltage to the first gate electrode
in the erase operation.

35. The device according to claim 34, wherein, in the
erase operation, the control circuit applies the third voltage
to the second wiring and apply the fourth voltage to the thivd
gate electrode.

36. The device according to claim 34, wherein the control
circuit sets the thivd gate electrode and the second wiring in

floating state in the erase operation.

37. The device according to claim 32, further comprising:

a third silicon material extending in the first divection and
adjacent to the second silicon material;

an eighth word line and a ninth word line disposed above
the eighth word line, and the eighth word line disposed
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in a same level as the first word line and the ninth word
line disposed in a same level as the second word line;
the sixth word line connecting to the eighth word line and
separated from the first word line, and
the seventh word line connecting to the ninth word line 5
and separated from the second word line.
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