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NONVOLATILE SEMICONDUCTOR
MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from the prior Japanese Patent Applications
No. 2009-298269, filed on Dec. 28, 2009; and No. 2010-
28060, filed on Feb. 10, 2010; the entire contents of all of
which are incorporated herein by reference.

BACKGROUND

[0002] 1. Field

[0003] Embodiments described herein relate generally to a
nonvolatile semiconductor memory device.

[0004] 2. Description of the Related Art

[0005] In the field of NAND flash memories, a stacked
memory that can attain high bit density without being
restricted by the limit of the resolution of the lithography
technique attracts attention. For example, a nonvolatile semi-
conductor memory device is proposed that has a structure in
which memory strings having a plurality of planar electrodes
arranged at a predetermined interval in the height direction to
cross columnar semiconductor films having dielectric films
as charge storage layers formed to coat sides thereof are
two-dimensionally arranged in a matrix shape and a planer
electrode is shared by the memory strings adjacent to each
other in a predetermined direction (see, for example, Japa-
nese Patent Application Laid-Open No. 2009-267243).
[0006] Such anonvolatile semiconductor memory deviceis
manufactured as explained below. First, a plurality of layers
of doped polysilicon films, which function as control gates,
and silicon oxide films, which function as dielectric films
among control gates, are alternately stacked on a semicon-
ductor substrate on which a peripheral circuit is formed.
Subsequently, a memory plug hole is formed to penetrate
through a stacked film including the polysilicon films and the
silicon oxide films. An ONO film is formed only on the inner
wall of the memory plug hole and an amorphous silicon film
is formed to fill the memory plug hole and finally crystallized,
whereby the nonvolatile semiconductor memory device hav-
ing the structure explained above is obtained.

[0007] In this way, in the method in the past, the columnar
amorphous silicon layer has to be formed after the ONO film
is formed in the memory plug hole formed in the stacked film
of'the polysilicon films and the silicon oxide films. Therefore,
because the planar electrodes are placed among the memory
strings adjacent to one another in a direction in which the
electrodes are shared, it is difficult to reduce a distance
between the columnar amorphous silicon layer and a colum-
nar amorphous silicon layer adjacent thereto. In this way,
there is a constraint on the arrangement of memory cells on a
plane and there is a limit in a reduction of a cell area. There-
fore, to increase bit density, the number of stacked memory
layers has to be increased. For example, when a target of a half
pitch is set to 20 nanometers, because the half pitch of about
65 nanometers to 50 nanometers is a limit of downsizing in
the structure in the past, the number of stacked memory layers
is equal to or larger than ten.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] FIG. 1 is a schematic perspective view of an
example of the structure of a nonvolatile semiconductor
memory device;
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[0009] FIGS. 2A to 2D are schematic sectional views of an
example of the configuration of a nonvolatile semiconductor
memory device according to a first embodiment;

[0010] FIG. 3 is a perspective view of a cut-out perspective
view of a part of an area where memory cell transistors are
formed in a memory cell region;

[0011] FIGS. 4A to 13E are schematic sectional views of an
example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
first embodiment;

[0012] FIGS. 14A to 14D are schematic sectional views of
an example of the configuration of a nonvolatile semiconduc-
tor memory device according to a second embodiment;
[0013] FIGS. 15A to 24E are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
second embodiment;

[0014] FIGS. 25A and 25B are schematic sectional views
of'an example of the structure of a memory cell according to
the first and second embodiments;

[0015] FIG. 26 is a diagram of an example of a method of
arranging semiconductor films;

[0016] FIG. 27 is a graph of an example of a scaling sce-
nario for the nonvolatile semiconductor memory device hav-
ing the structure in the first and second embodiments;
[0017] FIG. 28 is a cut-out perspective view of a part of a
memory cell region and a word-line contact region of a non-
volatile semiconductor memory device according to a fourth
embodiment;

[0018] FIGS. 29A to 29E are schematic sectional views of
an example of the configuration of the nonvolatile semicon-
ductor memory device according to the fourth embodiment;
[0019] FIGS. 30A to 37E are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
fourth embodiment;

[0020] FIG. 38 is a schematic partial perspective view of
states of the memory cell region and the word-line contact
region in a state in which charge storage layers and gate
electrode films are formed in semiconductor films;

[0021] FIGS. 39A to 39D are schematic sectional views of
an example of the configuration of a nonvolatile semiconduc-
tor memory device according to a fifth embodiment;

[0022] FIGS. 40A to 48E are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
fifth embodiment;

[0023] FIG. 49 is a cut-out perspective view of a part of a
memory cell region and a word-line contact region of a non-
volatile semiconductor memory device according to a sixth
embodiment;

[0024] FIGS. 50A to 50E are schematic sectional views of
an example of the configuration of the nonvolatile semicon-
ductor memory device according to the sixth embodiment;
[0025] FIGS. 51A to 58F are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
sixth embodiment;

[0026] FIG. 59 is a schematic partial perspective view of
states of the memory cell region and the word-line contact
region in a state in which charge storage layers and gate
electrode films are formed in columnar semiconductor films;
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[0027] FIG. 60 is a schematic perspective view of an
example of a nonvolatile semiconductor memory device
according to a seventh embodiment;

[0028] FIGS. 61A to 61E are schematic sectional views of
an example of the configuration of the nonvolatile semicon-
ductor memory device according to the seventh embodiment;
[0029] FIG. 62 is a schematic perspective view of the struc-
ture of a nonvolatile semiconductor memory device accord-
ing to an eighth embodiment;

[0030] FIG. 63 is a schematic perspective view of the struc-
ture of a nonvolatile semiconductor memory device accord-
ing to a ninth embodiment;

[0031] FIGS. 64A to 64D are schematic sectional views of
an example of the configuration of a nonvolatile semiconduc-
tor memory device according to a tenth embodiment; and
[0032] FIGS. 65A to 73E are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
tenth embodiment.

DETAILED DESCRIPTION

[0033] A nonvolatile semiconductor memory device
according to an embodiment includes: memory strings which
have a plurality of transistors including gate electrode films
formed on gate dielectric films over sides of columnar semi-
conductor films in a height direction of the semiconductor
films, and which are arranged in a matrix shape substantially
perpendicularly above a substrate, wherein the gate electrode
films of the transistors at same height of the memory strings
arranged in a first direction are connected to one another, and
a distance between the semiconductor films at least in a form-
ing position of the transistor at an uppermost layer of the
memory strings adjacent to each other in the first direction is
smaller than double of thickness of the gate dielectric films.
[0034] A nonvolatile semiconductor memory device
according to an embodiment includes: memory strings which
have a plurality of transistors including gate electrode films
formed on gate dielectric films over sides of columnar semi-
conductor films in a height direction of the semiconductor
films, and which are arranged in a matrix shape substantially
perpendicularly above a substrate, wherein the gate electrode
films of the transistors at same height of the memory strings
arranged in a first direction are connected to one another, and
the nonvolatile semiconductor memory device further includ-
ing a film that is provided between the columnar semicon-
ductor films adjacent to each other in the first direction to
electrically separates the gate electrode films in a second
direction perpendicular to the first direction.

[0035] A nonvolatile semiconductor memory device
according to an embodiment includes: memory strings which
have a plurality of transistors including gate electrode films
formed on gate dielectric films over sides of columnar semi-
conductor films in a height direction of the semiconductor
films, and which are arranged substantially perpendicularly
above a substrate, wherein the memory strings are arranged
above the substrate such that memory string groups each
having two memory string rows, in which the gate electrode
films of the transistors at same height of the memory strings
arranged in a first direction are connected, arranged in parallel
adjacent to each other in a second direction perpendicular to
the first direction are arranged at a predetermined interval in
the second direction, and the nonvolatile semiconductor
memory device further including a film that is formed
between the two memory string rows arranged in parallel
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adjacent to each other in the second direction in the memory
string group to electrically separate between the gate elec-
trode films provided to respectively correspond to the two
memory string rows.

[0036] Exemplary embodiments are explained in detail
below with reference to the accompanying drawings. The
present invention is not limited by the embodiments. Perspec-
tive views and sectional views of nonvolatile semiconductor
memory devices referred to in the embodiments are sche-
matic. A relation between the thickness and the width of a
layer, a ratio of the thicknesses of layers, and the like are
different from actual ones. Film thicknesses explained below
are examples. Film thicknesses in the present invention are
not limited to these film thicknesses.

[0037] The embodiments are applied to a nonvolatile semi-
conductor memory device having a structure in which a plu-
rality of memory cells (transistors) of a metal-oxide-nitride-
oxide-semiconductor (MONOS) type are provided in the
height direction. The memory cells have semiconductor films
as channels provided in a columnar shape on a substrate and
gate electrode films provided on charge storage layers over
the sides of the semiconductor films. Therefore, first, an
example of the basic structure of such a nonvolatile semicon-
ductor memory device is explained. Then, the embodiments
are explained.

[0038] FIG. 1 is a schematic perspective view of an
example the structure of the nonvolatile semiconductor
memory device. A nonvolatile semiconductor memory device
1 includes a memory cell region 11, word-line driving circuits
12, a source-side-selection-gate-line driving circuit 13, a
drain-side-selection-gate-line driving circuit 14, a sense
amplifier 15, word lines 16, source-side selection gate lines
17, drain-side selection gate lines 18, and bit lines 19.
[0039] The memory cell region 11 has a configuration in
which memory strings having a plurality of memory cell
transistors (hereinafter simply also referred to as “memory
cells”) and drain-side selection transistors and source-side
selection transistors respectively provided at the upper ends
and the lower ends of memory cell transistors are arranged on
a substrate in a matrix shape. As explained later, the memory
cell transistors have a structure in which control gate elec-
trodes are provided on charge storage layers as gate dielectric
films over the sides of columnar semiconductor films, which
function as channels. The drain-side selection transistors and
the source-side selection transistors have a structure in which
selection gate electrodes are provided on charge storage lay-
ers as gate dielectric films over the sides of columnar semi-
conductor films. In the example, four layers of memory cells
are provided in one memory string.

[0040] The word lines 16 connect control gate electrodes of
the memory cells at the same height of the memory strings
adjacent to one another in a predetermined direction. A direc-
tion in which the word lines 16 extend is referred to as word
line direction below. The source-side selection gate lines 17
connect the selection gate electrodes of the source-side selec-
tion transistors of the memory strings adjacent to one another
in the word line direction. The drain-side-selection gate lines
18 connect the selection gate electrodes of the drain-side
selection transistors of the memory strings adjacent to one
another in the word line direction. The bit lines 19 are pro-
vided to connect upper portions of the memory strings in a
direction (i.e., an orthogonal direction) crossing the word line
direction. A direction in which the bit lines 19 extend is
referred to as bit line direction below.
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[0041] The word-line driving circuits 12 are circuits that
control voltage applied to the word lines 16. The source-side-
selection-gate-line driving circuit 13 is a circuit that controls
voltage applied to the source-side selection gate lines 17. The
drain-side-selection-gate-line driving circuit 14 is a circuit
that controls voltage applied to the drain-side selection gate
lines 18. The sense amplifier 15 is a circuit that amplifies
potential read out from a selected memory cell. In the follow-
ing explanation, when it is unnecessary to distinguish the
source-side-selection gate lines 17 and the drain-side-selec-
tion gate lines 18, the source-side-selection gate lines 17 and
the drain-side-selection gate lines 18 are simply referred to as
selection gate lines. When it is unnecessary to distinguish the
source-side selection transistors and the drain-side selection
transistors, the source-side selection transistors and the drain-
side selection transistors are simply referred to as selection
transistors.

[0042] The word lines 16, the source-side selection gate
lines 17, and the drain-side selection gate lines 18 of the
memory cell region and the word-line driving circuits 12, the
source-side-selection-gate-line driving circuit 13, and the
drain-side-selection-gate-line driving circuit 14 are con-
nected respectively via contacts in a word-line contact region
20 provided in the memory cell region 11. The word-line
contact region 20 is provided on the word-line driving circuits
12 side of the memory cell region 11. The word-line contact
region 20 has a structure in which the word lines 16 connected
to the memory cells at respective heights and the selection
gate lines 17 and 18 connected to the selection transistors are
processed in a step shape.

[0043] FIGS. 2A to 2D are schematic sectional views of an
example of the configuration of a nonvolatile semiconductor
memory device according to a first embodiment. FIG. 2A is a
plan sectional view of a memory cell region. FIG. 2B is a
sectional view taken along line I-I in FIG. 2A. FIG. 2C is a
sectional view taken along line II-Il in FIG. 2A. FIG.2Dis a
sectional view in a direction perpendicular to a bit line direc-
tion of a word-line contact region. FIG. 2A is equivalent to a
section taken along line III-1IT in FIGS. 2B and 2C. FIG. 3 is
a cut-out perspective view of a part of an area where memory
cell transistors are formed in the memory cell region.

[0044] Inamemory cellregion 11, as shown in FIGS. 2A to
2C, memory strings MS including memory cells MC in which
gate electrode films 134 are formed on the charge storage
layers 133 over the sides of columnar semiconductor films
131 are arranged in a matrix shape on a semiconductor sub-
strate 101 on which source regions 111 are formed. It is
assumed that the columnar semiconductor films 131 are
formed of a P-type semiconductor material such as P-type
polysilicon.

[0045] Each of the memory string MS has a structure in
which a plurality of transistors are connected in series in the
height direction. The transistors have a structure in which the
gate electrode films 134 are formed on the charge storage
layers 133 over the sides of the columnar semiconductor films
131. Among the transistors, the transistors at the upper and
lower ends are selection transistors. In FIGS. 2B and 2C, a
source-side selection transistor SGS is arranged on the lower
side and a drain-side selection transistor SGD is arranged on
the upper side. One or more memory cell transistors MC are
formed at a predetermined interval between the two selection
transistors SGS and SGD. As explained above, in the first
embodiment, the structure of the selection transistors SGS
and SGD is the same as the structure of the memory cell
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transistors MC. A drain region 112 is formed at the upper end
of the memory string MS. In the memory cell region 11,
selection gate electrodes of the selection transistors SGS and
SGD of the memory strings MS arrayed in a predetermined
direction are connected to one another. Control gate elec-
trodes of the memory cell transistors MC at the same height of
the memory strings MS arrayed in the predetermined direc-
tion are also connected to one another. In the following expla-
nation, when it is unnecessary to distinguish the control gate
electrodes and the selection gate electrodes, the control gate
electrodes and the selection gate electrodes are referred to as
gate electrode films 134.

[0046] Specifically, as shown in FIG. 2C, on the sides ofthe
columnar semiconductor films 131 functioning as channels,
spacer films 121 surrounding the semiconductor films 131 are
formed at a predetermined interval in the height direction.
The charge storage layers 133 coat the sides of the columnar
semiconductor films 131 including the spacer films 121. Each
of'the gate electrode films 134 is formed on the charge storage
layer 133 over the side of the columnar semiconductor film
131 in an area between the upper and lower spacer films 121.
An area between the upper and lower spacer films 121 where
the gate electrode film 134 is formed on the charge storage
layer 133 over the side of the columnar semiconductor film
131 functions as one transistor. The transistors arranged at
both the upper and lower ends of the memory string MS are
the selection transistors SGS and SGD. One or more transis-
tors between the two selection transistors SGS and SGD are
the memory cell transistors MC. In the figure, four memory
cell transistors MC are formed between the two selection
transistors SGS and SGD.

[0047] Inthe word-line contact region 20, as shown in FIG.
2D, the gate electrode films 134 extended from the memory
cell region 11 are arranged to be stacked. The gate electrode
films 134 have a step-like structure such that the gate elec-
trode films 134 in lower layers are exposed. In the word-line
contactregion 20, the gate electrode films 134 are surrounded
by the charge storage layers 133. The spacer films 121 are
formed among the gate electrode films 134 surrounded by the
charge storage layers 133 adjacent to one another in the
vertical direction.

[0048] A planarization film 141 is formed on the step-like
gate electrodes 134 in the word-line contact region 20. An
interlayer dielectric film 143 is formed on the memory strings
MS in the memory cell region 11, on the planarization film
141 in the word-line contact region 20, and among the
memory strings MS adjacent to one another in the bit line
direction. As the planarization film 141, for example, a silicon
oxide film can be used. As the interlayer dielectric film 143,
for example, a tetracthoxysilane (TEOS)/O; film can be used.
[0049] On the interlayer dielectric film 143, a multilayer
wiring layers having bit lines, source-side selection gate lines,
drain-side selection gate lines, and the like is formed. Spe-
cifically, on the interlayer dielectric film 143, wiring layers
151, an interlayer dielectric film 161, wiring layers 152, an
interlayer dielectric film 162, wiring layers 153, and an inter-
layer dielectric film 163 are formed in order. The wiring
layers 151 are connected to the upper surfaces of the memory
strings MS of the memory cell region 11 and the gate elec-
trode films 134 of word-line contact region 20 by contacts
145. As a material of the contacts 145 and the wiring layers
151 and 153, for example, W or Al can be used.

[0050] A material of the semiconductor substrate 101 and
the columnar semiconductor films 131 can be selected out of,
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for example, Si, Ge, SiGe, SiSn, PbS, GaAs, InP, GaP, GaN,
ZnSe, and InGaAsP. The columnar semiconductor film 131
can be formed of a single-crystal semiconductor or can be
formed of a polycrystalline semiconductor.
[0051] As the charge storage layers 133, a layer having the
structure of a tunnel dielectric film/a charge trapping film/a
charge blocking film can be used. For example, an ONO (a
silicon oxide film/a silicon nitride film/a silicon oxide film)
structure can be used or an ANO (an alumina film/a silicon
nitride film/a silicon oxide film) structure can be used. Instead
of the alumina film of the ANO structure, a metal oxide film
of HfO,, La,0;, Pr,0;, Y,0;, ZrO,, or the like or a film
formed by combining a plurality of kinds of such a metal
oxide film can be used. In these structures, an ONO film can
be used as the tunnel dielectric film.
[0052] As a material of the gate electrode films 134, for
example, a conductor film such as W, TaN, TiN, TiAIN, WN,
WSi, CoSi, NiSi, PrSi, NiPtSi, PtSi, Pt, Ru, RuO,, or B-doped
polysilicon film or a P-doped polysilicon film can be used
independently or can be stacked. As a material of the spacer
films 121, for example, a silicon oxide film can be used or an
organic film can be used.
[0053] Inthe first embodiment, as shown in FIG. 3, at least
in the transistors formed at the top of the memory strings MS,
the charge storage layers 133 are crossed among the transis-
tors adjacent to one another such that the gate electrode films
134 are not inserted among the transistors at the same height
of'the memory strings MS adjacent to one another in the word
line direction. Specifically, in the transistors that share the
gate electrode films 134, the charge storage layers 133 of at
least the transistors in the uppermost layer are partially shared
among the memory cell transistors adjacent to one another.
[0054] To form such a structure, the memory strings MS
(the semiconductor films 131) are arranged such that the
following Formula (1) holds in a transistor forming position
in the uppermost layer of the memory strings MS adjacent to
one another in the word line direction. A distance between the
semiconductor films 131 (channels) adjacent to each other is
represented as L, the thickness of tunnel dielectric films 133A
is represented as t;,;, the thickness of charge trapping films
133B is represented as t -, and the thickness of charge block-
ing films 133C is represented as t5. The distance L between
the adjacent semiconductor films 131 is not a distance
between the centers but is a distance between nearest outer
circumferential portions opposed to each other.
L<(tpyp+tcrttcp)x2 M
[0055] In the structure that meets the condition of Formula
(1), parts of the charge blocking films 133C cross (merge) at
least in two transistors adjacent to each other in the uppermost
layer. Therefore, it is possible to reduce the distance between
the semiconductor films 131 adjacent to each other in the
word line direction. Further downsizing can be realized by
crossing even the charge trapping films 133B among the
transistors adjacent to one another. However, it is undesirable
to cross the charge trapping films 133B because, if the charge
trapping films 133B are crossed, it is likely that charges stored
in the charge trapping films 133B leak to the adjacent tran-
sistors via crossing sections. Therefore, it is desirable to set
the distance L. between the adjacent semiconductor films 131
to meet the following Formula (2):

L>(tqnpttepx2 ()]

[0056] In this structure, the charge storage layers 133 are
coated on the sides of the columnar semiconductor films 131.
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Therefore, curvature radii are different in the tunnel dielectric
films 133 A and the charge blocking films 133C. Therefore,
because an electric field can be more intensely concentrated
on the tunnel dielectric films 133 A having the smaller curva-
ture radius, it is possible to substantially improve writing and
erasing characteristics compared with the plane MONOS
structure. This is effective in performing multi-level cell
(MLC) operation.

[0057] In the above explanation, the semiconductor films
131 are formed of the P-type polysilicon film to form a
stacked memory in which transistors of an inversion type are
connected to one another. The transistors of the inversion type
are transistors that connect depletion layers formed by apply-
ing voltage to gate electrodes to form channels. Because
electrons are generally not present in the channels, malfunc-
tion due to program disturb or read disturb hardly occurs even
itV is applied to an unselected cell. Because the semicon-
ductor films 131 functioning as the channels are the P type, it
is easy to draw electrons from the charge trapping film 133B
to the semiconductor substrate 101 during erasing. Therefore,
an erasing characteristic is excellent. Further, as explained
later, unlike a depletion type, it is unnecessary to form selec-
tion transistors according to purposes. In the above explana-
tion, it is also possible to form the semiconductor films 131
with an N-type polysilicon film and drive the semiconductor
films 131 as transistors of the depletion type. However, in this
case, to use the selection transistors SGS and SGD arranged at
the upper and lower ends of the memory cell MC row as
normally-off selection transistors, channel portions thereof
only have to be formed of the P-type polysilicon film and
driven as the transistors of the inversion type.

[0058] A method of manufacturing the nonvolatile semi-
conductor memory device having such a structure is
explained. FIGS. 4A to 13E are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
first embodiment. Among these figures, a section in the word
line direction of the memory cell region is shown in FIGS. 4 A,
5A,6A,7A,8A,9A,10A,11A,12A, and 13A. A sectionina
direction perpendicular to the word line direction of the
memory cell region is shown in FIGS. 4B, 5B, 6B, 7B, 8B,
9B,10B, 11B, 12B, and 13B. A plane section taken along line
IV-IVin FIGS. 4A, 5A, 6A,7A,8A,9A,10A,11A,12A, and
13A is shown in FIGS. 4C, 5C, 6C, 7C, 8C, 9C, 10C, 11C,
12C, and 13C. A plane section taken along line V-V in FIGS.
4B, 5B, 6B, 7B, 8B, 9B, 10B, 11B, 12B, and 13B is shown in
FIGS. 4D, 5D, 6D, 7D, 8D, 9D, 10D, 11D, 12D, and 13D. A
section in the word line direction of the word-line contact
region is shown in FIGS. 4E, 5E, 6E, 7E, 8E, 9E, 10E, 11E,
12E, and 13E.

[0059] First, a not-shown peripheral circuit of the nonvola-
tile semiconductor memory device is formed on the semicon-
ductor substrate 101. As shown in FIGS. 4A to 4E, impurities
of a predetermined conduction type are implanted in the
memory cell region of the semiconductor substrate 101 by an
ion implantation method and activated to form the source
regions 111. The source regions 111 can be, for example, an
N type.

[0060] Subsequently, a plurality of the spacer films 121
forming memory cells and sacrificial films 122 are alternately
stacked over the entire surface of the semiconductor substrate
101 by a film forming method such as a plasma-enhanced
chemical vapor deposition (PECVD) method. The stack ends
with the spacer film 121. A stopper film 123 functioning as a
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polishing stopper during chemical mechanical polishing
(CMP) processing is formed on the spacer film 121 in the
uppermost layer to form a stacked film. Specifically, six sac-
rificial films 122 are stacked. As a material of the sacrificial
films 122, a material having a large etching rate compared
with the spacer films 121 in processing by wet etching per-
formed later is selected. For example, as the spacer films 121,
a silicon oxide film can be used. As the sacrificial films 122,
for example, a silicon nitride film can be used. As the stopper
film 123, for example, a silicon nitride film can be used. As a
method of forming the stacked film, besides the PECVD
method, it is also possible to appropriately combine and use
techniques such as a sub-atmospheric CVD (SACVD)
method, a low pressure CVD (LPCVD) method, a sputtering
method, and spin-on dielectric (SOD).

[0061] Thereafter, as shown in FIGS. 5A to 5E, a not-
shown mask film is formed over the entire surface of the
stopper film 123. The stacked film including the spacer films
121, the sacrificial films 122, and the stopper film 123 is
collectively processed by the lithography technique and the
reactive ion etching technique (hereinafter referred to as reac-
tive ion etching (RIE) method) to form through-holes 135, in
which the semiconductor films 131 functioning as the chan-
nels later are embedded, in the memory cell region. The
through-holes 135 are arranged in a matrix shape in the
memory cell region and the bottoms thereof communicate
with the semiconductor substrate 101. As the mask film, for
example, a CVD carbon film can be used. Subsequently, the
mask film is removed. Consequently, a mold of the semicon-
ductor film 131 is formed.

[0062] Subsequently, as shown in FIGS. 6A to 6E, the
semiconductor films 131 functioning as the channels are
formed by a film forming method such as the LPCVD
method. The semiconductor films 131 are filled in the
through-holes 135 and formed such that the lower ends
thereof are connected to the semiconductor substrate 101. As
the semiconductor films 131, for example, a B-doped poly-
silicon film can be used. The concentration of B can be set to,
for example, 1x10"7 to 1x10'® cm™. The semiconductor
films 131 can be formed to be completely filled in the
through-holes 135 or can be formed to be deposited on the
inner wall of the through-holes 135 in a macaroni shape.
When the semiconductor films 131 are deposited in a maca-
roni shape, the thickness of the semiconductor films 131
controlled by the gate electrode films 134 is equal among the
stacked memory cells MC. This is effective for suppressing
fluctuation in a threshold voltage (V,,). In an example
explained below, the semiconductor films 131 are formed to
be completely filled in the through-holes 135. As the semi-
conductor films 131, a polysilicon film or a single-crystal
silicon film crystallized by laser anneal or a Ni catalyst
method other than the LPCVD method can be used.

[0063] Thereafter, etch-back is performed by the RIE
method to remove the semiconductor films 131 above the
stopper film 123. Consequently, the semiconductor films 131
remain only in the through-holes 135. Subsequently, an impu-
rity element of a predetermined conduction type is ion-im-
planted in upper portions of the semiconductor films 131 by
using the lithography technique and the ion implantation
technique to form the drain regions 112. As the impurity
element, for example, arsenic can be used.

[0064] Subsequently, as shown in FIGS. 7A to 9E, process-
ing for forming the stacked film in the word-line contact
region in a step shape is performed by using the lithography
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technique and the RIE method. The stacked film includes a
first spacer film 121, a first sacrificial film 122, a second
spacer film 121, a second sacrificial film 122, . . . , a sixth
spacer film 121, a sixth sacrificial film 122, and a seventh
spacer film 121, which are formed on the semiconductor
substrate 101 in order.

[0065] First, in FIGS. 7A to 7E, the films from the stopper
film 123 to the fifth spacer film 121 are removed in an area
extending from near the center of the word-line contact region
to the end on the opposite side of the memory cell region.
Consequently, two steps are formed. Thereafter, the word-
line contact region having a structure in which the sacrificial
films 122 in the respective layers are exposed in a step shape
is processed by repeating the same processing twice. Specifi-
cally, the films from the stopper film 123 to the sixth spacer
film 121 are removed in an area extending from near the
center of a flat portion in an upper stage to a step portion in the
first stage formed in FIGS. 7A to 7E. At the same time, the
films from the fourth sacrificial film 122 to the third spacer
film 121 are removed in an area extending from near the
center of a flat portion in a lower stage to the end on the
opposite side of the memory cell region. Consequently, four
steps are formed as shown in FIGS. 8 A to 8E. The stopper film
123 and the sixth spacer film 121 are removed in an area
extending from near a region adjacent to the memory cell
region in a flat portion at the uppermost stage to the first step
portion from the top formed in FIGS. 8A to 8E. At the same
time, in flat portions in the second and third stages, the sac-
rificial film 122 and the spacer film 122 for one layer are
removed in an area extending from near the center of each of
the flat portions to the end on the opposite side of the memory
cell region. Consequently, seven steps are formed as shown in
FIGS. 9A to 9E and the word-line contact region is formed.

[0066] Subsequently, as shown in FIGS. 10A to 10E, the
planarization film 141 is formed over the entire surface of the
semiconductor substrate 101. As the planarization film 141,
for example, a silicon oxide film can be used. Thereafter, the
planarization film 141 is planarized by the CMP technique
until the stopper film 123 is exposed.

[0067] Thereafter, a not-shown mask film is formed over
the entire surface of the semiconductor substrate 101. The
stacked film including the spacer films 121, the sacrificial
films 122, and the stopper film 123 and the planarization film
141 are collectively processed by the lithography technique
and the RIE method to form trenches 142. The trenches 142
have a shape extending in the word line direction to separate
the semiconductor films 131 adjacent to each other in the bit
line direction. As the mask film, for example, a CVD carbon
film can be used. After the trenches 142 are formed, the mask
film is removed.

[0068] Subsequently, as shown in FIGS. 11A to 11E, the
sacrificial films 122 are selectively removed by wet etching to
form hollows 1224 among the upper and lower spacer films
121. Because the semiconductor films 131 function as col-
umns and support the spacer films 121, the hollows 1224 are
not collapsed. When silicon oxide films are used as the spacer
films 121 and silicon nitride films are used as the sacrificial
films 122, as a chemical for the wet etching, for example, hot
phosphoric acid can be used such that the silicon nitride films
are more selectively etched compared with the silicon oxide
films. The hollows 122a after the sacrificial films 122 are
removed function as a mold in forming a MONOS structure
later.
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[0069] Thereafter, as shown in FIGS. 12A to 12E, the
charge storage layers 133 forming MONOS cells are formed
by a film forming method such as the CVD method such that
the sides of the columnar semiconductor films 131 partially
covered with the spacer films 121 are covered. The charge
storage layers 133 have a stacking structure of a tunnel dielec-
tric film/a charge trapping film/a charge blocking film. As the
tunnel dielectric film, for example, an ONO film formed by
the LPCVD method can be used. As the charge trapping film,
a silicon nitride film formed by an atomic layer deposition
(ALD) method can be used. As the charge blocking film, an
alumina film formed by the ALD method can be used. At least
in the transistors at the uppermost layer adjacent to each other
in an extending direction of the trenches 142 (the word line
direction), parts of the charge storage layers 133 forming the
MONOS cells cross in the word line direction as shown in
FIG. 3. The relation of Formula (1) holds at least in the
transistors in the uppermost layer.

[0070] This is attained by forming the through-holes 135
formed in FIGS. 5A to 5E to meet the following Formula (3).
However, a distance between the adjacent through-holes 135
is not a distance between the centers but is a distance between
nearest outer circumferential portions opposed to each other.

Distance between adjacent through-holes<(tp; +2 -7+

tcp)x2 ©)
[0071] In this way, a distance between the channels adja-
cent to each other in the word line direction can be reduced.
Therefore, it is possible to realize higher bit density per
memory chip area.
[0072] The gate electrode films 134 are formed on the sides
of'the columnar semiconductor films 131, in which the charge
storage layers 133 are formed, by a film forming method such
as the CVD method. Thereafter, the gate electrode films 134
formed on the bottoms of the trenches 142 and the like are
recessed by the dry etching method and divided to be elec-
trodes for the stacked transistors. As a material of the gate
electrode films 134, for example, a tantalum nitride/tungsten
stacked film can be used. As an etching gas for dry etching, for
example, plasma-excited NF, can be used.
[0073] Subsequently, as shown in FIGS. 13A to 13E, the
interlayer dielectric film 143 is formed over the entire surface
of'the semiconductor substrate 101 by a film forming method
such as the CVD method to fill the trenches 142. As the
interlayer dielectric film 143, a TEOS/O, film can be used.
The surface of the interlayer dielectric film 143 is planarized
by the CMP technique.
[0074] Subsequently, contact holes 144 connecting with
the columnar semiconductor films 131 in the memory cell
region and the gate electrode films 134 in the word-line con-
tact region are formed by the lithography technique and the
RIE method. Thereafter, conductive material films are filled
in the contact holes 144 by a film forming method such as the
CVD method. The conductive material films are planarized
by the CMP technique until the interlayer dielectric film 143
is exposed. Consequently, the contacts 145 are formed. As a
material of the contacts 145, for example, tungsten can be
used.
[0075] Thereafter, the wiring layers 151 to 153 and the like
connected to the contacts 145 are formed via the interlayer
dielectric films 161 to 163 to form a multilayer wiring layer.
Consequently, the nonvolatile semiconductor memory device
having the structure shown in FIGS. 2A to 2D is obtained.
[0076] In the first embodiment, the word line is prevented
from entering between the semiconductor films 131 adjacent
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to each other in the word line directions. As a result, it is
possible to reduce the distance between the semiconductor
films 131 in the word line direction to be close to a processing
limit. Therefore, it is possible to substantially reduce a
memory cell pitch in the word line direction compared with
the structure in the past in which the word lines (the gate
electrode films 134) are inserted among the adjacent semi-
conductor films 131.

[0077] Forexample, when the diameter of the semiconduc-
tor films 131 functioning as the channels is set to 50 nanom-
eters and the thickness of the charge storage layers 133 (the
ONO films) forminga MONOS is set to 25 nanometers, in the
structure in the past in which the gate electrode films are
inserted among the adjacent semiconductor films 131, the
memory cell pitch in the word line direction is calculated by
the following Formula (4):

Memory cell pitch in the word line direction =charge

storage layer thickness+semiconductor film diameter+

charge storage layer thickness+gate electrode film

width restricted by processing conditions=25 nm+50

nm25 nm+50 nm 150 nm 4

[0078] On the other hand, in the structure of the first
embodiment, the memory cell pitch in the word line direction
is calculated by the following Formula (5):

Memory cell pitch in the word line direction =semi-

conductor film diameter+total of thicknesses of the

tunnel dielectric film and the charge trapping film in

the charge storage layer+total of thicknesses of the

tunnel dielectric film and the charge trapping film in

the charge storage layer+distance between nearest

charge trapping films=50 nm+10 nm+10 nm+5

nm=75 nm (5)

[0079] When Formulas (4) and (5) are compared, with the
structure of the first embodiment, compared with the structure
in the past, it is expected that the memory cell pitch in the
word line direction can be reduced to nearly a half. This
indicates that about double bit density can be realized by the
number of stacked layers equivalent to that in the technology
in the past or bit density equivalent to a memory formed by the
technology in the past can be attained by about a half number
of stacked layers.

[0080] In this way, according to the first embodiment, it is
possible to realize higher bit density with a smaller number of
stacked layers, i.e., a lower solid structure. Therefore, it is
possible to provide a nonvolatile semiconductor memory
device having higher bit density without imposing large load
on integration.

[0081] Itis possible to stack the transistors by collectively
processing the stacked film without substantially increasing
the number of steps. Therefore, it is possible to improve a bit
density per memory chip unit area even if downsizing is not
performed. Further, the semiconductor films 131 are formed
by being filled in the independent through-holes 135 before
the gate electrode films 134 are formed. Therefore, the chan-
nels are not short-circuited even if the distance between the
channels (the semiconductor films 131) is reduced.

[0082] In the first embodiment, the nonvolatile semicon-
ductor memory device having the structure in which the
memory strings having the selection transistors formed at
both the upper and lower ends are arranged in a matrix shape
perpendicular to the substrate is explained. In a second
embodiment, a nonvolatile semiconductor memory device
having a structure in which a pair of memory strings adjacent
to each other in a bit line direction are connected in lower
portions is explained.
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[0083] FIGS. 14A to 14D are schematic sectional views of
an example of the configuration of a nonvolatile semiconduc-
tor memory device according to the second embodiment.
FIG. 14A is a plan sectional view of a memory cell region.
FIG. 14B is a sectional view taken along line VI-VI in FIG.
14A.FIG. 14C is a sectional view taken along line VII-VIl in
FIG. 14A.F1G. 14D is a sectional view in a direction perpen-
dicular to the bit line direction of a word-line contact region.
FIG. 14A is equivalent to a section taken along line VIII-VIII
in FIGS. 14B and 14C.

[0084] In the second embodiment, the memory cell region
11 and the word-line contact region 20 are formed on the
interlayer dielectric film 102 formed on the semiconductor
substrate 101. In the memory cell region 11, as shown in
FIGS. 14A to 14C, the memory strings MS including the
memory cells MC having the gate electrode films 134 formed
on the charge storage layers 133 over the sides of the colum-
nar (hollow cylindrical) semiconductor films 131 are
arranged in a matrix shape substantially perpendicularly on
the interlayer dielectric film 102. It is assumed that the hollow
cylindrical semiconductor films 131 are formed of a P-type
semiconductor material such as P-type polysilicon. The bot-
toms of the hollow cylindrical semiconductor films 131 have
not ring shape but plate-like shape. The dielectric films 132
such as silicon oxide films are formed to fill the inside of the
hollow cylindrical semiconductor films 131.

[0085] Inthis way, because the semiconductor films 131 are
formed in a hollow cylindrical shape (a macaroni shape), the
thickness of the channels (the semiconductor films 131) con-
trolled by the gate electrode films 134 is equal among the
stacked memory cells MC. Therefore, it is possible to sup-
press fluctuation in a threshold voltage (V).

[0086] Each of the memory strings MS has a structure in
which a plurality of transistors having the gate electrode films
134 formed on the charge storage layers 133 over the sides of
the hollow cylindrical semiconductor films 131 are connected
in series in the height direction. Among the transistors, the
transistor at the upper end is the selection transistor SGS or
SGD. One or more memory cell transistors MC are formed
below the selection transistor SGS or SGD (on the semicon-
ductor substrate 101 side). In the figures, four memory cell
transistors MC are formed. In the second embodiment, the
structure of the selection transistors SGS and SGD is the same
as the structure of the memory cell transistors MC. The struc-
ture of the selection transistors SGS and SGD and the
memory cell transistors MC forming the memory strings MS
is the same as that in the first embodiment. Therefore, expla-
nation of the structure is omitted. In the memory cell region
11, selection gate electrodes of the selection transistors SGS
and SGD of the memory strings MS arrayed in a predeter-
mined direction are connected to each other. Control gate
electrodes of the memory cell transistors MC at the same
height of the memory strings MS arrayed in the predeter-
mined direction are connected to each other.

[0087] A pair of memory strings MS adjacent to each other
in a direction crossing the gate electrode films 134 (e.g., an
orthogonal direction) are connected by channel connection
layers 137 formed in the interlayer dielectric film 102. The
channel connection layers 137 are formed of a semiconductor
material having polarity different from that of the semicon-
ductor films 131, for example, an N-type semiconductor
material such as N-type polysilicon.

[0088] In this way, in the second embodiment, the two
memory strings MS connected by the channel connection
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layers 137 form one memory cell row. Therefore, the selec-
tion transistor of one memory string MS functions as the
source-side selection transistor SGS and the selection tran-
sistor of the other memory cell string MS functions as the
drain-side selection transistor SGD. The source region 111 is
formed at the upper end of the semiconductor film 131 of the
memory string MS in which the source-side selection tran-
sistor SGS is formed. The drain region 112 is formed at the
upper end of the semiconductor film 131 of the memory string
MS in which the drain-side selection transistor SGD is
formed.

[0089] As a material of the semiconductor substrate 101,
the spacer films 121, the semiconductor films 131, the charge
storage layers 133, and the gate electrode films 134, a material
same as that in the first embodiment can be used. Other
components are substantially the same as those in the first
embodiment. Therefore, components same as those in the
first embodiment are denoted by the same reference numerals
and signs and explanation of the components is omitted.
[0090] In the second embodiment, as in the first embodi-
ment, the memory strings MS are formed such that a distance
between nearest adjacent channels at a transistor forming
position in the uppermost layer of the memory strings MS
adjacent to each other in the word line direction (the extend-
ing direction of the gate electrode films 134) meets the rela-
tion of Formula (1).

[0091] A method of manufacturing the nonvolatile semi-
conductor memory device having such a structure is
explained below. FIGS. 15A to 24E are schematic sectional
views of an example of a procedure of a method of manufac-
turing the nonvolatile semiconductor memory device accord-
ing to the second embodiment. Among the figures, a section in
the word line direction of the memory cell region is shown in
FIGS. 15A, 16A, 17a, 18A, 19A, 20A, 21A, 22A, 23A, and
24A. A section in a direction perpendicular to the word line
direction of the memory cell region is shown in FIGS. 15B,
16B, 17B, 18B, 19B, 20B, 21B, 22B, 23B, and 24B. A plan
sectional view taken along line IX-IX in FIGS. 15A, 16A,
17A, 18A, 19A, 20A, 21A, 22A, 23A, and 24A is shown in
FIGS. 15C, 16C, 17C, 18C, 19C, 20C, 21C, 22C, 23C, and
24C. A plan sectional view taken along line X-X in FIGS.
15B, 16B, 17B, 18B, 19B, 20B, 21B, 22B, 23B, and 24B is
shown in FIGS. 15D, 16D, 17D, 18D, 19D, 20D, 21D, 22D,
23D, and 24D. A section in the word line direction of the
word-line contact region is shown in FIGS. 15E, 16E, 17E,
18E, 19E, 20E, 21E, 22E, 23E, and 24E.

[0092] First, a not-shown peripheral circuit of the nonvola-
tile semiconductor memory device is formed on the semicon-
ductor substrate 101. Thereafter, as shown in FIGS. 15A to
15E, the interlayer dielectric film 102 is formed in a forming
area of the memory cell region and the word-line contact
region of the semiconductor substrate 101 on which the
peripheral circuit is formed. Trenches 136 for forming the
channel connection layers 137 are formed by the lithography
technique and the RIE method. The trenches 136 are formed
at length enough for connecting the two memory strings MS
adjacent to each other in the bit line direction. Subsequently,
after the channel connection layers 137 formed of an N-type
semiconductor material are formed on the interlayer dielec-
tric film 102 in which the trenches 136 are formed, the chan-
nel connection layers 137 are recessed by a method such as
the CMP method until the interlayer dielectric film 102 is
exposed. Consequently, the channel connection layers 137
are formed only in the trenches 136. As the interlayer dielec-
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tric film 102, for example, a silicon oxide film can be used. As
the channel connection layers 137, a P-doped N-type poly-
silicon film can be used.

[0093] Thereafter, a plurality of layers of the spacer films
121 forming memory cells and the sacrificial films 122 to be
removed later are alternately stacked over the entire surface of
the semiconductor substrate 101 by a film forming method
such as the LPCVD method. The stack ends with the spacer
film 121 in the uppermost layer. The stopper film 123 func-
tioning as a polishing stopper during CMP processing is
formed on the spacer film 121 in the uppermost layer to form
a stacked film. Specifically, five sacrificial films 122 are
stacked. As the sacrificial films 122, a material having a large
etching rate compared with the spacer films 121 in processing
by etching performed later is selected. For example, as the
spacer films 121, a silicon oxide film can be used. As the
sacrificial films 122, a silicon nitride film can be used. As a
method of forming the stacked film, besides the LPCVD
method, it is possible to appropriately combine and use tech-
niques such as the SACVD method, the PECVD method, the
sputtering method, and the SOD.

[0094] Subsequently, as shown in FIGS. 16A to 18E, pro-
cessing for forming the stacked film in the word-line contact
region in a step shape is performed by using the lithography
technique and the RIE method. The stacked film includes the
first spacer film 121, the first sacrificial film 122, the second
spacer film 121, the second sacrificial film 122, . . . , the fifth
spacer film 121, the fifth sacrificial film 122, and the sixth
spacer film 121, which are formed on the interlayer dielectric
film 102 in order.

[0095] First, in FIGS. 16 A to 16E, the films from the stop-
per film 123 to the fourth spacer film 121 are removed in an
area extending from near the center of the word-line contact
region to the end on the opposite side of the memory cell
region. Consequently, two steps are formed. Thereafter, the
word-line contact region having a structure in which the sac-
rificial films 122 in the respective layers are exposed in a step
shape is processed by repeating the same processing twice.
Specifically, the films from the stopper film 123 to the sixth
spacer film 121 are removed in an area extending from near
the center of a flat portion in an upper stage to a step portion
formed in FIGS. 16 A to 16E. At the same time, the films from
the third sacrificial film 122 and the third spacer film 121 are
removed in an area extending from near the center of a flat
portion in a lower stage to the end on the opposite side of the
memory cell region. Consequently, four steps are formed as
shown in FIGS. 17A to 17E. The fifth sacrificial film 122 and
the fifth spacer film 121 are removed in an area extending
from near the center of a flat portion in a second stage from the
top to a second step portion from the top formed in FIGS. 17A
to 17E. Atthe sametime, in flat portions in a fourth stage from
the top, the sacrificial film 122 and the spacer film 122 for one
layer are removed in an area extending from near the center of
each of'the flat portions to the end on the opposite side of the
memory cell region. Consequently, six steps are formed as
shown in FIGS. 18A to 18E and the word-line contact region
is formed.

[0096] Subsequently, as shown in FIGS. 19A to 19E, the
planarization film 141 is formed over the entire surface of the
semiconductor substrate 101. As the planarization film 141,
for example, a silicon oxide film can be used. Thereafter, the
planarization film 141 is planarized by the CMP technique
with the stopper film 123 as a polishing stopper.
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[0097] Further, a not-shown mask film is formed over the
entire surface of the semiconductor substrate 101. The
stacked film including the spacer films 121, the sacrificial
films 122, and the stopper film 123 is collectively processed
by the lithography technique and the RIE method to form the
through-holes 135 in the memory cell region. The through-
holes 135 are arranged in a matrix shape in the memory cell
region and the bottoms thereof connect with the channel
connection layers 137. As the mask film, for example, a CVD
carbon film can be used. After the through-holes 135 are
formed, the mask film is removed. Consequently, a mold for
forming the semiconductor films 131 functioning as the chan-
nels is formed.

[0098] Subsequently, as shown in FIGS. 20A to 20E, the
semiconductor films 131 formed of the P-type semiconductor
material functioning as the channels are formed by a film
forming method such as the LPCVD method. The semicon-
ductor films 131 are filled in the through-holes 135 and
formed such that the lower ends thereof are connected to the
channel connection layers 137. As the semiconductor films
131, for example, a B-doped polysilicon film can be used. The
semiconductor films 131 can be completely filled in the
through-holes 135 as in the first embodiment or can be depos-
ited on the inner walls of the through-holes in a macaroni
shape. It is assumed that the semiconductor films 131 are
deposited in a macaroni shape.

[0099] Thereafter, the dielectric films 132 formed of a sili-
con oxide film or the like are formed by the ALD method to fill
the inside of the semiconductor films 131 formed in the hol-
low macaroni shape. Subsequently, etch-back is performed
by the RIE method to remove the semiconductor films 131
and the dielectric films 132 on the stopper film 123. Conse-
quently, the cylindrical semiconductor films 131 and the
dielectric films 132 remain only in the through-holes 135.
Subsequently, an impurity element of a predetermined con-
duction type is ion-implanted in upper portions of the semi-
conductor films 131 by using the lithography technique and
the ion implantation technique to form the source regions 111
and the drain regions 112. As the impurity element, for
example, arsenic can be used.

[0100] Subsequently, as shown in FIGS. 21A to 21E, a
not-shown mask film is formed over the entire surface of the
semiconductor substrate 101. The stacked film and the pla-
narization film 141 are collectively processed by the lithog-
raphy technique and the RIE method to form the trenches 142.
The trenches 142 have a shape extending in the word line
direction to separate the semiconductor films 131 adjacent to
each other in the bit line direction. As the mask film, for
example, a CVD carbon film can be used. After the trenches
142 are formed, the mask film is removed.

[0101] Subsequently, as shown in FIGS. 22A to 22E, the
sacrificial films 122 are selectively removed by vapor phase
etching to form the hollows 1224 among the upper and lower
spacer films 121. Because the semiconductor films 131 func-
tion as columns and support the spacer films 121, the hollows
122a are not collapsed. When silicon oxide films are used as
the spacer films 121 and silicon nitride films are used as the
sacrificial films 122, fluoric acid vapor phase etching can be
used such that the silicon nitride films are more selectively
etched compared with the silicon oxide films. The hollows
1224 after the sacrificial films 122 are removed function as a
mold in forming a MONOS structure later.

[0102] Thereafter, as shown in FIGS. 23A to 23E, the
charge storage layers 133 forming MONOS cells are formed
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such that the sides of the hollow cylindrical semiconductor
films 131 partially covered with the spacer films 121 are
covered. The charge storage layers 133 have a stacking struc-
ture of a tunnel dielectric film/a charge trapping film/a charge
blocking film. As the tunnel dielectric film, for example, a
thermal oxide film formed by in-situ steam generator (ISSG)
oxidation can be used. As the charge trapping film, a silicon
nitride film formed by the ALD method can be used. As the
charge blocking film, a hafnia film formed by the ALD
method can be used. At least in the memory cells at the
uppermost layer adjacent to each other in an extending direc-
tion of the trenches 142 (the word line direction), parts of the
charge storage layers 133 forming the MONOS cells cross in
the word line direction. The relation of Formula (1) explained
in the first embodiment holds at least in the transistors in the
uppermost layer.

[0103] This is attained by forming the through-holes 135
shown in FIGS. 19A to 19E to meet Formula (3). Conse-
quently, because a distance between the adjacent channels
can be reduced, it is possible to realize higher bit density per
memory chip area.

[0104] Further, the gate electrode films 134 are formed on
the sides of the hollow cylindrical semiconductor films 131,
on which the charge storage layers 133 are formed, by a film
forming method such as the CVD method. Thereafter, the
gate electrode films 134 formed on the bottoms of the
trenches 142 and the like are recessed by the dry etching
method and divided to be electrodes for the stacked transis-
tors. As a material of the gate electrode films 134, for
example, a titanium nitride/tungsten stacked film can be used.
As an etching gas for dry etching, for example, diluted CIF,
can be used.

[0105] Subsequently, as shown in FIGS. 24A to 24E, the
interlayer dielectric film 143 is formed over the entire surface
of'the semiconductor substrate 101 by a film forming method
such as the CVD method to fill the trenches 142. As the
interlayer dielectric film 143, a TEOS/O; film can be used.
The surface of the interlayer dielectric film 143 is planarized
by the CMP technique.

[0106] Subsequently, the contact holes 144 connecting
with the hollow cylindrical semiconductor films 131 in the
memory cell region and the gate electrode films 134 in the
word-line contact region are formed by the lithography tech-
nique and the RIE method. Thereafter, conductive material
films are filled in the contact holes 144 by a film forming
method such as the CVD method. The conductive material
films are planarized by the CMP technique until the interlayer
dielectric film 143 is exposed. Consequently, the contacts 145
are formed. As a material of the contacts 145, for example,
tungsten can be used.

[0107] Thereafter, the wiring layers 151 to 153 and the like
connected to the contacts 145 are formed via the interlayer
dielectric films 161 to 163 to form a multilayer wiring layer.
Consequently, the nonvolatile semiconductor memory device
having the structure shown in FIGS. 14A to 14D is obtained.
[0108] According to the second embodiment, effects same
as those of the first embodiment can be obtained.

[0109] FIGS. 25A to 25B are schematic sectional views of
an example of the structure of a memory cell of a nonvolatile
semiconductor memory device according to the first and sec-
ond embodiments. FIG. 25A is a partial sectional view in a bit
line direction of a memory cell region. FIG. 25B is a sectional
view taken along line XI-XIin FIG. 25A. FIG. 26 is a diagram
of'an example of a method of arranging semiconductor films.
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[0110] As explained above, in the manufacturing method
according to the first and second embodiments, it is necessary
to perform recessing with isotropic etching after the gate
electrode films 134 are filled. Therefore, when the width of
the spacer films 121 is represented as tg,,,... and the thickness
of the gate electrode films 134 is represented as t, ., the
distance L. between the semiconductor films 131 adjacent to
each other in the bit line direction is set as indicated by the
following Formula (6):

L>(tpnp+ et cptspaceatGare)X2 (6)

[0111] This is because, if Formula (6) is not met, the recess-
ing of the gate electrode film 134 between the semiconductor
films 131 adjacent to each other in the bit line direction cannot
be performed. Specifically, in the structure in the first and
second embodiments, downsizing is possible in the word line
direction but downsizing in the bit line direction is restricted.
Therefore, as shown in FIG. 26, and as explained in the first
and second embodiments, when Formula (1) is met in the
transistor forming position in the uppermost layer, the semi-
conductor films 131 having on the sides thereof the charge
storage layers 133 crossing in the word line direction are
arranged in the bit line direction while meeting Formula (6).

[0112] FIG. 27 is a graph of an example of a scaling sce-
nario of the nonvolatile semiconductor memory device hav-
ing the structure in the first and second embodiments. In the
figure, it is shown how the number of stacked layers for
realizing 128 Gb NAND changes according to the diameter of
the semiconductor films 131 functioning as the channels
when dimensions in the word line direction and the bit line
direction are set to minimum dimensions. Therefore, the
abscissa of the figure indicates the diameter (mm) of the
semiconductor films 131 functioning as the channels and the
ordinate of the figure indicates the number of stacked layers
of memory cells necessary for manufacturing a 128 Gb
NAND flash memory. As shown in FIG. 27, it is possible to
substantially suppress the number of stacked layers by down-
sizing the diameter of the semiconductor films 131. In par-
ticular, when the diameter of the semiconductor films 131 is
set to 20 nanometers, it is possible to reduce the number of
stacked layers to be equal to or smaller than ten layers.

[0113] According to a third embodiment, it is possible to
reduce the number of stacked memory layers by reducing the
diameter of the semiconductor films 131 functioning as the
channels. Compared with a nonvolatile semiconductor
memory device having a large number of stacked memory
layers, it is possible to manufacture the nonvolatile semicon-
ductor memory device in a small number of manufacturing
steps. As a result, it is also possible to further improve bit
density as in a 256 Gb NAND flash memory and a 1 Tb
NAND flash memory.

[0114] FIG. 28 is a cut-out perspective view of a part of a
memory cell region and a word-line contact region of a non-
volatile semiconductor memory device according to a fourth
embodiment. FIGS. 29A to 29E are schematic sectional
views of an example of the configuration of the nonvolatile
semiconductor memory device according to the fourth
embodiment. FIG. 29A is a plan sectional view of the
memory cell region. FIG. 29B is a sectional view taken along
line XII-XII in FIG. 29A. FIG. 29C is a sectional view taken
along XIII-XIII in FIG. 29A. FIG. 29D is a sectional view in
a direction perpendicular to a bit line direction in a contact
forming position of the word-line contact region. FIG. 29E is
a sectional view in the direction perpendicular to the bit line
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direction in a position corresponding to a forming position of
memory strings of the word-line contact region. FIG. 29A is
equivalent to a section taken along line XIV-XIV in FIGS.
29B and 29C.

[0115] In the fourth embodiment, transistors formed at
respective heights of the memory strings MS have a structure
in which the gate electrode films 134 arranged via the charge
storage layers 133 are independent from one another on both
sides in the bit line direction across the semiconductor films
131. Specifically, the independent two gate electrode films
134 are arranged at the same height of the semiconductor
films 131, whereby bit density is doubled compared with the
structures in the first to third embodiments.

[0116] To obtain such a structure, as shown in FIG. 28,
FIGS. 29A t0 29C, and FIG. 29E, the structure in the memory
cell region 11 is the same as that in the first embodiment
except that the memory strings MS are formed of the colum-
nar (hollow cylindrical) semiconductor films 131 and the
inside of the semiconductor films 131 are filled with the
dielectric films 132. However, the shape of the word-line
contact region 20 is formed to divide the gate electrode film
134 extending from the memory cell region 11 into two in one
memory string MS. Specifically, the hollow cylindrical semi-
conductor films 131 are arranged to be extended to the word-
line contact region 20. In the word-line contact region 20, the
semiconductor films 131 adjacent to each other in the word
line direction are arranged to meet the relation of Formula (1)
explained in the first embodiment at the heights of formation
of all the gate electrode films 134. Consequently, the gate
electrode film 134 cannot enter between the semiconductor
films 131 adjacent to each other in the word line direction.
This makes it possible to electrically separate the two gate
electrode films 134 formed on both the sides in the bit line
direction across the semiconductor films 131. The semicon-
ductor films 131 arranged in the word-line contact region 20
do not form the memory strings MS and are dummy semi-
conductor films 131 for simply separating the gate electrode
films 134 arranged on both the sides in the bit line direction
across the semiconductor films 131.

[0117] As shown in FIGS. 28 and 29D, to connect the two
gate electrode films 134 of the memory cells MC formed at
certain height of the memory strings MS or the selection
transistors SGS and SGD and a not-shown word-line driving
circuit or selection-gate-line driving circuit, in the word-line
contactregion 20, one contact 145 is provided on each of both
the sides in the bit line direction of the dummy semiconductor
films 131. Components same as those in the first embodiment
are denoted by the same reference numerals and signs and
explanation of the components is omitted.

[0118] A method of manufacturing the nonvolatile semi-
conductor memory device having such a structure is
explained below. FIGS. 30A to 37E are schematic sectional
views of an example of a procedure of a method of manufac-
turing the nonvolatile semiconductor memory device accord-
ing to the fourth embodiment. Among the figures, a section in
the word line direction of the memory cell region is shown in
FIGS. 30A, 31A, 32A, 33A, 34A, 35A, 36A, and 37A. A
section in a direction perpendicular to the word line direction
of the memory cell region is shown in FIGS. 30B, 31B, 32B,
33B, 34B, 35B, 36B, and 37B. A plan sectional view taken
along line XV-XV in FIGS. 30A, 31A, 32A, 33A, 34A, 35A,
36A, and 37A is shown in FIGS. 30C, 31C, 32C, 33C, 34C,
35C, 36C, and 37C. A plan sectional view taken along line
XVI-XVIinFIGS. 30B, 31B, 32B, 33B, 34B, 35B, 36B, and
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37B is shown in FIGS. 30D, 31D, 32D, 33D, 34D, 35D, 36D,
and 37D. A section in the word line direction in a contact
forming position of the word-line contact region is shown in
FIGS. 30E, 31E, 32E, 33FE, 34E, 35E, 36E, and 37E. A sec-
tional view in the word line direction in a dummy cell forming
position of the word-line contact region is shown in FIGS.
30F, 31F, 32F, 33F, 34F, 35F, 36F, and 37F.

[0119] First, a not-shown peripheral circuit of the nonvola-
tile semiconductor memory device is formed on the semicon-
ductor substrate 101. As shown in FIGS. 30A to 30F, impu-
rities of a predetermined conduction type are implanted in the
memory cell region of the semiconductor substrate 101 by an
ion implantation method and activated to form the source
regions 111. The source regions 111 can be, for example, N
type source regions.

[0120] Subsequently, a plurality of the spacer films 121
forming memory cells and sacrificial films 122 are alternately
stacked over the entire surface of the semiconductor substrate
101 by a film forming method such the PECVD method. The
stack ends with the spacer film 121. The stopper film 123
functioning as a polishing stopper during CMP processing is
formed on the spacer film 121 in the uppermost layer to form
a stacked film. Specifically, six sacrificial films 122 are
stacked. As a material of the sacrificial films 122, a material
having a large etching rate compared with the spacer films
121 in processing by wet etching performed later is selected.
For example, as the spacer films 121, a silicon oxide film can
be used. As the sacrificial films 122, for example, a silicon
nitride film can be used. As the stopper film 123, for example,
a silicon nitride film can be used. As a method of forming the
stacked film, besides the PECVD method, it is also possible to
appropriately combine and use techniques such as the
SACVD method, the LPCVD method, the sputtering method,
and the SOD.

[0121] Subsequently, as shown in FIGS. 31A to 31F, pro-
cessing for forming the stacked film in the word-line contact
region in a step shape is performed by using the lithography
technique and the RIE method to form the word-line contact
region having a structure in which the sacrificial films 122 in
the respective layers are exposed in a step shape. The forma-
tion of the step-like word-line contact region is performed by
a method same as the method explained with reference to
FIGS. 7A to 9E in the first embodiment.

[0122] Thereafter, as shown in FIGS. 32A to 32F, the pla-
narization film 141 is formed over the entire surface of the
semiconductor substrate 101. As the planarization film 141,
for example, a silicon oxide film can be used. Thereafter, the
planarization film 141 is planarized by the CMP technique
until the stopper film 123 is exposed.

[0123] Subsequently, a not-shown mask film is formed over
the entire surface of the stopper film 123. The stacked film in
the memory cell region and the word-line contact region is
collectively processed by the lithography technique and RIE
method to form the through-holes 135 connecting with the
semiconductor substrate 101. As the mask film, for example,
a CVD carbon film can be used. As shown in FIG. 32F, unlike
the first embodiment, the through-holes 135 are also formed
at the same density in the word-line contact region in which it
is unnecessary to form channels. Subsequently, the mask film
is removed to form a mold of a channel semiconductor.
[0124] Subsequently, as shown in FIGS. 33A to 33F, the
semiconductor films 131 functioning as the channels are
formed by a film forming method such as the LPCVD
method. The semiconductor films 131 are deposited in the
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through-holes 135 and formed such that the lower ends
thereof are connected to the semiconductor substrate 101. As
the semiconductor films 131, for example, a B-doped poly-
silicon film can be used. The concentration of B can be set to,
for example, 1x10"7 to 1x10'® cm™. The semiconductor
films 131 are formed to be deposited in a macaroni shape
along the inner surfaces of the through-holes 135. When the
semiconductor films 131 are deposited in a macaroni shape,
the thickness of the semiconductor films 131 controlled by
the gate electrode films 134 is equal among the stacked
memory cells MC. Therefore, it is possible to reduce fluctua-
tion in transistor characteristics among the memory cells MC.
Interference among the memory cells MC in independently
writing electrons in the memory cells MC on both sides of one
channel (semiconductor film) less easily occurs.

[0125] Further, the dielectric films 132 formed of a silicon
oxide film or the like are formed to fill the inside of the hollow
cylindrical semiconductor films 131 by the ALD method.
Thereafter, etch-back is performed by a method such as the
RIE method to remove the semiconductor films 131 and the
dielectric films 132 above the stopper film 123. Consequently,
the hollow cylindrical semiconductor films 131 and the
dielectric films 132 remain only in the through-holes 135.
Subsequently, an impurity element of a predetermined con-
duction type is ion-implanted in upper portions of the semi-
conductor films 131 by using the lithography technique and
the ion implantation technique to form the drain regions 112.
As the impurity element, for example, arsenic can be used.
[0126] Thereafter, as shown in FIGS. 34A to 34F, a not-
shown mask film is formed over the entire surface of the
semiconductor substrate 101. The stacked film and the pla-
narization film 141 are collectively processed by the lithog-
raphy technique and the RIE method to form the trenches 142.
The trenches 142 have a shape extending in the word line
direction to separate the semiconductor films 131 adjacent to
each other in the bit line direction. As the mask film, for
example, a CVD carbon film can be used. After the trenches
142 are formed, the mask film is removed.

[0127] Subsequently, as shown in FIGS. 35A to 35F, the
sacrificial films 122 are selectively removed by wet etching,
whereby hollows 122a are formed among the upper and lower
spacer films 121. Because the semiconductor films 131 func-
tion as columns and support the spacer films 121, the hollows
122a are not collapsed. When silicon oxide films are used as
the spacer films 121 and silicon nitride films are used as the
sacrificial films 122, as a chemical for the wet etching, for
example, hot phosphoric acid can be used such that the silicon
nitride films are more selectively etched compared with the
silicon oxide films. The hollows 122a after the sacrificial
films 122 are removed function as a mold in forming a
MONOS structure later.

[0128] Thereafter, as shown in FIGS. 36A to 36F, the
charge storage layers 133 forming MONOS cells are formed
by a film forming method such as the CVD method such that
the sides of the columnar semiconductor films 131 partially
covered with the spacer films 121 are covered. The charge
storage layers 133 have a stacking structure of a tunnel dielec-
tric film/a charge trapping film/a charge blocking film. As the
tunnel dielectric film, for example, an ONO film formed by
the LPCVD method can be used. As the charge trapping film,
a silicon nitride film formed by the ALLD method can be used.
As the charge blocking film, an alumina film formed by the
ALD method can be used. In the transistors adjacent to each
other in an extending direction of the trenches 142 (the word
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line direction), parts of the charge storage layers 133 forming
the MONOS cells cross in the word line direction. The rela-
tion of Formula (1) holds in all the transistors on the memory
strings MS.

[0129] This is attained by forming the through-holes 135
formed in FIGS. 32A to 32F to meet Formula (3) explained in
the first embodiment at all depths. In two memory cells adja-
cent to each other in the word line direction, parts of charge
blocking films cross (merge) in the adjacent memory cells.
Consequently, it is possible to reduce a distance between the
adjacent semiconductor films 131.

[0130] Further downsizing is possible by crossing even the
charge trapping films among transistors adjacent to one
another. However, this is undesirable because, if the charge
trapping films are crossed, it is likely that charges stored in the
charge trapping films leak to the adjacent transistors via
crossing sections. Therefore, when processing accuracy of
the through-holes 135 is taken into account, it is possible to
more surely cross the charge blocking films among the adja-
cent transistors by increasing the thickness of the charge
blocking films. Therefore, it is desirable to adopt a high
dielectric material such as alumina, hafnia, or zirconia as the
charge blocking films.

[0131] Further, the gate electrode films 134 are formed on
the sides of the columnar semiconductor films 131, in which
the charge storage layers 133 are formed, by a film forming
method such as the CVD method. Thereafter, the gate elec-
trode films 134 formed on the bottoms of the trenches 142 and
the like are recessed by the dry etching method and divided to
be electrodes for the stacked transistors. As a material of the
gate electrode films 134, for example, tungsten can be used.
As an etching gas for dry etching, for example, NF; can be
used.

[0132] FIG. 38 is a schematic partial perspective view of
states of the memory cell region and the word-line contact
region in a state in which charge storage layers and gate
electrode films are formed in semiconductor films. When the
gate electrode films 134 are formed, the charge storage layers
133 are formed in spaces among the memory strings MS in
the word line direction such that a part of the charge storage
layers 133 is shared among the transistors adjacent to one
another. Therefore, the gate electrode films 134 are not
formed. Specifically, the two gate electrode films 134 formed
on both the sides in the bit line direction across the semicon-
ductor films 131 are not physically connected and are formed
independently from each other.

[0133] In this way, among the transistors adjacent to one
another at all the heights of the memory strings MS, a part of
the charge blocking films crosses the adjacent transistors.
Therefore, it is possible to automatically divide the gate elec-
trode films 134 across the semiconductor films 131 and cause
the gate electrode films 134 to function as independent elec-
trodes. In other words, an additional processing step for divid-
ing, in the bit line direction, the gate electrode films 134
formed at the same height of the semiconductor films 131 is
unnecessary. Therefore, dummy cells are also provided in the
word-line contact region, in which memory cells are not
originally provided, to completely divide the gate electrode
films 134 in the memory cell region and the word-line contact
region.

[0134] In the structure in the fourth embodiment, elec-
trodes are formed only on one side of the cylindrical channels
(the semiconductor films 131). Only the one side of the cylin-
drical channels is used as a memory. However, because the
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memory cells are junction-free inversion-type cells, only the
one side of cylindrical channel silicon is inverted and used as
channels without any problem in transistor operation.

[0135] The gate electrode films 134 for six layers are col-
lectively formed as explained above. The first and sixth gate
electrode films 134 from the top are selection gate electrodes
(SG). The second to fifth electrodes from the top are control
gate electrodes (CG) functioning as word lines.

[0136] Subsequently, as shown in FIGS. 37A to 37F, the
interlayer dielectric film 143 is formed over the entire surface
of'the semiconductor substrate 101 by a film forming method
such as the CVD method to fill the trenches 142. As the
interlayer dielectric film 143, a TEOS/O; film can be used.
The surface of the interlayer dielectric film 143 is planarized
by the CMP technique.

[0137] Subsequently, contact holes 144 connecting with
the columnar semiconductor films 131 in the memory cell
region and the gate electrode films 134 in the word-line con-
tact region are formed by the lithography technique and the
RIE method. Thereafter, conductive material films are filled
in the contact holes 144 by a film forming method such as the
CVD method. The conductive material films are planarized
by the CMP technique until the interlayer dielectric film 143
is exposed. Consequently, the contacts 145 are formed. As a
material of the contacts 145, for example, tungsten can be
used.

[0138] Thereafter, the wiring layers 151 to 153 and the like
connected to the contacts 145 are formed via the interlayer
dielectric films 161 to 163 to form a multilayer wiring layer.
Consequently, the nonvolatile semiconductor memory device
having the structure shown in FIGS. 29A to 29E is obtained.

[0139] In the fourth embodiment, the hollow cylindrical
semiconductor films 131 are formed in the memory cell
region and the word-line contact region such that Formula (1)
is met in the forming positions of all the transistors in the
height direction of the memory strings MS. Therefore, the
two gate electrode films 134 physically (electrically) divided
in the bit line direction are formed in the forming positions of
the transistors of the semiconductor films 131. There is an
effect that it is possible to attain double bit density compared
with the first to third embodiments.

[0140] In the structure of the fourth embodiment, as in the
first to third embodiments, it is possible to reduce the distance
between the semiconductor films 131 to be close to a process-
ing limit. Therefore, it is possible to substantially reduce a
memory cell pitches in the bit line and word line directions
compared with the structure in the past in which the gate
electrode films are inserted among the adjacent semiconduc-
tor films. For example, when the diameter of the semiconduc-
tor films 131 (the outer diameter of the hollow cylindrical
semiconductor films 131) is set 50 nanometers and the thick-
ness of the charge storage layers 133 forming MONOS cells
is 25 nanometers, in the structure in the past in which the gate
electrode film 134 is inserted between the semiconductor
films 131 adjacent to each other in the word line direction, the
memory cell pitch in the word line direction is calculated by
the following Formula (7):

Memory cell pitch in the word line direction =charge

storage layer thickness+semiconductor film diameter+

charge storage layer thickness+gate electrode film

width restricted by processing conditions =25 nm+50

nm25 nm50 nm=150 nm (7
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[0141] The memory cell pitch in the bit line direction is
calculated by the following Formula (8):

Memory cell pitch in the bit line direction =gate elec-

trode film width restricted by processing conditions+

charge storage layer thickness+semiconductor film

diameter+charge storage layer thickness+gate elec-

trode film width restricted by processing conditions+

gate electrode film interval restricted by processing

conditions =25 nm+25 nm+50 nm+25 nm+25 nm+50

nm=200 nm (®)
[0142] When a cell area of the structure in the past is cal-
culated by using Formulas (7) and (8), it is seen that an area of
about 30,000 nm? is necessary.
[0143] On the other hand, in the structure of the fourth
embodiment, the memory cell pitch in the word line direction
is calculated by the following Formula (9):

Memory cell pitch in the word line direction =semi-
conductor film diameter+total of thicknesses of the
tunnel dielectric film and the charge trapping film in
the charge storage layer+total of thicknesses of the
tunnel dielectric film and the charge trapping film in
the charge storage layer+distance between nearest
charge trapping films=50nm+10nm+10nm+
Snm=75nm (9)

[0144] The memory cell pitch in the bit line direction is, as
in the structure in the past, 200 nanometers calculated from
Formula (8). In the fourth embodiment, with the fact that the
both the sides of the semiconductor films 131 are used as
separate memory cells taken into account, a cell area in the
fourth embodiment is calculated by the following Formula
(10) using Formulas (8) and (9):

Cell area=pitch in the word line directionxpitch in the

bit line directionx2=75nmx200nmxY2=7,500nm 2(10)

[0145] Inthis way, with the structure in the fourth embodi-
ment, it is expected that the cell area can be reduced to about
a quarter of that in the related art. This indicates that about
quadruple bit density can be realized by the number of
stacked layers equivalent to that in the related art or bit density
equivalent to that of a memory formed by the related art can
be attained by the number of stacked layers about a quarter of
that in the related art. For example, when stack of twenty-four
layers is necessary in the past, with the structure of the fourth
embodiment, it is possible to realize bit density equivalent to
that in the past with stack of six layers.

[0146] Inthis way, according to the fourth embodiment, itis
possible to realize higher bit density with a smaller number of
stacked layers, i.e., a lower solid structure. Therefore, it is
possible to provide a nonvolatile semiconductor memory
device having higher bit density without imposing large load
on process integration. Further, the semiconductor films 131
are formed by being filled in the independent through-holes
135 carlier than the formation of the gate electrode films 134.
Therefore, the channels are not fused even if the distance
between the channels (the semiconductor films 131) is
reduced.

[0147] In the fourth embodiment, a distance between the
channels is strictly restricted to separate the gate electrode
films on both the sides in the bit line direction across the
semiconductor films. In a fifth embodiment, a nonvolatile
semiconductor memory device is requested to have high
alignment accuracy compared with the fourth embodiment
but is not strictly restricted about a distance between chan-
nels. In an example explained below, a nonvolatile semicon-
ductor memory device has a structure in which a pair of
memory strings adjacent to each other in a bit line direction as
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in the second embodiment are connected in lower portions.
Charge storage layers and gate electrode films are divided
into two by insulating films extending in a word line direction.

[0148] FIGS. 39A to 39D are schematic sectional views of
an example of the configuration of a nonvolatile semiconduc-
tor memory device according to the fifth embodiment. FIG.
39A is a plan sectional view of a memory cell region. FIG.
39B is a sectional view taken along line XVII-XVII in FIG.
39A. FIG. 39C is a sectional view taken along line XVIII-
XVIIIin FIG. 39A. FIG. 39D is a sectional view in a direction
perpendicular to the bit line direction of a word-line contact
region. FIG. 39A is equivalent to a section take along line
XIX-XIX in FIGS. 39B and 39C.

[0149] As shown in FIGS. 39A to 39C, the memory cell
region has a structure substantially the same as that in the
second embodiment. However, insulating films 147 passing
through near the centers of the memory strings MS and
extending in the word line direction are provided such that the
charge storage layers 133 and the gate electrode films 134
provided at the respective heights of the memory strings MS
are separated on both sides in the bit direction across the
memory strings MS. The insulating films 147 are also pro-
vided to the word-line contact region. In the fifth embodi-
ment, the semiconductor films 131 adjacent to each other in
the word line direction do not have to be formed to meet
Formula (1) explained in the first embodiment.

[0150] As shown in FIG. 39D, the word-line contact region
alsohas a structure substantially the same as that in the second
embodiment. However, the charge storage layers 133 and the
gate electrode films 134 are separated by not shown insulating
films near the centers in the width direction (the bit line
direction). In other words, two gate electrode films 134 are
independently drawn out from the semiconductor films 131 at
certain height of the memory strings MS. The contacts 145 are
provided in the respective gate electrode films 134. In FIG.
39D, a section on the gate electrode films 134 arranged on one
side across the memory strings MS is shown. The contacts
145 are also provided on the gate electrode films 134 on the
other side across the memory strings MS. However, the posi-
tions of the contacts 145 on the word line direction are dif-
ferent from the positions of contacts 145 shown in the figure.
The contacts on the word line direction are formed in the
positions of the wiring layers 151 not connected to the con-
tacts 145 shown in the figure. Because other components are
the same as those in the second embodiment, explanation of
the components is omitted.

[0151] A method of manufacturing the nonvolatile semi-
conductor memory device having such a structure is
explained below. FIGS. 40A to 48E are schematic sectional
views of an example of a procedure of a method of manufac-
turing the nonvolatile semiconductor memory device accord-
ing to the fifth embodiment. Among the figures, a section in
the word line direction of the memory cell region is shown in
FIGS. 40A, 41A, 42A, 43 A, 44A, 45A, 46A, 47A, and 48A.
A section in a direction perpendicular to the word line direc-
tion of the memory cell region is shown in FIGS. 40B, 41B,
42B, 43B, 44B, 45B, 46B, 47B, and 48B. A plan sectional
view taken along line XX-XX in FIGS. 40A, 41 A, 42A,43A,
44A, 45A, 46A, 47A, and 48A is shown in FIGS. 40C, 41C,
42C, 43C, 44C, 45C, 46C, 47C, and 48C. A plan sectional
view taken along line XXI-XXI in FIGS. 40B, 41B, 42B,
43B, 44B, 45B, 46B, 47B, and 48B is shown in FIGS. 40D,
41D, 42D, 43D, 44D, 45D, 46D, 47D, and 48D. A section in
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the word line direction of the word-line contact region is
shown in FIGS. 40E, 41E, 42E, 43E, 44E, 45E, 46E, 47E, and
48E.

[0152] First, a not-shown peripheral circuit of the nonvola-
tile semiconductor memory device is formed on the semicon-
ductor substrate 101. As shown in FIGS. 40A to 40E, the
interlayer dielectric film 102 is formed in a forming area of
the memory cell region and the word-line contact region of
the semiconductor substrate 101 on which the peripheral
circuit is formed. The trenches 136 for forming the channel
connection layers 137 are formed by the lithography tech-
nique and the RIE method. The trenches 136 are formed at
length enough for connecting the two memory strings MS
adjacent to each other in the bit line direction. Subsequently,
after the channel connection layers 137 formed of an N-type
semiconductor material are formed on the interlayer dielec-
tric film 102 in which the trenches 136 are formed, the chan-
nel connection layers 137 are recessed by a method such as
the CMP method until the interlayer dielectric film 102 is
exposed. Consequently, the channel connection layers 137
are formed only in the trenches 136. As the interlayer dielec-
tric film 102, for example, a silicon oxide film can be used. As
the channel connection layers 137, a P-doped N-type poly-
silicon film can be used.

[0153] Thereafter, a plurality of layers of the spacer films
121 forming memory cells and the sacrificial films 122 to be
removed later are alternately stacked over the entire surface of
the semiconductor substrate 101 by a film forming method
such as the PECVD method. The stack ends with the spacer
film 121 in the uppermost layer. The stopper film 123 func-
tioning as a polishing stopper during CMP processing is
formed on the spacer film 121 in the uppermost layer to form
a stacked film. Specifically, five sacrificial films 122 are
stacked. As the sacrificial films 122, a material having a large
etching rate compared with the spacer films 121 in processing
by etching performed later is selected. For example, as the
spacer films 121, a silicon oxide film can be used. As the
sacrificial films 122, a silicon nitride film can be used. As a
method of forming the stacked film, besides the PECVD
method, it is possible to appropriately combine and use tech-
niques such as the SACVD method, the LPCVD method, the
sputtering method, and the SOD.

[0154] Subsequently, as shown in FIGS. 41A to 41E, slits
146 for forming the insulating films 147 for dividing the gate
electrode films 134, which are formed later, on both the sides
in the bit line direction across the memory strings MS are
formed by the lithography technique and the RIE method.
Separation films formed by the insulating films 147 such as
silicon oxide films are formed in the slits 146.

[0155] Subsequently, as shown in FIGS. 42A to 42E, pro-
cessing for forming the stacked film in the word-line contact
region in a step shape is performed by using the lithography
technique and the RIE method such that the sacrificial films
122 in lower layers are exposed. The processing for forming
the stacked film in a step shape can be performed by a method
same as the method explained with reference to FIGS. 16A to
18E in the second embodiment. The planarization film 141 is
formed over the entire surface of the semiconductor substrate
101. Asthe planarization film 141, for example a silicon oxide
film can be used. Thereafter, the planarization film 141 is
planarized by the CMP technique with the stopper film 123 as
a polishing stopper.

[0156] Thereafter, as shown in FIGS. 43A to 43E, a not-
shown mask film is formed over the entire surface of the
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semiconductor substrate 101. The stacked film in the memory
cell region is collectively processed by the lithography tech-
nique and the RIE method to form the through holes 135. The
through-holes 135 are arranged in a matrix shape on an area
including the insulating films 147 formed in FIGS. 41A to
41E in the memory cell region. The bottoms of the through-
holes 135 connect with the channel connection layers 137. As
the mask layer, for example, a CVD carbon film can be used.
After the through-holes 135 are formed, the mask film is
removed. Consequently, a mold for forming the semiconduc-
tor films 131 functioning as the channels is formed. In the fifth
embodiment, because the insulating films 147 are formed, it
is unnecessary to form the through-holes 135 to meet Formula
(3) between the semiconductor films 131 adjacent to each
other in the word line direction of the respective layers in the
height direction as explained in the fourth embodiment.

[0157] Subsequently, as shown in FIGS. 44A to 44E, the
semiconductor films 131 formed of a P-type semiconductor
material functioning as the channels are formed by a film
forming method such as the LPCVD method. The semicon-
ductor films 131 are deposited in the through-holes 135 and
formed such that the lower ends thereof are connected to the
channel connection layers 137. As the semiconductor films
131, for example, a B-doped polysilicon film can be used. The
concentration of B can be set to, for example, 1x10'7 to
1x10*® cm™. As in the fourth embodiment, the semiconduc-
tor films 131 are formed to be deposited in a macaroni shape
along the through-holes 135.

[0158] Further, the dielectric films 132 formed of a silicon
oxide film or the like are formed to fill the inside of the hollow
cylindrical semiconductor films 131 by a method such as the
ALD method. Thereafter, etch-back is performed by a
method such as the RIE method to remove the semiconductor
films 131 and the dielectric films 132 above the stopper film
123. Consequently, the hollow cylindrical semiconductor
films 131 and the dielectric films 132 remain only in the
through-holes 135. Subsequently, an impurity element of a
predetermined conduction type is ion-implanted in upper por-
tions of the semiconductor films 131 by using the lithography
technique and the ion implantation technique to form the
source regions 111 and the drain regions 112. As the impurity
element, for example, arsenic can be used.

[0159] Subsequently, as shown in FIGS. 45A to 45E, a
not-shown mask film is formed over the entire surface of the
semiconductor substrate 101. The stacked film and the pla-
narization film 141 are collectively processed by the lithog-
raphy technique and the RIE method to form the trenches 142.
The trenches 142 have a shape extending in the word line
direction to separate gate electrodes that will replace sacrifi-
cial films 122 adjacent to each other in the bit line direction.
As the mask film, for example, a CVD carbon film can be
used. After the trenches 142 are formed, the mask film is
removed.

[0160] Subsequently, as shown in FIGS. 46A to 46E, the
sacrificial films 122 are selectively removed by wet etching to
form the hollows 122a among the upper and lower spacer
films 121. Because the semiconductor films 131 function as
columns and support the spacer films 121, the hollows 1224
are not collapsed. When silicon oxide films are used as the
spacer films 121 and silicon nitride films are used as the
sacrificial films 122, as a chemical for the wet etching, for
example, hot phosphoric acid can be used such that the silicon
nitride films are more selectively etched compared with the
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silicon oxide films. The hollows 122a after the sacrificial
films 122 are removed function as a mold in forming a
MONOS structure later.

[0161] Thereafter, as shown in FIGS. 47A to 47E, the
charge storage layers 133 forming MONOS cells are formed
such that the sides of the hollow columnar (hollow cylindri-
cal) semiconductor films 131 partially covered with the
spacer films 121 are covered. The charge storage layers 133
have a stacking structure of a tunnel dielectric film/a charge
trapping film/a charge blocking film. As the tunnel dielectric
film, for example, an ONO film formed by the LPCVD
method can be used. As the charge trapping film, a silicon
nitride film formed by the ALD method can be used. As the
charge blocking film, an alumina film formed by the ALD
method can be used. As explained above, because the
through-holes 135 do not always meet Formula (3), in the two
transistors adjacent to each other in the word line direction in
the respective layers in the height direction, the charge stor-
age layers 133 (the charge blocking films) do no have to
partially cross.

[0162] Further, the gate electrode films 134 are formed on
the sides of the hollow cylindrical semiconductor film 131 in
which the charge storage layers 133 are formed. Unlike the
fourth embodiment, in the fifth embodiment, the insulating
films 147 are formed in a slit shape to divide the gate electrode
films 134 of the memory strings MS adjacent to one another
in the word line direction automatically. Therefore, the
divided gate electrode films 134 function as independent elec-
trodes.

[0163] Thereafter, the gate electrode films 134 formed on
the bottoms of the trenches 142 and the like are recessed by
the dry etching method and divided to be electrodes for the
stacked transistors. As a material of the gate electrode films
134, for example, a tungsten nitride/tungsten stacked film can
be used. As an etching gas for dry etching, for example,
diluted CIF; can be used. In the processing explained above,
the gate electrode films 134 for five layers are collectively
formed. The gate electrode film 134 in the first layer from the
top is a selection gate electrode. The gate electrode films 134
in the second to fifth layers are control gate electrodes func-
tioning as word lines.

[0164] Subsequently, as shown in FIGS. 48A to 48E, the
interlayer dielectric film 143 is formed over the entire surface
of'the semiconductor substrate 101 by a film forming method
such as the CVD method to fill the trenches 142. Conse-
quently, the interlayer dielectric film 143 is filled in the
trenches 142 formed at a predetermined interval in the bit line
direction formed in FIGS. 45A to 45E. As the interlayer
dielectric film 143, a TEOS/O, film can be used. The surface
of' the interlayer dielectric film 143 is planarized by the CMP
technique.

[0165] Subsequently, the contact holes 144 connecting
with the hollow cylindrical semiconductor films 131 in the
memory cell region and the gate electrode films 134 in the
word-line contact region are formed by the lithography tech-
nique and the RIE method. Thereafter, conductive material
films are filled in the contact holes 144 by a film forming
method such as the CVD method. The conductive material
films are planarized by the CMP technique until the interlayer
dielectric film 143 is exposed. Consequently, the contacts 145
are formed. As a material of the contacts 145, for example,
tungsten can be used.

[0166] Thereafter, the wiring layers 151 to 153 and the like
connected to the contacts 145 are formed via the interlayer
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dielectric films 161 to 163 to form a multilayer wiring layer.
Consequently, the nonvolatile semiconductor memory device
having the structure shown in FIGS. 39A to 39D is obtained.
[0167] With the structure in the fifth embodiment, the slit-
like insulating films 147 that divide the gate electrode films
134 into two in the bit line direction across the memory
strings MS are provided. Therefore, unlike the fourth embodi-
ment, it is possible to divide the gate electrode films 134 even
if the semiconductor films 131 functioning as the channels are
not set sufficient close in the word line direction. Further, as in
the fourth embodiment, it is possible to reduce a cell area to
about a quarter of that in the related art by reducing a distance
between the semiconductor films 131 adjacent to each other
in the word line direction.

[0168] In the case of the fourth embodiment, it is conceiv-
ablethat a distance between the through-holes 135 adjacentto
each other in the word line direction in the positions of the
transistors formed in the lower layers does not meet Formula
(3) and the gate electrode film 134 in the lower layer cannotbe
satisfactorily divided, for example, when the through-hole
135 as the mold of the semiconductor film 131 is formed in a
taper shape. However, according to the fifth embodiment, the
slit-like insulating film 147 that divides the semiconductor
film 131 of the memory strings MS connected to each other by
the gate electrode film 134 to both the sides in the bit line
direction from near the center of the memory strings MS are
provided. Therefore, it is possible to surely divide the gate
electrode film 134 into independent two gate electrode films
134 across the semiconductor film 131.

[0169] As aresult, it is possible to realize higher bit density
with a smaller number of stacked layers, i.e., a lower solid
structure. Therefore, it is possible to provide a nonvolatile
memory having higher bit density without imposing large
load on integration.

[0170] Further, the peripheral circuit is provided on the
semiconductor substrate 101 and the memory cell portion is
provided over the peripheral circuit on the interlayer dielec-
tric film 102. Therefore, there is also an effect that it is
possible to further enhance bit density compared with the
fourth embodiment.

[0171] FIG. 49 is a cut-out perspective view of a part of a
memory cell region and a word-line contact region of a non-
volatile semiconductor memory device according to a sixth
embodiment. FIGS. 50A to 50E are schematic sectional
views of an example of the configuration of the nonvolatile
semiconductor memory device according to the sixth
embodiment. FIG. 50A is a partial plan sectional view of the
memory cell region. FIG. 50B is a sectional view taken along
line XXII-XXII in FIG. 50A. FIG. 50C is a sectional view
taken along line XXIII-XXIII in FIG. 50A. FIG. 50D is a
sectional view in a direction perpendicular to a bit line direc-
tion in a word-line-contact forming position of the word-line
contact region. FIG. 50E is a sectional view in the direction
perpendicular to the bit line direction in a position corre-
sponding to a forming position of memory strings of the
word-line contact region. FIG. 50A is equivalent to a section
taken along line XXIV-XXIV in FIGS. 50B and 50C.

[0172] Inthe memory cell region 11, as shown in FIG. 49
and FIGS. 50A to 50C, the memory strings MS including the
memory cells MC having the gate electrode films 134 formed
over the sides of the hollow cylindrical semiconductor films
131 on the charge storage layers 133 are two-dimensionally
arranged substantially perpendicularly on the semiconductor
substrate 101 having the source regions 111. The drain
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regions 112 are formed in the upper portions of the hollow
cylindrical semiconductor films 131. The memory strings MS
are arranged at a first interval in the word line direction,
arranged at a second interval on one side in the bit line
direction, and arranged at a third interval wider than the
second interval on the other side. The first to third intervals do
not refer to an interval between the centers of the memory
strings MS adjacent to each other but refers to an interval
between nearest opposed outer circumferential portions of
the adjacent memory strings MS.

[0173] In the following explanation, a row of the memory
strings MS arranged at the first interval in the word line
direction is referred to as memory string row MSR. Two
memory string rows MSR arranged in the bit line direction at
the second interval are referred to as memory string group
MSG. Specifically, the memory strings MS are arranged such
that memory string groups MSG each formed by the two
memory string rows MSR arranged in parallel in the bit line
direction at the second interval are arranged in parallel at the
third interval in the bit line direction.

[0174] The memory strings MS have a structure in which a
plurality of transistors having the gate electrode films 134
formed over the sides of the hollow cylindrical semiconduc-
tor films 131 on the charge storage layers 133 are connected
in series in the height direction. Among the transistors, the
transistors at both upper and lower ends are selection transis-
tors. In FIGS. 50B and 50C, selection transistors ST are
arranged at both upper and lower ends of a transistor row. One
or more memory cell transistors MC are formed at a prede-
termined interval between the two selection transistors ST.
The structure of the selection transistors ST is the same as the
structure of the memory cell transistors MC. Further, in the
memory cell region 11, in the same memory string row MSR,
selection gate electrodes of the selection transistors ST at the
same height are connected to one another. Control gate elec-
trodes of the memory cell transistors MC at the same height
are also connected to one another.

[0175] Specifically, as shown in FIGS. 50B and 50C, on the
side of the columnar semiconductor film 131 functioning as a
channel, the spacer films 121 surrounding the semiconductor
films 131 are formed at a predetermined interval in the height
direction. The charge storage layers 133 coat the side of the
columnar semiconductor film 131 including the spacer films
121. Each of the gate electrode films 134 is formed over the
side of the columnar semiconductor film 131 on the charge
storage layer 133 in an area between the upper and lower
spacer films 121. An area between the upper and lower spacer
films 121 where the gate electrode film 134 is formed over the
side of the columnar semiconductor film 131 on the charge
storage layer 133 functions as one transistor. The transistors
arranged at both the upper and lower ends of the memory
string MS are the selection transistors ST. One or more tran-
sistors between the two selection transistors ST are the
memory cell transistors MC. In the figures, four memory cell
transistors MC are formed between the two selection transis-
tors ST.

[0176] It is assumed that the hollow cylindrical semicon-
ductor films 131 are formed of a P-type semiconductor mate-
rial such as P-type polysilicon. The bottoms of the hollow
cylindrical semiconductor films 131 have not ring shape but
plate-like shape. The dielectric films 132 such as silicon oxide
films are formed to fill the inside of the hollow cylindrical
semiconductor films 131.
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[0177] As shown in FIG. 49 and FIGS. 50D and 50E, the
word-line contact region 20 has a structure same as the struc-
ture of the memory cell region 11. Specifically, in the word-
line contact region 20, the memory string groups MSG each
formed by the two memory string row MSR arrayed in the bit
line direction at the second interval are arranged at the third
interval in the bit line direction. The memory strings MS
formed in the word-line contact region 20 are dummy
memory strings MS that do not function as memories.

[0178] In the word-line contact region 20, the gate elec-
trode films 134 extended from the memory cell region 11 are
arranged to be stacked. The gate electrode films 134 have
step-like configurations such that the gate electrode films 134
in the lower layers are exposed. In the word-line contact
region 20, the upper and lower surfaces of the gate electrode
films 134 are surrounded by the charge storage layers 133.
The spacer films 121 are formed among the gate electrode
films 134 adjacent to one another in the vertical direction.

[0179] Theplanarization film 141 is formed on the step-like
gate electrode films 134 in the word-line contact region 20.
The interlayer dielectric films 143 are formed on the memory
strings MS in the memory cell region, on the planarization
film 141 in the word-line contact region 20, and among the
memory string groups MSG adjacent to one another in the bit
line direction. As the planarization film 141, for example, a
silicon oxide film can be used. As the interlayer dielectric
films 143, for example, a TEOS/O; can be used.

[0180] As materials of the semiconductor substrate 101, the
spacer films 121, the semiconductor films 131, the charge
storage layers 133, and the gate electrode films 134, materials
same as those in the first embodiment can be used. Other
components are substantially the same as those in the first to
fifth embodiments. Therefore, components same as those in
the first to fifth embodiments are denoted by the same refer-
ence numerals and signs and explanation of the components is
omitted.

[0181] In the sixth embodiment, as shown in FIGS. 49 to
50FE, in the transistors at all the heights of the memory strings
MS in the memory string group MSG, the charge storage
layers 133 cross among the transistors adjacent to one another
in the word line direction and the bit line direction such that
the gate electrode films 134 are not inserted among the tran-
sistors at all the heights of the memory strings MS adjacent to
one another in the word line direction and the bit line direc-
tion. Specifically, in the transistors at all the heights that share
the gate electrode films 134 of the memory strings MS
arranged in the word line direction in the memory string
group MSG, the charge storage layers 133 are partially shared
between the transistors and the transistors adjacent thereto. In
the transistors at all the heights adjacent to one another in the
bit line direction in the memory string group MSG, the charge
storage layers 133 are partially shared between the transistors
and the transistors adjacent thereto. Specifically, the adjacent
four transistors in the same plane in the memory string group
MSG, parts of the charge storage layers 133 cross in the word
line direction and the bit line direction.

[0182] To obtain such a structure, the memory strings MS
(the semiconductor films 131) are arranged such that Formula
(1) holds in transistor forming positions at all the heights of
the memory strings MS adjacent to one another in the word
line direction in the memory string group MSG. In addition,
the memory strings MS (the semiconductor films 131) are
arranged such that Formula (1) holds in transistor forming
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positions at all the heights of the memory cell strings MS
adjacent to one another in the bit line direction in the memory
string group MSG.

[0183] In the structure that meets the condition of Formula
(1), parts of the charge blocking films cross (merge) in the two
transistors adjacent to each other at all the heights. Therefore,
a distance between the semiconductor films 131 adjacent to
each other in the word line direction and a distance between
the semiconductor films 131 adjacent to each other in the bit
line direction in the memory string group MSG can be
reduced. Further downsizing can be realized by crossing even
the charge trapping films among the transistors adjacent to
one another. However, it is undesirable to cross the charge
trapping films because, if the charge trapping films are
crossed, it is likely that charges stored in the charge trapping
films leak to the adjacent transistors via crossing sections.
Therefore, it is desirable to set the distance L between the
semiconductor films 131 adjacent to each other in the word
line direction and the bit line direction in the memory string
group MSG to meet Formula (2).

[0184] The first and second intervals are intervals among
the memory strings MS that meet Formulas (1) and (2). Onthe
other hand, the third interval, i.e., an interval in the bit line
direction among the memory string groups MSG is a sum of
an interval at which the gate electrode film 134 enters
between the adjacent two transistors at all the heights and the
gate electrode film 134 formed between the memory string
groups MSG can be removed by etching, i.e., thickness twice
as large as the thickness of the charge storage layers 133, the
width of the gate electrode films 134 restricted by the pro-
cessing conditions, and an interval of the gate electrode films
134 restricted by the processing conditions.

[0185] With such a structure, the gate electrode film 134
cannot enter between the semiconductor films 131 adjacent to
each other in the word line direction and the bit line direction
in the memory string group MSG. The gate electrode films
134 are formed only in outer side portions of the memory
strings MS adjacent to one another in the bit line direction.
This structure is also maintained in the word-line contact
region 20. As a result, the two gate electrode films 134
arranged on both the sides in the bit line direction of one
memory string group MSG are electrically separated. A posi-
tional relation between the memory cells MC and the gate
electrode films 134 is a shape substantially mirror symmetri-
cal across the two memory string rows MSR. Therefore, it is
possible to suppress occurrence of fluctuation in writing and
erasing characteristics due to fluctuation in a shape of the
memory cells MC.

[0186] The hollow cylindrical semiconductor films 131
arranged in the word-line contact region 20 do not form the
memory strings MS to be caused to function as memory
devices but are provided to simply separate the gate electrode
films 134 arranged on both the side in the bit line direction of
one memory string group MSG. Therefore, in the following
explanation, the hollow cylindrical semiconductor films 131
(having a structure same as that of the memory strings MS)
arranged in the word-line contact region 20 are also referred
to as dummy cells.

[0187] In this structure, because the charge storage layers
133 are deposited on the sides of the hollow cylindrical semi-
conductor films 131, curvature radii are different in the tunnel
dielectric films and the charge blocking films. Therefore,
because an electric field can be more intensely concentrated
on the tunnel dielectric films having the smaller curvature

IPR2025-00098 Page 00096



US 2011/0156132 Al

radius, it is possible to substantially improve writing and
erasing characteristics compared with the plane MONOS
structure. This is effective in performing MLC operation.
[0188] In the above explanation, the semiconductor films
131 are formed of the P-type polysilicon film to form a
stacked memory in which transistors of the inversion type are
connected to one another. However, it is also possible to form
the semiconductor films 131 with an N-type polysilicon film
and drive the semiconductor films 131 as transistors of the
depletion type. In this case, to use the selection transistors ST
arranged at the upper and lower ends of the memory cell MC
row as normally-off selection transistors, channel portions
thereof only have to be formed of the P-type polysilicon film
and driven as the transistors of the inversion type.

[0189] Further, in the structure explained above, the gate
electrode films 134 are formed only on one side in the bit line
direction of the cylindrical channels. Only the one side of the
cylindrical channels is used as a memory. However, because
the memory cells are junction-free inversion-type cells, only
the one side of cylindrical channel silicon is inverted and used
as channels without any problem in transistor operation.
[0190] A method of manufacturing the nonvolatile semi-
conductor memory device having such a structure is
explained. FIGS. 51A to 58F are schematic sectional views of
an example of a procedure of a method of manufacturing the
nonvolatile semiconductor memory device according to the
sixth embodiment. Among these figures, a section in the word
line direction of the memory cell region is shown in FIGS.
51A,52A,53A, 54A, 55A, 56A, 57A, and 58A. A section in
a direction perpendicular to the word line direction of the
memory cell region is shown in FIGS. 51B, 52B, 53B, 54B,
55B, 56B, 57B, and 58B. A plan sectional view taken along
line XXV-XXV in FIGS. 51A, 52A, 53A, 54A, 55A, 56A,
57A, and 58A is shown in FIGS. 51C, 52C, 53C, 54C, 55C,
56C, 57C, and 58C. A plan sectional view taken along line
XXVI-XXVIin FIGS. 51B, 52B, 53B, 54B, 55B, 56B, 57B,
and 58B is shown in FIGS. 51D, 52D, 53D, 54D, 55D, 56D,
57D, and 58D. A section in the word line direction in a contact
forming position of the word-line contact region is shown in
FIGS.51E, 52E, 53E, 54E, 55E, 56E, 57E, and S8E. A section
in the word line direction in a dummy cell forming position of
the word-line contact region is shown in FIGS. 51F, 52F, 53F,
54F, 55F, 56F, 57F, and 58F.

[0191] First, a not-shown peripheral circuit of the nonvola-
tile semiconductor memory device is formed on the semicon-
ductor substrate 101. As shown in FIGS. 51A to 51F, impu-
rities of a predetermined conduction type are implanted in the
memory cell region of the semiconductor substrate 101 by an
ion implantation method and activated to form the source
regions 111. The source regions 111 can be, for example, an
N type.

[0192] Subsequently, a plurality of the spacer films 121
forming memory cells and sacrificial films 122 are alternately
stacked over the entire surface of the semiconductor substrate
101 by a film forming method such as the PECVD method.
The stack ends with the spacer film 121. The stopper film 123
functioning as a polishing stopper during the CMP processing
is formed on the spacer film 121 in the uppermost layer to
form a stacked film. Specifically, six sacrificial films 122 are
stacked. As a material of the sacrificial films 122, a material
having a large etching rate compared with the spacer films
121 in processing by wet etching performed later is selected.
For example, as the spacer films 121, a silicon oxide film can
be used. As the sacrificial films 122, for example, a silicon
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nitride film can be used. As the stopper film 123, for example,
a silicon nitride film can be used. As a method of forming the
stacked film, besides the PECVD method, it is also possible to
appropriately combine and use techniques such as the
SACVD method, the LPCVD method, the sputtering method,
and the SOD.

[0193] Subsequently, as shown in FIGS. 52A to 52F, pro-
cessing for forming the stacked film in the word-line contact
region in a step shape is performed by using the lithography
technique and the RIE method to form the word-line contact
region having a structure in which the sacrificial films 122 in
the respective layers are exposed in a step shape. The forma-
tion of the step-like word-line contact portion is performed by
a method same as the method explained with reference to
FIGS. 7A to 9E in the first embodiment.

[0194] Thereafter, as shown in FIGS. 53A to 53F, the pla-
narization film 141 is formed over the entire surface of the
semiconductor substrate 101. As the planarization film 141,
for example, a silicon oxide film can be used. Thereafter, the
planarization film 141 is planarized by the CMP technique
until the stopper film 123 is exposed.

[0195] Subsequently, anot-shown mask film is formed over
the entire surface ofthe stopper film 123 and the planarization
film 141. The stacked film in the memory cell region and the
word-line contact region is collectively processed by the
lithography technique and RIE method to form the through-
holes 135 connecting with the semiconductor substrate 101.
As the mask film, for example, a CVD carbon film can be
used. The through-holes 135 are also formed at the same
density in the word-line contact region in which it is unnec-
essary to form channels. Subsequently, the mask film is
removed to form a mold of a channel semiconductor.

[0196] The mold of the channel semiconductor is formed at
a first interval in the word line direction. An interval between
the mold and a mold of a channel semiconductor adjacent on
one side in the bit line direction is a second interval. An
interval between the mold and a mold of a channel semicon-
ductor adjacent on the other side is a third interval longer than
the second interval.

[0197] Subsequently, as shown in FIGS. 54A to 54F, the
semiconductor films 131 functioning as the channels are
formed by a film forming method such as the LPCVD
method. The semiconductor films 131 are formed to be
deposited in a macaroni shape along the inner surfaces of the
through-holes 135. When the semiconductor films 131 are
deposited in a macaroni shape, the thickness of the semicon-
ductor films 131 controlled by the gate electrode films 134 is
equal among the stacked memory cells MC. Therefore, it is
possible to reduce fluctuation in transistor characteristics
among the memory cells MC. As the semiconductor films
131, for example, a B-doped polysilicon film can be used. The
concentration of B can be set to, for example, 1x10'7 to
1x10™® cm™2.

[0198] Further, the dielectric films 132 formed of a silicon
oxide film or the like are formed to fill the inside of the hollow
cylindrical semiconductor films 131 by the ALD method.
Thereafter, etch-back is performed by a method such as the
RIE method to remove the semiconductor films 131 and the
dielectric films 132 above the stopper film 123. Consequently,
the hollow cylindrical semiconductor films 131 and the
dielectric films 132 remain only in the through-holes 135.
Subsequently, dopant impurities of a predetermined conduc-
tion type is ion-implanted in upper portions of the semicon-
ductor films 131 by using the lithography technique and the
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ion implantation technique to form the drain regions 112. As
the impurity element, for example, arsenic can be used.
[0199] Thereafter, as shown in FIGS. 55A to 55F, a not-
shown mask film is formed over the entire surface of the
semiconductor substrate 101. The stacked film and the pla-
narization film 141 are collectively processed by the lithog-
raphy technique and the RIE method to form the trenches 142.
The trenches 142 have a shape extending in the word line
direction to separate the semiconductor films 131 adjacent to
each other in the bit line direction. The trenches 142 are
formed in every other two memory string rows MSR extend-
ing in the word line direction. Consequently, the two memory
string rows MSR divided by the trench 142 are formed as the
memory string group MSG. As the mask film, for example, a
CVD carbon film can be used. After the trenches 142 are
formed, the mask film is removed.

[0200] Subsequently, as shown in FIGS. 56A to 56F, the
sacrificial films 122 and the stopper film 123 are selectively
removed by wet etching to form the hollows 122a among the
upper and lower spacer films 121. Because the semiconductor
films 131 function as columns and support the spacer films
121, the hollows 122a are not collapsed. When silicon oxide
films are used as the spacer films 121 and silicon nitride films
are used as the sacrificial films 122, as a chemical for the wet
etching, for example, hot phosphoric acid can be used such
that the silicon nitride films are more selectively etched com-
pared with the silicon oxide films. The hollows 122a after the
sacrificial films 122 are removed function as a mold in form-
ing a MONOS structure later.

[0201] Thereafter, as shown in FIGS. 57A to 57F, the
charge storage layers 133 forming MONOS cells are formed
such that the sides of the columnar semiconductor films 131
partially covered with the spacer films 121 are covered. The
charge storage layers 133 have a stacking structure of a tunnel
dielectric film/a charge trapping film/a charge blocking film.
As the tunnel dielectric film, for example, an ONO film
formed by the LPCVD method can be used. As the charge
trapping film, a silicon nitride film formed by the ALD
method can be used. As the charge blocking film, an alumina
film formed by the ALD method can be used. In the transistors
adjacent to each other in an extending direction of the
trenches 142 (the word line direction), parts of the charge
storage layers 133 cross in the word line direction. The rela-
tion of Formula (1) holds in all the transistors on the memory
strings MS. Parts of the charge storage layers 133 cross in the
bit line direction in the transistors adjacent to each other at the
second interval. The relation of Formula (1) holds in all the
transistors on the memory strings MS. However, parts of the
charge storage layers 133 do not cross in the bit line direction
in the transistors adjacent to each other in the bit line direction
at the third interval.

[0202] InFIGS. 53A to 53F, this is attained by forming the
through-holes 135 adjacent to one another in the word line
direction to meet Formula (3) for all depths and forming the
through-holes 135 such that the one side in the bit line direc-
tion meets Formula (3) in all depths. However, a distance
between the adjacent through-holes 135 is not a distance
between the centers but is a distance between opposed nearest
outer circumferential portions.

[0203] Inthis way, in the four memory cells MC adjacent to
one another in the same plane in the memory string group
MSG divided by the trenches 142, parts of the charge block-
ing films cross in the adjacent memory cells MC in the word
line direction and the bit line direction. Consequently, it is

Jun. 30, 2011

possible to reduce a distance between the adjacent semicon-
ductor films 131 and realize higher bit density per memory
chip area.

[0204] Further downsizing is possible by crossing even the
charge trapping films among transistors adjacent to one
another. However, this is undesirable because, if the charge
trapping films are crossed, it is likely that charges stored in the
charge trapping films leak to the adjacent transistors via
crossing portions. Therefore, when processing accuracy of
the through-holes 135 is taken into account, it is possible to
more surely cross (share) the charge blocking films among the
adjacent transistors by increasing the thickness of the charge
blocking films. Therefore, it is desirable to adopt a high
dielectric material such as alumina, hafnia, or zirconia as the
charge blocking films.

[0205] Further, the gate electrode films 134 are formed on
the sides of the hollow cylindrical semiconductor films 131,
in which the charge storage layers 133 are formed, by a film
forming method such as the CVD method. Thereafter, the
gate electrode films 134 formed on the bottoms of the
trenches 142 and the like are recessed by the dry etching
method and divided to be electrodes for the stacked transis-
tors. Consequently, the gate electrode films 134 are sym-
metrically arranged on the outer side in the bit line direction
in the memory string group MSG. The two gate electrode
films 134 formed on the outer side in the bit line direction in
the memory string group MSG are physically separated. As a
material of the gate electrode films 134, for example, tungsten
can be used. As an etching gas for dry etching, for example,
plasma-excited CF, can be used.

[0206] FIG. 59 is a schematic partial perspective view of
states of the memory cell region and the word-line contact
region in a state in which charge storage layers and gate
electrode films are formed in columnar semiconductor films.
When the gate electrode films 134 are formed, the charge
storage layers 133 are formed in spaces among the four adja-
cent memory strings MS in the memory string group MSG
such that a part of the charge storage layers 133 is shared
among adjacent four transistors. Therefore, the gate electrode
films 134 are not formed in the spaces. Specifically, parts of
the charge blocking films cross adjacent transistors among
the four transistors adjacent to one another in the same plane
at all heights of the memory strings MS in the memory string
group MSG. This makes it possible to automatically divide
the gate electrode films 134 across the two semiconductor
films 131 adjacent to each other at the second interval in the
bit line direction, resulting in that the gate electrode films 134
function as independent two electrodes not physically con-
nected. An additional processing step for dividing the gate
electrode films 134 formed at the same height of the semi-
conductor films 131 in the bit line direction is unnecessary.
Therefore, the gate electrode films are completely divided in
the memory cell region 11 and the word-line contact region
20 in one memory string group MSG by providing dummy
cells also in the word-line contact region 20 in which the
memory cells MC are not originally provided.

[0207] Consequently, the gate electrode films 134 for six
layers are collectively formed. The gate electrode films 134 in
the first and sixth layers from the top are selection gate elec-
trodes (SG). The gate electrode films 134 in the second to fifth
layers from the top are control gate electrodes (CG).

[0208] Subsequently, as shown in FIGS. 58A to 58F, the
interlayer dielectric film 143 is formed over the entire surface
of'the semiconductor substrate 101 by a film forming method
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such as the CVD method to fill the trenches 142. As the
interlayer dielectric film 143, a TEOS/O; film can be used.
The surface of the interlayer dielectric film 143 is planarized
by the CMP technique.

[0209] Subsequently, the contact holes 144 connecting
with the columnar semiconductor films 131 in the memory
cell region and the gate electrode films 134 in the word-line
contact region are formed by the lithography technique and
the RIE method. Thereafter, conductive material films are
filled in the contact holes 144 by a film forming method such
as the CVD method. The conductive material films are pla-
narized by the CMP technique until the interlayer dielectric
film 143 is exposed. Consequently, the contacts 145 are
formed. As a material of the contacts 145, for example, tung-
sten can be used.

[0210] Thereafter, the wiring layers 151 to 153 and the like
connected to the contacts 145 are formed via the interlayer
dielectric films 161 to 163 to form a multilayer wiring layer.
Consequently, the nonvolatile semiconductor memory device
having the structure shown in FIGS. 50A to 50E is obtained.
[0211] In the sixth embodiment, the hollow cylindrical
semiconductor films 131 are formed in the memory cell
region 11 and the word-line contact region 20 such that For-
mula (1) is met in the forming positions of all the transistors
in the height direction of the memory strings MS in the
memory string group MSG. Consequently, the gate electrode
films 134 cannot penetrate among the transistors adjacent to
one another in the word line direction and the bit line direc-
tion. The physically (electrically) divided two gate electrode
films 134 are formed only on both the sides in the bit line
direction of the memory string group MSG. In this way, it is
possible to reduce a distance between the memory strings MS
adjacent to each other in the word line direction and the bit
line direction. Therefore, there is an effect that it is possible to
increase memory bit density compared with the structure in
the past.

[0212] In the structure in the sixth embodiment, it is pos-
sible to reduce the distance between the semiconductor films
131 to be close to a processing limit. Therefore, it is possible
to substantially reduce pitches of the memory cells MC in the
bit line and word line directions compared with the structure
in the past in which the gate electrode films 134 are inserted
among the adjacent semiconductor films 131. For example,
when the diameter of the semiconductor films 131 (the outer
diameter of the hollow cylindrical semiconductor films 131)
is set 50 nanometers and the thickness of the charge storage
layers 133 forming MONOS cells is 25 nanometers, in the
structure in the past in which the gate electrode film 134 is
inserted between the semiconductor films 131 adjacent to
each other in the word line direction, the memory cell pitch in
the word line direction is calculated by the following Formula

(11):

Memory cell pitch in the word line direction =charge

storage layer thickness+semiconductor film diameter+

charge storage layer thickness+gate electrode film

width restricted by processing conditions=25 nm +50

nm+25 nm+50 nm =150 nm (11

[0213] In the structure in the past in which the gate elec-
trode films 134 are also inserted among the semiconductor
films 131 adjacent to each other in the bit line direction, the
memory cell pitch in the bit line direction is calculated by the
following Formula (12):

Memory cell pitch in the bit line direction =gate elec-
trode film width restricted by processing conditions+
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charge storage layer thickness+semiconductor film

diameter+charge storage layer thickness+gate elec-

trode film width restricted by processing conditions+

gate electrode film interval restricted by processing

conditions=25 nm+25 nm+50 nm+25 nm+25 nm+50

nm =200 nm (12)

[0214] When a cell area of the structure in the past is cal-
culated by using Formulas (11) and (12), itis seen that an area
of about 30,000 nm? is necessary.

[0215] On the other hand, in the structure of the sixth
embodiment, the memory cell pitch in the word line direction
is calculated by the following Formula (13):

Memory cell pitch in the word line direction =semi-

conductor film diameter+total of thicknesses of the

tunnel dielectric film and the charge trapping film in

the charge storage layer+total of thicknesses of the

tunnel dielectric film and the charge trapping film in

the charge storage layer+distance between nearest

charge trapping films=50 nm+10 nm+10 nm+5

nm=75 nm (13)

[0216] The memory cell pitch in the bit line direction is
calculated by the following Formula (14) in average because
an interval between the memory cells MC and adjacent one
memory string row MSR is the second interval and an interval
between the memory cells MC and adjacent the other
memory string row MSR is the third interval:

Memory cell pitch in the bit line direction =(gate elec-
trode film width restricted by processing conditions+
charge storage layer thickness+semiconductor film
thickness-+total of thicknesses of the tunnel dielectric
film and the charge trapping film in the charge storage
layer+total of thicknesses of the tunnel dielectric film
and the charge trapping film in the charge storage
layer+distance between nearest charge trapping films+
semiconductor film diameter+charge storage layer
thickness+gate electrode film thickness restricted by
processing conditions+gate electrode interval
restricted by processing conditions)/2 =(25 nm+25
nm+50 nm+10 nm+10 nm+5 nm+50 nm+25 nm+25
nm+50 nm) /2=137.5 nm (14)

[0217] A cell area in the sixth embodiment is calculated by
the following Formula (15) using Formulas (13) and (14):

Cell area=pitch in the word line directionxpitch in the
bit line direction =75 nmx137.5 nm=10,312.5 nm? (15)

[0218] In this way, with the structure in the sixth embodi-
ment, it is expected that the cell area can be reduced to about
one third of that in the related art. This indicates that about
triple bit density can be realized by the number of stacked
layers equivalent to that in the related art or bit density equiva-
lent to that of a memory formed by the related art can be
attained by the number of stacked layers about one third of
that in the related art. For example, when stack of twenty-four
layers is necessary in the past, with the structure of the sixth
embodiment, it is possible to realize bit density equivalent to
that in the past with stack of eight layers.

[0219] According to the sixth embodiment, it is possible to
realize higher bit density with a smaller number of stacked
layers, i.e., a lower solid structure. Therefore, it is possible to
provide a nonvolatile semiconductor memory device having
higher bit density without imposing large load on process
integration. Further, the semiconductor films 131 are formed
by being deposited in the independent through-holes 135
earlier than the formation of the gate electrode films 134.
Therefore, the channels are not short-circuited even if the
distance between the channels (the semiconductor films 131)
is reduced.
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[0220] In the sixth embodiment, the nonvolatile semicon-
ductor memory device has the structure in which the memory
strings having the selection transistors formed at both the
upper and lower ends are arranged in a matrix shape substan-
tially perpendicularly on the substrate. In a seventh embodi-
ment, a nonvolatile semiconductor memory device has a
structure in which a pair of memory strings adjacent to each
other in a bit line direction are connected in a lower portion.

[0221] FIG. 60 is a schematic perspective view of an
example of the configuration of a nonvolatile semiconductor
memory device according to the seventh embodiment. An
overview of the structure of a memory cell region is shown in
the figure. FIGS. 61A to 61F are schematic sectional views of
an example of the configuration of the nonvolatile semicon-
ductor memory device according to the seventh embodiment.
FIG. 61A is a plan sectional view of the memory cell region.
FIG. 61B is a sectional view taken along line XXVII-XXVII
in FIG. 61A. FIG. 61C is a sectional view taken along line
XXVIII-XXVIITin FIG. 61A. FIG. 61D is a sectional view in
a direction perpendicular to the bit line direction in a word-
line-contact forming position of a word-line contact region.
FIG. 61E is a sectional view in the direction perpendicular to
the bit line direction in a position corresponding to a forming
position of memory strings in the word-line contact region.
FIG. 61A is equivalent to a section taken along line XXIX-
XXIX in FIGS. 61B and 61C.

[0222] In the seventh embodiment, a not-shown peripheral
circuit section is formed on the semiconductor substrate 101.
The memory cell region 11 and the word-line contact region
20 are formed on the peripheral circuit section via the inter-
layer dielectric film 102. In the memory cell region 11, as
shown in FIGS. 60 to 61C, the memory strings MS including
the memory cells MC having the gate electrode films 134
formed over the sides of the hollow cylindrical semiconduc-
tor films 131 on the charge storage layers 133 are two-dimen-
sionally arranged substantially perpendicularly on the inter-
layer dielectric film 102. The memory strings MS are
arranged at a first interval in the word line direction, arranged
at a second interval from one adjacent memory strings MS in
the bit line direction, and arranged at a third interval wider
than the second interval from the other adjacent memory
strings MS. Consequently, the memory string groups MSG
each formed by the two memory string rows MSR, in which
the memory strings MS are arranged in the word line direction
atthe first interval, arranged in parallel in the bit line direction
at the second interval are arranged in parallel at the third
interval in the bit line direction. It is assumed that the hollow
cylindrical semiconductor films 131 are formed by a P-type
semiconductor material such as P-type polysilicon. The bot-
toms of the hollow cylindrical semiconductor films 131 have
not ring shape but plate-like shape. The dielectric films 132
such as silicon oxide films are formed to fill the inside of the
hollow cylindrical semiconductor films 131.

[0223] Each of the memory strings MS has a structure in
which a plurality of transistors having the gate electrode films
134 formed over the sides of the hollow cylindrical semicon-
ductor films 131 on the charge storage layers 133 are con-
nected in series in the height direction. Among the transistors,
the transistor at the upper end is the selection transistor ST.
One or more memory cell transistors MC are formed below
the selection transistor ST (on the semiconductor substrate
101 side). In the figures, five memory cell transistors MC are
formed. In the seventh embodiment, as in the embodiments
explained above, the structure of the selection transistors ST
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is the same as the structure of the memory cell transistors MC.
The structure of the selection transistors ST and the memory
cell transistors MC forming the memory strings MS is the
same as that in the sixth embodiment. Therefore, explanation
of the structure is omitted. In the memory cell region 11,
selection gate electrodes of the selection transistors ST of the
memory strings MS arrayed in a predetermined direction are
connected to each other. Control gate electrodes of the
memory cell transistors MC at the same height of the memory
strings MS arrayed in the predetermined direction are con-
nected to each other.

[0224] A pair of memory strings MS adjacent to each other
in the bit line direction in the memory string group MSG are
connected to each other by channel connection layers 137
formed in the interlayer dielectric film 102. The channel
connection layers 137 are formed of a semiconductor mate-
rial having polarity different from that of the semiconductor
films 131, for example, an N-type semiconductor material
such as N-type polysilicon.

[0225] In this way, in the seventh embodiment, the two
memory strings MS connected by the channel connection
layers 137 form one memory cell row. Therefore, the selec-
tion transistor ST of one memory string MS functions as a
source-side selection transistor and the selection transistor ST
of the other memory cell string MS functions as a drain-side
selection transistor. The source region 111 is formed at the
upper end of the semiconductor film 131 of the memory string
MS in which the source-side selection transistor is formed.
The drain region 112 is formed at the upper end of the semi-
conductor film 131 of the memory string MS in which the
drain-side selection transistor is formed.

[0226] Further, as shown in FIG. 60, the memory strings
MS of one memory string row MSR of the memory string
groups MSG are connected to bit lines 19 above the memory
strings MS. The memory strings MS of the other memory
string row MSR are connected to source lines 21, which
supply voltage, above the memory strings MS. The memory
string rows MSR connected to the source lines 21 are
arranged to be opposed to each other between the adjacent
memory string groups MSG. Consequently, the adjacent two
memory string groups MSG can share the source lines 21.
[0227] As materials of the semiconductor substrate 101, the
spacer films 121, the semiconductor films 131, the charge
storage layers 133, and the gate electrode films 134, materials
same as those in the first embodiment can be used. Other
components are substantially the same as those in the first to
sixth embodiments. Therefore, components same as those in
the first to sixth embodiments are denoted by the same refer-
ence numerals and signs and explanation of the components is
omitted.

[0228] Further, in the seventh embodiment, the memory
strings MS are formed such that a distance between nearest
adjacent channels in transistor forming positions at all the
heights of the memory strings MS adjacent to each other in
the word line direction (the extending direction of the gate
electrode films 134) and the bit line direction in the memory
string group MSG meets the relation of Formula (1) as in the
sixth embodiment.

[0229] A method of manufacturing the nonvolatile semi-
conductor memory device having such a structure is basically
the same as that in the sixth embodiment. However, a step of
forming the interlayer dielectric film 102 on the semiconduc-
tor substrate 101 and forming the channel connection layers
137 is different. Specifically, after a not-shown peripheral
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circuit of the nonvolatile semiconductor memory device is
formed on the semiconductor substrate 101, the interlayer
dielectric film 102 is formed in a forming area of the memory
cell region and the word-line contact region of the semicon-
ductor substrate 101 on which the peripheral circuit is
formed. The trenches 136 for forming the channel connection
layers 137 are formed by the lithography technique and the
RIE method. The trenches 136 are formed at length enough
for connecting the two memory strings MS adjacent to each
other in the bit line direction in the memory string group
MSG. Subsequently, the channel connection layers 137 are
formed on the interlayer dielectric film 102 in which the
trenches 136 are formed, then the channel connection layers
137 are recessed by a method such as the CMP method until
the interlayer dielectric film 102 is exposed. Consequently,
the channel connection layers 137 are formed only in the
trenches 136. As the interlayer dielectric film 102, for
example, a silicon oxide film can be used. As the channel
connection layers 137, a P-doped N-type polysilicon film can
be used. Thereafter, it is possible to manufacture the nonvola-
tile semiconductor memory device shown in FIGS. 60 to 61E
by executing a procedure same as the procedure explained in
the sixth embodiment.

[0230] According to the seventh embodiment, the two
memory strings MS adjacent to each other in the bit line
direction in the memory string group MSG are connected and
used as one memory cell row. Therefore, it is possible to
reduce the number of selection gate electrodes compared with
the sixth embodiment. As a result, in addition to the effects of
the sixth embodiment, an effect can be obtained that it is
possible to integrate a large number of memory cells with a
small number of stacked layers.

[0231] FIG. 62 is a schematic perspective view of the struc-
ture of a nonvolatile semiconductor memory device accord-
ing to an eighth embodiment. In the nonvolatile semiconduc-
tor memory device, the structure shown in FIG. 60 is reversed
upside down. Specifically, the bit lines 19 are formed on a
not-shown first interlayer dielectric film, a not-shown second
interlayer dielectric film is formed on the bit lines 19, the
source lines 21 are formed on the second interlayer dielectric
film, and a not-shown third interlayer dielectric film is formed
on the source lines 21. The memory strings MS having the
transistors in a plurality of layers are arranged on a forming
position of the bit lines 19 and the source line 21 in lower
portions. A method of arranging the memory strings MS is the
same as that explained in the sixth and seventh embodiments.
[0232] Upper portions of the two memory strings MS adja-
cent to each other in the bit line direction in the memory string
group MSG are connected by the channel connection layer
137. As in the embodiments explained above, one memory
cell row is formed by the two memory strings MS connected
by the channel connection layer 137. The nonvolatile semi-
conductor memory device according to the eighth embodi-
ment can be manufactured by a method same as the method
explained in the sixth and seventh embodiments.

[0233] In the structure in the first to seventh embodiments,
wires such as the bit lines 19 are formed in upper portions of
the memory strings MS via the interlayer dielectric films 143.
However, when the wires are drawn out from the upper por-
tions of the memory strings MS, because the wires connected
to the peripheral circuit are long, parasitic capacitance
increases. As a result, it is likely that an SN ratio is deterio-
rated or operation speed falls.
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[0234] However, in the structure in the eighth embodiment,
because the wires such as the bit lines 19 are arranged in the
lower portions of the memory strings MS, it is possible to
reduce the length of the wires connected to the peripheral
circuit compared with the first to seventh embodiments and
reduce the parasitic capacitance. As a result, it is possible to
improve the SN ratio and increase the operation speed com-
pared with the first to seventh embodiments. There is also an
effect that it is easy connect the peripheral circuit formed on
the semiconductor substrate 101 to the memory strings MS
with the wires. As in the eight embodiment, the structure in
which the adjacent memory strings MS are connected in the
upper portions thereof rather than in the lower portions
thereof by the channel connection layers 137 can be applied to
the structure explained in the second and fifth embodiments.
[0235] FIG. 63 is a schematic perspective view of the struc-
ture of a nonvolatile semiconductor memory device accord-
ing to a ninth embodiment. In the seventh or eighth embodi-
ment, the lower portions or the upper portions of the memory
strings MS adjacent to each other in the bit line direction in
one memory string group MSG are connected by the channel
connection layer 137. In the ninth embodiment, upper por-
tions or lower portions of the two memory strings MS
opposed (adjacent) to each other between different memory
string groups adjacent to each other in the bit line direction are
connected by the channel connection layer 137.

[0236] InFIG. 63, the two memory strings MS adjacent to
each other in the bit line direction of a first memory string
group MSG1 are connected by the channel connection layer
137 in lower portions of the two memory strings MS. This is
the same in second and third memory string groups MSG2
and MSG3. A second memory string row MSR2 of the first
memory string group MSG1 and a first memory string row
MSR3 of the second memory string group MSG2 are con-
nected by the channel connection layer 137 in upper portions
thereof. Similarly, a second memory string row MSR4 of the
second memory string groups MSG2 and a first memory
string row MSRS5 of the third memory string group MSG3 are
connected by the channel connection layer 137 in upper por-
tions thereof. The bit lines 19 are connected to upper portions
of'the memory strings MS forming a first memory string row
MSR1 of the first memory string group MSG1. The source
lines 21 are connected to upper portions of the memory
strings MS forming a second memory string row MSR6 ofthe
third memory string group MSG3. Selection gate electrodes
SG are the gate electrode film 134 formed in the uppermost
layer of the first memory string row MSR1 of the first memory
string group MSG1 and the gate electrode film 134 formed in
the uppermost layer of the second memory string row MSR6
of the third memory string group MSG3.

[0237] In other words, the memory strings MS adjacent to
one another in the bit line direction are connected by the
channel connection layers 137 in lower portions thereofin the
memory string groups MSG and connected by the channel
connection layers 137 in upper portions thereof among the
memory string groups MSG. As a result, in FIG. 63, six
memory string rows MSR form one memory cell row.
[0238] Other components and a manufacturing method are
the same as those explained in the sixth to eighth embodi-
ments. Therefore, explanation of the components and the
manufacturing method is omitted. In FIG. 63, the bit lines 19
and the source lines 21 are arranged on the upper side. How-
ever, as in the eighth embodiment, the bit lines 19 and the
source lines 21 can be arranged on the lower side. Further, in
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FIG. 63, the six memory strings MS are connected in series by
the channel connection layers 137. However, an arbitrary
number of memory strings MS can be connected in series by
the channel connection layers 137. The ninth embodiment
can also be applied to the structures explained in the second
and fifth embodiment.

[0239] According to the ninth embodiment, the memory
strings MS adjacent to one another in the bit line direction are
alternately connected by the channel connection layers 137
on the upper or lower side. Therefore, it is possible to further
reduce the number of selection gate electrodes SG compared
with the seventh and eighth embodiments. In other words, it is
possible to further lower a ratio of the selection gate elec-
trodes SG in the gate electrode films 134. This makes it
possible to reduce the number of wires for connection to the
peripheral circuit compared with the first to eighth embodi-
ments. Therefore, it is possible to reduce an area of the periph-
eral circuit and an area for drawing out the wires from the
memory cell region. As a result, it is possible to suppress an
overall memory cell area including the peripheral circuit.
[0240] In the sixth to ninth embodiments, a distance
between the through-holes for memory string formation is
appropriately controlled to divide, with the dielectric films
forming a MONOS, the two gate electrode films on both the
sides of the memory string group. In a tenth embodiment, a
nonvolatile semiconductor memory device has a structure in
which a trench for dividing two gate electrode films is formed
before the through-holes for memory string formation is
formed. In the following explanation, as an example, in a
nonvolatile semiconductor memory device having a structure
same as the structure in the sixth embodiment, gate electrode
films among memory string rows in a memory string group
are divided.

[0241] FIGS. 64A to 64D are schematic sectional views of
an example of the configuration of a nonvolatile semiconduc-
tor memory device according to the tenth embodiment. FIG.
64A is a plan sectional view of a memory cell region. FIG.
64B is a sectional view taken along line XXX-XXX in FIG.
64A. FIG. 64C is a sectional view taken along line XXXI-
XXXIin FIG. 64A. FIG. 64 is a sectional view in a direction
perpendicular to a bit line direction of a word-line contact
region. FIG. 64A is equivalent to a section taken along line
XXXII-XXXII in FIGS. 64B and 64C.

[0242] As shown in FIGS. 64A to 64C, the memory cell
region has a structure substantially the same as the structure in
the sixth embodiment. However, the charge storage layers
133 and the gate electrode films 134 provided at the respective
heights of the two memory strings MS adjacent to each other
in the bit line direction in the memory string group are sepa-
rated by the insulating film 124 passing near the center
between the two memory strings MS adjacent to each other in
the bit line direction and extending in the word line direction.
The insulating film 124 is provided to be extended to the
word-line contact region. In the tenth embodiment, the semi-
conductor films 131 adjacent to each other in the word line
direction do not have to be formed to meet Formula (1)
explained in the sixth embodiment.

[0243] As shown in FIG. 64D, the word-line contact region
also has a structure substantially the same as the structure in
the sixth embodiment. However, the charge storage layers
133 and the gate electrode films 134 are separated by the
insulating film 124 extending from a not-shown memory cell
region near the center in the width direction (the bit line
direction). In other words, the two gate electrode films 134 are
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independently drawn out from the semiconductor films 131
formed at respective heights of two memory string rows in the
memory string group. The contacts 145 are provided in the
respective gate electrode films 134. In FIG. 64D, a section on
the gate electrode films 134 arranged on an extension line of
one memory string row in the memory string group is shown.
The contacts 145 are also provided in the gate electrode films
134 arranged on an extension line of the other memory string
row. However, positions on the word line direction are differ-
ent from the positions of the contacts 145 shown in the figure.
The contacts 145 are formed in the positions of the wiring
layers 151 not connected to the contacts 145 shown in the
figure. Other components are the same as those in the sixth
embodiment. Therefore, explanation of the components is
omitted.

[0244] By adopting such a structure, the restriction indi-
cated by Formula (1) is not applied to the thickness of the
charge storage layers 133 (the gate dielectric films) forming a
MONOS. It is unnecessary to provide dummy cells in the
word-line contact region. The contacts 145 only have to be
provided.

[0245] A method of manufacturing the nonvolatile semi-
conductor memory device having such a configuration is
explained below. FIGS. 65A to 73E are schematic sectional
views of an example of a procedure of a method of manufac-
turing the nonvolatile semiconductor memory device accord-
ing to the tenth embodiment. Among the figures, a section in
the word line direction of the memory cell region is shown in
FIGS. 65A, 66A, 67A, 68A, 69A, 70A, 71A, 72A, and 73A.
A section in a direction perpendicular to the word line direc-
tion of the memory cell region is shown in FIGS. 65B, 66B,
678, 68B, 69B, 70B, 71B, 72B, and 73B. A plan sectional
view taken along line XXXIII-XXXIII in FIGS. 65A, 66A,
67A, 68A, 69A, 70A, 7T1A, 72A, and 73A is shown in FIGS.
65C, 66C, 67C, 68C, 69C, 70C, 71C, 72C, and 73C. A plan
sectional view taken along line XXXIV-XXXIV in FIGS.
65B, 66B, 67B, 68B, 69B, 70B, 71B, 72B, and 73B is shown
in FIGS. 65D, 66D, 67D, 68D, 69D, 70D, 71D, 72D, and
73D. A section in the word line direction in a contact forming
position of the word-line contact region is shown in FIGS.
65E, 66E, 67E, 68E, 69E, 70E, 71E, 72E, and 73E.

[0246] First, a not-shown peripheral circuit of the nonvola-
tile semiconductor memory device is formed on the semicon-
ductor substrate 101. As shown in FIGS. 65A to 65E, impu-
rities of a predetermined conduction type are implanted in the
memory cell region of the semiconductor substrate 101 by an
ion implantation method and activated to form the source
regions 111. The source regions 111 can be, for example, an
N type.

[0247] Subsequently, a plurality of the spacer films 121
forming memory cells and sacrificial films 122 are alternately
stacked over the entire surface of the semiconductor substrate
101 by a film forming method such as the PECVD method.
The stack ends with the spacer film 121. The stopper film 123
functioning as a polishing stopper during the CMP processing
is formed on the spacer film 121 in the uppermost layer to
form a stacked film. Specifically, six sacrificial films 122 are
stacked. As a material of the sacrificial films 122, a material
having a large etching rate compared with the spacer films
121 in processing by wet etching performed later is selected.
For example, as the spacer films 121, a silicon oxide film can
be used. As the sacrificial films 122, for example, a silicon
nitride film can be used. As the stopper film 123, for example,
a silicon nitride film can be used. As a method of forming the
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stacked film, besides the PECVD method, it is also possible to
appropriately combine and use techniques such as the
SACVD method, the LPCVD method, the sputtering method,
and the SOD.

[0248] Subsequently, as shown in FIGS. 66A to 66E,
trenches 124qa for insulating film formation for dividing, in
the bit line direction, the gate electrode films 134 in the
memory string group formed later are formed by using the
lithography technique and the RIE method. The insulating
film 124 is formed over the entire surface of the semiconduc-
tor substrate 101 and left only in the trenches 124a. As the
insulating film 124, for example, a silicon oxide film formed
by the CVD method or the ALD method can be used.

[0249] Subsequently, as shown in FIGS. 67A to 67E, as in
the first embodiment, processing for forming a stacked film in
the word-line contact region in a step shape is performed by
using the lithography technique and the RIE method to form
the word-line contact region having a structure in which the
sacrificial films 122 in the respective layers are exposed in a
step shape. Consequently, seven steps are formed and the
word-line contact region is formed.

[0250] Thereafter, the planarization film 141 is formed over
the entire surface of the semiconductor substrate 101. As the
planarization film 141, for example, a silicon oxide film can
be used. Thereafter, the planarization film 141 is planarized
by the CMP technique until the stopper film 123 is exposed in
the memory cell region.

[0251] Subsequently, as shown in FIGS. 68A to 68E, a
not-shown mask film is formed over the entire surface of the
stopper film 123 and the planarization film 141. The stacked
film in the memory cell region and the word-line contact
region is collectively processed by the lithography technique
and RIE method to form the through-holes 135 connecting
with the semiconductor substrate 101. As the mask film, for
example, a CVD carbon film can be used. Thereafter, the
mask film is removed to form a mold of a channel semicon-
ductor. In the tenth embodiment, the insulating films 124 for
separating the gate electrode films 134 formed later is formed
to the word-line contact region. Therefore, unlike the sixth
embodiment, it is unnecessary to form the through-holes 135
functioning as the mold of the channel semiconductor to the
word-line contact region.

[0252] The mold of the channel semiconductor is formed at
a first interval in the word line direction as explained later. An
interval between the mold and a mold of a channel semicon-
ductor adjacent on one side in the bit line direction is a second
interval. An interval between the mold and a mold of a chan-
nel semiconductor adjacent on the other side is a third interval
longer than the second interval. At this point, the insulating
films 124 are filled in areas among rows of the through-holes
135 arranged in the bit line direction that are areas provided at
the second interval. In the tenth embodiment, the insulating
films 124 for separating the gate electrode films 134 are
formed. Therefore, the through-holes 135 do not have to be
formed such that the first interval meets Formula (3).

[0253] Subsequently, as shown in FIGS. 69A to 69E, the
semiconductor films 131 functioning as the channels are
formed by a film forming method such as the LPCVD
method. The semiconductor films 131 are formed to be
deposited in a macaroni shape along the inner surfaces of the
through-holes 135. When the semiconductor films 131 are
deposited in a macaroni shape, the thickness of the semicon-
ductor films 131 controlled by the gate electrode films 134 is
equal among the stacked memory cells MC. Therefore, it is
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possible to reduce fluctuation in transistor characteristics
among the memory cells MC. As the semiconductor films
131, for example, a B-doped polysilicon film can be used. The
concentration of B can be set to, for example, 1x10'7 to
1x10"® cm™.

[0254] Further, the dielectric films 132 formed of a silicon
oxide film or the like are formed to fill the inside of the hollow
cylindrical semiconductor films 131 by the ALD method.
Thereafter, etch-back is performed by a method such as the
RIE method to remove the semiconductor films 131 and the
dielectric films 132 above the stopper film 123. Consequently,
the hollow cylindrical semiconductor films 131 and the
dielectric films 132 remain only in the through-holes 135.
Subsequently, dopant impurities of a predetermined conduc-
tion type is ion-implanted in upper portions of the semicon-
ductor films 131 by using the lithography technique and the
ion implantation technique to form the drain regions 112. As
the impurity element, for example, arsenic can be used.
[0255] Thereafter, as shown in FIGS. 70A to 70E, a not-
shown mask film is formed over the entire surface of the
semiconductor substrate 101. The stacked film and the pla-
narization film 141 are collectively processed by the lithog-
raphy technique and the RIE method to form the trenches 142.
The trenches 142 have a shape extending in the word line
direction to separate the semiconductor films 131 adjacent to
each other in the bit line direction. The trenches 142 are
formed in every other two memory string rows extending in
the word line direction. Consequently, the two memory string
rows divided by the trench 142 are formed as the memory
string group. As the mask film, for example, a CVD carbon
film can be used. After the trenches 142 are formed, the mask
film is removed.

[0256] Subsequently, as shown in FIGS. 71A to 71F, the
sacrificial films 122 and the stopper film 123 are selectively
removed by wet etching to form the hollows 122a among the
upper and lower spacer films 121. Because the semiconductor
films 131 function as columns and support the spacer films
121, the hollows 122a are not collapsed. When silicon oxide
films are used as the spacer films 121 and silicon nitride films
are used as the sacrificial films 122, as a chemical for the wet
etching, for example, hot phosphoric acid can be used such
that the silicon nitride films are more selectively etched com-
pared with the silicon oxide films. The hollows 122a after the
sacrificial films 122 are removed function as a mold in form-
ing a MONOS structure later.

[0257] Thereafter, as shown in FIGS. 72A to 72E, the
charge storage layers 133 forming MONOS cells are formed
such that the sides of the cylindrical semiconductor films 131
partially covered with the spacer films 121 are covered. The
charge storage layers 133 have a stacking structure of a tunnel
dielectric film/a charge trapping film/a charge blocking film.
As the tunnel dielectric film, for example, an ONO film
formed by the LPCVD method can be used. As the charge
trapping film, a silicon nitride film formed by the ALD
method can be used. As the charge blocking film, an alumina
film formed by the ALD method can be used.

[0258] Unlike the sixth embodiment, the transistors on the
memory strings MS are separated by the insulating films 124
in the bit line direction. Therefore, the restrictions on the
thickness of films forming a MONOS such as the relations
indicated by Formulas (1) to (3) are unnecessary.

[0259] Inthis way, in the four memory cells MC adjacent to
one another in the same plane in the memory string group
divided by the trenches 142, it is possible to reduce a distance
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between the adjacent semiconductor films 131 by separating
the semiconductor films 131 with the insulating films 124 in
the bit line direction. Therefore, it is possible to realize higher
bit density per memory chip area.

[0260] Subsequently, the gate electrode films 134 are
formed on the sides of the hollow cylindrical semiconductor
films 131, in which the charge storage layers 133 are formed,
by a film forming method such as the CVD method. There-
after, the gate electrode films 134 formed on the bottoms of
the trenches 142 and the like are recessed by the dry etching
method and divided to be electrodes for the stacked transis-
tors. Consequently, the gate electrode films 134 are sym-
metrically arranged on the outer side in the bit line direction
in the memory string group. The two gate electrode films 134
formed on the outer side in the bit line direction in the
memory string group are physically separated. As a material
of'the gate electrode films 134, for example, tungsten can be
used. As an etching gas for dry etching, for example, NF; can
be used.

[0261] Consequently, the gate electrode films 134 for six
layers are collectively formed. The gate electrode films 134 in
the first and sixth layers from the top are selection gate elec-
trodes. The gate electrode films 134 in the second to fifth
layers from the top are control gate electrodes functioning as
word lines.

[0262] Subsequently, as shown in FIGS. 73A to 73E, the
interlayer dielectric film 143 is formed over the entire surface
of'the semiconductor substrate 101 by a film forming method
such as the CVD method to fill the trenches 142. As the
interlayer dielectric film 143, a TEOS/O, film can be used.
The surface of the interlayer dielectric film 143 is planarized
by the CMP technique.

[0263] Subsequently, the contact holes 144 connecting
with the columnar semiconductor films 131 in the memory
cell region and the gate electrode films 134 in the word-line
contact region are formed by the lithography technique and
the RIE method. Thereafter, conductive material films are
filled in the contact holes 144 by a film forming method such
as the CVD method. The conductive material films are pla-
narized by the CMP technique until the interlayer dielectric
film 143 is exposed. Consequently, the contacts 145 are
formed. As a material of the contacts 145, for example, tung-
sten can be used.

[0264] The wiring layers 151 to 153 and the like connected
to the contacts 145 are formed via the interlayer dielectric
films 161 to 163 to form a multilayer wiring layer. Conse-
quently, the nonvolatile semiconductor memory device hav-
ing the structure shown in FIGS. 64A to 64D is obtained.

[0265] In the tenth embodiment, instead of forming the
hollow cylindrical semiconductor films 131 in the memory
cell region 11 and the word-line contact region 20, so as to
meet Formula (1) in the forming positions of all the transistors
in the height direction of the memory strings MS in the
memory strings group, the insulating films 124 for electri-
cally separating a memory string row are formed in advance.
Consequently, the gate electrode films 134 cannot penetrate
among the transistors adjacent to one another in the word line
direction and the bit line direction. The physically (electri-
cally) divided two gate electrode films 134 are formed only on
both the sides in the bit line direction of the memory string
group. In this way, it is possible to reduce a distance between
the memory strings MS adjacent to each other in the word line
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direction and the bit line direction. Therefore, there is an
effect that it is possible to increase bit density compared with
the structure in the past.

[0266] In the structure of the nonvolatile semiconductor
memory device according to the tenth embodiment, as
explained in the seventh embodiment, a pair of memory
strings MS adjacent to each other in the bit line direction in
the memory strings group can be connected by the channel
connection layers 137 in the lower portions. As explained in
the ninth embodiment, the upper portions or the lower por-
tions of the two memory strings MS adjacent to each other
between the different memory string groups adjacent in the
bit line direction can be connected by the channel connection
layers 137. As explained in the eighth embodiment, the bit
lines and the source lines can be arranged on the lower side in
these structures.

[0267] As explained above, in the nonvolatile semiconduc-
tor memory device according to the first to tenth embodi-
ments, it is possible to realize high bit density with a small
number of stacked layers. Therefore, the nonvolatile semi-
conductor memory device can be manufactured in a smaller
number of manufacturing steps compared with steps for
manufacturing a nonvolatile semiconductor memory device
having a larger number of stacked memories. As a result, it is
also possible to further improve bit density as in a 256 Gb
NAND flash memory and a 1 Tb NAND flash memory.
[0268] The conduction types of the semiconductor films
131 and the channel connection films 137 in the above expla-
nation are examples. Conduction types in the present inven-
tion are not limited to these conduction types.

[0269] As explained above, according to the embodiments,
there is an effect that it is possible to increase memory bit
density while suppressing the number of stacked layers of
memory cells compared with the past in a nonvolatile semi-
conductor memory device having a structure in which
memory strings including a plurality of gate electrode films,
which cross columnar semiconductor films having gate
dielectric films formed on sides thereof, arranged in the
height direction are two-dimensionally arranged and the gate
electrode films at the same height adjacent to one anotherin a
predetermined direction are connected.

[0270] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel devices described herein may be embodied
in a variety of other forms; furthermore, various omissions,
substitutions and changes in the form of the devices described
herein may be made without departing from the spirit of the
inventions. The accompanying claims and their equivalents
are intended to cover such forms or modifications as would
fall within the scope and spirit of the inventions.

What is claimed is:
1. A nonvolatile semiconductor memory device compris-
ing:

memory strings which have a plurality of transistors
including gate electrode films formed on gate dielectric
films over sides of columnar semiconductor films in a
height direction of the semiconductor films, and which
are arranged in a matrix shape substantially perpendicu-
larly above a substrate, wherein

the gate electrode films of the transistors at same height of
the memory strings arranged in a first direction are con-
nected to one another, and
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a distance between the semiconductor films at least in a
forming position of the transistor at an uppermost layer
of'the memory strings adjacent to each other in the first
direction is smaller than double of thickness of the gate
dielectric films.

2. The nonvolatile semiconductor memory device accord-

ing to claim 1, wherein

a distance between the semiconductor films in all forming
positions of the transistors of the memory strings adja-
cent to each other in the first direction is smaller than the
double of the thickness of the gate dielectric films, and

the gate electrode films formed in the forming positions of
the transistors at respective heights of the memory
strings arrayed in the first direction are electrically
divided in a second direction perpendicular to the first
direction across the semiconductor films, and wires con-
nected to a driving circuit for the transistors are con-
nected to the divided gate electrode films respectively.

3. The nonvolatile semiconductor memory device accord-
ing to claim 1, wherein the semiconductor films operate as
channels of transistors of an inversion type.

4. The nonvolatile semiconductor memory device accord-
ing to claim 1, wherein

each of the gate dielectric films has a configuration in
which a tunnel dielectric film, a charge trapping film,
and a charge blocking film are stacked in order, and

a distance between the semiconductor films in all forming
positions of the transistors of the memory strings adja-
cent to each other in the first direction is larger than
double of sum thickness of the tunnel dielectric film and
the charge trapping film.

5. The nonvolatile semiconductor memory device accord-

ing to claim 1, wherein

the columnar semiconductor films are formed by hollow
columnar semiconductor films, in inside of which
dielectric films are filled.

6. The nonvolatile semiconductor memory device accord-
ing to claim 1, wherein upper portions or lower portions of a
pair of the memory strings adjacent in a second direction
perpendicular to the first direction are connected by a first
semiconductor layer.

7. The nonvolatile semiconductor memory device accord-
ing to claim 6, wherein a lower portion or an upper portion of
the memory string not connected by the first semiconductor
layer is connected to a lower portion or an upper portion of
another memory string adjacent thereto in the second direc-
tion by a second semiconductor layer.

8. A nonvolatile semiconductor memory device compris-
ing:

memory strings which have a plurality of transistors
including gate electrode films formed on gate dielectric
films over sides of columnar semiconductor films in a
height direction of the semiconductor films, and which
are arranged in a matrix shape substantially perpendicu-
larly above a substrate, wherein

the gate electrode films of the transistors at same height of
the memory strings arranged in a first direction are con-
nected to one another, and

the nonvolatile semiconductor memory device further
including a film that is provided between the columnar
semiconductor films adjacent to each other in the first
direction to electrically separates the gate electrode
films in a second direction perpendicular to the first
direction.
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9. The nonvolatile semiconductor memory device accord-
ing to claim 8, wherein the semiconductor films operate as
channels of transistors of an inversion type.

10. The nonvolatile semiconductor memory device accord-
ing to claim 8, wherein

the columnar semiconductor films are formed by hollow

columnar semiconductor films, in inside of which
dielectric films are filled.

11. The nonvolatile semiconductor memory device accord-
ing to claim 8, wherein upper portions or lower portions of a
pair of the memory strings adjacent to each other in the
second direction are connected by a first semiconductor layer.

12. The nonvolatile semiconductor memory device accord-
ing to claim 11, wherein a lower portion or an upper portion
of the memory string not connected by the first semiconduc-
tor layer is connected to a lower portion or an upper portion of
another memory string adjacent thereto in the second direc-
tion by a second semiconductor layer.

13. A nonvolatile semiconductor memory device compris-
ing:

memory strings which have a plurality of transistors

including gate electrode films formed on gate dielectric
films over sides of columnar semiconductor films in a
height direction of the semiconductor films, and which
are arranged substantially perpendicularly above a sub-
strate, wherein

the memory strings are arranged above the substrate such

that memory string groups each having two memory
string rows, in which the gate electrode films of the
transistors at same height of the memory strings
arranged in a first direction are connected, arranged in
parallel adjacent to each other in a second direction
perpendicular to the first direction are arranged at a
predetermined interval in the second direction, and

the nonvolatile semiconductor memory device further

including a film that is formed between the two memory
string rows arranged in parallel adjacent to each other in
the second direction in the memory string group to elec-
trically separate between the gate electrode films pro-
vided to respectively correspond to the two memory
string rows.

14. The nonvolatile semiconductor memory device accord-
ing to claim 13, wherein

the film formed between the two memory string rows is the

gate dielectric film, and

in the memory string group, a distance between the semi-

conductor films in all forming positions of the transistors
of the memory strings adjacent to each other in the first
and second directions is smaller than double of thickness
of the gate dielectric film.

15. The nonvolatile semiconductor memory device accord-
ing to claim 13, wherein, in the memory string group, upper
portions or lower portions of a pair of the memory strings
adjacent to each other in the second direction are connected
by a first semiconductor layer.

16. The nonvolatile semiconductor memory device accord-
ing to claim 15, wherein a lower portion or an upper portion
of the memory string not connected by the first semiconduc-
tor layer is connected to, by a second semiconductor layer, a
lower portion or an upper portion of another memory string
opposed the memory string in another memory string group
adjacent the memory string group in the second direction.

17. The nonvolatile semiconductor memory device accord-
ing to claim 13, wherein the gate electrode films connected in
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the first direction are arranged symmetrically across the two
memory string rows in the memory string group.

18. The nonvolatile semiconductor memory device accord-
ing to claim 13, wherein the semiconductor films operate as
channels of transistors of an inversion type.

19. The nonvolatile semiconductor memory device accord-
ing to claim 13, wherein

each of the gate dielectric films has a configuration in

which a tunnel dielectric film, a charge trapping film,
and a charge blocking film are stacked in order, and
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a distance between the semiconductor films in all forming
positions of the transistors of the memory strings adja-
cent to each other in the first and second directions is
larger than double of sum thickness of the tunnel dielec-
tric film and the charge trapping film.

20. The nonvolatile semiconductor memory device accord-

ing to claim 13, wherein

the columnar semiconductor films are formed by hollow
columnar semiconductor films, in inside of which
dielectric films are filled.

sk sk sk sk sk
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