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SEMICONDUCTOR MEMORY AND
METHOD OF MANUFACTURING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the
benefit of priority from prior Japanese Patent Application
No. 2006-256194, filed Sep. 21, 2006, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] The present invention relates to a semiconductor
memory and a method of manufacturing the same.

2. Description of the Related Art

[0003] Flash memories are widely used to store large-
volume data in, e.g., cell phones, digital still cameras
(DSCs), USB memories, and silicon audio, and the markets
of these flash memories keep extending due to the reduction
in manufacturing cost per bit (bit cost) resulting from rapid
scaling of the device dimension. New applications are also
rapidly rising. The result is a favorable cycle in which the
rapid scaling-down and the reduction in manufacturing cost
find new markets.

[0004] In particular, a NAND flash memory has achieved
a practical cross-point cell by allowing a plurality of active
areas (AAs) to share a gate electrode (GC), and its simple
structure allows rapid progress of scaling. NAND flash
memories are beginning to be widely used for storage
purposes in, e.g., the USB memories and silicon audio
described above, since the above-mentioned rapid scaling-
down reduces the bit cost. Accordingly, the recent NAND
flash memories are leading devices of LSI (Large Scale
Integration) scaling, and the minimum half pitch has reached
0.1 pm or less even on the mass-production level. Although
the technical difficulties are also abruptly increasing with the
rapid scaling of the dimension, demands are arising for
further scaling in the future.

[0005] Unfortunately, many problems must be solved to
further scaling of flash memories. The problems are enu-
merated below:

[0006] (1) The development of lithography techniques
cannot follow the rapid device scaling. Presently, mass-
production of lithography apparatuses starts immediately
after they are put on sale. In the future, therefore, it is
necessary to increase the bit density while keeping the
lithography techniques in status quo.

[0007] (2) Since the dimensions of elements decrease as
micropatterning progresses, the short-channel effect or nar-
row-channel effect abruptly worsens. This makes it difficult
to ensure the reliability and increase the operating speed of
nonvolatile memories generation by generation.

[0008] (3) As scaling advances, the dimensions of ele-
ments decrease. Therefore, statistical variations in numbers
of atoms of dopant impurities of transistors and the like
presumably worsen the device characteristics or the varia-
tions in device characteristics in the future.

[0009] Accordingly, it is highly likely to become difficult
to continuously increase the bit density in the future by
simple scaling of elements size in the horizontal plane only.
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[0010] The present inventor, therefore, has invented a
stacked memory as a semiconductor memory structure
capable of relatively easily increasing the bit density of
memory elements, without entirely depending upon micro-
patterning of the lithography techniques, and a method of
manufacturing the stacked memory.

[0011] As well-known examples of stacked memories,
methods of sequentially stacking memory layers as
described in patent references 1 to 8, and some stacked
memories are presently mass-produced. However, any of
these methods forms memory layers by stacking one layer at
a time. If the number of memory layers increases, therefore,
the number of manufacturing steps largely increases.
[0012] [Patent reference 1] Jpn. Pat. Appin. KOKAI Pub-
lication No. 7-235649

[0013] [Patent reference 2] U.S. Pat. No. 6,534,403B2
[0014] [Patent reference 3] United Stated Patent Applica-
tion Publication Pub. No. US2005/0014334A1

[0015] [Patent reference 4] United States Patent Applica-
tion Publication Pub. No. US2005/0012119A1

[0016] [Patent reference 5] United States Patent Applica-
tion Publication Pub. No. US2005/0012120A1

[0017] [Patent reference 6] United States Patent Applica-
tion Publication Pub. No. US2005/0012154A1

[0018] [Patent reference 7] United States Patent Applica-
tion Publication Pub. No. US2005/0012220A1

[0019] [Patent reference 8] United States Patent Applica-
tion Publication Pub. No. US2005/0014322A1

BRIEF SUMMARY OF THE INVENTION

[0020] A semiconductor memory according to the first
aspect of the present invention comprises a plurality of
stripe-like active areas formed by stacking, in a direction
perpendicular to a substrate, a plurality of layers extending
parallel to the substrate, a first gate electrode formed on first
side surfaces of the active areas, the first side surfaces being
perpendicular to the substrate, a second gate electrode
formed on second side surfaces of the active areas, the
second side surfaces being perpendicular to the substrate,
and wherein the layers are patterned in self-alignment with
each other, intersections of the active areas and the first gate
electrode form a plurality of memory cells, and the plurality
of memory cells in an intersecting plane share the first gate
electrode.

[0021] A semiconductor memory manufacturing method
according to the second aspect of the present invention
comprises depositing a plurality of layers on a substrate,
forming a plurality of stripe-like active areas by processing
the layers in self-alignment with each other, and forming a
plurality of gate electrodes intersecting the active areas in a
longitudinal direction thereof, wherein each of the active
areas uses, as a channel region, at least one of two side
surfaces perpendicular to the substrate, intersections of the
active areas and the gate electrodes form memory cells, and
a plurality of memory cells in an intersecting plane share the
gate electrode.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0022] FIG. 1 is a perspective view showing a main
manufacturing step of a semiconductor memory according
to the first embodiment of the present invention;
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[0023] FIG. 2 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the first embodiment of the present invention;

[0024] FIG. 3 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the first embodiment of the present invention;

[0025] FIG. 4 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the first embodiment of the present invention;

[0026] FIG. 5 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the first embodiment of the present invention;

[0027] FIG. 6 is a plan view showing a main manufactur-
ing step of the semiconductor memory according to the first
embodiment of the present invention;

[0028] FIG. 7 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the first embodiment of the present invention;

[0029] FIG. 8 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
second embodiment of the present invention;

[0030] FIG. 9 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the second embodiment of the present invention;

[0031] FIG. 10 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the second embodiment of the present invention;

[0032] FIG. 11 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the second embodiment of the present invention;

[0033] FIG. 12 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the second embodiment of the present invention;

[0034] FIG. 13 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the second embodiment of the present invention;

[0035] FIG. 14 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
third embodiment of the present invention;

[0036] FIG. 15 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the third embodiment of the present invention;

[0037] FIG. 16 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the third embodiment of the present invention;

[0038] FIG. 17 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the third embodiment of the present invention;

[0039] FIG. 18 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the third embodiment of the present invention;

[0040] FIG. 19 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the third embodiment of the present invention;

[0041] FIG. 20 is a perspective view showing a main
manufacturing step of a semiconductor memory according
to the fourth embodiment of the present invention;

[0042] FIG. 21 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the fourth embodiment of the present invention;

[0043] FIG. 22 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the fourth embodiment of the present invention;

Jan. 3, 2019

[0044] FIG. 23 is a perspective view showing a main
manufacturing step of a semiconductor memory according
to the fifth embodiment of the present invention;

[0045] FIG. 24 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the fifth embodiment of the present invention;

[0046] FIG. 25 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the fifth embodiment of the present invention;

[0047] FIG. 26 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the fifth embodiment of the present invention;

[0048] FIG. 27 is a sectional view showing a plane per-
pendicular to AA regions of the semiconductor memories
according to the first to third embodiments;

[0049] FIG. 28 is a sectional view showing a plane per-
pendicular to AA regions of the semiconductor memory
according to the fourth embodiment;

[0050] FIG. 29 is a sectional view showing a plane per-
pendicular to AA regions of the semiconductor memory
according to the fifth embodiment;

[0051] FIG. 30 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
sixth embodiment of the present invention;

[0052] FIG. 31 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the sixth embodiment of the present invention;

[0053] FIG. 32 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the sixth embodiment of the present invention;

[0054] FIG. 33 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the sixth embodiment of the present invention;

[0055] FIG. 34 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the sixth embodiment of the present invention;

[0056] FIG. 35 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the sixth embodiment of the present invention;

[0057] FIG. 36 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the sixth embodiment of the present invention;

[0058] FIG. 37 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the sixth embodiment of the present invention;

[0059] FIG. 38 is a perspective view showing a main
manufacturing step of the semiconductor memory according
to the sixth embodiment of the present invention;

[0060] FIG. 39 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the sixth embodiment of the present invention;

[0061] FIG. 40 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the sixth embodiment of the present invention;

[0062] FIG. 41 is a sectional view of a semiconductor
memory according to a modification of the sixth embodi-
ment of the present invention;

[0063] FIG. 42 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
seventh embodiment of the present invention;

[0064] FIG. 43 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;
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[0065] FIG. 44 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0066] FIG. 45 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0067] FIG. 46 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0068] FIG. 47 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0069] FIG. 48 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0070] FIG. 49 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0071] FIG. 50 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0072] FIG. 51 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0073] FIG. 52 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the seventh embodiment of the present invention;

[0074] FIG. 53 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
eighth embodiment of the present invention;

[0075] FIG. 54 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the eighth embodiment of the present invention;

[0076] FIG. 55 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the eighth embodiment of the present invention;

[0077] FIG. 56 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
ninth embodiment of the present invention;

[0078] FIG. 57 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the ninth embodiment of the present invention;

[0079] FIG. 58 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the ninth embodiment of the present invention;

[0080] FIG. 59 is a sectional view showing a semicon-
ductor memory according to a modification of the ninth
embodiment of the present invention;

[0081] FIG. 60 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
10th embodiment of the present invention;

[0082] FIG. 61 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the 10th embodiment of the present invention;

[0083] FIG. 62 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the 10th embodiment of the present invention;

[0084] FIG. 63 is a sectional view showing a main manu-
facturing step of a semiconductor memory according to the
11th embodiment of the present invention;

[0085] FIG. 64 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the 11th embodiment of the present invention; and
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[0086] FIG. 65 is a sectional view showing a main manu-
facturing step of the semiconductor memory according to
the 11th embodiment of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0087] Outlines of semiconductor memories and methods
of manufacturing the same to be disclosed in the following
embodiments are:

[0088] A semiconductor memory that is a stacked memory
in which a plurality of active area (AA) layers are stacked
parallel to a substrate, and these stacked AAs are controlled
by a common gate electrode (GC).

[0089] A semiconductor memory manufacturing method
comprising a step of stacking, as AA layers, a plurality of
single-crystal silicon layers, polysilicon layers, or amor-
phous silicon layers to be finally converted into polysilicon
layers, via interlayer dielectrics or single-crystal silicon
germanium films, and simultaneously processing the stacked
layers, thereby forming a plurality of AAs stacked parallel to
a substrate, and a step of forming a conductor film serving
as a GC on the entire substrate surface, and processing the
conductor film by reactive ion etching (RIE) or chemical-
mechanical polishing (CMP), thereby forming GCs of the
stacked AAs at once.

[0090] The stacked memory and the method of manufac-
turing the same described above can further increase the bit
density compared to the conventional memories and meth-
ods.

[0091] Also, the stacked memory has layer selection gate
transistors for selecting a layer among the stacked layers.
This makes it possible to use peripheral circuits without
largely changing the conventional flash memories, while the
number of times of lithography is small and the bit density
is high.

[0092] Several embodiments of the present invention will
be explained below with reference to the accompanying
drawing. Note that the same reference numerals denote the
same parts in the drawing.

First Embodiment

[0093] Each of FIGS. 1 to 7 is a perspective, sectional, or
plan view showing a semiconductor memory (flash memory)
according to the first embodiment of the present invention in
a predetermined main manufacturing step.

[0094] This embodiment is directed to a two-layered
memory in which single-crystal silicon layers serving as AA
regions are formed by solid-phase epitaxial growth.

[0095] First, as shown in FIG. 1, a silicon thermal oxide
film 102 serving as an interlayer dielectric (ILD) is formed
to have a thickness of, e.g., about 50 nm on a semiconductor
substrate 101. Then, the conventional lithography technique
and etching technique are used to expose portions of the
substrate as seeds of solid-phase growth. An amorphous
silicon film about, e.g., 60 nm thick is formed on the entire
surface of the substrate. Subsequently, annealing is per-
formed to cause solid-phase epitaxial growth of the amor-
phous silicon film from the exposed portions of the sub-
strate, thereby forming a single-crystal silicon film 103
about, e.g., 60 nm thick on the thermal oxide film 102. A
CVD silicon oxide film 104 serving as an interlayer dielec-
tric is formed to have a thickness of, e.g., about 50 nm. Then,
the conventional lithography technique and RIE technique
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are used to expose portions of the substrate as seeds of
solid-phase growth again. An amorphous silicon film about,
e.g., 60 nm thick is formed on the entire surface of the
substrate. Subsequently, annealing is performed to cause
solid-phase growth of the amorphous silicon film from the
exposed portions of the substrate, thereby forming a single-
crystal silicon film 105 about, e.g., 60 nm thick on the CVD
silicon oxide film 104. After that, a silicon thermal oxide
film 106 about, e.g., 2 nm thick is formed on the single-
crystal silicon film 105, a silicon nitride film 107 about, e.g.,
60 nm thick is formed on the silicon thermal oxide film 106,
and a CVD silicon oxide film 108 about, e.g., 100 nm thick
is formed on the silicon nitride film 107.

[0096] Then, as shown in FIG. 2, the conventional lithog-
raphy technique and RIE technique are used to sequentially
remove the CVD silicon oxide film 108, silicon nitride film
107, silicon thermal oxide film 106, single-crystal silicon
film 105, CVD silicon oxide film 104, single-crystal silicon
film 103, and silicon thermal oxide film 102 from a periph-
eral circuit portion, thereby exposing the surface of the
semiconductor substrate 101. A thermal oxide film 109
serving as a gate oxide film of a high-voltage transistor is
formed to have a thickness of, e.g., about 35 nm on the
exposed surface of the semiconductor substrate 101. Sub-
sequently, the conventional lithography technique and wet
etching are used to remove the thermal oxide film 109 from
a low-voltage transistor region. On this region from which
the thermal oxide film 109 is removed, a thermal oxide film
110 serving as a gate oxide film of a low-voltage transistor
is formed to have a thickness smaller than that of the thermal
oxide film 109. After that, a polysilicon film 111 serving as
a gate electrode is formed to have thickness of, e.g., 100 nm
on the entire substrate surface.

[0097] As shown in FIG. 3, the conventional transistor
formation procedure is used to form transistors 112 and
shallow trench isolations (STIs) 113 in the peripheral circuit
portion. An interlayer dielectric 114 is formed on the entire
substrate surface, and the upper surface of the interlayer
dielectric 114 is planarized.

[0098] Subsequently, as shown in FIG. 4, the conventional
lithography technique and RIE technique are used to process
the polysilicon film 111 and CVD silicon oxide film 108.
The processed polysilicon films 111 and CVD silicon oxide
films 108 are used as hard masks to sequentially process the
silicon nitride film 107, CVD silicon oxide film 106, single-
crystal silicon film 105, CVD silicon oxide film 104, and
single-crystal silicon film 103, and over-etch the silicon
thermal oxide film 102, thereby forming stripe patterns
serving as AA regions of a multilayered memory.

[0099] As shown in FIG. 5, the end faces of the AA
regions exposed by the processing are thermally oxidized,
and the thermal oxide films are removed by dry pre-treat-
ment, thereby removing the processing damage. Then, sili-
con thermal oxide films/CVD silicon nitride films/ALD-
alumina films 115 serving as memory dielectric layers are
sequentially formed. Subsequently, phosphorus (P)-doped
polysilicon films 116 serving as gate electrodes are filled
between the AAs. This embodiment processes the gate
electrodes by using the conventional lithography technique
and reactive ion etching. Consequently, the stacked AA
regions share the gate electrodes.

[0100] As shown in FIG. 6, diffusion layers serving as
source/drain regions are formed by gas phase doping
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[0101] (GPD), and spin-on-glass (SOG) films 117 serving
as interlayer dielectrics are filled between the gate electrodes
made of the polysilicon films 116. Then, contact plugs
connecting to the AA regions and gate electrodes (GCs) are
formed. That is, the conventional lithography technique and
RIE technique are used to partially remove the upper AA
regions of the stacked AA regions, and the interlayer dielec-
trics 117 are filled. After the upper surfaces of the interlayer
dielectrics 117 are planarized, contact plugs 118 and 119 are
formed. The contact plugs 118 correspond to the upper AA
regions (AA21 to AA25), and the contact plugs 119 corre-
spond to the lower AA regions (AA11 to AA15). One contact
plug is formed over two AA regions, and the contact plugs
at the two ends of each AA region are in zigzag alignment
with each other by one active area. Accordingly, an arbitrary
AA region can be selected by selecting two contact plugs.
FIG. 6 is a plan view showing the arrangement of the contact
plugs.

[0102] Multilayered interconnection formation steps start
after the formation of the contact plugs. These steps form
interlayer dielectrics 120, 123, and 126, interconnections
122, 125, and 127, and contact plugs 121 and 124. Although
a flash memory is formed by repeating the above procedure,
the details will not be explained. FIG. 7 shows the final
shape.

[0103] This embodiment achieves the storage density
twice that of the conventional memories. Although the AA
regions are stacked on the substrate, each of AA region
processing and GC processing need only be performed once
as in the conventional unstacked memories.

[0104] In this embodiment, the source/drain area of the
cell transistor is formed by GPD. The cell transistor is SOI
structure. Because of this, it is possible that it is used as a cell
transistor of depletion type. For example, instead of forming
the source/drain area by doping, it dopes impurities such as
P at the time of forming an amorphous silicon film or it
dopes impurities such as P after forming the single-crystal
silicon film 103. By this process, impurities are doped in the
single crystal silicon film 103 of the cell region uniformly,
the depletion layer which appears by providing a voltage in
the gate electrode is used, and ON/off of the cell transistor
works.

[0105] Also, in the structure of the present invention, each
cell transistor has an SOI structure, and this SOI structure is
a double-gate structure in which the gate electrodes (GCs)
sandwich the AA region. This makes the structure of the
present invention tough against the short-channel effect.
[0106] Furthermore, the channel region is formed perpen-
dicularly to the substrate, and hence the channel width can
be set regardless of the design rules. This achieves the
advantage that it is possible to manufacture a transistor
tough against the narrow-channel effect as well.

[0107] As described above, the structure of this embodi-
ment can increase the bit density without any micropattern-
ing, and does not increase the number of critical lithography
steps which are essential for minimum half pitch patterning.

Second Embodiment

[0108] Each of FIGS. 8 to 13 is a perspective or sectional
view showing a semiconductor memory (flash memory)
according to the second embodiment of the present inven-
tion in a predetermined main manufacturing step.

[0109] This embodiment is directed to a four-layered
memory in which single-crystal silicon layers serving as AA
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regions are formed by sequentially stacking and growing
epitaxial silicon and epitaxial silicon germanium, and
removing the silicon germanium films by selective etching.

[0110] First, as shown in FIG. 8, a first epitaxial silicon
germanium film 202 about, e.g., 50 nm thick, first epitaxial
silicon film 203 about, e.g., 60 nm thick, second epitaxial
silicon germanium film 204 about, e.g., 50 nm thick, second
epitaxial silicon film 205 about, e.g., 60 nm thick, third
epitaxial silicon germanium film 206 about, e.g., 50 nm
thick, third epitaxial silicon film 207 about, e.g., 60 nm
thick, fourth epitaxial silicon germanium film 208 about,
e.g., 50 nm thick, and fourth epitaxial silicon film 209 about,
e.g., 70 nm thick are sequentially formed on a semiconduc-
tor substrate 201. Then, a plasma CVD silicon oxide film
about, e.g., 100 nm thick is formed on the entire substrate
surface. The conventional lithography technique and reac-
tive ion etching are used to simultaneously process the
plasma CVD silicon oxide film and layered epitaxial films in
a cell region. Subsequently, an epitaxial silicon film 210
about, e.g., 100 nm thick is formed on the exposed end faces
of the layered epitaxial films. The conventional lithography
technique and RIE technique are used to remove the plasma
CVD silicon oxide film from a contact plug region. The
remaining plasma CVD silicon oxide film is used as a mask
to etch the epitaxial silicon germanium films and epitaxial
silicon films with an aqueous alkaline solution. Since the
etching rate changes from one crystal orientation to another,
the stacked epitaxial films are facet-etched at an inclination
angle of 45° as shown in FIG. 8. On the exposed surface of
the semiconductor substrate 201, a thermal oxide film 211
serving as a gate oxide film of a high-voltage transistor is
formed to have a thickness of, e.g., about 35 nm. Subse-
quently, the conventional lithography technique and wet
etching are used to remove the thermal oxide film 211 and
the above-mentioned plasma CVD silicon oxide film from a
low-voltage transistor region, and a thermal oxide film 212
serving as a gate oxide film of a low-voltage transistor is
formed. A 100-nm thick polysilicon film serving as a gate
electrode is formed on the entire substrate surface. Then, as
in the first embodiment, the conventional transistor forma-
tion procedure is used to process the polysilicon film, form
diffusion layers serving as source/drain regions, form tran-
sistors 213 and STIs 214 in a peripheral circuit portion, and
selectively form a silicon nitride film 215 in the cell portion.
After that, an interlayer dielectric 216 is formed on the entire
substrate surface, and the upper surface of the interlayer
dielectric 216 is planarized.

[0111] Then, as shown in FIG. 9, the conventional lithog-
raphy technique and reactive ion etching are used to simul-
taneously process the interlayer dielectric film 216, silicon
nitride film 215, and layered epitaxial films in the cell region
into stripe patterns of AA regions. Unlike in the first embodi-
ment, the epitaxial silicon films serving as AA regions are
stacked via the epitaxial silicon germanium films. Since this
makes RIE processing relatively easy, it is possible to form
even the stripe patterns of AA regions of a multilayered
memory having a large number of layers.

[0112] As shown in FIG. 10, only the epitaxial silicon
germanium films of the layered epitaxial films are removed
by selective etching. The selective etching is wet etching by
mixture of fluoric acid and nitric acid or gas etching with
CF,/O, system. This forms a shape in which the linear AA
regions float as they are supported at their two ends by the
epitaxial silicon film 210 and the silicon nitride film 215
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formed in the facet-etched region. Then, an SOG film 217 is
formed by coating and changed into an oxide film under
appropriate annealing conditions, thereby filling all the
spaces between the linear AA regions with the SOG film
217. Although this embodiment employs the SOG film filled
in the inter-layer spaces, it is also possible to fill a flowable
dielectric by Chemical Vapor Condensation or the like. Also,
the epitaxial silicon film 203 about, e.g., 60 nm thick, the
epitaxial silicon germanium film 204 about, e.g., 20 nm
thick are formed. The epitaxial silicon germanium film 204
is removed by etching to form the space. The epitaxial
silicon film 203 on the top and bottom of the space is
thermally oxidized to form the thermally oxide film between
the epitaxial silicon films 203. Although this embodiment
can be filled the insulating film in the inter-layer spaces.

[0113] Subsequently, as shown in FIG. 11, the SOG film
217 is etched back by reactive ion etching and left behind
only between the vertically stacked AA regions. This forms
interlayer dielectrics between the stacked AA regions.

[0114] As shown in FIG. 12, the end faces of the AA
regions exposed by the processing are thermally oxidized,
and the thermal oxide films are removed by dry pre-treat-
ment, thereby removing the process damage. Then, thermal
oxide films/CVD silicon nitride films/ALD-hafhium oxide
films 218 serving as memory dielectric layers are sequen-
tially formed. Subsequently, phosphorus (P)-doped polysili-
con films 219 serving as gate electrodes are filled between
the AA regions. This embodiment processes the gate elec-
trodes by using the conventional lithography technique and
reactive ion etching. This forms gate electrodes (GCs) that
the stacked AA regions share in the plane perpendicular to
the AA regions.

[0115] As shown in FIG. 13, diffusion layers are formed
by gas phase doping, and an SOG film 220 serving as an
interlayer dielectric is filled between the gate electrodes and
planarized. Next, silicidation of GCs is performed. In case of
conventional stacked memory which is manufactured by
sequential stacking of individual memory layer, underlying
memory layer is influenced with the thermal budget of upper
memory layer formation, therefore it is difficult to employ
GC silicidation process which is fragile against thermal
treatment. This invention has an advantage of easier employ-
ment of silicidation since silicidation should be done only at
once after GCs formation. After that, contact plugs 221
connecting to the AA regions and CG electrodes are formed.
In particular, contact plugs connecting to the AAs can be
simultaneously formed because the end portions of the AA
regions are offset by facet etching. After the contact plugs
are formed, multilayered interconnection formation steps
begin. These steps form interlayer dielectrics 222 and 225,
interconnections 223 and 226, and contact plugs 224,
thereby forming a flash memory. However, the details will
not be explained, and only the final shape is shown. Note
that the SOG film 220 is intentionally unshown in the cell
portion illustrated in FIG. 13 in order to clearly show the
relationship between the AA regions and gate electrodes
(GCs).

[0116] This embodiment achieves the storage density four
times that of the conventional memory having only one
memory layer. Although the AA regions are stacked on the
substrate, each of AA region processing and GC processing
need only be performed once as in the conventional memory
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having only one storage layer. The result is the advantage
that the number of processing steps does not largely
increase.

[0117] Also, similar to the first embodiment, the structure
of the present invention is tough against the short-channel
effect and narrow-channel effect.

[0118] In this embodiment, similar to the first embodi-
ment, it is possible that it is used as a cell transistor of
depletion type. For example, instead of forming the source/
drain area by doping, it dopes impurities such as P at the time
of forming the epitaxial silicon films 203 or it dopes impu-
rities such as P after forming the epitaxial silicon films 203.
By this process, impurities are doped in the epitaxial silicon
films 203 of the cell region uniformly, the depletion layer
which appears by providing a voltage in the gate electrode
is used, and ON/off of the cell transistor works.

[0119] Also, the epitaxial silicon germanium film is
removed by selective etching after the lamination layer of
the epitaxial silicon film/the epitaxial silicon germanium
film process to cell size by micropatternnig. Accordingly the
etching amount is little. With a viewpoint of processing of
RIE, the minute processing whose precision is high is
possible because of the lamination layer of silicon/silicon
germanium which is the same kind of film. In stead of this,
before processing it in full detail to the cell size, an active
area is processed to the size of (about the cell area) of about
a several microns x several microns. The epitaxial silicon
germanium film is removed from the processed end part by
wet etching under the condition. After the insulating (mis-
spelling) film is formed in that gap, it is possible that it is
processed into the line-shaped in full detail as well as the
first embodiment.

[0120] As described above, the structure of this embodi-
ment can increase the bit density without any special micro-
patterning, and does not increase the number of lithography
steps (generally, AA processing, GC processing, formation
of contact plugs to cells, and extraction of interconnections
from the contact plugs in a memory) requiring the minimum
half pitch, particularly, the numbers of AA processing steps
and GC processing steps.

Third Embodiment

[0121] Each of FIGS. 14 to 19 is a perspective or sectional
view showing a semiconductor memory (flash memory)
according to the third embodiment of the present invention
in a predetermined main manufacturing step.

[0122] This embodiment is directed to a four-layered
memory similar to the second embodiment, but gate elec-
trodes are processed by using the CMP technique.

[0123] First, as shown in FIG. 14, following the same
procedure as in the second embodiment, four epitaxial
silicon germanium films 302 and four epitaxial silicon films
303 are alternately stacked on a semiconductor substrate
301, and a silicon nitride film 304 and plasma CVD silicon
oxide film 305 are formed on the layered epitaxial films.
Then, the conventional lithography technique and etching
technique are used to expose the end portions of the layered
epitaxial films in a cell portion, and an epitaxial silicon film
306 is formed on the exposed portions. The silicon nitride
film 304 and plasma CVD silicon oxide film 305 are
removed from a contact plug region by using the conven-
tional lithography technique and RIE technique. As a con-
sequence, a recess is formed in the contact plug region.
Subsequently, an SOG film 307 is formed by coating so as
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to have a thickness with which the SOG film 307 does not
fill the recess, thereby forming a gentle slope shape as shown
in FIG. 14.

[0124] Then, as shown in FIG. 15, the SOG film 307 is
used as a mask to etch back the stacked epitaxial films. Since
the mask film thickness changes from one portion to another,
the stacked epitaxial films are processed into a shape reflect-
ing the gentle slope shape of the SOG film 307 as shown in
FIG. 15. Following the same procedure as explained in the
second embodiment, transistors 308 and STIs 309 of high-
and low-voltage circuits are formed, an interlayer dielectric
310 is formed, and the upper surface of the interlayer
dielectric 310 is planarized.

[0125] Asshown in FIG. 16, similar to the second embodi-
ment, the conventional lithography technique and reactive
ion etching are used to simultaneously process the interlayer
dielectric film 310, silicon nitride film 304, and layered
epitaxial films in the cell region into stripe patterns of AA
regions.

[0126] Subsequently, as shown in FIG. 17, only the epi-
taxial silicon germanium films 303 of the layered epitaxial
films are removed by selective etching. The selective etching
is wet etching by mixture of flioroc acid and nitric acid or
gas etching with CF,/O, system. This forms a shape in
which the linear AA regions float as they are supported at
their two ends by the epitaxial silicon film 306 and interlayer
dielectric 310. Then, SOG is formed by coating and changed
into an oxide film under appropriate annealing conditions,
thereby filling all the spaces between the linear AA regions
with an SOG film 311. Since an impurity is doped into the
SOG film 311, diffusion layers are formed by contact
diffusion of this impurity. The conventional lithography
technique and reactive ion etching are used to etch back the
interlayer dielectric 310 and SOG film 311, thereby forming
gaps as templates of gate electrodes. Consequently, inter-
layer dielectrics are formed between the vertically stacked
AA regions and between adjacent gate electrodes (GC).

[0127] As shown in FIG. 18, the end faces of the AA
regions exposed by the processing are thermally oxidized,
and the thermal oxide films are removed by dry pre-treat-
ment, thereby removing the process damage. Then, thermal
oxide films/CVD silicon nitride films/ALD-lanthanum alu-
minum oxide films 312 serving as memory dielectric layers
are sequentially formed. Subsequently, CVD titanium
nitride films 313 serving as gate electrodes are filled in the
gaps, and planarized by CMP. Since this embodiment pro-
cesses the gate electrodes by CMP, metal electrodes can be
easily processed. In addition, the use of metal electrodes is
relatively easy because the damage of GC processing requir-
ing a relatively high temperature can be removed before the
metal electrodes are filled.

[0128] As shown in FIG. 19, an interlayer dielectric 314 is
formed and planarized, and contact plugs 315 connecting to
the AA regions and gate electrodes (GCs) are formed.
Contact plugs connecting to the AA regions can be simul-
taneously formed because the end portions of the AA regions
are offset into the shape of a gentle slope by etching using
the SOG film. After the contact plugs are formed, a multi-
layered interconnection is formed by forming interlayer
dielectrics 316 and 319, interconnections 317 and 320, and
contact plugs 318, thereby forming a flash memory. How-
ever, the details will not be explained, and only the final
shape is shown.
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[0129] Similar to the second embodiment, this embodi-
ment achieves the storage density four times that of the
conventional memory having only one memory layer.
Although this embodiment forms the AA regions by stacking
four layers on the substrate, each of AA processing and GC
processing need only be performed once as in the conven-
tional memory having only one memory layer.

[0130] Also, similar to the first embodiment, the structure
of this embodiment is tough against the short-channel effect
and narrow-channel effect.

[0131] As described above, this embodiment can increase
the degree of integration of cells without any micropattern-
ing, and does not increase the number of lithography steps
requiring the minimum half pitch.

Fourth Embodiment

[0132] FIGS. 20 to 22 are perspective views showing a
semiconductor memory (flash memory) according to the
fourth embodiment of the present invention in predeter-
mined main manufacturing steps.

[0133] This embodiment is directed to a four-layered
memory similar to the third embodiment, but implements a
dual-gate electrode structure.

[0134] First, as shown in FIG. 20, layered epitaxial films
are formed by alternately stacking four epitaxial silicon
germanium films and four epitaxial silicon films 402 on a
semiconductor substrate 401 following the same procedure
as in the third embodiment, and a peripheral circuit portion
is formed in the same manner as in the first to third
embodiments. Subsequently, following the same procedure
as in the third embodiment, a silicon nitride film 403 and the
layered epitaxial films in a cell region are simultaneously
processed into stripe patterns of AA regions by using the
conventional lithography technique and reactive ion etching,
and only the epitaxial silicon germanium films of the layered
epitaxial films are removed by selective wet etching. Then,
SOG is formed by coating and changed into an oxide film
under appropriate annealing conditions, thereby filling all
the spaces between the linear AA regions with SOG films
404. The conventional lithography technique and reactive
ion etching are used to etch back the silicon oxide film
described above, thereby forming gaps as templates of gate
electrodes. Unlike in the previous embodiments, the width
of the template is “3F” (“F” is the minimum half pitch) in
this embodiment.

[0135] As shown in FIG. 21, the end faces of the AA
regions exposed by the processing are thermally oxidized,
and the thermal oxide films are removed by dry pre-treat-
ment, thereby removing the process damage. Then, thermal
oxide films/CVD silicon nitride films/ALD-silicon oxide
films 405 serving as memory dielectric layers and phospho-
rus (P)-doped polysilicon films 406 are sequentially filled in
the gaps, and planarized by CMP. Similar to the third
embodiment, this embodiment processes the gate electrodes
by CMP, and hence requires no high-aspect-ratio RIE pat-
terning.

[0136] As shown in FIG. 22, a plasma CVD silicon oxide
film 407 serving as an interlayer dielectric is formed on the
entire substrate surface, and contact plugs 408 communi-
cating with the gate electrodes are formed. These contact
plugs are formed into a zigzag pattern. Then, interconnec-
tions that connect the contact plugs are formed. These
interconnections connect alternate phosphorus (P)-doped
polysilicon films 405 filled between the AA regions adjacent
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to each other in the horizontal direction. That is, a dual-gate
electrode structure in which two independent gate electrodes
sandwich one AA region is formed.

[0137] After that, similar to the first to third embodiments,
contact plugs connecting to the AA regions and gate elec-
trodes (GCs) are formed, and a flash memory is formed
through multilayered interconnection formation steps. How-
ever, the details will not be explained.

[0138] In this embodiment, information can be indepen-
dently written in the two thermal oxide films/CVD silicon
nitride films/ALD-silicon oxide films sandwiching the AA
region. This makes it possible to write information having
one or more bits in one cell. For example, multilevel write
of' 2x2=4 (i.e., two bits/cell) or 3x3=9 (i.e., three bits/cell) is
possible if a binary or ternary threshold value is written in
the alumina/silicon nitride films/silicon oxide films on the
two sides of the AA region.

[0139] Also, similar to the first to third embodiments, the
structure of this embodiment is tough against the short-
channel effect and narrow-channel effect.

[0140] As described above, the structure of the fourth
embodiment can increase the bit density without any special
micropatterning, and does not increase the number of lithog-
raphy steps requiring the minimum half pitch.

Fifth Embodiment

[0141] FIGS. 23 to 26 are perspective views showing a
semiconductor memory (flash memory) according to the
fifth embodiment of the present invention in predetermined
main manufacturing steps.

[0142] This embodiment is directed to a four-layered
memory similar to the second to fourth embodiments, but
forms back gate electrodes for improving the erase charac-
teristic of memory cells.

[0143] First, as shown in FIG. 23, layered epitaxial films
are formed by alternately stacking four epitaxial silicon
germanium films and four epitaxial silicon films 502 on a
semiconductor substrate 501 following the same procedure
as in the second to fourth embodiments, and a peripheral
circuit portion is formed in the same manner as in the first
to fourth embodiments. Subsequently, following the same
procedure as in the second to fourth embodiments, a plasma
CVD silicon oxide film 503, a silicon nitride film 504, and
the layered epitaxial films in a cell region are simultaneously
processed into stripe patterns of AA regions by using the
conventional lithography technique and reactive ion etching,
and only the epitaxial silicon germanium films of the layered
epitaxial films are removed by selective etching. The selec-
tive etching is wet etching by mixture of fluoric acid and
nitric acid or gas etching with CF /O, system. Then, SOG is
formed by coating and changed into an oxide film under
appropriate annealing conditions, thereby filling all the
spaces between the linear AA regions with SOG films 505.
After that, back gate electrodes parallel to the AAs are
formed. That is, the conventional lithography technique and
RIE technique are used to etch back alternate SOG films 505
filled between the AAs, thereby forming gaps as templates
of back gate electrodes. Since the processing is performed
on every other SOG film, no minimum half pitch patterning
is necessary.

[0144] As shown in FIG. 24, the end faces of the AA
regions exposed by the processing are thermally oxidized,
and the thermal oxide films are removed by dry pre-treat-
ment, thereby removing the process damage. Then, gate
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oxide films 506 are formed, and a P-doped polysilicon film
507 for forming gate electrodes is filled. The P-doped
polysilicon film is recessed to remain in only the gaps
described above. Note that the upper portions of the P-doped
polysilicon films are made lower than the uppermost surface
of the substrate, so that the gaps remain above the P-doped
polysilicon films.

[0145] Subsequently, as shown in FIG. 25, silicon nitride
films 508 are filled in the gaps above the P-doped polysilicon
films, and recessed by RIE again. After that, templates of GC
electrodes to be formed into stripes in a direction perpen-
dicular to the AAs are formed. The conventional lithography
and reactive ion etching are used to etch back the plasma
CVD silicon oxide films 503, further etch back every other
SOG film 505 in the gap between the AAs where no back
gate electrode is formed, and finally recess the silicon nitride
films 508, thereby forming trenches as templates of GC
electrodes.

[0146] Then, as shown in FIG. 26, the end faces of the AA
regions exposed in the trenches by the processing are
thermally oxidized, and the thermal oxide films are removed
by dry preprocessing, thereby removing the process damage.
Thermal oxide films/CVD silicon nitride films/ALD-haf-
nium aluminum oxide films 509 serving as memory dielec-
tric layers and P-doped polysilicon films 510 are sequen-
tially formed. Subsequently, CMP is used to leave the
P-doped polysilicon films in only the trenches.

[0147] After that, contact plugs connecting to the AA
regions and GC electrodes are formed, and interlayer dielec-
trics, interconnections, and the like are formed in multilay-
ered interconnection formation steps, thereby forming a
flash memory. However, the details will not be explained.
[0148] In this embodiment, the two gate electrodes sand-
wiching the AA region can be independently controlled, the
gate electrode can be controlled with respect to each cell,
and a plurality of AA regions share the back gate electrode.
This structure does not change the write characteristic.
However, the structure improves the erase characteristic
because it is possible during data erase to forcedly remove
electric charge from the hafnium aluminum oxide film/
silicon nitride film/silicon oxide film by applying an electric
field to the back gate electrode.

[0149] Also, similar to the first to third embodiments, the
structure of this embodiment is tough against the short-
channel effect and narrow-channel effect.

[0150] As described above, the structure of the fifth
embodiment can increase the bit density without any special
micropatterning, and does not increase the number of lithog-
raphy steps requiring the minimum half pitch.

[0151] Itis obvious that the effects of the present invention
do not reduce even when the memory dielectric layers, gate
electrode formation methods, contact plug formation meth-
ods, and the like described in the first to fifth embodiments
are used in different combinations.

[0152] The differences between the structures of the first
to fifth embodiments will be compared below with reference
to FIGS. 27 to 29.

[0153] The present invention basically has three structures
different in GC electrode arrangement, and each structure is
identifiable by the section in a plane perpendicular to AA
regions. The AAs are formed by alternately stacking epi-
taxial silicon films 601 and insulating films 602.

[0154] As shown in FIG. 27, the first to third embodiments
are directed to a double-gate structure in which gate elec-
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trodes 604 connected to each other and having the same
potential sandwich each AA region via a memory dielectric
layer 603.

[0155] As shown in FIG. 28, the fourth embodiment is
directed to a dual-gate structure in which two types of gate
electrodes 604 and 605 that are independently controllable
sandwich each AA region via a memory dielectric layer 603.
Note that FIG. 28 shows two different sections in order to
illustrate zigzag interconnections to the gate electrodes.
[0156] As shown in FIG. 29, the fifth embodiment is
directed to a dual-gate structure in which back gate elec-
trodes 607 parallel to AA regions are filled between the AA
regions via gate insulating films 605, gate electrodes 604
perpendicular to the AA regions are connected to each other,
and the gate electrode 604 and back gate electrode 607
sandwich each AA region.

[0157] Also, to avoid the complexity of explanation, the
first to fifth embodiments have shown the forms of two-and
four-layered memories. However, the methods of these
embodiments are evidently applicable to memories having
larger numbers of layers. The use of these embodiments
makes it possible to continuously increase the degree of
integration of memories in the future, so various application
fields presumably extend.

[0158] In the above embodiments, the stacked AA regions
share the source contact, and are connected to the peripheral
circuit by individually forming the drain contacts. In
embodiments to be explained below, however, each AA
region is selected on the source side.

Sixth Embodiment

[0159] Each of FIGS. 30 to 40 is a sectional or perspective
view showing a semiconductor memory (flash memory)
according to the sixth embodiment of the present invention
in a predetermined main fabrication step.

[0160] This embodiment is directed to a four-layered
stacked memory similar to the second to fourth embodi-
ments. However, this embodiment uses polysilicon films
obtained by crystallizing amorphous silicon films as AA
regions, and uses layer selection transistors that select indi-
vidual layers.

[0161] First, as shown in FIG. 30, four silicon oxide films
702 and four amorphous silicon films are alternately stacked
on a semiconductor substrate 701, and a silicon nitride film
703 and a silicon oxide film 704 serving as a hard mask are
formed on top of the structure. Then, the amorphous silicon
films are crystallized by annealing to form polysilicon films
705. Similar to the first to fifth embodiments, the stacked
films are removed from a peripheral circuit portion, and
B-doped polysilicon films 706 are formed on the sidewalls
of'the stacked films, thereby connecting the polysilicon films
705. Transistors 707 forming a peripheral circuit are formed
on the surface of the semiconductor substrate 701 exposed
by removing the stacked films. The obtained structure is
planarized by filling an interlayer dielectric 708.

[0162] Then, as shown in FIGS. 31 and 32, the conven-
tional lithography technique and RIE technique are used to
simultaneously process the stacked silicon oxide film 704,
silicon nitride film 703, silicon oxide films 702, and poly-
silicon films 705 into stripe patterns of AA regions, thereby
forming stacked AAs. The side surfaces of the polysilicon
films are thermally oxidized, the thermal oxide films are
removed by dry pre-treatment, and silicon thermal oxide
films/CVD-silicon nitride films/ALD-alumina films 709
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serving as memory dielectric layers are sequentially formed.
Subsequently, P-doped polysilicon films serving as gate
electrodes are filled and processed by using the conventional
lithography technique and RIE technique, thereby forming
gate electrodes 710 that the stacked AAs share. These gate
electrodes are used as masks to ion-implant As by the
conventional ion implantation technique. After that, the
sidewalls of the gate electrodes are oxidized to activate
diffusion layers and form extension regions.

[0163] In this embodiment, it is possible that it is used as
a cell transistor of depletion type. For example, instead of
forming the source/drain area by doping, it dopes impurities
such as P at the time of depositing the polysilicon films 705
or it dopes impurities such as P after forming the polysilicon
films 705. By this process, impurities are doped in the
polysilicon films 705 of the cell region uniformly, the
depletion layer which appears by applying a voltage to the
gate electrode is used for ON/Off operation of the cell
transistor.

[0164] As shown in FIGS. 33 and 34, an SOG film is filled
between the gate electrodes and converted into a silicon
oxide film, thereby forming an interlayer dielectric 711. The
conventional lithography technique and RIE technique are
used to expose the first and third polysilicon films 705.
[0165] Subsequently, as shown in FIGS. 35 and 36, the
conventional lithography technique and RIE technique are
used to expose the second and fourth polysilicon films 705.
[0166] As shown in FIGS. 37 and 38, the entire substrate
surface is etched back to expose the surfaces and side
surfaces of the polysilicon films 705. After that, gate oxide
films/gate electrode films are formed and patterned by the
conventional lithography technique and RIE technique,
thereby forming layer selection gate transistors 712 for
selecting layers. The formation of the layer selection gate
transistors forms a tri-gate structure in which gate electrodes
exist in three directions of the channel region. This increases
the controllability of the gates and improves the cutoff
performance.

[0167] As shown in FIG. 39, an interlayer dielectric 713 is
formed on the entire substrate surface, contact holes con-
necting to the AA regions, gate electrodes, and peripheral
circuit are formed, and a conductor film is filled, thereby
forming contact plugs 714 on the source and drain sides,
interconnections 715 between the layer selection gates and
source-side contacts and between the drain-side contacts and
peripheral circuit, and word line contact plugs connecting to
the gate electrodes.

[0168] After that, as shown in FIG. 40, a flash memory is
formed by forming interlayer dielectrics 716, 717, and 718,
contact plugs 719 and 720, and interconnections 721 and
722 in multilayered interconnection formation steps. How-
ever, the details will not be explained.

[0169] To perform data write and read in this embodiment,
an arbitrary cell can be selected by first selecting one of the
first to fourth layers by the layer gate transistor, selecting an
AA region in the layer by the drain-side contact plug, and
then selecting a gate electrode. In the conventional NAND
flash memory, an arbitrary cell can be selected by selecting
two AA regions sharing a source contact by a select gate
transistor, selecting a desired AA region from a plurality of
AA regions sharing the select gate electrode by a drain-side
contact plug, and selecting a gate electrode. Therefore, the
cell selecting operation is substantially the same as that of
this embodiment. This makes it possible to implement the
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peripheral circuit and the like by a circuit configuration
similar to that of the conventional NAND flash memory.
That is, this embodiment has high affinity for the design of
the conventional NAND flash memory, compared to the
method of extracting the drain-side contact for each layer
disclosed in the first to fifth embodiments.

[0170] Note that this embodiment uses the polysilicon film
as each AA region, but each AA region can also be formed
by a single-crystal silicon film in the same manner as
described in the first to fifth embodiments.

[0171] Select gates 723 as used in the conventional NAND
flash memory may also be formed in a cell structure similar
to that of this embodiment. FIG. 41 shows an example.
[0172] In this structure, the select gate 723 selects one of
stacked NAND chain arrays, the layer selection gate tran-
sistor 712 selects one of the first to fourth layers, the
drain-side contact plug 714 selects an AA region in the layer,
and the gate electrode 710 selects a cell in the same AA
region.

[0173] Note that the select gates allow the above-men-
tioned layer selection gate transistors to be simultaneously
formed, and high cutoff performance is readily achieved by
forming the select gates on the semiconductor substrate.
[0174] The effect of suppressing the increase in number of
steps that this embodiment has on the prior art will be
explained below. Since estimating all steps is too compli-
cated, the numbers of lithography steps requiring the highest
process cost will be compared.

[0175] The number of times of lithography necessary to
form the four-layered memory of this embodiment by the
method of sequentially forming the individual layers accord-
ing to the prior art is as follows:

[0176] (1) The number of times of lithography per layer:
3, i.e., 2 for AA processing and gate electrode (GC: Gate
Conductor) processing, and 1 for formation of contact plugs
between layers

[0177] (2) Formation of contacts to stacked AAs: 1
[0178] Accordingly, a total of 3x4+1=13 lithography steps
are necessary.

[0179] By contrast, this embodiment requires:

[0180] (1) Simultaneous processing of stacked AAs: 1
[0181] (2) Simultaneous processing of GCs: 1

[0182] (3) Processing for exposing end portions of stacked

AA regions in order to form contact holes: 3

[0183] (4) Layer selection gate processing: 1

[0184] (5) Contact hole formation and connection of layer
selection gates and source lines: 2

[0185] That is, a total of seven lithography steps can
implement the embodiment.

[0186] The layer selection gates also have the following
advantage in addition to implementing a stacked memory
without largely increasing the number of times of lithogra-
phy as described above.

[0187] When extracting the contact plugs from the stacked
AA regions, it is difficult to extract interconnections parallel
to the AA regions because the interval between adjacent AA
regions is normally the minimum half pitch in the memory.
Therefore, interconnections must be extracted perpendicu-
larly to the AA regions. For this purpose, it is necessary to
widen the intervals between the contact plugs arranged
parallel to the AA regions so as to allow the interconnections
to run between the contact plugs. This makes it difficult to
increase the bit density.
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[0188] By contrast, when the layer selection gate transis-
tors are formed as in this embodiment, the numbers of
contacts on the source and drain sides of the AA regions are
the same as in the conventional unstacked NAND flash
memory, and the connection to the peripheral circuit is also
the same as in the conventional memory. The gate electrode
that drives each layer selection gate transistor is extracted
parallel to the control gate electrode of each cell. Therefore,
the method of connecting the gate electrodes and the periph-
eral circuit is also basically the same as in the conventional
unstacked NAND flash memory. That is, the number of
select gates that originally each exist for one NAND chain
increases in accordance with the number of stacked layers.
This results in the big advantage that the peripheral circuit
need not be largely changed.

Seventh Embodiment

[0189] FIGS. 42 to 52 are sectional views showing a
semiconductor memory (flash memory) according to the
seventh embodiment of the present invention in predeter-
mined main manufacturing steps.

[0190] This embodiment is an example in which single-
crystal silicon layers are stacked as in the first to fifth
embodiments. In this example, however, a memory cell
region is dug down beforehand in order to increase the
flatness of the structure. Also, dummy gate electrodes are
used to form diffusion layers.

[0191] First, as shown in FIG. 42, a silicon oxide film 802
as a hard mask is formed on a semiconductor substrate 801,
and a memory cell region is dug down by the conventional
lithography technique and RIE technique. In addition, a
plasma CVD silicon oxide film 803 is formed on the entire
surface, and left behind on only the sidewalls of the dug
region by RIE that leaves sidewalls behind.

[0192] Then, as shown in FIG. 43, eight epitaxial silicon
germanium films 804 and eight epitaxial silicon films 805
are selectively sequentially stacked. In addition, a P-doped
polysilicon film 806 is formed on the entire substrate sur-
face, and left behind on only the sidewalls of the stacked
epitaxial films by RIE etch back. A silicon nitride film 807
and a silicon oxide film 808 serving as a hard mask are
formed on top of the structure. After that, transistors 809
forming a peripheral circuit are formed on the surface of the
semiconductor substrate 801 except for the cell region, and
the obtained structure is planarized by filling an interlayer
dielectric 810.

[0193] Then, as shown in FIG. 44, the conventional lithog-
raphy technique and RIE technique are used to simultane-
ously process the stacked silicon oxide film 808, silicon
nitride film 807, epitaxial silicon films 805, and epitaxial
silicon germanium films 804 into stripe patterns of AA
regions. The epitaxial silicon germanium films 802 are
selectively removed by wet etching. Subsequently, the entire
substrate surface is coated with SOG, and SOG films 811 are
filled in gaps formed by the selective wet etching of the
silicon germanium films, thereby forming stacked AAs.
Furthermore, the SOG films between the stacked AAs
arrayed into stripes are etched back by RIE, thereby expos-
ing the side surfaces of the epitaxial silicon films 805
forming the AAs.

[0194] As shown in FIG. 45, the side surfaces of the
epitaxial silicon films 803 are thermally oxidized to form
silicon thermal oxide films, and an amorphous silicon film
for forming dummy gate electrodes is formed. Subsequently,
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the conventional lithography technique and RIE technique
are used to process the amorphous silicon film, thereby
forming dummy gate electrodes 812.

[0195] Subsequently, as shown in FIG. 46, the dummy
gate electrodes are used as masks to remove the silicon
thermal oxide films by dry pre-treatment. After that, As-
doped silicon oxide films 813 are filled by using LPCVD,
and diffusion layers are formed by contact diffusion. The
dummy gate electrodes 812 are then removed by chemical
dry etching (CDE), and the silicon thermal oxide films are
removed by dry pre-treatment, thereby forming gaps as
templates of gate electrodes.

[0196] As shown in FIG. 47, thermal oxide films/CVD-
silicon nitride films/ALD-hatnium oxide films 814 serving
as memory dielectric layers are sequentially formed. Then,
CVD-TiN films serving as gate electrodes are filled and
processed by CMP, thereby forming gate electrodes 815 that
the stacked AA regions share.

[0197] As shown in FIG. 48, an interlayer dielectric 816 is
formed. The conventional lithography technique and RIE
technique are used to expose the eighth and fourth epitaxial
silicon films 805.

[0198] As shown in FIG. 49, the conventional lithography
technique and RIE technique are used to expose the sixth
and second epitaxial silicon films 805.

[0199] As shown in FIG. 50, the conventional lithography
technique and RIE technique are used to expose the seventh,
fifth, third, and first epitaxial silicon films 805. Then, the
entire substrate surface is etched back to expose the surfaces
and side surfaces of the epitaxial silicon films 805. After
that, gate oxide films/gate electrode films are formed and
processed by the conventional lithography technique and
RIE technique, thereby forming layer selection gate transis-
tors 817 for selecting layers.

[0200] As shown in FIG. 51, an interlayer dielectric 818 is
formed on the entire substrate surface, contact holes con-
necting to the AA regions, gate electrodes, and peripheral
circuit are formed, and a conductor film is filled, thereby
forming contact plugs 819 on the source and drain sides,
interconnections 820 that connect the layer selection gate
transistors and source-side contacts, and word line contact
plugs connecting to the gate electrodes.

[0201] After that, as shown in FIG. 52, a flash memory is
formed by forming interlayer dielectrics 821, 822, and 823,
contact plugs 824 and 825, and interconnections 826 and
827 in multilayered interconnection formation steps. How-
ever, the details will not be explained.

[0202] This embodiment recesses the stacked cell portion
to be lower than the surface of the semiconductor substrate.
This suppresses the substrate step when forming the multi-
layered interconnection, and facilitates the lithography steps
and processing steps. This embodiment also has the advan-
tage that the diffusion layers can be easily formed by using
the dummy gate electrodes.

[0203] The effect of suppressing the increase in number of
steps that the present invention has on the prior art will be
explained below in this embodiment as well. Since estimat-
ing all steps is too complicated, the numbers of lithography
steps requiring the highest process cost will be compared.

[0204] The number of times of lithography necessary to
form the eight-layered memory of this embodiment by the
method of sequentially forming the individual layers accord-
ing to the prior art is as follows:
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[0205] (1) The umber of times of lithography per layer: 3,
ie., 2 for AA processing and gate electrode (GC: Gate
Conductor) processing, and 1 for formation of contact plugs
between layers

[0206] (2) Formation of contacts to stacked AAs: 1
[0207] Accordingly, a total of 3x8+1=25 lithography steps
are necessary.

[0208] By contrast, this embodiment requires:

[0209] (1) Processing for digging down a cell region: 1
[0210] (2) Simultaneous processing of stacked AAs: 1
[0211] (3) Simultaneous processing of GCs: 1

[0212] (4) Processing for exposing end portions of stacked

AAs in order to form contact holes: 3

[0213] (5) Layer selection gate processing: 1

[0214] (6) Contact hole formation and connection of layer
selection gates and source lines: 2

[0215] Accordingly, a total of nine lithography steps can
implement the embodiment. That is, the use of the present
invention makes it possible to reduce the number of lithog-
raphy steps to almost 4.

[0216] Each of the above embodiments has explained an
example in which a planar MONOS memory widespread as
a nonvolatile memory is used in a form in which a channel
is formed parallel to a semiconductor substrate in a plane
perpendicular to the substrate. However, the above embodi-
ments are also effective in nonvolatile memories using
different cell structures and different storage principles.
Even in these cases, the contact or layer selection gate
formation method remains the same. Therefore, an expla-
nation will be limited to the cell portion formation method
hereinafter in order avoid complexity.

Eighth Embodiment

[0217] FIGS. 53 to 55 are sectional views showing a
semiconductor memory (flash memory) according to the
eighth embodiment of the present invention in predeter-
mined main manufacturing steps.

[0218] This embodiment is an example of a MONOS
memory similar to the first to seventh embodiments, but
gives the channel surface a curvature in order to improve the
write/erase characteristics.

[0219] Stacked AA regions are formed in a memory cell
portion in the same manner as in the embodiments explained
above. For the sake of simplicity, an explanation will be
made with reference to only sectional views of the AAs.
[0220] First, as shown in FIG. 53, in a memory cell region
on a semiconductor substrate 901, epitaxial silicon films 902
serving as AA regions and silicon oxide films 903 that
separate AA regions are stacked as they are processed by
using hard masks 904 into a shape in which AA regions are
simultaneously processed into stripes.

[0221] Then, as shown in FIG. 54, the exposed side
surfaces of the epitaxial silicon films 902 are oxidized by
steam oxidation, and bird’s beak oxidation is caused by
steam diffused in the silicon oxide films 903, thereby form-
ing silicon thermal oxide films 905 such that the side
surfaces of the epitaxial silicon films 902 processed into
stripes have a sectional shape with a curvature.

[0222] As shown in FIG. 55, the silicon thermal oxide
films 905 are removed by dry pre-treatment, and the silicon
oxide films 903 are partially recessed, thereby forming a
shape in which the epitaxial silicon films 902 whose side
surfaces have a curvature are stacked. Subsequently, the
entire substrate surface is coated with SOG to fill SOG films
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906 in gaps between the stacked AA regions. The conven-
tional lithography technique and wet etching technique are
used to form gaps as templates of gate electrodes by etch
back. Then, thermal oxide films/silicon nitride films/silicon
oxide films 907 are sequentially formed, and P-doped poly-
silicon films 908 are filled and processed by CMP, thereby
forming MONOS memory cells.

[0223] In this embodiment, the channel of each of the AA
regions vertically arranged parallel to the substrate is formed
into a shape having a curvature. Since electric field concen-
tration raises the effective electric field, a memory cell
operation at a lower write/erase voltage can be implemented.

Ninth Embodiment

[0224] FIGS. 56 to 58 are sectional views showing a
semiconductor memory (flash memory) according to the
ninth embodiment of the present invention in predetermined
main manufacturing steps.

[0225] Unlike the first to eighth embodiments, this
embodiment is an example in which the present invention is
applied to a phase change RAM (PRAM). Similar to a
resistive RAM (RRAM) to be described later, the PRAM
senses the change in resistance of a memory element by the
change in amount of an electric current flowing through the
memory element. Accordingly, it is unnecessary to stack
transistors as in a MONOS memory, but diodes need to be
stacked.

[0226] Similar to the previous embodiments, this embodi-
ment also forms stacked AA regions in a memory cell
portion. An explanation will be made with reference to
sectional views of the AA regions.

[0227] First, as shown in FIG. 56, in a memory cell region
on a semiconductor substrate 1001, B-doped polysilicon
films 1003 serving as AA regions and silicon oxide films
1004 that separate AA regions are stacked into a shape in
which AA regions are simultaneously processed into stripes
by hard masks 1002. Interlayer dielectrics 1005 are filled
between the stacked AA regions.

[0228] Then, as shown in FIG. 57, the conventional lithog-
raphy technique and RIE technique are used to form gaps as
templates of diodes and memory elements. These gaps are
formed in alternate spaces between the AA regions arranged
into stripes for the reason explained below. That is, in a
memory such as a PRAM or RRAM that senses a resistance
change, even when elements are formed at the two ends of
one AA, if the resistance of the element at one end lowers
due to data write, it becomes difficult to apply a voltage to
the element at the other end. Consequently, the following
three states:

[0229] (1) The state in which the resistances of the ele-
ments at the two ends lower

[0230] (2) The state in which the resistance of the element
at the right end lowers

[0231] (3) The state in which the resistance of the element
at the left end lowers and intermediate states (because the
element resistance of a PRAM or RRAM continuously
changes) of these states coexist. This varies the threshold
value of the memory operation.

[0232] As shown in FIG. 58, gaps are formed by selec-
tively and isotropically recessing the B-doped polysilicon
films 1003 by chemical dry etching. A P-doped polysilicon
film 1006 is formed on the entire substrate surface, and left
behind in only the gaps in the B-doped polysilicon films
1003 by non-masking RIE etch back, thereby forming diode



US 2019/0006419 Al

portions. The P-doped polysilicon films are then recessed by
chemical dry etching. Subsequently, tungsten films 1007
serving as heaters are selectively grown on the surfaces of
the recessed P-doped polysilicon films by using CVD. After
that, GST films (Ge,Sb,Tes) 1008 and CVD titanium nitride
films 1009 serving as electrode films are formed by using
CVD, and processed by using the CMP technique, thereby
forming PRAM memory cells.

[0233] This embodiment uses the method of filling an
n-type semiconductor in a p-type semiconductor as the diode
formation method. As shown in FIG. 59, however, it is also
possible to form n-type semiconductor layers 1010 by
diffusing an impurity on the surfaces of the gaps formed by
selectively and isotropically recessing the B-doped polysili-
con films 1003, and partially filling the GST films 1008 in
the recesses of the tungsten films 1007 as heater films,
thereby improving the write characteristic (reducing the
write voltage).

10th Embodiment

[0234] FIGS. 60 to 62 are sectional views showing a
semiconductor memory (flash memory) according to the
10th embodiment of the present invention in predetermined
main manufacturing steps.

[0235] This embodiment is an example in which the
present invention is applied to a resistive RAM (RRAM).
[0236] Similar to the previous embodiments, this embodi-
ment also forms stacked AA regions in a memory cell
portion. An explanation will be made with reference to
sectional views of the AA regions.

[0237] First, as shown in FIG. 60, in a memory cell region
on a semiconductor substrate 1101, B-doped polysilicon
films 1103 serving as AA regions and silicon oxide films
1104 that separate AA regions are stacked into a shape in
which AA regions are simultaneously patterned into stripes
by using hard masks 1102. Interlayer dielectrics 1105 are
filled between the stacked AA regions.

[0238] Then, as shown in FIG. 61, the conventional lithog-
raphy technique and RIE technique are used to form gaps as
templates of diodes and memory elements. These gaps are
formed in alternate spaces between the AA regions arranged
into stripes. The purpose is the same as described in the ninth
embodiment. Subsequently, gaps are formed by selectively
and isotropically recessing the B-doped polysilicon films
1103 by chemical dry etching. A P-doped polysilicon film
1106 is formed on the entire substrate surface, and left
behind in only the gaps in the B-doped polysilicon films
1103 by non-masking RIE etch back, thereby forming diode
portions. The P-doped polysilicon films 1106 are then
recessed by chemical dry etching. A CVD titanium nitride
film 1107 and ruthenium film 1108 are formed by using
CVD, and etched back by using the conventional RIE
technique so as to remain in only the gaps formed by
recessing the P-doped polysilicon films.

[0239] Subsequently, as shown in FIG. 62, a zirconia film
1109 for forming resistive elements is formed on the entire
substrate surface, and a ruthenium film 1110 for forming
upper electrodes is formed by using ADL. These films are
processed by using the conventional CMP technique,
thereby forming RRAM memory cells.

[0240] This embodiment uses the method of filling an
n-type semiconductor in a p-type semiconductor as the diode
formation method. As described in the ninth embodiment,
however, diodes may also be formed by forming n-type
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semiconductor layers by diffusing an impurity on the sur-
faces of the gaps formed by selectively and isotropically
recessing the B-doped polysilicon films 1102.

[0241] As the insulating film serving as a resistive ele-
ment, it is also possible to use, e.g., a titania film, hafnia film,
or nickel oxide film, instead of a zirconia film. It is clear that
the effect (of increasing the bit density per unit area) of this
embodiment is obtained regardless of whether any of these
films is used.

11th Embodiment

[0242] FIGS. 63 to 65 are sectional views showing a
semiconductor memory (flash memory) according to the
11th embodiment of the present invention in predetermined
main manufacturing steps.

[0243] Similar to the 10th embodiment, this embodiment
is also an example in which the present invention is applied
to a resistive RAM (RRAM). However, a resistive element
is selectively formed by using the plating technique.
[0244] Similar to the previous embodiments, this embodi-
ment also forms stacked AA regions in a memory cell
portion. An explanation will be made with reference to
sectional views of the AA regions.

[0245] First, as shown in FIG. 63, similar to the 10th
embodiment, in a memory cell region on a semiconductor
substrate 1201, B-doped polysilicon films 1203 serving as
AA regions and silicon oxide films 1204 that separate AA
regions are stacked into a shape in which AA regions are
simultaneously processed into stripes by using hard masks
1202. Interlayer dielectrics 1205 are filled between the
stacked AA regions.

[0246] Then, as shown in FIG. 64, the conventional lithog-
raphy technique and RIE technique are used to form gaps as
templates of diodes and memory elements. These gaps are
formed in alternate spaces between the A regions arranged
into stripes. The purpose is the same as described in the ninth
embodiment. Subsequently, gaps are formed by selectively
and isotropically recessing the B-doped polysilicon films
1203 by chemical dry etching. Diodes are formed by form-
ing n-type semiconductor layers 1206 by diffusing P by gas
phase doping (GPD) on the surfaces of the gaps formed by
selectively and isotropically recessing the B-doped polysili-
con films 1203. A CVD titanium nitride film 1207 and
ruthenium film 1208 are formed by using CVD, and etched
back by using the conventional RIE technique so as to
remain in only the gaps formed in the B-doped polysilicon
films 1203.

[0247] Subsequently, as shown in FIG. 65, nickel films are
selectively formed on the surfaces of ruthenium by using
electroplating (EP), and platinum films 1209 are also selec-
tively formed by using the EP process, thereby completely
filling the gaps formed between the AA regions. This forms
upper electrodes of RRAM elements. At this point, however,
no resistive elements are formed. Then, oxidation is per-
formed in oxygen at 500° C. The platinum films 1209 do not
oxidize but transmit oxygen. Since a low temperature of
500° C. is selected, however, this oxidation process oxidizes
the nickel films without oxidizing the ruthenium films 1208
as lower electrodes, thereby forming nickel oxide films 1210
as resistive elements. In this manner, RRAM memory cells
are formed.

[0248] Although the first to 11th embodiments of the
present invention have been explained above, forms and
methods of practicing the present invention are not limited
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to these embodiments. That is, it is possible to appropriately
combine the AA region formation methods, gate electrode
processing methods, contact hole formation methods, layer
selection gate formation methods, materials, and the like
disclosed in the embodiments. Even in these cases, it is
possible to achieve the effect expected from the embodi-
ments of the present invention, i.e., increase the degree of
integration per unit area without largely increasing the
number of manufacturing steps. Accordingly, a high density
memory can be manufactured relatively easily.

[0249] In addition, the above embodiments include the
following modes.

[0250] (1) A semiconductor memory is characterized by
comprising stripe-like active areas (AAs) stacked parallel to
a substrate, wherein the AAs stacked perpendicularly to the
substrate are patterned in self-alignment with each other,
each AA uses, as a channel region, one or both of the side
surfaces perpendicular to the substrate, and intersects a
plurality of gate electrodes (GCs) in the longitudinal direc-
tion, the intersections of the AAs and GCs form memory
cells, and a plurality of cells in an intersecting plane share
the gate electrode.

(Effects of Mode (1))

[0251] (a) The bit density per unit area can be increased by
stacking the memory cells. That is, the degree of integration
can be increased without any micropatterning.

[0252] (b) Since an SOI structure is formed, a transistor
tough against the short-channel effect can be implemented.

[0253] (c) The structure is basically a double-gate elec-
trode structure. This improves the controllability of a tran-
sistor.

[0254] (2) A semiconductor memory is characterized by
comprising stripe-like active areas (AAs) stacked parallel to
a substrate, wherein the AAs stacked perpendicularly to the
substrate are patterned in self-alignment with each other, a
memory dielectric layer and gate electrode are formed on a
side surface, which is perpendicular to the substrate, of each
AA, each AA intersects a plurality of gate electrodes (GCs)
in the longitudinal direction, the intersections of the AAs and
GCs form memory cells, each cell in an intersecting plane
shares the gate electrode with an adjacent cell, and gate
electrodes sandwiching each AA are connected by intercon-
nections so as to be driven independently of each other.

(Effect of Mode (2)) (a) Since two independent gate elec-
trodes are formed for one cell, multilevel storage is possible.
This makes it possible to increase the bit density without any
special micropatterning.

[0255] (3) A semiconductor memory is characterized by
comprising stripe-like active areas (AAs) stacked parallel to
a substrate, wherein the AAs stacked perpendicularly to the
substrate are processed in self-alignment with each other, a
memory dielectric layer and gate electrode are formed on a
side surface, which is perpendicular to the substrate, of each
AA, each AA intersects a plurality of gate electrodes (GCs)
in the longitudinal direction, the intersections of the AAs and
GCs form memory cells, each cell has a structure sand-
wiched between first and second gate electrodes, cells in a
plane perpendicular to the AAs share the first gate electrode,
and the second gate electrode is formed parallel to the AAs
and shared by a plurality of cells in a plane parallel to the AA
direction and perpendicular to the substrate.
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(Effect of Mode (3))

[0256] (a) Since a back gate electrode is formed for each
AA, electric charge written in the memory dielectric layer
can be readily removed in data erase. That is, the erase
characteristic improves.

[0257] (4) A semiconductor memory is characterized by
comprising stripe-like active areas (AAs) stacked parallel to
a substrate, wherein the AAs stacked perpendicularly to the
substrate are patterned in self-alignment with each other, a
memory layer and gate electrode are formed on a side
surface, which is perpendicular to the substrate, of each AA,
each AA intersects a plurality of gate electrodes (GCs) in the
longitudinal direction, the intersections of the AAs and GCs
form memory cells, each cell has a structure sandwiched
between an insulating film and the gate electrode, and a
plurality of cells in a plane parallel to the AA direction and
perpendicular to the substrate share the gate electrode.

(Effect of Mode (4))

[0258] (a) When memory layers sharing a gate electrode
are formed on the two sides of an AA in a cell such as a
PRAM cell or RRAM cell that senses the change in current
amount by the change in resistance of a memory layer, if one
memory layer is turned on and the resistance lowers, no
electric current flows through the other memory layer having
a high resistance. This makes the other memory layer
difficult to turn on. However, the memory layers on the two
sides of the AA are sometimes turned on in a certain cell.
This makes it difficult to set the state of each cell constant.
Since the electrode is formed on every other row, each AA
is controlled by only the gate electrode on one side. This
eliminates the instability of the write/erase characteristics.

(Effect of Mode (4) & (5))

[0259] (a) the cell transistor uses the depletion-type. By
this, the source/drain of the transistor is not formed in
particular. This facilitates transistor shrinkage.

[0260] (5) A semiconductor memory described in any one
of modes (1) to (4) is characterized by comprising stripe-like
active areas (AAs) stacked parallel to a substrate, and gate
electrodes (GCs) shared by the AAs, wherein each AA is
made of single-crystal silicon or polysilicon.

[0261] (6) A semiconductor memory described in any one
of modes (1) to (5) is characterized by comprising stripe-like
active areas (AAs) stacked parallel to a substrate, gate
electrodes (GCs) shared by the AAs, and a layer selection
gate transistor for selecting a layer to which a group of AAs,
among other AAs arranged into stripes, in a plane parallel to
the substrate belongs.

(Effects of Mode (6))

[0262] (a) The use of the layer selection gate transistor
obviates the need to extract interconnections from the
stacked AAs in the direction perpendicular to them, and
makes it possible to extract all the interconnections by the
minimum pitch. This facilitates increasing the bit density.
[0263] (b) Peripheral circuits can be basically the same as
in the conventional NAND flash memories. This facilitates
circuit design.

[0264] (c) In the forming the layered select gate transistor
which is selected each layers of stripe-like active area (AA)
stacked parallel to a substrate, it is not necessary to increase
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the large number of process steps in this case that lithogra-
phy process to expose each AA in the stairs-shaped, etching
process and forming process the layer select gate transistor
in each AA by simultaneous patterning. lithography process
to expose AA for layer selection gate transistor formation is
three times in 4 layer lamination, four times in 8 layer
lamination, n+1 times in 2” layer lamination.

[0265] (7) A semiconductor memory described in any one
of modes (1) to (6) is characterized by comprising stripe-like
active areas (AAs) stacked parallel to a substrate, and gate
electrodes (GCs) shared by the AAs, wherein each of the
stacked AAs is formed in a recess dug down from the
substrate surface.

(Effect of Mode (7))

[0266] (a) Since the memory cell portion is formed in the
recess dug down from the substrate surface, difference in
level on the substrate surface can be suppressed. This
facilitates lithography steps, processing steps, and intercon-
nection formation.

[0267] (8) A semiconductor memory described in any one
of modes (1) to (3) and (5) to (7) is characterized by
comprising stripe-like active areas (AAs) stacked parallel to
a substrate, and gate electrodes (GCs) shared by the AAs,
wherein a memory element is a MONOS (Metal-Oxide-
Nitride-Oxide-Silicon) element.

[0268] (9) A semiconductor memory described in mode
(8) is characterized by comprising stripe-like active areas
(AAs) stacked parallel to a substrate, gate electrodes (GCs)
shared by the AAs, wherein a memory element is a MONOS
(Metal-Oxide-Nitride-Oxide-Silicon) element, and the
shape of the AA sidewall on which the memory element is
formed has a curvature outward.

(Effect of Mode (9))

[0269] (a) Since the channel has a curvature, electric field
concentration raises the effective electric field. This makes it
possible to improve the write/erase characteristics.

[0270] (10) A semiconductor memory described in any
one of modes (1) and (4) to (7) is characterized by com-
prising stripe-like active areas (AAs) stacked parallel to a
substrate, and gate electrodes (GCs) shared by the AAs,
wherein a memory element is a PRAM (Phase Change
RAM).

[0271] (11) A semiconductor memory described in any
one of modes (1) and (4) to (7) is characterized by com-
prising stripe-like active areas (AAs) stacked parallel to a
substrate, and gate electrodes (GCs) shared by the AAs,
wherein a memory element is an RRAM (Resistive RAM).
[0272] (12) A semiconductor memory manufacturing
method which has stripe-like active areas (AAs) stacked
parallel to a substrate described in mode (1), and forms the
AAs stacked perpendicularly to the substrate in self-align-
ment with each other is characterized by alternately stacking
insulating films and epitaxial silicon films or polysilicon
films on a semiconductor substrate, and simultaneously
processing the stacked films into AA shapes.

[0273] (13) A semiconductor memory manufacturing
method which has stripe-like active areas (AAs) stacked
parallel to a substrate described in mode (1), and forms the
AAs stacked perpendicularly to the substrate in self-align-
ment with each other is characterized by alternately stacking
epitaxial silicon germanium films and epitaxial silicon films
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on a semiconductor substrate, simultaneously processing the
stacked films into AA shapes, removing the epitaxial silicon
germanium films by wet etching, and filling insulating films
in the gaps.

(Effect of Modes (12) & (13))

[0274] (a) Since the AAs are simultaneously processed,
each of AA lithography and GC lithography requiring mini-
mum half pitch patterning need only be performed once
regardless of the number of stacked memory layers.
(Effects of Mode (13)) (a) In AA processing, it is only
necessary to process the stacked films made of similar
materials, i.e., epitaxial silicon and epitaxial silicon germa-
nium. This facilitates RIE.

[0275] (b) Each epitaxial silicon layer as an AA is formed
by epitaxial growth. This makes it possible to form a channel
region of a transistor having good crystallinity without any
complicated procedure such as solid-phase epitaxial growth.
[0276] (14) A semiconductor memory manufacturing
method of forming gate electrodes that intersect stripe-like
active areas (AAs) stacked parallel to a substrate described
in mode (1) is characterized by filling conductor films in
gaps between the stripe-like active areas (AAs) stacked
parallel to the substrate and insulating films formed between
the AAs, and patterning the conductor films by reactive ion
etching.

[0277] (15) A semiconductor memory manufacturing
method of forming gate electrodes that intersect stripe-like
active areas (AAs) stacked parallel to a substrate described
in mode (1) is characterized by filling insulator films in gaps
between the stripe-like active areas (AAs) stacked parallel to
the substrate and insulating films formed between the AAs,
forming gaps as templates of gate electrodes, filling memory
dielectric layers and conductor films in the gaps, and pat-
terning the filled films by CMP.

(Effect of Modes (14) & (15))

[0278] (a) Since the GCs are simultaneously processed,
each of AA lithography and GC lithography requiring mini-
mum half pitch patterning need only be performed once
regardless of the number of stacked memory layers.

(Effect of Mode (15))

[0279] (a) The GCs can be formed by a metal that is
difficult to be processed by RIE.

[0280] (16) A semiconductor memory manufacturing
method of forming contact plugs connecting to stripe-like
active areas (AAs) stacked parallel to a substrate described
in mode (1) is characterized by arranging contact plugs at
two ends of each active area, each of which is formed over
two adjacent AAs, so as to be in zigzag alignment with each
other by one active area.

(Effect of Mode (16))

[0281] (a) Especially when two layers are stacked, contact
plugs equal in number to AAs in the same plane are formed
at the two ends of the AAs. Therefore, it is possible to access
each AA by selecting two contact plugs. This facilitates
formation of interconnections.

[0282] (17) A semiconductor memory manufacturing
method of forming diodes in stripe-like active areas (AAs)
stacked parallel to a substrate described in mode (1) is
characterized by comprising steps of filling insulating films
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between rows of the stacked AAs, forming gaps as templates
of gate electrodes in the insulating films, forming recesses in
the AA sidewalls by using the insulating films as masks, and
forming diodes by filling, in the recesses, semiconductor
films having a conductivity type different from the AAs or
by forming, on the surfaces of the recesses, semiconductor
layers having a conductivity type different from the AAs by
gas phase doping.

(Effect of Modes (17))

[0283] (a) It is possible to stack layers in a nonvolatile
memory such as an RRAM or PRAM that senses the change
in resistance.

[0284] (18) A semiconductor memory manufacturing
method of forming electrodes of, e.g., an RRAM or PRAM
in stripe-like active areas (AAs) stacked parallel to a sub-
strate described in mode (1) is characterized by comprising
steps of filling insulating films between rows of the stacked
AAs, forming gaps as templates of gate electrodes in the
insulating films, forming recessed diodes filled in the AA
sidewalls by using the insulating films as masks, and filling
electrode films in the recesses.

[0285] (19) A semiconductor memory manufacturing
method of forming an RRAM described in mode (18) is
characterized by comprising steps of filling first electrode
films in recessed diodes filled in the sidewalls of stacked
AAs, and forming memory dielectric films and second
electrode films between rows of the AAs.

(Effects of Modes (17)-(19))

[0286] (a) It is possible to stack layers in a nonvolatile
memory such as an RRAM or PRAM that senses the change
in resistance.

[0287] (b) It is unnecessary to process the memory layer (a
chalcogenide film that largely changes the resistance (nor-
mally, increases the resistance by thousand times) when
heated in the case of a PRAM, and a metal oxide film such
as TiO,, HfO,, 7ZrO,, or nickel oxide in the case of an
RRAM). This makes RIE processing of any new material
unnecessary.

[0288] As described above, the embodiments of the pres-
ent invention can provide a semiconductor memory having
a structure in which memory layers can be stacked without
largely increasing the number of process steps, and provide
a method of manufacturing the semiconductor memory. In
addition, the semiconductor memories disclosed in the
embodiments make it possible to continuously increase the
degree of integration of semiconductor memories, particu-
larly, flash memories in the future. Accordingly, the range of
applications of flash memories presumably further extends
in the future.

[0289] Additional advantages and modifications will read-
ily occur to those skilled in the art. Therefore, the invention
in its broader modes is not limited to the specific details and
representative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.
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What is claimed is:

1. A semiconductor memory comprising:

a plurality of stripe-like active areas formed by stacking,
in a direction perpendicular to a substrate, a plurality of
layers extending parallel to the substrate;

a first gate electrode formed on first side surfaces of the
active areas, the first side surfaces being perpendicular
to the substrate;

a second gate electrode formed on second side surfaces of
the active areas, the second side surfaces being per-
pendicular to the substrate; and

wherein the layers are patterned in self-alignment with
each other,

intersections of the active areas and the first gate electrode
form a plurality of memory cells, and

the plurality of memory cells in an intersecting plane
share the first gate electrode.

2. The memory according to claim 1, wherein the first and

second gate electrodes are formed by one layer.

3. The memory according to claim 1, wherein the first and
second gate electrodes are connected to interconnections and
driven independently of each other.

4. The memory according to claim 1, wherein the second
gate electrode is formed parallel to the active areas, and
shared by the plurality of memory cells in a plane parallel to
the active areas and perpendicular to the substrate.

5. The memory according to claim 1, wherein a transistor
of each of the memory cells is a transistor of depletion type.

6. The memory according to claim 1, wherein the active
areas are made of one of single-crystal silicon and polysili-
con.

7. The memory according to claim 1, further comprising
layer selection gate transistors to select each layer to which
a group of active areas, among other active areas, in a plane
parallel to the substrate belongs.

8. The memory according to claim 1, wherein the active
areas are formed in a recess dug down from a surface of the
substrate.

9. The memory according to claim 1, wherein a memory
element of the semiconductor memory is a MONOS (Metal-
Oxide-Nitride-Oxide-Silicon) element.

10. The memory according to claim 1, wherein

a memory element of the semiconductor memory is a
MONOS (Metal-Oxide-Nitride-Oxide-Silicon) ele-
ment, and

a shape of a sidewall of each of the active areas has a
curvature outward.

11. The memory according to claim 1, wherein the semi-
conductor memory is one of a PRAM (Phase Change RAM)
and an RRAM (Resistive RAM).

12. A semiconductor memory manufacturing method
comprising:

depositing a plurality of layers on a substrate;

forming a plurality of stripe-like active areas by process-
ing the layers in self-alignment with each other; and

forming a plurality of gate electrodes intersecting the
active areas in a longitudinal direction thereof,

wherein each of the active areas uses, as a channel region,
at least one of two side surfaces perpendicular to the
substrate,

intersections of the active areas and the gate electrodes
form memory cells, and

a plurality of memory cells in an intersecting plane share
the gate electrode.
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13. The method according to claim 12, wherein

the layers are formed by alternately stacking an insulating
film and one of an epitaxial silicon film and a polysili-
con film on the substrate, and

the layers are simultaneously processed into stripes.

14. The method according to claim 12, in which the layers
have a stacked structure in which an epitaxial silicon ger-
manium film and an epitaxial silicon film are alternately
stacked on the substrate, and

which further comprises:

forming gaps by removing the epitaxial silicon germa-

nium film by selective wet etching; and

forming insulating films in the gaps.

15. The method according to claim 12, wherein the
forming the gate electrodes comprises:

filling conductor films in gaps between the stripe-like

active areas; and

Patterning the conductor films by reactive ion etching.

16. The method according to claim 12, wherein the
forming the gate electrodes comprises:

filling insulator films in first gaps between the stripe-like

active areas;

forming second gaps as templates of the gate electrodes;

filling memory dielectric layers and conductor films in the

second gaps; and

processing the memory dielectric layers and the conductor

films by CMP.

17. The method according to claim 12, which further
comprises forming contact plugs connecting to the active
areas, and

in which the contact plugs each extend over two adjacent

active areas, and are in zigzag alignment with each
other by one active area at two ends of each active area.
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18. The method according to claim 12, further compris-
ing:
filling insulating films between rows of the stripe-like
active areas;
forming gaps as templates of the gate electrodes in the
insulating films;
forming recesses in sidewalls of the active areas by using
the insulating films as masks; and
forming diodes by filling, in the recesses, semiconductor
films having a conductivity type different from the
active areas or by forming, on surfaces of the recesses,
semiconductor layers having a conductivity type dif-
ferent from the active areas by gas phase doping.
19. The method according to claim 12, further compris-
ing:
filling insulating films between rows of the stripe-like
active areas;
forming gaps as templates of the gate electrodes in the
insulating films;
forming, in sidewalls of the active areas, recessed diodes
having a conductivity type different from the active
areas by using the insulating films as masks; and
filling a conductive film in a space of each recessed diode,
wherein the semiconductor memory is one of a PRAM
and an RRAM.
20. The method according to claim 12, in which the
semiconductor memory is an RRAM, and
which further comprises:
filling a first electrode film in the space of each recessed
diode; and
forming memory dielectric layers and second electrode
films between the rows of the active areas.
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