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NONVOLATILE SEMICONDUCTOR
MEMORY

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based upon and claims the ben-
efit of priority from prior Japanese Patent Application No.
2007-331048, filed Dec. 21, 2007, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a nonvolatile semi-
conductor memory, and in particular, to a structure of a gate
insulating film and an inter-gate insulating film in a memory
cell.

[0004] 2. Description of the Related Art

[0005] Nonvolatile semiconductor memories, for example,
flash memories, are mounted in various electronic appara-
tuses. Memory cells in a flash memory each have a gate
electrode structure in which a charge storage layer and a
control gate electrode are stacked on a gate insulating film
(tunnel insulating film) on a surface of a semiconductor sub-
strate (channel region) via an inter-gate insulating film.
[0006] In the memory cell configured as described above,
for example, a thermal oxide film of thickness approximate 8
nm is used as a gate insulating film. A laminated film (ONO
film) of thickness approximate 15 nm made up of a silicon
oxide film, a silicon nitride film, and a silicon oxide film as an
inter-gate insulating film. A floating gate electrode made up
of polycrystalline silicon is used as a charge storage layer. A
top surface of the floating gate electrode and side surfaces of
the floating gate electrode in a channel width direction are
covered with the control gate electrode via the inter-gate
insulating film. Thus, the opposed area between the floating
gate and the control gate is increased to ensure a proper
coupling ratio of the memory cell.

[0007] Efforts have been made to miniaturize memory cells
to increase memory capacity. There has been a demand for a
reduction in a write/erase voltage of the memory cell. How-
ever, when an attempt is made to reduce the thickness of a
tunnel insulating film and thus an operating voltage, leakage
characteristics of the tunnel insulating film at a low electric
field may disadvantageously be degraded. As a result, data
retention characteristics of the memory cell may be degraded.
[0008] An effective alternative method for reducing the
write/erase voltage is to increase the coupling ratio. However,
the reduced thickness of the inter-gate insulating film may
degrade the leakage characteristics of the inter-gate insulating
film. Thus, as is the case with the reduced thickness of the
tunnel insulating film, the data retention characteristics of the
memory cell may be degraded.

[0009] When the miniaturized memory cell prevents the
side surfaces of the floating gate electrode from being covered
with the control gate electrode, the control gate electrode can
contact the floating gate electrode only at the top surface. This
reduces the coupling ratio. Similarly, if an insulating film with
a high trap level, such as a silicon nitride film, is used as a
charge storage layer, as in the case of metal-oxide-nitride-
oxide-semiconductor (MONOS) memory cells, the coupling
ratio is low because the control gate electrode contacts the
charge storage layer (silicon nitride film) at the top surface.
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[0010] Disadvantageously, the reduced coupling ratio of
the memory cell increases the write/erase voltage, and when
an attempt is made to solve this problem by reducing the
thicknesses of the tunnel insulating film and the block insu-
lating film, the data retention characteristics of the memory
cell may be degraded as described above.

[0011] Jpn. Pat. Appln. KOKAI Publication No. 2003-
188356 discloses a technique intended mainly to improve the
data retention characteristics of MFMIS memory cells utiliz-
ing polarization of a ferroelectric substance and in which a
gate insulating film in the memory cell has a two-layer struc-
ture made up of a high-dielectric film and a tunnel insulating
film to inhibit a possible leakage current and to improve
charge retention characteristics. Jpn. Pat. Appln. KOKAI
Publication No. 2007-12922 discloses a structure in which a
gate insulating film in a memory cell is made up of the gate
insulating film on a surface of a semiconductor substrate and
a very thin high-dielectric film on the gate insulating film.

BRIEF SUMMARY OF THE INVENTION

[0012] A nonvolatile semiconductor memory of an aspect
of the present invention comprises a memory cell including
an element region partitioned by an isolation region in a
semiconductor substrate, a first gate insulting film provided
on the element region, a charge storage layer provided on the
gate insulating film, a multilayer insulator provided on the
charge storage layer, and a control gate electrode provided on
the multilayer insulator, the gate insulating film including a
first tunnel film, a first high-dielectric-constant film provided
on the first tunnel film and offering a greater dielectric con-
stant than the first tunnel film, and a second tunnel film
provided on the first high-dielectric-constant film and having
the same configuration as that of the first tunnel film, the
multilayer insulator including a first insulating film, a second
high-dielectric-constant film provided on the first insulating
film and offering a greater dielectric constant than the first
insulating film, and a second insulating film provided on the
second high-dielectric-constant film and having the same
configuration as that of the first insulating film.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

[0013] FIG. 1 is a plan view showing a structure of a
memory cell array according to an embodiment of the present
invention;

[0014] FIG. 2 is a sectional view of a nonvolatile semicon-
ductor memory according to a first embodiment taken along
line II-1I in FIG. 1;

[0015] FIG. 3 is a sectional view of the nonvolatile semi-
conductor memory according to the first embodiment taken
along line III-11T in FIG. 1;

[0016] FIG. 4 is an enlarged view showing a structure of a
gate insulating film and a multilayer insulator according to
the first embodiment;

[0017] FIG. 5 is a schematic diagram showing an energy
band of a gate insulating film;

[0018] FIG. 6 is a schematic diagram showing the energy
band of the gate insulating film;

[0019] FIG. 7 is a schematic diagram showing an energy
band of an inter-gate insulating film;

[0020] FIG. 8 is a diagram showing a step of a method of
manufacturing a nonvolatile semiconductor memory accord-
ing to a first embodiment;
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[0021] FIG.9is a diagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the first embodiment;

[0022] FIG.101isadiagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the first embodiment;

[0023] FIG.111isadiagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the first embodiment;

[0024] FIG.12isadiagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the first embodiment;

[0025] FIG.131isadiagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the first embodiment;

[0026] FIG. 14 is an enlarged view showing a structure of a
gate insulating film and a multilayer insulator according to a
second embodiment;

[0027] FIG. 15 is a sectional view of a nonvolatile semi-
conductor memory according to a third embodiment taken
along line I1-II in FIG. 1;

[0028] FIG. 16 is a sectional view of the nonvolatile semi-
conductor memory according to the third embodiment taken
along line III-11I in FIG. 1;

[0029] FIG.17 is an enlarged view showing a structure of a
gate insulating film and a multilayer insulator according to a
third embodiment;

[0030] FIG. 18 is a diagram showing a step of a method of
manufacturing a nonvolatile semiconductor memory accord-
ing to the third embodiment;

[0031] FIG.19isa diagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;

[0032] FIG.201is a diagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;

[0033] FIG.21isadiagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;

[0034] FIG. 22 is a sectional view of the nonvolatile semi-
conductor memory according to the third embodiment taken
along line III-11I in FIG. 1;

[0035] FIG. 23 is an enlarged view showing a structure of a
gate insulating film and a multilayer insulator according to a
third embodiment;

[0036] FIG.24isadiagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;

[0037] FIG.251s a diagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;

[0038] FIG. 26 is a sectional view of the nonvolatile semi-
conductor memory according to the third embodiment taken
along line III-11I in FIG. 1;

[0039] FIG.27 is an enlarged view showing the structure of
the gate insulating film and the multilayer insulator according
to the third embodiment;

[0040] FIG.281isa diagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;

[0041] FIG.29is a diagram showing a step of the method of
manufacturing the nonvolatile semiconductor memory
according to the third embodiment;
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[0042] FIG. 30 is a diagram showing an applied example of
the embodiments;

[0043] FIG. 31 is a diagram illustrating a structure in a first
applied example;

[0044] FIG. 32 is a diagram illustrating a manufacturing
method in the first applied example;

[0045] FIG. 33 is a diagram illustrating the manufacturing
method in the first applied example;

[0046] FIG. 34 is a diagram illustrating the manufacturing
method in the first applied example;

[0047] FIG. 35 is a diagram illustrating the manufacturing
method in the first applied example;

[0048] FIG. 36 is a diagram illustrating a structure in a
second applied example;

[0049] FIG. 37 is a diagram illustrating a manufacturing
method in the second applied example;

[0050] FIG. 38 is a diagram illustrating the manufacturing
method in the second applied example;

[0051] FIG. 39 is a diagram illustrating the manufacturing
method in the second applied example; and

[0052] FIG. 40 is a diagram illustrating the manufacturing
method in the second applied example.

DETAILED DESCRIPTION OF THE INVENTION

[0053] Aspects in which examples of the present invention
are carried out will be described below in detail with refer-
ence to the drawings.

1. Outline

[0054] Embodiments of the present invention relate to a
nonvolatile semiconductor memory.

[0055] In the nonvolatile semiconductor memory accord-
ing to the present embodiment, a memory cell includes a gate
insulating film of a multilayer structure, and an insulating film
of a multilayer structure (hereinafter referred to as a multi-
layer insulator) between a charge storage layer and a control
gate electrode. In the embodiments of the present invention,
the multilayer insulator is referred to as an inter-gate insulat-
ing film in a memory cell including a floating gate electrode as
a charge storage layer. On the other hand, the multilayer
insulator is referred to as a block insulating film in a memory
cell including an insulating film with a high trap density as a
charge storage layer.

[0056] A gate insulating film of a multilayer structure
includes a first tunnel film, a second tunnel film, and a high-
dielectric film sandwiched between the two tunnel films. The
multilayer insulator includes a first insulating film, a second
insulating film, and second a high-dielectric film sandwiched
between the two insulating films.

[0057] According to the embodiments of the present inven-
tion, the gate insulating film uses the multilayer structure
made up of the thin tunnel insulating film and the high-
dielectric-constant film. This reduces the operating voltage of
the memory cell and inhibits possible leakage current. The
use of the multilayer insulator inhibits possible leakage cur-
rent between the charge storage layer and the control gate
electrode and improves charge retention characteristics of the
memory cell. Moreover, the reduced operating voltage and
the inhibited possible leakage current allow the multilayer
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insulator to be thinned, improving the coupling ratio of the
memory cell. The improved coupling ratio reduced the driv-
ing voltage.

2. Embodiments
(1) First Embodiment

[0058] A nonvolatile semiconductor memory according to
a first embodiment of the present invention will be described
below with reference to FIGS. 1 to 13.

(a) Structure

[0059] The structure of the nonvolatile semiconductor
memory according to the first embodiment of the present
invention will be described below with reference to FIGS. 1 to
4. FIG. 1 is a plan view of a memory cell array 100 in a flash
memory illustrated as a nonvolatile semiconductor memory
according to a first embodiment. FIG. 2 is a sectional view
taken along line II-ITin FIG. 2. FIG. 3 is a sectional view taken
along line III-1IT in FIG. 1.

[0060] As shown in FIG. 1, in the memory cell array 100 in
the flash memory, a semiconductor substrate surface region is
composed of isolation regions STI and element regions (ac-
tive regions) AA each sandwiched between two isolation
regions arranged adjacent to each other in an X-direction. The
isolation regions STI and the element regions AA extend in a
Y-direction. A plurality of memory cells MC and selection
transistors ST1 and ST2 are provided on the element region
AA.

[0061] Inthe present embodiment, the plurality of memory
cells MC are arranged on the element region AA so as to be
connected together in series along the Y-direction orthogonal
to the X-direction. The selection transistors ST1 and ST2 are
arranged so as to be connected to a one end and an other end,
respectively, of the group of the plurality of memory cells MC
connected together in series. In the description below, the
plurality of memory cells connected together in series are
referred to as a NAND string. The NAND string and the
selection transistors ST1 and ST2, connected to the first and
second ends, respectively, of the NAND string, are collec-
tively referred to as a NAND cell unit.

[0062] The plurality of memory cells MC arranged adja-
cent to one another in the X-direction are connected to one of
common word lines WL1 to WLn extending in the X-direc-
tion. The selection transistors ST1 to ST2 arranged adjacent
to one another in the X-direction are connected to common
selection gate lines SGL1 and SGL.2, respectively, extending
in the X-direction. One bit line extending in the Y-direction is
connected to each NAND cell unit via a bit line contact BC.
[0063] As shown in FIGS. 2 and 3, a gate structure of the
memory cell MC is such that a control gate electrode 5A is
laminated on a floating gate electrode 3A via an inter-gate
insulating film 4A.

[0064] A well region Well is provided in a semiconductor
substrate 1 (element region AA) in which the memory cells
MC are provided. A gate insulating film 2A is formed on a
surface of the semiconductor substrate 1. In the memory cell
MC, the gate insulating film 2A functions as a tunnel insulat-
ing film. The gate insulating film 2A in the memory cell MC
is called the tunnel insulating film 2A.

[0065] The floating gate electrode 3A is provided on the
tunnel insulating film 2A on a surface of the semiconductor
substrate 1. The floating gate electrode 3A functions as a
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charge storage layer that holds data written to the memory
cell. The floating gate electrode 3A is composed of, for
example, a polysilicon film.

[0066] The inter-gate insulating film 4A is provided on the
floating gate electrode 3A. The control gate electrode SA is
provided on the inter-gate insulating film 4A. The control gate
electrode 5A has a two-layer structure (polycide structure)
including, for example, a polysilicon film and a silicide film
laminated on the polysilicon film in order to reduce electric
resistance. However, the present invention is not limited to
this aspect. The control gate electrode 5A may have a single
layer structure of a polysilicon film or a silicide film. The
silicide film may be, for example, a tungsten silicide film
(WSi,), amolybdenum silicide film (MoSi,), a cobalt silicide
film (CoSi,), a titanium silicide film (TiSi,), or a nickel sili-
cide film (NiSi,).

[0067] The control gate electrode 5A functions as a word
line WL, and is shared by the memory cells arranged adjacent
to each other in the X-direction. Thus, the control gate elec-
trode 5A is provided not only on the floating gate electrode
3A but also on an isolation insulating film 6 in an isolation
region STI via the inter-gate insulating film 4A.

[0068] An upper end of the isolation insulating film 6 is
positioned lower than an upper end of the floating gate elec-
trode 3A (closer to the semiconductor substrate). Thus, side
surfaces of the floating gate electrode 3 A in the X-direction
(channel width direction) are covered with the control gate
electrode 5A via the inter-gate insulating film 4A. Thus, an
opposed surface between the floating gate electrode 3A and
the control gate electrode 5A is obtained on not only the top
surface but also the side surfaces of the floating gate electrode
3A. This improves the coupling ratio of the memory cell MC.
[0069] A diffusion layer 7 is provided in the semiconductor
substrate 1. The diffusion layer 7 functions as a source/drain
region of the memory cell MC. The diffusion layer 7 is shared
by the memory cells MC arranged adjacent to one another in
the Y-direction (channel length direction). Thus, the plurality
of memory cells MC are connected together in series.
[0070] Theselection transistors ST1 and ST2 are connected
to the first and second ends, respectively, of the group of the
plurality of memory cells MC(NAND string) connected
together in series.

[0071] The selection transistors ST1 and ST2 are formed in
the same step in which the memory cells MC are formed.
Thus, a gate structure of the selection transistors ST1 and ST2
is such that gate electrodes 3B and 5B are laminated via an
inter-gate insulating film 4B as is the case with the memory
cell MC. However, in the selection transistors ST1 and ST2,
the inter-gate insulating film 4B includes an opening P via
which the gate electrode 3B on a gate insulating film 2B is
connected to the gate electrode 5B on the inter-gate insulating
film 4B. The diftusion layers 7, 7D, and 7S function as source/
drain regions of the selection transistors ST1 and ST2 and are
shared by the memory cells MC arranged adjacent to the
respective selection transistors in the Y-direction. Thus, the
plurality of memory cells MC and the selection transistors
ST1 and ST2 are connected together in series in the Y-direc-
tion to make up one NAND cell unit.

[0072] In the NAND cell unit, the diffusion layer 7D of
selection transistor ST1, which is positioned on a drain side of
the NAND string, is connected to a bit line BL via a bit line
contact section BC buried in an interlayer insulating film 8.
The diffusion layer 7S of selection transistor ST2, which is
positioned on a source side of the NAND string, is connected
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to a source line (not shown in the drawings) via a source line
contact (not shown in the drawings) buried in the interlayer
insulating film 8.

[0073] FIG. 4 is an enlarged diagram of a region VI
enclosed by a dashed line in FIG. 3, more specifically show-
ing the structure of the tunnel insulating film 2A and the
inter-gate insulating film 4A. As shown in FIG. 4, in the first
embodiment of the present invention, the memory cell MC in
the flash memory is characterized in that the tunnel insulating
film (gate insulating film) 2A and the inter-gate insulating
film (multilayer insulator) 4A have respective multilayer
structures.

[0074] The tunnel insulating film 2A of the multilayer
structure according to the present embodiment has a three-
layer structure made up of, for example, a silicon oxide film
21, a high-dielectric film 22, and a silicon oxide film 23. The
film thickness of the silicon oxide film (first tunnel film) 21
and the silicon oxide film (second tunnel film) 23 is such that,
for example, carriers (electrons) perform direct tunneling
through the tunnel film. A film thickness of the first and
second tunnel film 21 and 23 is preferably at least 1 nm and at
most 2.5 nm. The high-dielectric insulating film (first high-
dielectric film) has, for example, an alumina film (Al,0;). A
film thickness of the high-dielectric insulating film is, for
example, at least 2 nm and at most 3 nm. The high-dielectric
insulating film is not limited to the Al,O, film and has only to
be aninsulating film with a greater dielectric constant than the
silicon oxide film. The high-dielectric insulating film may be,
for example, a hafnium oxide film (HfO,), a tantalum oxide
film (Ta,0;), or a lanthanum oxide film (La,0;), or a com-
pound film containing any of these high-dielectric materials.
An oxide film as the high-dielectric material may contain
silicon or nitrogen.

[0075] Now, with reference to FIGS. 5 and 6, description
will be given of the effects and operation of the gate insulating
film (tunnel insulating film) of the multilayer structure
according to the first embodiment of the present invention.
FIG. 5 schematically shows, as a reference example, an
energy band of a tunnel oxide film of a two-layer structure
made up of a silicon oxide film and a high-dielectric insulat-
ing film. FIG. 6 shows an energy band of a tunnel oxide film
of'a three-layer structure according to the embodiment of the
present invention. In the example described below, the mate-
rial of the high-dielectric insulating film is such that the
potential barrier height of the high-dielectric insulating film is
lower than that of the silicon oxide film, and is, for example,
an Al,O; film.

[0076] Intheexample ofthe tunnel insulating film shown in
FIG. 5, during a write operation, the semiconductor substrate
1 side is a carrier (electron) injection side. The floating gate
electrode 3A side is a carrier emission side. When a write
voltage is applied to a gate electrode of the memory cell, a
potential barrier of a silicon oxide film 21' located on the
carrier injection side increases, whereas a potential barrier of
a high-dielectric insulating film 22' located on the electron
emission side decreases. Thus, carriers (electrons) are
injected into the floating gate electrode 3A via the silicon
oxide film 21' and the high-dielectric insulating film 22' by
Fowler-Nordheim (FN) tunneling or direct tunneling.

[0077] During an erase operation, the semiconductor sub-
strate 1 side serves as a carrier (electron) emission side. The
floating gate electrode 3A side serves as a carrier injection
side. When an erase voltage is applied to the gate electrode, a
potential barrier of the high-dielectric insulating film 22
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located on the carrier injection side increases, whereas a
potential barrier of the silicon oxide film 21' located on the
electron emission side decreases. In the example shown in
FIG. 5, electrons stored in the floating gate electrode 3A pass
through the high-dielectric insulating film 22' and then the
silicon oxide film 21'. That is, in the reference example,
potential energy that is greater than that required for the write
operation is required for the erase operation to pass through
the thick potential barrier of the high-dielectric insulating
film 22', which is in direct contact with the floating gate
electrode 3A. Furthermore, tunnel probability decreases to
reduce tunnel current. As a result, the erase voltage of the
memory cell increases.

[0078] In contrast, the tunnel insulating film 2A according
to the present embodiment has the three-layer structure in
which the high-dielectric insulating film 22 is sandwiched
between the silicon oxide films (tunnel films) 21 and 23, as
shown in FIG. 6. The tunnel insulating film 2A according to
the present embodiment allows the high-dielectric insulating
film 22 to serve as a main barrier against the carriers (elec-
trons) storage in the floating gate electrode 3A. Thus, in spite
of the reduced thickness of the two silicon oxide films 21 and
23, possible leakage of the electrons can be prevented. Thus,
the film thickness of the silicon oxide films 21 and 23 can be
such that the electrons perform direct tunneling through the
silicon oxide film (for example, 1 to 2.5 nm). Moreover, the
presence of the silicon oxide films 21 and 23 allows the
high-dielectric insulating film 22 to be thinned, increasing the
tunnel current and the coupling ratio.

[0079] That is, in the present embodiment, when a high
electric field is applied to the tunnel insulating film 2 A during
the write operation on the memory cell, the direct tunneling
causes the electrons to pass through the silicon oxide films 21
and 23 and the high-dielectric insulating film 22 and to be
injected into the floating gate electrode 3A. Thus, compared
to the FN tunneling, which requires a high electric field, the
direct tunneling increases the tunnel probability and thus the
tunnel current flowing through the tunnel insulating film 2A.
As a result, the write voltage for the memory cell can be
reduced.

[0080] As shown in FIG. 6, during the erase operation on
the memory cell according to the present embodiment, the
electrons stored in the floating gate electrode 3 A pass through
the silicon oxide film 23 by direct tunneling. After the direct
tunneling, the electrons pass through the high-dielectric insu-
lating film 22 and the silicon oxide film 21 and are emitted
into the semiconductor substrate 1. Thus, since also during
erasure, the electrons are emitted by direct tunneling, the
erase operation on the flash memory can be performed at an
erase voltage lower than that in the example shown in FIG. 5.
[0081] Furthermore, when a low electric field is applied to
the tunnel insulating film 2A, for example, during the read
operation on the flash memory or boost-up of a channel
region, not only the two silicon oxide films 21 and 23 but also
the high-dielectric insulating film 22 serves as a potential
barrier to reduce leakage current flowing through the tunnel
insulating film 2A. As a result, the charge retention charac-
teristics of the memory cell can be improved.

[0082] Inthe first embodiment of the present invention, the
inter-gate insulating film (multilayer insulator) 4A of the
multilayer structure has a three-layer structure made up of;, for
example, a silicon oxide film 41, a high-dielectric insulating
film 42, and a silicon oxide film 43. In the present embodi-
ment, the order of lamination in the inter-gate insulating film
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4 A is such that for example, the configuration of the inter-gate
insulating film 4A is the same as that of the tunnel oxide film
2A. The film thickness of the silicon oxide film (first insulat-
ing film) 41 and silicon oxide film (second insulating film) 43
in the inter-gate insulating film 4A is, for example, at least 3
nm and at most 5 nm. The high-dielectric insulating film
(second high-dielectric insulating film) 42 is made up of, for
example, an Al,O; film. The film thickness of the high-di-
electric insulating film 42 is, for example, at least 4 nm and at
most 5 nm. The high-dielectric insulating film 42 is not lim-
ited to the AL, O; film. Like the high-dielectric insulating film
22, used in the gate insulating film 2A, the high-dielectric
insulating film may be made up of a high-dielectric material
such as HfO, or a compound film containing such a high-
dielectric material.

[0083] Now, with reference to FIG. 7, the effects and opera-
tion of the inter-gate insulating film (multilayer insulator) 4A
will be described. FIG. 7 shows an energy band of the inter-
gate insulating film 4A of the multilayer structure.

[0084] The film thickness of the silicon oxide films 41 and
43, used in the inter-gate insulating film 4A, is greater than
that of the silicon oxide films 21 and 23, used in the tunnel
insulating film 2A. As is the case with the tunnel insulating
film 2A, the high-dielectric insulating film 42 is interposed
between the two silicon oxide films 41 and 43. Thus, during
the write operation, the possible tunneling of the electrons in
the inter-gate insulating film 4A is inhibited. The electrons
accumulated in the floating gate electrode 3A can thus be
prevented from passing through the inter-gate insulating film
4A and being then emitted to the control gate electrode 5A.
Similarly, also during the erase operation, the possible tun-
neling of the electrons in the inter-gate insulating film 4A is
inhibited. The electrons can thus be prevented from passing
through the inter-gate insulating film 4A and being then
injected from the control gate electrode 5A into the floating
gate electrode 3A.

[0085] Thus, the inter-gate insulating film 4A has the mul-
tilayer structure including the silicon oxide films 41 and 43
and the high-dielectric insulating film 42. Thus, compared to
the use of an ONO film, this structure increases the dielectric
constant of the inter-gate insulating film 4A and reduces the
leakage current flowing through the inter-gate insulating film
4A. Consequently, the charge retention characteristics of the
memory cell can be improved.

[0086] Additionally, the tunnel insulating film 2A config-
ured as described above reduces the leakage current and driv-
ing voltage. The thus reduced voltage allows the inter-gate
insulating film 4A to be thinned. Thus, the use of the high-
dielectric insulating film 42 and the reduced thickness of the
inter-gate insulating film (multilayer insulator) 4A increase
the coupling ratio of the memory cell and thus increase the
electric field applied to the tunnel insulating film 2A. As a
result, the write voltage can be further reduced.

[0087] As described above, driving characteristics of the
memory cell can be improved by the gate insulating film 2A
and the inter-gate insulating film 4A both of the multilayer
structure.

[0088] Therefore, the first embodiment of the present
invention reduces the driving voltage of the memory cell and
the leakage current. Thus, the inter-gate insulating film (mul-
tilayer insulator) can be thinned, improving the coupling ratio
of the memory cell. The improved coupling ratio further
reduces the driving voltage of the memory cell.
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[0089] The configuration of the insulating films 21 to 23
and 41 to 43, making up the tunnel insulating film 2A and the
inter-gate insulating film 4 A, respectively, is not limited to the
above-described materials and film thicknesses. For example,
the film thickness and material of the high-dielectric insulat-
ing film 22 of the tunnel oxide film 2A may differ from those
of'the high-dielectric insulating film 42 of the inter-gate insu-
lating film 4A. For example, the coupling ratio of the memory
cell can be improved by forming the high-dielectric insulating
film 22 using an Al,O; film and forming the high-dielectric
insulating film 42 using an HfAIO, film, which offers a
greater dielectric constant than the Al,O; film. In this case,
the possible leakage current from the inter-gate insulating
film 4 A can further be reduced. This allows the film thickness
of'the silicon oxide films 41 and 43 of the inter-gate insulating
film 4A to be made the same as that of the silicon oxide film
21 and 23 of the tunnel insulating film 2 A. Thus, the inter-gate
insulating film 4A can be further thinned.

(b) Manufacturing Method.

[0090] Now, an example of a method of manufacturing a
nonvolatile semiconductor memory according to the first
embodiment of the present invention will be described with
reference to FIGS. 2to 4 and 8 to 13. FIGS. 8,10, and 12 show
a manufacturing step for a cross section of the semiconductor
memory taken along line II-II in FIG. 1, that is, along the
Y-direction (channel length direction). FIGS. 9, 11, and 13
show a manufacturing step for a cross section of the semicon-
ductor memory taken along line III-I11 in FIG. 1, that is, along
the X-direction (channel width direction).

[0091] As shown in FIGS. 8 and 9, the well region Well is
formed in the semiconductor substrate (for example, the sili-
con substrate) 1 by ion implantation. A gate insulating film 2
forthe memory cells and the selection transistors is formed on
the surface of the semiconductor substrate 1.

[0092] The gate insulating film 2 has, for example, a three-
layer structure in which the silicon oxide film 21, the high-
dielectric insulating film 22, and the silicon oxide film 23 are
sequentially formed as shown in FIG. 4. The silicon oxide
film 21 is formed on the surface of the semiconductor sub-
strate 1, for example, to a thickness of at least approximately
1 nm and at most approximately 2.5 nm using thermal oxi-
dation. As the high-dielectric insulating film 22, the Al,O;
film is formed on the silicon oxide film 21, for example, to a
thickness of at least approximately 2 nm and at most approxi-
mately 3 nm using the atomic layer deposition (ALD)
method. The silicon oxide film 23 is formed on the AL, O, film
22 to a thickness of at least approximately 1 nm and at most
approximately 2.5 nm using the chemical vapor deposition
(CVD) method.

[0093] Then, a polysilicon film 3 serving as floating gate
electrodes (charge storage layers) of the memory cells and the
gate electrodes of the selection transistors is formed on the
gate insulating film 2 of the multilayer structure by, for
example, the CVD method. Furthermore, a silicon nitride film
9 is formed on the polysilicon film 3. The silicon nitride film
9 serves as a mask layer for etching when a trench serving as
an isolation region is formed.

[0094] Then, the silicon nitride film 9 is patterned by a
photolithography technique so as to form an element region
of a predetermined size. Based on the pattern, the silicon
nitride film 9, the polysilicon layer 3, the gate insulating film
2, and the semiconductor substrate 1 are sequentially etched
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by, for example, the reactive ion etching (RIE) method. Thus,
a trench Z is formed in the semiconductor substrate 1.
[0095] Then, for example, a silicon oxide film is formed all
over the surface of the semiconductor substrate 1. The silicon
oxide film is then subjected to a flattening process by the
chemical mechanical polishing (CMP) method using the sili-
con nitride film 9 as a stopper. As shown in FIGS. 10 and 11,
the isolation insulating film 6 is formed in the trench Z to form
the element region, in which the memory cell is to be formed,
and the isolation region, which defines the element region.
[0096] The isolation insulating film 6 is etched by, for
example, the RIE method so that an upper end of the isolation
insulating film 6 is lower than an upper end of the polysilicon
film 3. Then, side surfaces of the polysilicon film 3 in the
X-direction (channel width direction) are exposed. Thereaf-
ter, the silicon nitride film is removed.

[0097] Asshown in FIGS. 12 and 13, an insulator 4 serving
as an inter-gate insulating film (multilayer insulator) is
formed on the polysilicon film 3 and the isolation insulating
film 6. Here, as shown in FIG. 4, the insulator 4 is formed by,
for example, sequentially laminating the silicon oxide film
41, the high-dielectric insulating film 42, and the silicon
oxide film 43. The silicon oxide film 41 is formed on the
polysilicon film 3 to a thickness of at least approximately 3
nm and at most approximately 5 nm using, for example, the
CVD method or the thermal oxidation. The high-dielectric
insulating film (for example, the Al, O, film) 42 is formed on
the silicon oxide film 41 to a thickness of at least approxi-
mately 4 nm and at most approximately 5 nm by, for example,
the ALD method. The silicon oxide film 43 is formed on the
Al O, film 42 to a thickness of at least approximately 3 nm
and at most approximately 5 nm using, for example, the CVD
method.

[0098] Then, in a planned selection transistor formation
region, a part of the insulator 4 is removed to form the opening
P in the insulator 4. A polycide film 5 serving as control gate
electrodes of memory cells and the gate electrodes of the
selection transistors is formed on the insulator 4. In this case,
in the planned selection transistor formation region, the open-
ing P is formed in the insulator 4, the polysilicon film 3 and
the polycide film 5 directly contact each other via the opening
P. The control gate electrode is not limited to the polycide film
but may be a single layer structure of a polysilicon film or a
silicide film.

[0099] The polycide film 5 is patterned by the photolithog-
raphy technique, and the polycide film 5, the insulator 4, and
the polysilicon film 3 are sequentially etched. As shown in
FIGS. 2 to 4, the following are formed on the gate insulating
films 2A and 2B: the floating gate electrodes 3A and control
gate electrodes 5A of the memory cells MC, the gate elec-
trodes 3B and 5B of the selection transistors ST1 and ST2,
and the inter-gate insulating films (multilayer insulators) 4A
and 4B of the memory cells MC and both the selection tran-
sistors ST1 and ST2, respectively.

[0100] Then, for example, a thin oxide film (not shown in
the drawings) is formed on side surfaces of the gate electrodes
by the thermal oxidation method. The diffusion layers 7, 7D,
and 78, serving as source/drain regions of the memory cells
MC and the selection transistors ST1 and ST2, are then
formed in the semiconductor substrate 1 through the formed
gate electrodes as a mask in a self-aligning manner.

[0101] The interlayer insulating film 8 is formed on the
semiconductor substrate 1 by the CVD method so as to cover
the gate electrodes of the memory cells MC and the selection
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transistors ST1 and ST2. The bit line contact BC and the
source line contact (not shown in the drawings) are then
buried in the interlayer insulating film 8 so as to be connected
to the diffusion layers 7D and 7S, respectively. The bit line BLL
and the source line (not shown in the drawings) are formed so
as to be connected to the bit line contact BC and the source
line contact, respectively. The above-described steps com-
plete the flash memory according to the present embodiment.
[0102] Asdescribed above, in the memory cell according to
the present embodiment, the gate insulating film 2A of the
multilayer structure and the inter-gate insulating film (multi-
layer insulator) 4A of the multilayer structure are formed.
[0103] Therefore, the method of manufacturing the non-
volatile semiconductor according to the first embodiment of
the present invention allows provision of a memory cell
which reduces the driving voltage and possible leakage cur-
rent, and which thus allows the inter-gate insulating film
(multilayer insulator) to be thinned to increase the coupling
ratio of the memory cell.

(2) Second Embodiment

[0104] A nonvolatile semiconductor memory according to
a second embodiment of the present invention will be
described with reference to FIG. 14. The nonvolatile semi-
conductor memory according to the present embodiment is a
flash memory as is the case with the first embodiment. Thus,
the basic configuration of the memory cell is similar to that
shown in FIGS. 1 to 3 and will not be described below. In FIG.
14, the same members as those in FIGS. 1 to 3 are denoted by
the same reference numerals and will not be described below
in detail.

[0105] FIG. 14 is an enlarged view of the gate insulating
film (tunnel insulating film) 2A and an inter-gate insulating
film (multilayer insulator) 4A’' in the memory cell according
to the second embodiment of the present invention.

[0106] In the example described in the first embodiment,
the inter-gate insulating film 4A has the three-layer structure
of'the silicon oxide film 41, the high-dielectric insulating film
42, and the silicon oxide film 43.

[0107] On the other hand, the second embodiment is char-
acterized in that an inter-gate insulating film 4A' is made up of
insulating films of a five-layer structure, for example, a sili-
con nitride film 44, the silicon oxide film 41, the high-dielec-
tric insulating film 42, the silicon oxide film 43, and a silicon
nitride film 45 and in that the silicon nitride film 44 is inter-
posed between the floating gate electrode 3A and the silicon
oxide film 41 and the silicon nitride film 45 is interposed
between the control gate electrode 5A and the silicon oxide
film 43. The insulating films 41, 42, and 43, sandwiched
between the two silicon nitride film 44 and 45, have the same
configuration as that of, for example, the gate insulating film
2A.

[0108] In the present embodiment, the silicon nitride film
44, which is in contact with the floating gate electrode 3A, is,
for example, at least 1 nm and at most 2 nm. The film thick-
ness of the silicon oxide films 41 and 43 is, for example, at
least 2 nm and at most 3 nm. The film thickness of the
high-dielectric insulating film (for example, the Al,O, film)
42 is at least 3 nm and at most 5 nm. The silicon nitride film
45, which is in contact with the control gate electrode 5A, is,
for example, approximately 2 nm. The dielectric constant of
the silicon nitride films 44 and 45 is greater than that of the
silicon oxide films 41 and 43 and smaller than that of the
high-dielectric insulating film 42.
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[0109] As described above, the inter-gate insulating film
4 A" additionally includes the silicon nitride films (third insu-
lating films) 44 and 45, and thus has the five-layer structure.
Consequently, compared to the first embodiment, the second
embodiment further reduces the possible leakage current
from the inter-gate insulating film 4A and improves the cou-
pling ratio of the memory cell.

[0110] Furthermore, in the memory cell MC according to
the first embodiment, for example, during the oxidation pro-
cess after processing of the gate electrode, an oxidant may
diffuse through the silicon oxide film 41 and 43, and at an end
of a gate electrode processing surface, form a wedge-shaped
oxide film (bird’s beak) at an interface between the floating
gate electrode 3 A and the inter-gate insulating film 4A or atan
interface between the control gate electrode 5A and the inter-
gate insulating film 4A. The bird’s beak may reduce the
coupling ratio of the memory cell.

[0111] However, according to the second embodiment, the
silicon nitride film 44 is interposed between the silicon oxide
film 41 and the floating gate electrode 3A. The silicon nitride
film 45 is interposed between the control gate electrode 5A
and the silicon oxide film 43. This prevents formation of a
bird’s beak at the interface between the floating gate electrode
3 A or control gate electrode 5A and the inter-gate insulating
film 4A' in the thermal oxidation after the processing of the
gate electrode. Thus, a possible decrease in the coupling ratio
of'the memory cell caused by the bird’s beak can be inhibited.
[0112] Therefore, the second embodiment of the present
invention reduces the driving voltage of the memory cell and
the possible leakage current in the memory cell and allows the
inter-gate insulating film (multilayer insulator) to be thinned.
The second embodiment improves the coupling ratio of the
memory cell.

[0113] In FIG. 14, the silicon nitride films 44 and 45 are
formed at the interface between the floating gate electrode 3A
and the inter-gate insulating film 4A' and at the interface
between the floating gate electrode 3A and the inter-gate
insulating film 4A', respectively. However, the silicon nitride
film may be formed exclusively at one of the interfaces; the
silicon nitride film may be formed exclusively at the interface
with the floating gate electrode 3 A or at the interface with the
control gate electrode 5A.

(b) Manufacturing Method

[0114] A method of manufacturing a flash memory accord-
ing to the second embodiment of the present invention will be
described with reference to FIG. 14. FIGS. 2 to 13 will be
referenced for the same steps as those in the first embodiment,
which will thus not be described below.

[0115] In steps similar to those shown in FIGS. 8 to 13 for
the first embodiment, the gate insulating film 2 of the multi-
layer structure, the polysilicon film 3, and the mask layer 9 are
sequentially formed on the semiconductor substrate 1 on
which the well region Well has been formed. Thereafter, the
trench Z is formed in the semiconductor substrate 1. The
isolation insulating film 6 is formed in the trench Z. The mask
layer 9 is removed, and then the insulator 4, serving as an
inter-gate insulating film, and the polycide film 5, serving as
a control gate electrode, are sequentially formed.

[0116] Inthe present embodiment, the insulator, serving as
an inter-gate insulating film, is formed to have a five-layer
structure as shown in FIG. 14. More specifically, for example,
the silicon nitride film 44 is formed on the polysilicon film 3A
to a thickness of at least approximately 1 nm and at most
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approximately 2 nm by the radical nitridization method.
Then, the silicon oxide film 41 is formed on the silicon nitride
film 44 to a thickness of approximately 2 to 3 nm using the
CVD method. On the silicon oxide film 41, for example, the
high-dielectric insulating film 42 made up of the Al,O; film is
formed to an approximate thickness of 3 to 5 nm by the ALD
method. Moreover, the silicon oxide film 43 is formed on the
high-dielectric insulating film 42 to an approximate thickness
of'2 to 3 nm by the CVD method. The silicon nitride film 45
is formed on the silicon oxide film 43 to a thickness of at least
approximately 1 nm and at most approximately 2 nm by the
radical nitridization method or the CVD method. Thus, the
insulator 4A', serving as an inter-gate insulating film of a
five-layer structure, is formed. The polycide film 5A, serving
as a control gate electrode, is formed on the insulator (inter-
gate insulating film) 4A". In FIG. 14, the silicon nitride films
44 and 45 are formed at the interface between the insulator
4A' and the gate electrode material 3A and at the interface
between the inter-gate insulating film 4A' and the gate elec-
trode material 5A, respectively. However, the silicon nitride
film 44, 45 may be formed exclusively at the interface with the
polysilicon film 3A or at the interface with the polysilicon
film SA.

[0117] In steps similar to those shown in FIGS. 2 and 3 for
the first embodiment, the gate electrodes of the memory cells
MC and the selection transistors ST1 and ST2 are formed by,
for example, the RIE method. If an oxide film (not shown in
the drawings) is formed on the side surfaces of the gate
electrodes formed, since the silicon nitride films 44 and 45 are
formed at the interface between the inter-gate insulating film
4 A' and the gate electrode 3A and at the interface between the
inter-gate insulating film 4A' and the gate electrode 5A,
respectively, the possible formation of a bird’s beak caused by
the diffusion of the oxidant at the interface can be inhibited.
Thus, the possible leakage current from the inter-gate insu-
lating film 4A' can be reduced. Additionally, the possible
decrease in the coupling ratio of the memory cell caused by
the bird’s beak can be inhibited. Thereafter, the interlayer
insulating film, the bit line contact BC, and the bit line BL are
sequentially formed. The above-described steps complete the
flash memory according to the present embodiment.

[0118] Asdescribed above, in the memory cell according to
the present embodiment, the tunneling insulating film 2A of
the multilayer structure and the inter-gate insulating film
(multilayer insulator) 4A' of the multilayer (five-layer) struc-
ture are formed.

[0119] Therefore, the method of manufacturing the non-
volatile semiconductor according to the second embodiment
of the present invention allows provision of a memory cell
which reduces the driving voltage and the possible leakage
current and which thus allows the inter-gate insulating film
(multilayer insulator) to be thinned to increase the coupling
ratio of the memory cell.

(3) Third Embodiment

[0120] Thedescription of the first and second embodiments
relates to the memory cell including the floating gate elec-
trode as a charge storage layer. However, the examples of the
present invention are applicable to MONOS memory cells in
which an insulating film containing a charge trap level is used
as a charge storage layer. In a third embodiment of the present
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invention, examples using MONOS memory cells will be
described with reference to FIGS. 15 to 29.

(3-1) First Example

(a) Structure

[0121] A structure of a flash memory according to a first
example of the third embodiment of the present invention will
be described with reference to FIGS. 15 to 17. FIG. 15 is a
sectional view of the flash memory taken along line II-1I
(Y-direction) in FIG. 1.

[0122] FIG. 16 is a sectional view of the flash memory
taken along line III-III (X-direction) in FIG. 1. The same
members as those described above are denoted by the same
reference numerals and will not be described below in detail.
[0123] The memory cell in which the floating gate elec-
trode is used as a charge storage layer is illustrated in the first
and second embodiments. In contrast, the memory cell MC
according to the present embodiment is of what is called a
MONOS type in which an insulating film with a high charge
trap density is used as a charge storage layer 3X as shown in
FIGS. 15 and 16.

[0124] As shown in FIG. 16, the charge storage layer 3X is
provided on the tunnel insulating film 2 A on the surface of the
element region. The charge storage layer 3X is, for example,
a silicon nitride film of approximate film thickness 5 nm.
[0125] The multilayer insulator 4A is provided on the
charge storage layer 3X. In the MONOS memory cell, the
multilayer insulator 4A prevents electrons trapped in the
charge storage layer 3X from leaking to the control gate
electrode 5A on the multilayer insulator 4A. In the third
embodiment, the multilayer insulators 4A and 4B are referred
to as the block insulating films 4A and 4B.

[0126] The selection transistors ST1 and ST2 are formed in
the same step as that in which the memory cells are formed as
is the case with the first and second embodiments. Thus, the
gate structure of the selection transistors ST1 and ST2 is such
that an insulating film 3Y formed simultaneously with the
charge storage layer 3X is interposed between the gate insu-
lating film 2B and the block insulating film 4B.

[0127] As shownin FIG. 16, the charge storage layer 3X is
not divided into pieces for the respective memory cells MC
arranged adjacent to each other in the X-direction. This is
because the charge storage layer 3X in the MONOS memory
cell has a high trap density as described above and can thus
hold changes for each memory cell without being divided in
the X-direction. In this case, a bottom surface of the block
insulating film 4A is in contact only with a top surface of the
charge storage layer 3A. The tunnel insulating film 2A is
provided on, for example, on the semiconductor substrate 1
and the isolation insulating film 6.

[0128] FIG. 17 is an enlarged view of a region XVII
enclosed by a dashed line in FIG. 16. The structure of the
tunnel insulating film 2 A and the block insulating film 4A will
be more specifically described with reference to FIG. 17.
[0129] The tunnel insulating film 2A has the multilayer
structure made up of, for example, the silicon oxide film 21,
the high-dielectric insulating film 22, and the silicon oxide
film 23. Here, the film thickness of the silicon oxide films 21
and 23 is such that electrons perform direct tunneling through
the silicon oxide film, for example, at least approximately 1
nm and at most approximately 2.5 nm. Furthermore, for
example, an Al,Oj; is used as the high-dielectric insulating
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film 22 and has a film thickness of at least approximately 2 nm
and at most approximately 3 nm.

[0130] In the third embodiment, as is the case with the first
embodiment, when a high electric field is applied to the tunnel
insulating film 2A during the write operation, electrons per-
form direct tunneling through the silicon oxide film 21. This
increases the tunnel current flowing through the tunnel insu-
lating film 2A. As a result, the write voltage of the memory
cell can be reduced. During the erase operation, the electrons
perform direct tunneling through the silicon oxide film 23,
increasing the tunnel current. Thus, the erase voltage of the
memory cell can be reduced. Furthermore, when a low elec-
tric field is applied to the tunnel insulating film 2A, for
example, during the read operation, the silicon oxide film 21,
the high-dielectric insulating film 22, and the silicon oxide
film 23 serve as a potential barrier to reduce the leakage
current flowing through the tunnel insulating film 2A. As a
result, the charge retention characteristics of the memory cell
can be improved.

[0131] The block insulating film 4A has the multilayer
structure made up of the silicon oxide film 41, the high-
dielectric insulating film 42, and the silicon oxide film 43. The
film thickness of the two silicon oxide films 41 and 43 is, for
example, at least approximately 3 nm and at most approxi-
mately 5 nm. An Al,O; film of film thickness at least approxi-
mately 4 nm and at most approximately 5 nm is used as the
high-dielectric insulating film 42. Thus, as is the case with the
first embodiment, compared to the ONO film, the Al,O; film
reduces in the leakage current flowing through the block
insulating film 4A. Consequently, the charge retention char-
acteristics of the memory cell can be improved. Furthermore,
since in the MONOS memory cell, the charge storage layer is
an insulating film, an increase in the film thickness of the
charge storage layers 3X and 3Y is not preferable for stabi-
lizing the operation of the memory cells MC and the selection
transistors ST1 and ST2. This prevents provision of the
appropriate film thickness of the charge storage layer 3X.
Then, the block insulating film 4A and the control gate elec-
trode 5A are not formed on the side surface of the charge
storage layer 3X in the X-direction. This in turn prevents the
opposed area between the charge storage layer 3X and the
control gate electrode 5A from being increased to improve the
coupling ratio. Thus, in the structure in which only the top
surface of the charge storage layer 3X is in contact with the
block insulating film 4A, the high-dielectric insulating film
42 is effectively used to improved the coupling ratio as in the
case of the present embodiment.

[0132] Additionally, when the tunnel insulating film 2A is
configured as described above to reduce the write voltage to
be reduced, the block insulating film 4A can be thinned. This
increases the electric field applied to the tunnel insulating film
2 A via the charge storage layer 3X, further reducing the write
voltage.

[0133] Moreover, the MONOS memory cell performs
charge retention contributing to the trap level in the insulating
layer 3X; the MONOS memory cell offers improved charge
retention characteristics compared to the memory cell in
which the floating gate electrode is used as a charge storage
layer.

[0134] Consequently, the first example of the third embodi-
ment of the present invention reduces in the driving voltage of
the memory cell and in the possible leakage current from the
memory cell using the tunnel insulating film (gate insulating
film) 2A of the multilayer structure and the block insulating
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film (multilayer insulator) 4 A of the multilayer structure. This
in turn allows the block insulating film (multilayer insulator)
to be thinned, improving the coupling ratio of the memory
cell. The improved coupling ratio of the memory cell further
reduces the driving voltage.

[0135] The block insulating film 4A illustrated in the
present embodiment is not limited to the three-layer structure
and may have a five-layer structure as is the case with the
second embodiment. Furthermore, the high-dielectric insu-
lating films 22 and 42 illustrated in the present embodiment
are not limited to the Al,O, film and may be made of another
high-dielectric material (for example, HfO,).

(b) Manufacturing Method

[0136] Now, a method of manufacturing a nonvolatile
semiconductor memory according to the first example of the
third embodiment of the present invention will be described
with reference to FIGS. 15 to 21. FIGS. 18 and 20 show a
manufacturing step for a cross section of the semiconductor
memory taken along the Y-direction. FIGS. 19 and 21 show a
manufacturing step for a cross section of the semiconductor
memory taken along the X-direction.

[0137] As shown in FIGS. 18 and 19, the well region Well
is formed in the semiconductor substrate 1 by ion implanta-
tion. A mask layer (for example, a silicon nitride film) 9A is
then formed on the semiconductor substrate 1. The mask
layer 9A serves as a mask used to form, by etching, a trench
serving as an isolation region. The mask layer 9A is then
patterned by the photolithography technique. Based on the
pattern, the mask layer 9A and the semiconductor substrate 1
are sequentially etched by, for example, the RIE method.
Thus, the trench Z, used to form the isolation region, is
formed in the semiconductor substrate 1.

[0138] A silicon oxide film is formed in the trench portion
Z and then subjected to the flattening process by the CMP
method using the mask layer 9A as a stopper. The silicon
oxide film is then etched by the RIE method so that as shown
in FIGS. 20 and 21, an upper end of the isolation insulating
film 6 is almost positionally aligned with an upper end of the
semiconductor substrate 1. The mask layer is thereafter
removed.

[0139] The gate insulating film 2, which serves as a tunnel
insulating film of a memory cell, is formed on the semicon-
ductor substrate 1 and the isolation insulating film 6. In the
third embodiment of the present invention, the gate insulating
film 2 has a multilayer structure. For example, as shown in
FIG. 17, the silicon oxide film 21 is formed on the semicon-
ductor substrate 1, and the Al, O, film 22 and the silicon oxide
film 23 are sequentially formed on the semiconductor sub-
strate 1 and the isolation insulating film 6. The silicon oxide
film 21 is formed using, for example, thermal oxidation so
that the film thickness of the silicon oxide film 21 is such that
carriers (electrons) perform direct tunneling through the sili-
con oxide film, for example, at least approximately 1 nm and
atmost approximately 2.5 nm. The Al,O; film 23 is formed to
a film thickness of at least approximately 2 nm and at most
approximately 3 nm by, for example, the ALD method. The
silicon oxide film 23 is formed using, for example, the CVD
method so that the film thickness of the silicon oxide film 23
is such that electrons perform direct tunneling through the
silicon oxide film, for example, at least approximately 1 nm
and at most approximately 2.5 nm. Alternatively, the silicon
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oxide film 21 may be formed on the semiconductor substrate
1 and the isolation insulating film 6 using, for example, the
CVD method.

[0140] An insulating film 37 having a high charge trap
density and serving as a charge storage layer is formed on the
gate insulating film 2 by the CVD method. The insulating film
3Zisasilicon nitride film of approximate film thickness 5 nm.
The insulator 4, serving as a block insulating film, is formed
on the insulating film 3Z. For example, as shown in FIG. 17,
the insulator 4 has a three-layer structure; the silicon oxide
film 41, the Al1,0, (high-dielectric insulating film) 42, and the
silicon oxide film 43 are sequentially formed in the insulator
4. The silicon oxide film 41 is formed to a film thickness of at
least 3 nm and at most 5 nm, by, for example, the CVD
method. The Al, O, film 42 is formed to a film thickness of at
least approximately 4 nm and at most approximately 5 nm by,
for example, the ALD method. The silicon oxide film 43 is
formed to a film thickness of at least approximately 3 nm and
at most approximately 5 nm using, for example, the CVD
method. Then, the polycide film 5, serving as a control gate
electrode, is formed on the insulator 4 by the CVD method.

[0141] As is the case with the first embodiment, the poly-
cide film 5, the multilayer insulator 4, and the insulating layer
3 are sequentially etched by the RIE method. As shown in
FIGS. 15 and 16, the gate electrodes of the memory cells MC
and the selection transistors ST1 and ST2 are formed on the
gate insulating films 2A and 2B, respectively. The diffusion
layer 7, serving as a source/drain region, is then formed by, for
example, ion implantation through the formed gate electrode
as a mask. Thereafter, the interlayer insulating film 8 is
formed on the semiconductor substrate 1, and the bit line
contact BC and the bit line BL are sequentially formed. The
above-described steps complete the flash memory according
to the present embodiment.

[0142] The present embodiment uses the insulating film
(silicon nitride film) with the high trap density as a charge
storage layer. This eliminates the need for a step of separating
the charge storage layer in the X-direction as is the case with
the use of a floating gate electrode (polysilicon film) as the
charge storage layer. Thus, the method of manufacturing the
flash memory using the MONOS structure includes the sim-
plified steps compared to the method of manufacturing the
flash memory using the floating gate electrode. Furthermore,
the multilayer insulator 4, serving as a block insulating film,
is not limited to the three-layer structure and may have a
five-layer structure as is the case with the second embodiment
of the present invention.

[0143] As described above, in the MONOS memory cell
according to the present embodiment, the tunnel insulating
film 2A of the multilayer structure and the block insulating
film (multilayer insulator) of the multilayer structure are
formed.

[0144] Therefore, with the method of manufacturing the
nonvolatile semiconductor memory according to the first
example of the third embodiment of the present invention, a
memory cell can be provided which reduces the driving volt-
age and the possible leakage current and which thus allows
the block insulating film (multilayer insulator) to be thinned,
improving the coupling ratio of the memory cell.

(3-2) Second Example

(a) Structure
[0145] A structure of a flash memory according to a second
example of the present embodiment will be described with
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reference to FIGS. 22 and 23. FIG. 22 shows a sectional view
of'the memory cell MC in the second example of the present
embodiment taken along the X-direction (channel width
direction). FIG. 23 shows an enlarged view of a region XXIII
enclosed by a dashed line in FIG. 22. In the present example,
the sectional structure of the memory cell MC along the
Y-direction (channel length direction) is the same as that in
FIG. 15 for the first example and will thus not described
below.

[0146] In the first example, as shown in FIG. 16, the struc-
ture of the memory MC in the X-direction (channel width
direction) is such that the upper end of the isolation insulating
film 6 is almost positionally aligned with the upper end of the
semiconductor substrate 1 and such that the charge storage
layer 3X is not divided into pieces for the memory cells
arranged adjacent to one another in the X-direction and the
charge storage later 37 extends along the X-direction.
[0147] However, the present invention is not limited to this
aspect. For example, as shown in FIG. 22, the upper end of the
isolation insulating film 6 may be almost positionally aligned
with the upper end of the charge storage layer 3X, which may
be divided into pieces for the respective memory cells. In this
case, a bottom surface of the block insulating film 4A is in
contact with a top surface of the charge storage layer 3X and
a top surface of the isolation insulating film 6. The entire side
surfaces of the charge storage layer 3X are in contact with the
isolation insulating film 6.

[0148] As shown in FIG. 23, as is the case with the first
example, the tunnel insulating film (gate insulating film) 2A
and block insulating film (multilayer insulator) 4A in the
present example have respective multilayer structures.
[0149] Thus, the present example exerts effects similar to
those of the first example; the present example reduces the
driving voltage and the possible leakage current, allows the
block insulating film (multilayer insulator) to be thinned, and
improves the coupling ratio of the memory cell.

[0150] In the structure shown in FIGS. 22 and 23, a poly-
silicon film may beused as the insulating layer (silicon nitride
film) serving as the charge storage layer 3X. Furthermore, as
is the case with the first and second embodiments, the struc-
ture is also applicable to memory cells using floating gate
electrodes. In the structure, side surfaces of the floating gate
electrode in the X-direction are not covered with the multi-
layer insulator 4A or the control gate electrode SA. This
eliminates the need to ensure a long distance between the
adjacent memory cells in order to allow the multilayer insu-
lator 4A and the control gate electrode SA to be formed on the
side surfaces of the floating gate electrode 3A. The size of the
isolation region can thus be reduced. Consequently, the ele-
ment region (memory cell) and the isolation region can be
miniaturized to increase the storage capacity of the flash
memory.

(b) Manufacturing Method

[0151] Now, a method of manufacturing a flash memory
according to the second example of the third embodiment of
the present invention will be described with reference to
FIGS. 15 and 22 to 25.

[0152] As shown in FIGS. 24 and 25, the following are
sequentially formed on the surface of the semiconductor sub-
strate 1 on which the well region Well has been formed: the
gate insulating film 2 of the multilayer structure, serving as a
tunnel insulating film of a memory cell, the insulating layer
37, serving as a charge storage layer of a memory cell, and a
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mask layer 9B. Then, the mask layer 9B is patterned by the
photolithography technique. Based on the pattern formed, the
mask layer 9B, the insulating layer 3Z, the insulating film 2,
and the semiconductor substrate 1 are sequentially etched to
form the trench Z in the semiconductor substrate 1.

[0153] Asshown in FIG. 22, the isolation insulating film 6,
made up of a silicon oxide film, is formed in the trench Z by,
for example, the CMP and RIE methods so that an upper end
of'the insulating layer 37 almost aligns with the upper end of
the isolation insulating film 6.

[0154] The mask layer on the charge storage layer is
removed. Then, as shown in FIGS. 15 and 22, the multilayer
insulator 4A, serving as a block insulating film of a multilayer
structure, is formed on the insulating layer 3X and the isola-
tion insulating film 6. Moreover, the polycide film 5A, serv-
ing as a control gate electrode, is formed on the block insu-
lating film 4A. Steps similar to those in the first example are
then carried out to form the gate electrodes of the memory
cells and the selection transistors and to form the diffusion
layers, serving as a source/drain region, in the semiconductor
substrate 1. The interlayer insulating film 8, the bit line con-
tact BC, and the bit line BL are then sequentially formed. The
above-described steps complete the flash memory in the
present example.

[0155] Asdescribed above, also in the present example, the
MONOS structure memory cell is formed which includes the
tunnel insulating film 2A of the multilayer structure and the
block insulating film (multilayer insulator) 4A of the multi-
layer structure.

[0156] Therefore, also with the method of manufacturing
the nonvolatile semiconductor memory according to the sec-
ond example of the present embodiment, a memory cell can
be provided which reduces in the driving voltage, possible
leakage current and in the thickness of the block insulating
film (multilayer insulator), and which improves the coupling
ratio of the memory cell.

(3-3) Third Example

(a) Structure

[0157] A structure of a flash memory according to a third
example of the present embodiment will be described with
reference to FIGS. 26 and 27. FIG. 26 shows a sectional view
of the memory cell MC in the third example of the present
embodiment taken along the X-direction (channel width
direction). FIG. 27 shows an enlarged view of aregion XX VII
enclosed by a dashed line in FIG. 26. Also in the present
example, the sectional structure of the memory cell MC along
the Y-direction (channel length direction) is the same as that
in FIG. 15 for the first example and will thus not described
below.

[0158] In the memory cell shown in FIG. 26, the control
gate electrode 5A is composed of a lower control gate elec-
trode 51 that is in contact with the block insulating film 4A
and an upper control gate electrode 52 provided on the lower
control gate electrode 51 and the isolation insulating film 6. In
this structure, the isolation insulating film 6 is in direct con-
tact with the lower and upper control gate electrodes 51 and
52. Specifically, side surfaces of the lower control gate elec-
trode 51 in the X-direction are in contact with side surfaces of
the isolation insulating film 6. A bottom surface of the upper
control gate electrode 52 is in contact with a top surface of the
isolation insulating film 6.
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[0159] The lower control gate electrode 51 is composed of,
for example, a polysilicon film. The upper control gate elec-
trode 52 is composed of, for example, a silicide film or a metal
film such as tungsten or aluminum. The lower and upper
control gate electrode 51 and 52 may be composed of the
same material, for example, a polysilicon film or a silicide
film.

[0160] As shown in FIG. 27, as is the case with the first and
second example, the tunnel insulating film (gate insulating
film) 2A and block insulating film (multilayer insulator) 4A
in the present example have the respective multilayer struc-
tures.

[0161] Thus, the present example exerts effects similar to
those of the first and second examples; the present example
reduces the driving voltage of the memory cell and the pos-
sible leakage current in the memory cell, allows the block
insulating film (multilayer insulator) to be thinned, and
improves the coupling ratio of the memory cell.

[0162] The structure shown in FIGS. 26 and 27 may be
applied to memory cells using floating gate electrodes as is
the case with the first and second embodiments by using a
polysilicon film instead of the insulating layer (silicon nitride
film) serving as the charge storage layer 3X.

(b) Manufacturing Method

[0163] Now, a method of manufacturing a flash memory
according to the third example of the present embodiment
will be described with reference to FIGS. 15 and 26 to 29.
[0164] As shown in FIGS. 28 and 29, the following are
sequentially formed, by, for example, the CVD method, on
the surface of the semiconductor substrate 1 on which the well
region Well has been formed: the gate insulating film 2 of the
multilayer structure, serving as a tunnel insulating film of a
memory cell, the insulating layer 3Z, serving as a charge
storage layer of a memory cell, the multilayer insulator 4,
serving as a block insulating film of a memory cell, the
conductive layer (for example, a polysilicon film) 51, serving
as alower control gate electrode of amemory cell, and a mask
layer 9C (for example, a silicon nitride film). Then, the mask
layer 9C is patterned by the photolithography technique.
Based on the pattern formed, etching is carried out on the
mask layer 9C, the conductive layer 51, the multilayer insu-
lator 4, the insulating layer 3Z, the gate insulating film 2, and
the semiconductor substrate 1 to form the trench Z in the
semiconductor substrate 1.

[0165] As is the case with the first and second examples, an
isolation insulating film (for example, a silicon oxide film) is
formed in the trench Z using the CVD and CMP methods. The
mask layer 9C is then removed. Then, the isolation insulating
film 6 is etched so that for example, as shown in FIGS. 15 and
26, the upper end of the isolation insulating film 6 is almost
positionally aligned with an upper end of the conductive layer
51. A conductive layer (for example, a silicide layer or a metal
film) 52 serving as an upper control gate electrode is formed
on the conductive layer 51 and the isolation insulating film 6.
The gate electrodes of the memory cells MC and the selection
transistors ST1 and ST2 are then formed, and the diffusion
layers 7, 7D, and 78S, serving as a source/drain region, are
formed. Moreover, the interlayer insulating film 8, the bit line
contact BC, and the bit line BL are sequentially formed to
complete the flash memory in the present example.

[0166] The isolation insulating film 6 may be etched such
that the upper end of the isolation insulating film 6 is posi-
tioned lower than that of an upper end of the lower control
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gate electrode 51. In this case, formation of the upper control
gate electrode 52 allows exposed side surfaces of the lower
control gate electrode 51 to be covered with the upper control
gate electrode 52. This ensures a large contact area between
the lower control gate electrode 51 and the upper control gate
electrode 52 to inhibit possible parasitic resistance between
the lower and upper control gate electrodes 51 and 52. How-
ever, the etching of the isolation insulating film 6 may be
avoided so that the upper end of the isolation insulating film
6 remains higher than the upper end of the lower control gate
electrode 51.

[0167] As described above, also in the MONOS structure
memory cell in the present example, the tunnel insulating film
2A of the multilayer structure and the block insulating film
(multilayer insulator) 4A of the multilayer structure are
formed.

[0168] Therefore, also with the method of manufacturing
the nonvolatile semiconductor memory according to the third
example of the present embodiment, a memory cell can be
provided which reduces the driving voltage, possible leakage
current and thickness of the block insulating film (multilayer
insulator), and which improves the coupling ratio of the
memory cell.

(4) Applied Example

[0169] In the description of the first to third embodiments,
the memory cells and the selection transistors are provided in
the memory cell array. If the memory cell array including the
memory cells and the selection transistors as described in the
firstto third embodiments is applied to one memory chip, then
for example, as shown in FIG. 30, a row decoder circuit 110,
a sense amplifier circuit 120, and a control circuit 130 are
provided around the periphery of a memory cell array 100.

[0170] The row decoder circuit 110 includes a plurality of
high-breakdown-voltage transistors HV'Tr to control opera-
tion of the word lines and to transfer high potentials to the
word lines. The sense amplifier circuit 120 temporarily holds
data and contains a plurality of low-breakdown-voltage tran-
sistors LVTr. The control circuit 130 controls operation of the
whole memory chip and contains low-breakdown-voltage
transistors LVTr and high-breakdown-voltage transistors
HVTr.

[0171] Circuits like the row decoder circuit 110, the sense
amplifier circuit 120, and the control circuit 130 are called
peripheral circuits; the circuits are formed on the same chip as
that on which the memory cell array is formed. The low- and
high-breakdown-voltage transistors LV Tr and HVTt, pro-
vided in the peripheral circuits, are called peripheral transis-
tors.

[0172] The peripheral transistors are formed on the same
chip as that on which the memory cell array is formed so that
some of the steps of forming the memory cells are also used
to form the peripheral transistors in order to reduce the steps
of manufacturing the memory chip.

(4-1) First Applied Example

[0173] The applied examples of the embodiments of the
present invention will be described with reference to FIGS. 31
to 35 in connection with the structure of the memory cell as
well as the structure and manufacturing method of the periph-
eral transistors HVTr and LV'Tr.
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[0174] Members in the applied examples which are com-
mon to the first to third embodiments are denoted by the same
reference numerals. Details of these members will be
described as required.

(a) Structure

[0175] The structure of a nonvolatile semiconductor
memory in a first applied example will be described with
reference to FIG. 31.

[0176] FIG. 31 shows the internal structure of the memory
cell array 100 and the structure of the high-breakdown-volt-
age transistor LVTr and high-breakdown-voltage transistor
HVTr provided in a peripheral circuit region 200. FIG. 31
shows a cross section of the low- and high-breakdown-volt-
age transistors LVTr and HVTr taken along the Y-direction.
Here, the Y-direction corresponds to the channel length direc-
tion of an MIS transistor. In FIG. 31, contact plugs and inter-
connection layers connected to the low- and high-breakdown-
voltage transistors LVTr and HVTr are not illustrated.
[0177] In the present example, the gate insulating film 2A
of each of the selection transistors ST1 and ST2 has the same
structure as that of the tunnel insulating film 2A of the
memory cell MC shown in FIG. 4. The gate insulating film 2A
has, for example, a three-layer structure composed of the
silicon oxide film 21, the high-dielectric insulating film 22,
and the silicon oxide film 23.

[0178] The low-breakdown-voltage transistors LVTr and
the high-breakdown-voltage transistor HVTr are provided in
the peripheral circuit region 200. The low- and high-break-
down-voltage transistors LVTr and HVTr are Metal-Insula-
tor-Semiconductor (MIS) transistors.

[0179] A gate structure of the low- and high-breakdown-
voltage transistors LVTr and HVTr is such that the upper gate
electrode 5B is laminated on the lower gate electrode 3B via
the inter-gate insulating film 4B. The upper gate electrode 5B
is electrically connected to the lower gate electrode 3B via the
opening P, formed in the inter-gate insulating film 4B. In the
present example, the lower gate electrode 3B is formed simul-
taneously with the formation of the floating gate electrode
3A. The upper gate electrode 5B is formed simultaneously
with formation of the control gate electrode SA.

[0180] The gate electrodes 3B and 5B of the low-break-
down-voltage transistor LVTr are provided on the gate insu-
lating film 2 A, formed on the semiconductor substrate 1. Like
the gate insulating film 2A of each of the selection transistors
ST1 and ST2, the gate insulating film 2A of the low-break-
down-voltage transistor LV Tr has the same structure as that of
the tunnel insulating film 2A.

[0181] On the other hand, a gate insulating film 2H of the
high-breakdown-voltage transistor HV'r is composed of a
lower gate insulating film 2C formed on the semiconductor
substrate 1 and the upper gate insulating film 2A, laminated
on the insulating film 2C. The lower gate insulating film 2C is
made up of, for example, a silicon oxide film and is 35 to 50
nm in film thickness. The structure of the upper gate insulat-
ing film 2A is similar to that of the tunnel insulating film 2A.
[0182] Here, the selection transistors ST1 and ST2 and the
low-breakdown-voltage transistor LV Tr are driven by apply-
ing an approximate voltage 1.5 to 3.5V to the gate electrodes
3B and 5B of the transistors. That is, unlike in the case of the
gate electrode of the memory cell MC, no high potential is
supplied to the gate electrodes 3B and 5B. Thus, even though
the gate insulating films of the selection transistors ST1 and
ST2 and the low-breakdown-voltage transistor LV Tr have the
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same structure as that of the tunnel insulating film of the
memory cell, tunneling of electrons from the semiconductor
substrate 1 to the gate electrodes 3A and 5A is avoided in the
selection transistors ST1 and ST2 and the low-breakdown-
voltage transistor LVTr.

[0183] On the other hand, a high potential of for example,
approximately 15 to 25V is applied to gate electrodes 3B and
5B of the high-breakdown-voltage transistor. However, the
lower gate insulating film 2C formed on the semiconductor
substrate 1 avoids the tunneling of electrons in the gate elec-
trode 3B, 5B.

[0184] Thus, the use of the structure of the memory cell
according to the embodiments of the present invention allows
the memory cell and the peripheral transistors to be formed on
the same chip.

[0185] Therefore, the case in which the present invention is
applied to the memory chip including the peripheral transis-
tors exerts effects similar to those of the case in which the
present invention is applied to the memory cell according to
the embodiments.

(b) Manufacturing Method

[0186] A method of manufacturing a nonvolatile semicon-
ductor memory according to the first applied example will be
described with reference to FIGS. 32 to 35. Here, in the
peripheral circuit region 200, a region in which the low-
breakdown-voltage transistor is formed is referred to as a
low-breakdown-voltage transistor formation region LVTr. A
region in which the high-breakdown-voltage transistor is
formed is referred to as a high-breakdown-voltage transistor
formation region HVTr.

[0187] A well region Well is formed in the semiconductor
substrate 1 by ion implantation.

[0188] Then, as shown in FIG. 32, a mask layer 10 is
formed in the memory cell array 100 and low-breakdown-
voltage transistor formation region LV Tr on the semiconduc-
tor substrate 1. The semiconductor substrate 1 is then etched
in the high-breakdown-voltage transistor formation region
HVTr using an etching technique, for example, the RIE
method or wet etching. At this time, the depth by which the
semiconductor substrate is etched is adjusted such that a top
surface of the gate insulating film of each of the memory cell
and the low-breakdown-voltage transistor, formed in the sub-
sequent step, is located at almost the same height of a top
surface of the gate insulating film of the high-breakdown-
voltage transistor.

[0189] As shown in FIG. 33, the mask layer 10 on the
semiconductor substrate 1 is removed from the memory cell
array 100 and the low-breakdown-voltage transistor forma-
tion region LVTr. The lower gate insulating film 2C, making
up a part of the gate insulating film of the high-breakdown-
voltage transistor, is formed on the semiconductor substrate 1
by, for example, the thermal oxidation method.

[0190] As shown in FIG. 34, a mask layer 11 is formed on
the semiconductor substrate 1 in the high-breakdown-voltage
transistor formation region HVTr. The insulating film on the
semiconductor substrate 1 is then etched in the memory cell
array 100 and the low-breakdown-voltage transistor forma-
tion region LVTr using the etching technique, for example,
the RIE method or wet etching.

[0191] Then, the mask layer 11 is removed, and then as
shown in FIG. 35, the insulating film 2A in the three-layer
structure is formed, for example, as in the case of the step
shown in FIG. 4. The insulating film 2A is sequentially
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formed so as to have, for example, a laminate structure of a
silicon oxide film, a high-dielectric insulating film, and a
silicon oxide film. More specifically, the insulating film 2A is
formed as follows. The lower silicon oxide 21 film is formed
on a surface of the insulating film 2C on the semiconductor
substrate 1 to a film thickness of at least approximately 1 nm
and at most approximately 2.5 nm using, for example, ther-
mal oxidation. For example, Al,O; film is formed on the
silicon oxide film 21 to a film thickness of at least approxi-
mately 2 nm and at most approximately 3 nm using the ALD
method. The upper silicon oxide film is formed on the Al,O,
film 22 to a film thickness of at least approximately 1 nm and
at most approximately 2.5 nm using, for example, the CVD
method. At this time, the silicon oxide film is formed such that
a top surface of the tunnel insulating film 2A of the memory
cell is almost aligned with the top surface of the gate insulat-
ing film 2A of the low-breakdown-voltage transistor and the
top surface of the upper gate insulating film 2A of the high-
breakdown-voltage transistor.

[0192] If the lower gate insulating film 2C and the lower-
most silicon oxide film 21 making up the tunneling insulating
film 2A are formed using the thermal oxidation method, an
interface between the lower gate insulating film 2C and the
silicon oxide film 21 on the lower gate insulating film 2C may
fail to be clearly observed using a scanning electro micro-
scope (SEM) or a transmission electron microscope (TEM).
That is, the structure is observed in which the high-dielectric
insulating film and the silicon oxide film are sequentially
laminated on the lower gate insulating film 2C, containing the
lowermost silicon oxide film 21. Of course, the thus config-
ured gate insulating film also applies to the present example.
[0193] After the step shown in FIG. 35, steps similar to
those shown in FIGS. 8 to 13 are used to sequentially form a
gate electrode, a source/drain diffusion layer, and the like.
[0194] The above-described steps complete a nonvolatile
semiconductor device illustrated in the first applied example
of the present embodiment.

[0195] Thus, with the nonvolatile semiconductor memory
according to the present applied example, the case in which
the present invention is applied to the memory chip including
the peripheral transistors exerts effects similar to those of the
case in which the present invention is applied to the memory
cell according to the embodiments.

(4-2) Second Applied Example

[0196] A second applied example of the present embodi-
ment will be described below with reference to FIGS. 36 to
40. The same members as those in the above-described first
example are denoted by the same reference numerals. Details
of these members will be described as required.

(a) Structure

[0197] A structure of a nonvolatile semiconductor memory
according to the second applied example will be described
with reference to FIG. 36.

[0198] The present example differs from the first applied
example in that the structure of a gate insulating film 2[. of the
low-breakdown-voltage transistor LV Tr is different from that
of the tunnel insulating film 2A of the memory cell.

[0199] A silicon oxide film of for example, thickness 5 to
10 nm is used as the gate insulating film 2L of the low-
breakdown-voltage transistor LVTr.
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[0200] Inthe present example, the tunnel insulating film 2A
is not laminated on a gate insulating film 2H' of the high-
breakdown-voltage transistor HVTr. Gate electrodes 30B and
5B are formed on the gate insulating film 2H' of a single layer
structure. The gate insulating film 2H' is made up of, for
example, a silicon oxide film and is 35 to 50 nm in film
thickness. Here, the single layer structure refers to the struc-
ture in which the tunnel insulating film 2A is not laminated on
the gate insulating film 2H'. Examples of the gate insulating
film 2H' of the single layer structure include the gate insulat-
ing film 2H' composed of a silicon oxide film and the surface
of' which is formed into a silicon oxynitride film by nitridiza-
tion and the gate insulating film 2H' composed of the silicon
oxide film formed through at least two steps.

[0201] Inthepresentexample, the lower gate electrode 30B
of'each ofthe peripheral transistors LV Tr and HVTr is formed
in a step different from the one in which the floating gate
electrode 3 A is formed.

[0202] Thus, when the structure and material of the gate
insulating film 2L of the low-breakdown-voltage transistor
LVTr are different from those of the tunnel insulating film of
the memory cell, the gate insulating film 2L. can be formed
independently so as to meet characteristics required for the
low-breakdown-voltage transistor.

[0203] As a result, according to the present applied
example, the case in which the present invention is applied to
the memory chip including the peripheral transistors exerts
effects similar to those of the case in which the present inven-
tion is applied to the memory cell according to the embodi-
ments. Additionally, the degree of freedom for device design
can be improved.

(b) Manufacturing Method

[0204] Now, a method of manufacturing a nonvolatile
semiconductor memory according to the second applied
example will be described.

[0205] Asshown in FIG. 37, as is the case with FIGS. 32 to
34, a well region Well is formed in the semiconductor sub-
strate 1. Then, a mask material is formed in the memory cell
array 100 and low-breakdown-voltage transistor formation
region LVTr on the semiconductor substrate 1. The semicon-
ductor substrate 1 is thereafter etched in the high-breakdown-
voltage transistor formation region HVTr. The depth by
which the semiconductor substrate is etched is adjusted such
that the top surface of the gate insulating film of the low-
breakdown-voltage transistor, formed in the subsequent step,
is located at almost the same height of the top surface of the
gate insulating film of the high-breakdown-voltage transistor.
The semiconductor substrate 1 in the low-breakdown-voltage
transistor formation region LVTr may be further etched so
that in addition to the top surfaces of the gate insulating films
of the low- and high-breakdown-voltage transistors, the top
surface of the tunnel insulating film, formed in the memory
array, is also located at almost the same height as that of the
top surface of the gate insulating film of the peripheral tran-
sistor.

[0206] Themask material is removed from the memory cell
array 100 and low-breakdown-voltage transistor formation
region LVTr on the semiconductor substrate 1. The gate insu-
lating film 2H' of the high-breakdown-voltage transistor
HVTr is formed in the memory cell array 100 and the periph-
eral circuit region 200.

[0207] Subsequently, the mask layer 11 is formed on the
insulating film 2H' in the high-breakdown-voltage transistor



US 2012/0139029 Al

formation region HV'Tr. The insulating film is then removed
from the memory cell array 100 and the low-breakdown-
voltage transistor formation region LVTr.

[0208] The mask layer 11 is removed. As shown in FIG. 38,
the insulating film 2L is formed on the surface of the semi-
conductor substrate 1 in the exposed memory cell array 100
and low-breakdown-voltage transistor formation region
LVTr, using, for example, the thermal oxidation method. The
film thickness of the insulating film 2L is smaller than that of
the gate insulating film 2H'. The insulating film 2L serves as
the gate insulating film 2L of the low-breakdown-voltage
transistor LVTr. However, formation of the gate insulating
film 2L of the low-breakdown-voltage transistor LVTr
increases the film thickness of the gate insulating film 2H' of
the high-breakdown-voltage transistor HVTr by an amount
equivalent to the film thickness of the gate insulating film 2L..
[0209] Then, the polysilicon film 30 is formed on the insu-
lating films 21, and 2H' using, for example, the CVD method.
[0210] As shown in FIG. 39, the silicon oxide film and the
polysilicon film are removed from the memory cell array 100
using the lithography technique and the RIE method. A tech-
nique similar to the step shown in FIG. 35 is used to form the
tunnel insulating film 2A of the laminate structure on the
semiconductor substrate 1 in the memory cell array 100. The
tunnel insulating film 2A is composed of, for example, a
silicon oxide film, a high-dielectric insulating film, and a
silicon oxide film. In this case, in the peripheral circuit region
200, the tunnel insulating film 2A of the laminate structure is
formed on the polysilicon film 30.

[0211] After the tunnel insulating film 2A of the laminate
structure is formed, the polysilicon film 3 is deposited in the
memory cell array 100 and the peripheral circuit region 200.
The polysilicon film 3 serves as a floating gate electrode of a
memory cell.

[0212] As shown in FIG. 40, the polysilicon film 3 and the
insulating film 2A are removed from the peripheral circuit
region 200. In the step shown in FIG. 40, by locating the top
surface of the polysilicon film 3 in the memory cell array 100
at the same height as that of the top surface of the polysilicon
film 3 in the peripheral circuit region 200, the upper end of the
memory cell array 100 and the upper end of the peripheral
circuit region 200 are more properly flattened. Processing
margins in a step shown in FIG. 40 and subsequent steps can
be improved. Thus, in the peripheral circuit region 200, the
polysilicon film 30 serves as a gate electrode. In the memory
cell array 100, the polysilicon film 3, formed separately from
the gate electrodes of the peripheral transistors, serves as a
floating gate electrode.

[0213] After the step shown in FIG. 40, steps similar to
those shown in FIGS. 8 to 13 are used to sequentially form a
gate electrode, a source/drain diffusion layer, and the like.
[0214] The above-described steps complete a nonvolatile
semiconductor device illustrated in the second applied
example of the present embodiment.

[0215] Thus, with the nonvolatile semiconductor memory
according to the present applied example, the case in which
the present invention is applied to the memory chip including
the peripheral transistors exerts effects similar to those of the
case in which the present invention is applied to the memory
cell according to the embodiments.

3. Other Examples

[0216] Examples of the present invention reduce the driv-
ing voltage of the memory cell and in the possible leakage
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current in the memory cell. The examples also allow the
inter-gate insulating film (block insulating film) to be thinned.
This improves the coupling ratio of the memory cell.

[0217] Thedescription ofthe first to third embodiments and
applied examples of the present invention relates to the
NAND flash memory by way of example. However, the
examples of the present invention are not limited to this
aspect. Effects similar to those of the embodiments of the
present invention are also exerted by applying the examples
of'the present invention to, for example, a NOR flash memory
or an AND flash memory.

[0218] Additional advantages and modifications will
readily occur to those skilled in the art. Therefore, the inven-
tion in its broader aspects 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.

What is claimed is:
1. A nonvolatile semiconductor memory comprising:
a memory cell including:

an element region partitioned by isolation insulating
films in a semiconductor substrate;

a first gate insulating film provided on the element
region;

a charge storage layer provided on the first gate insulat-
ing film;

a multilayer insulator provided on the charge storage
layer, the multilayer insulator including a first insu-
lating film, a first high-dielectric-constant film pro-
vided on the first insulating film and having a greater
dielectric constant than a dielectric constant of a sili-
connitride film, and a second insulating film provided
on the first high-dielectric-constant film;

a control gate electrode provided on the multilayer insu-
lator;

wherein a thickness of the first gate insulating film is
smaller than a thickness of the multilayer insulator,
the first gate insulating film is provided between the isola-
tion insulating films, and
a bottom surface of the first high-dielectric-constant film is
positioned higher than or equal to an upper surface of the
charge storage layer.
2. The nonvolatile semiconductor memory according to
claim 1, wherein
the first gate insulating film includes a first tunnel film, a
second high-dielectric-constant film provided on the
first tunnel film and having a greater dielectric constant
than the first tunnel film, and a second tunnel film pro-
vided on the second high-dielectric-constant film and
having a same configuration as that of the first tunnel
film.
3. The nonvolatile semiconductor memory according to
claim 1, wherein
the first gate insulating film includes a first tunnel film, a
second high-dielectric-constant film contacting to the
first tunnel film and having a greater dielectric constant
than the first tunnel film, and a second tunnel film con-
tacting to the second high-dielectric-constant film and
having a same configuration as that of the first tunnel
film.
4. The nonvolatile semiconductor memory according to
claim 1, wherein
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the first insulating film contacts to the first high-dielectric-
constant film, and the first high-dielectric-constant film
contacts to the second insulating film.

5. The nonvolatile semiconductor memory according to

claim 3, wherein

the first insulating film contacts to the first high-dielectric-
constant film, and the first high-dielectric-constant film
contacts to the second insulating film.

6. The nonvolatile semiconductor memory according to

claim 5, wherein

the element region contacts to the first gate insulating film,
the first gate insulating film contacts to the charge stor-
age layer, the charge storage layer contacts to the mul-
tilayer insulator, and the multilayer insulator contacts to
the control gate electrode.

7. The nonvolatile semiconductor memory according to

claim 6, wherein

the dielectric constant of the first high-dielectric-constant
film is greater than that of the second high-dielectric-
constant film.

8. The nonvolatile semiconductor memory according to

claim 6, wherein

a thickness of the second tunnel film is smaller than a
thickness of the second insulating film,

a thickness of the second high-dielectric-constant film is
smaller than thickness of the first high-dielectric-con-
stant film.

9. The nonvolatile semiconductor memory according to

claim 1, wherein

the charge storage layer is an insulating film.

10. The nonvolatile semiconductor memory according to

claim 1, wherein

both side surfaces of the first gate insulating film are con-
tacting to the isolation insulating films.

11. A nonvolatile semiconductor memory comprising:

a plurality of memory cells, each of the memory cells
including:
an element region partitioned by an isolation insulating

films in a semiconductor substrate;

a first gate insulating film provided on the element
regions, respectively;

a charge storage layer provided on the first gate insulat-
ing films, respectively;

a multilayer insulator provided on the charge storage
layer, the multilayer insulator including a first insu-
lating film, a first high-dielectric-constant film pro-
vided on the first insulating film and having a greater
dielectric constant than a dielectric constant of a sili-
con nitride film, and a second insulating film provided
on the first high-dielectric-constant film; and

a control gate electrode provided on the multilayer insu-
lator;
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wherein a thickness of the first gate insulating film is
smaller than a thickness of the multilayer insulator,
each of the first gate insulating films is provided between
the isolation insulating films in a first direction, and
a bottom surface of the first high-dielectric-constant film is
positioned higher than or equal to an upper surface of the
charge storage layer.
12. The nonvolatile semiconductor memory according to
claim 11, wherein
the first gate insulating film includes a first tunnel film, a
second high-dielectric-constant film contacting to the
first tunnel film and having a greater dielectric constant
than the first tunnel film, and a second tunnel film con-
tacting to the second high-dielectric-constant film and
having a same configuration as that of the first tunnel
film.
13. The nonvolatile semiconductor memory according to
claim 12, wherein
the first insulating film contacts to the first high-dielectric-
constant film, and the first high-dielectric-constant film
contacts to the second insulating film.
14. The nonvolatile semiconductor memory according to
claim 13, wherein
the element region contacts to the first gate insulating film,
the first gate insulating film contacts to the charge stor-
age layer, the charge storage layer contacts to the mul-
tilayer insulator, and the multilayer insulator contacts to
the control gate electrode.
15. The nonvolatile semiconductor memory according to
claim 14, wherein
the dielectric constant of the second high-dielectric-con-
stant film is greater than that of the first high-dielectric-
constant film.
16. The nonvolatile semiconductor memory according to
claim 14, wherein
a thickness of the second tunnel film is smaller than a
thickness of the second insulating film, and
a thickness of the second high-dielectric-constant film is
smaller than the thickness of the first high-dielectric-
constant film.
17. The nonvolatile semiconductor memory according to
claim 11, wherein
the charge storage layers are an insulating film.
18. The nonvolatile semiconductor memory according to
claim 11, wherein
both side surfaces of each of the first gate insulating film
are contacting to the isolation insulating films, respec-
tively.
19. The nonvolatile semiconductor memory according to
claim 11, wherein
the multilayer insulator is shared adjacent to the memory
cells in the first direction.
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