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METHOD FOR FABRICATING A
SEMICONDUCTOR STORAGE DEVICE
HAVING AN INCREASED DIELECTRIC FILM
AREA

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

This application 1s a divisional of U.S. patent application 10

Ser. No. 09/059,590 filed Apr. 4, 1998 now U.S. Pat. No.
6,288,423

BACKGROUND OF THE INVENTION

1. Field of the Invention 15

The present mvention relates to a semiconductor device
including a memory cell having a composite gate structure
or a semiconductor device including a stacked memory cell
capacitor and a method of fabricating the same.

2. Description of the Related Art

Conventionally, several improvements have been made to
improve the write and erase characteristics of a memory cell
of an EEPROM or the like having a floating gate structure or
a memory cell capacitor. 55

20

As an example, 1n prior art disclosed 1n Japanese Patent
Laid-Open No. 5-110107, at least a portion of a polysilicon
film as a floating gate electrode 1s formed by CVD under
conditions by which a larger number of fine undulations are
tformed on the surface of the tloating gate electrode, and an 30
insulating interlayer and a control gate electrode are formed
along the undulations on the surface of the floating gate
clectrode.

These fine undulations increase the capacitance between
the floating gate electrode and a control gate electrode. 35
When voltage drop 1n which the voltage applied to the con-
trol gate electrode decreases occurs, these undulations etfi-
ciently act on the floating gate electrode to improve the write
and erase characteristics.

Also, in prior art disclosed in Japanese Patent Laid-Open 4V
No. 5-35603, a recess 1s formed 1n substantially the center of
a floating gate electrode to 1ncrease the capacitance between
the floating gate electrode and a control gate electrode.
Consequently, an effect similar to the effect of the above
prior art is achieved. 43

The capacitance of a memory cell capacitor can also be
increased by forming undulations on the surface of a lower
electrode.

For example, Japanese Patent Laid-Open No. 5-2435135
has described a method of increasing the charge storage
amount by forming a rectangular or cylindrical trench 1n a
lower electrode of a stacked memory cell capacitor.

50

Unfortunately, the above-mentioned prior arts have the
tollowing problems. 55

First, 1n the prior art disclosed 1n Japanese Patent Laid-
Open No. 5-110107, the fine undulations on the floating gate
clectrode are formed under specific conditions by CVD.
Theretfore, the fabrication steps are complicated to set the
CVD conditions. Additionally, since these undulations are 4
very fine, the effect of increasing the capacitance 1s not sat-
isfactory.

In the prior art disclosed 1n Japanese Patent Laid-Open
No. 5-55605, the recess 1s formed 1n substantially the center
of the floating gate electrode after a polysilicon film serving 65
as the floating gate electrode 1s formed. Therefore, 1t 1s
unavoidable to complicate the fabrication steps and increase

2

the number of the fabrication steps. Also, the end point of
ctching for forming the recess 1s difficult to determine.
Accordingly, the recess may sometimes extend through the
polysilicon film to separate the tloating gate electrode.

In the prior art of a capacitor disclosed 1n Japanese Patent
Laid-Open No. 5-243513, the trench 1s formed by etching
alter stacked polysilicon serving as the lower electrode 1s
formed. Accordingly, the fabrication steps are complicated
and the number of the fabrication steps 1s increased.
Furthermore, the end point of the etching cannot be easily
determined.

SUMMARY OF THE INVENTION

It 1s an object of the present mnvention to provide a semi-
conductor device which includes a composite gate structure
memory cell or a stacked memory cell capacitor, effectively
increases the capacitance of the tloating gate electrode or the
memory cell capacitor, and has high reliability, and a simple
method of fabricating this semiconductor device.

A semiconductor device of the present invention 1s a semi-
conductor device including an element active region defined
by forming an element 1solation structure on a semiconduc-
tor substrate, comprising an 1sland-like charge storage film
formed across the element 1solation structure and the ele-
ment active region so as to be formed on the element active
region through an insulating film, the charge storage film
having a recess 1n a surface on the element active region and
a hole formed on the element 1solation structure to reach the
element 1solation structure, a dielectric film so formed as to
cover the surface of the charge storage film including 1nner
surfaces of the hole, and a conductive film formed on the
dielectric film and capacitively coupled with the charge stor-
age film.

Another aspect of the semiconductor device of the present
invention 1s a semiconductor device including an element
active region defined by forming an element 1solation struc-
ture on a semiconductor substrate, comprising an 1sland-like
charge storage film formed across the element isolation
structure and the element active region so as to be formed on
the element active region through an insulating film, the
charge storage film having a recess 1n a surface on the ele-
ment active region and a hole formed on the element 1sola-
tion structure to reach the element 1solation structure, and a
conductive film formed on the charge storage film.

Still another aspect of the semiconductor device of the
present invention 1s a semiconductor device including an
clement active region defined by forming an element 1sola-
tion structure on a semiconductor substrate and having a
transistor constituted by a gate electrode and a pair of 1mpu-
rity diffusion layers 1n the element active region, comprising
an msulating interlayer formed on the semiconductor sub-
strate including the transistor, a first hole formed in the 1nsu-
lating interlayer and having a surface layer of the impurity
diffusion layer as a bottom surface, an island-like charge
storage film electrically connected to one of the impurity
diffusion layers through the first hole, a second hole formed
in the charge storage film and having a surface layer of the
insulating interlayer as a bottom surface, a dielectric film so
formed as to cover a surface of the charge storage film
including inner surfaces of the second hole, and a conductive
film formed on the dielectric film and capacitively coupled
with the charge storage film, wherein the charge storage
film, the dielectric film, and the conductive film constitute a
capacitor.

Still another aspect of the semiconductor device of the
present invention 1s a semiconductor device including an
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clement active region defined by forming an element 1sola-
tion structure on a semiconductor substrate, comprising an
insulating film formed on the semiconductor substrate 1n the
clement active region, and a charge storage film patterned on
the insulating {ilm, wherein the charge storage film 1s formed
across the element 1solation structure and has a hole on the
clement 1solation structure, and at least a portion of a bottom
surface of the hole reaches a surface layer of the element
1solation structure.

Still another aspect of the semiconductor device of the
present invention 1s a semiconductor device including a plu-
rality of element 1solation regions defined by forming an
element 1solation structure on a semiconductor substrate,
comprising an 1sland-like charge storage film formed across
the element 1solation structure and the element active
regions and having a recess, a dielectric {ilm so formed as to
cover a surface of the charge storage film, and a conductive
f1lm formed on the dielectric film and capacitively coupled
with the charge storage film, wherein the charge storage film
1s formed 1n each of the element active regions, and an upper
surface ol each of the charge storage films 1s planarized by
CMP and flush with an upper surface of an adjacent charge
storage {ilm.

A method of fabricating a semiconductor device accord-
ing to the present invention comprises the first step of defin-
ing an element active region by forming an element 1solation
structure on a semiconductor substrate, the second step of
forming an 1sulating film on the semiconductor substrate 1n
the element active region, the third step of forming a first
conductive film on an entire surface of the semiconductor
substrate including the insulating film and the element 1sola-
tion structure, the fourth step of forming a mask pattern
having first and second openings on the first conductive film,
the fifth step of etching the first conductive film until the
clement 1solation structure 1s exposed 1n the first opening by
using the mask pattern as a mask, thereby dividing the first
conductive {ilm, and simultaneously forming a recess in the
second opening having the first conductive film on a bottom
of the recess, the sixth step of forming a dielectric film so as
to cover a surface of the first conductive film, and the seventh
step of forming a second conductive film on the dielectric
f1lm opposite the first conductive film and separated by the

dielectric film.

Another aspect of the method of fabricating a semicon-
ductor device according to the present invention comprises
the first step of defining an element active region by forming,
an element 1solation structure on a semiconductor substrate,
the second step of forming a gate msulating film and a gate
clectrode 1n the element active region, the third step of dop-
ing an impurity into the second substrate to form a pair of
impurity diffusion layers in surface regions of the semicon-
ductor substrate on two sides of the gate electrode, the fourth
step of forming a first conductive film electrically connected
to one of the impurity diffusion layers, the fifth step of form-
ing a mask pattern having at least first and second openings
on the first conductive film, the sixth step of etching the first
conductive film by using the mask pattern as a mask, thereby
dividing the first conductive film 1n the first opening, and
simultaneously forming a recess in the second opening
where the first conductive film 1s on a bottom of the recess,
the seventh step of forming a dielectric film so as to cover a
surface of the first conductive film, and the eighth step of
forming a second conductive film on the dielectric film
opposite the second conductive film and separated by the
dielectric film.

Still another aspect of the method of fabricating a semi-
conductor device according to the present mvention com-

5
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prises the first step of forming a first conductive film 1 an
insulating film region on a semiconductor substrate, the sec-
ond step of forming a mask pattern having two types of
openings on the first conductive film, the third step of etch-
ing the first conductive film by using the mask pattern as a
mask, thereby dividing the first conductive film conforming
to a shape of one of the openings, and simultaneously form-
ing at least one recess 1n a surface of the divided first con-
ductive film conforming to a shape of the other opening, the
fourth step of forming an insulating film so as to cover a
surface of the first conductive film, and the fifth step of form-
ing a second conductive film so as to cover a surface of the
insulating film and opposing the second conductive film to
the first conductive film through the insulating film.

Still another aspect of the method of fabricating a semi-
conductor device according to the present mvention com-
prises the first step of defining an element active region by
forming an element 1solation structure on a semiconductor
substrate, the second step of forming an insulating film on
the semlconductor substrate 1n the element active region, the
third step of forming a first conductive film on an entire
surface including the mnsulating film and the element 1sola-
tion structure, the fourth step of forming a mask pattern
having at least first and second openings on the first conduc-
tive 1ilm, the fifth step of etching the first conductive film
until the element 1solation structure 1s exposed 1n the first
and second openings by using the mask pattern as a mask,
thereby dividing the first conductive film below the first
opening, and simultaneously forming a hole extending
through the first conductive film below the second opening,
the sixth step of forming a dielectric film so as to cover the
first conductive film, and the seventh step of forming a sec-
ond conductive film on the dielectric film opposite the first

conductive film and separated by the dielectric film.

Still another aspect of the method of fabricating a semi-
conductor device according to the present mvention coms-
prises the first step of defining an element active region by
forming an element isolation structure on a semiconductor
substrate, the second step of forming a gate oxide film and a
gate electrode on the semiconductor substrate 1n the element
active region, the third step of doping an impurity nto the
semiconductor substrate in the element active region to form
a pair of impurnty diffusion layers in surface regions of the
semiconductor substrate on two sides of the gate electrode,
the fourth step of forming a first conductive film electrically
connected to one of the impurity diffusion layers, the fifth
step of forming a mask pattern having at least first and sec-
ond openings on the first conductive film, the sixth step of
etching the first conductive film by using the mask pattern as
a mask, thereby dividing the first conductive film below the
first opeming, and simultaneously forming a hole extending
through the first conductive film below the second opening,
the seventh step of forming a dielectric film so as to cover a
surface of the first conductive film, and the eighth step of
forming a second conductive film so as to cover the dielec-

tric {ilm and opposing the second conductive film to the first
conductive film through the dielectric film.

In the semiconductor device of the present invention, a
recess or a hole 1s formed in the charge storage film.
Therefore, the area of the dielectric film can be increased to
increase the charge storage amount. Especially when a hole
1s formed, the charge storage film and the conductive film
can be opposite to each other and separated by the dielectric
film within the range from the lower surface to the upper
surface of the hole. Consequently, the charge storage amount
can be eil

ectively increased.

In the method of fabricating a semiconductor device of the
present invention, the first conductive film (charge storage
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film) 1s divided by etching along the first opening in a mask
pattern. At the same time, a recess or hole can be formed by
self-alignment along the second opening 1n the mask pattern.

By setting the width of the first opening to be twice or
more the width of the second opening, 1t 1s possible to
decrease the etching rate 1n the second opeming by a micro-
loading effect and reliably form the recess without dividing
the first conductive film.

Also, when the first conductive film 1s formed across the
step between the element 1solation structure and the element
active region, the first conductive film 1s etched after 1ts sur-
face 1s planarized by polishing. Accordingly, even when
ctching 1s performed until the element 1solation structure 1s
exposed along the first opening, a recess can be formed with-
out dividing the first conductive film in the second opening
formed above the element active region.

When a hole 1s to be formed 1n the first conductive film,
the first conductive film 1s etched until the underlying
stacked film 1s exposed in the first and second openings.
Consequently, 1t 1s possible to divide the first conductive film
along the first opening and form a hole along the second
opening.

The present invention can provide a semiconductor device
which includes a composite gate structure memory cell or a
stacked memory cell capacitor and in which the capacitance
of the floating gate or the memory cell capacitor 1s eflec-
tively increased, and a method of stably and reliably fabri-
cating this semiconductor device.

Accordingly, the present invention contributes to further
development of these semiconductor devices.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A to 1G are schematic sectional views showing a
method of fabricating an EEPROM according to the first
embodiment 1n order of steps;

FIGS. 2A to 2] are schematic sectional views showing the
method of fabricating the EEPROM according to the first
embodiment i order of steps;

L]

EPROM

FIG. 3 1s a schematic plan view showing the |
according to the first embodiment;

FIGS. 4A to 4C are schematic sectional views showing a
method of fabricating an EEPROM according to a modifica-
tion of the first embodiment 1n order of steps;

FIG. 5 1s a schematic plan view showing the EEPROM
according to the modification of the first embodiment shown
in FIGS. 4A to 4C;

FIGS. 6A to 6C are schematic views showing a method of
tabricating an EEPROM according to another modification
of the first embodiment in order of steps;

FI1G. 7 1s a schematic view showing the EEPROM accord-

ing to the modification of the first embodiment shown 1n
FIGS. 6A to 6C;

FIGS. 8A to 8D are schematic sectional views showing a
method of fabricating an EEPROM according to the second
embodiment i order of steps;

FIG. 9 1s a schematic plan view showing the
according to the second embodiment;

FIGS. 10A to 10K are schematic sectional views showing
a method of fabricating a stacked capacitor cell structure
DRAM according to the third embodiment 1n order of steps;

FIG. 11 1s a schematic plan view showing the stacked
capacitor cell structure DRAM according to the third
embodiment;

FIGS. 12A to 12E are schematic sectional views showing
a method of fabricating a stacked capacitor cell structure
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DRAM according to a modification of the third embodiment
in order of steps;

FIG. 13 1s a schematic plan view showing the stacked

capacitor cell structure DRAM according to the modification
of the third embodiment shown 1n FIGS. 12A to 12E;

FIGS. 14 A to 14E are schematic sectional views showing
a method of fabricating a stacked capacitor cell structure
DRAM according to another modification of the third

embodiment 1n order of steps;

FIG. 15 1s a schematic plan view showing the stacked

capacitor cell structure DRAM according to the modification
of the third embodiment shown 1n FIGS. 14A to 14E;

FIG. 16 1s a schematic plan view showing the EEPROM
according to the first embodiment; and

FIG. 17 1s a flow chart showing a read method of the
EEPROM according to the first embodiment.

DETAILED DESCRIPTION OF THE PR.
EMBODIMENTS

L]
=]

ERRED

First Embodiment

The arrangement of a memory cell of an EEPROM
according to the first embodiment of the present invention
and a method of fabricating the same will be described
below. FIGS. 1A to 1G and 2A to 2] are side sectional views
showing the fabrication steps of the EEPROM memory cell
according to the first embodiment. FIG. 3 1s a schematic plan
view showing a memory cell region of the EEPROM. A
section I—I 1n FIG. 3 corresponds to FIGS. 1A to 1G; and a
section I1I—II, to FIGS. 2A to 2J.

First, the surface of a p-type silicon semiconductor sub-
strate 1 1s selectively oxidized by a so-called LOCOS pro-
cess to form a field oxide film 2. Consequently, element
1solation 1s achieved on the p-type silicon semiconductor
substrate 1 to define element formation regions 3.

Subsequently, the element formation regions on the
p-type silicon semiconductor substrate 1 are thermally oxi-
dized to form a tunnel oxide film 4 having a thickness of
about 100 A, thereby obtaining the state shown in FIGS. 1A
and 2A. Thereafter, a polysilicon film 5 having a thickness of
about 5,000 A is formed on the entire surface of the field
oxide film 2 and the tunnel oxide film 4 by adding a dopant
gas by low-pressure CVD. Alternatively, an undoped poly-
silicon {ilm 5 may be formed and given conductivity by 1on-

implanting an impurity such as arsenic. This state 1s shown
in FIG. 2B.

Next, a photoresist 6 1s formed on the polysilicon film 5
by photolithography. In this photolithography, as shown in
FIG. 1B, a photoresist opening 7 1s formed by forming an
opening about 0.6 um wide 1n a region for 1solating tloating
gate electrodes 9 to be formed later. Also, photoresist open-
ings 8 are formed by forming openings about 0.25 um wide
in regions corresponding to substantially the center of the
width of the tunnel oxide film 4.

By using the photoresist 6 as a mask, the polysilicon film
5 15 selectively removed by dry etching until the surface of
the field oxide film 2 below the photoresist opening 7 1s
exposed. Since the width of the photoresist openings 8 1s
smaller than the half width of the photoresist opening 7, the
supply of the etchant i1s reduced by a microloading effect
when the polysilicon film 5 exposed 1n the photoresist open-
ings 8 1s etched. As a consequence, the etching rate 1s
decreased 1n these portions.

That 1s, the progress 1n etching the polysilicon film 5
exposed 1n the photoresist opening 7 i1s faster than the
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progress in etching the polysilicon film S5 exposed in the
photoresist openings 8. Accordingly, the polysilicon film 5
exposed 1n the photoresist opeming 7 1s removed first, and the
underlying field oxide film 2 1s exposed.

The dry etching 1s stopped when the field oxide film 2 1s
exposed 1n the photoresist opening 7. Consequently, the
polysilicon film 5 1s separated in the position of the photore-
s1st opening 7, forming the floating gate electrodes 9. In the
positions of the photoresist openings 8, the polysilicon film 5
remains on the bottom surfaces to form recesses 20 on the

floating gate electrodes 9. This state 1s shown i FIGS. 1C
and 2C.

Subsequently, as shown i1n FIGS. 1D and 2D, a silicon
oxide film about 50 A thick, a silicon nitride film about 40 A
thick, and a silicon oxide film about 50 A thick are deposited
in this order on the entire surface by LPCVD, thereby form-
ing a dielectric film 10 made from an ONO film.

As shown 1n FIGS. 1E and 2E, a polysilicon film 11 hav-
ing a thickness of about 1,500 A is formed on the dielectric
film 10 by CVD and patterned together with the floating gate
clectrodes 9 and the dielectric film 10, thereby completing
composite gate electrodes 12. This state 1s shown 1n FIGS.
1E and 2F. The floating gate electrodes 9 have the function
of a charge storage film which stores electric charge 1n
accordance with the voltage applied to the polysilicon film

11.

By using the composite gate electrodes 12 as masks,
arsenic 1s 1on-1mplanted into the surface region of the p-type
s1licon semiconductor substrate 1 to form a source region 13
and a drain region 14 as n-type impurity diffusion layers.
Appropriate 1on-implantation conditions are an acceleration
energy of about 70 kev and a dose of about 5x10">/cm”.
Thereatter, annealing 1s performed at 900° C. for about 30

min to activate the implanted arsenic, obtaining the state
shown 1n FIG. 2G.

Next, as shown 1in FIG. 2H, a BPSG film 15 as an insulat-
ing 1nterlayer 1s deposited on the entire surface by CVD, and

the surface 1s planarized by reflow. Thereatter, contact holes
16, 17, and 18 are formed 1n the BPSG film 15 to expose

portions of the source region 13, the polysilicon film 11, and
the drain region 14, respectively. The result 1s the state

shown 1n FIG. 21.

After an aluminum alloy film 19 1s deposited by sputter-
ing to bury the contact holes 16, 17, and 18, a wiring pattern

1s formed by photolithography and Subsequent dry etchlng to
complete a memory cell of an EEPROM as shown i FIGS.
1F, 21, and 3.

Note that the element formation regions 3 defined i the
first step can also be defined by a method other than LOCOS.
When the regions are to be defined by a so-called field shield
structure, a shield gate oxide film 1s first formed on the
p-type semiconductor substrate 1, and a thin polysilicon film
and a CVD oxide film are formed 1n this order on top of the
shield gate oxide film.

Subsequently, patterning 1s performed to remove the
above stacked structure except for portions serving as the
clement 1solation regions. Thereaiter, a CVD oxide film 1s
formed, and anisotropic etching 1s performed to leave this
CVD oxide film only on the side walls of the patterned
stacked structure described above, thereby forming the ele-
ment 1solation regions. FIG. 1G shows a memory cell of an
EEPROM having a field shield element 1solation structure
thus formed. In FIG. 1G, a thin polysilicon film 24 covered
with a CVD oxide film 23 1s equivalent to a shield plate
clectrode.

It 1s also possible to define element active regions by a
trench element 1solation structure formed by burying an
insulating film 1n a trench formed 1n a semiconductor sub-
strate.
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In the first embodiment as described above, 1n separating
the adjacent floating gate electrodes 9 of a memory cell of an
EEPROM, the width of the photoresist openings 8 1s made
smaller than the half width of the photoresist opening 7.
Consequently, even when the polysilicon film 5 exposed 1n
the photoresist opening 7 1s etched away to expose the
underlying field oxide film 2, the polysilicon film 5 1s left
behind on the bottom surfaces of the photoresist openings 8
by the microloading efiect, forming the recesses 20 in these
portions.

Since etching 1s stopped when the field oxide film 2 1s
exposed, the bottom surfaces of the recesses 20 are reliably
positioned above the surface of the field oxide film 2 by the
microloading effect. This prevents the polysilicon film 3
from being divided by the recesses 20. Accordingly, the
floating gate electrodes 9 having the recesses 20 can be sta-
bly formed.

Also, the recesses 20 are formed by self-alignment at the
same time the floating gate electrodes 9 are separated.
Theretore, the recesses 20 can be formed without increasing
the number of fabrication steps.

In the composite gate electrode 12 including the floating
gate electrode 9 having the recess 20, the dielectric film 10
made from an ONO {ilm, and the polysilicon film 11, the
capacitance of the dielectric film 10 1s increased by the
recess 20. As a consequence, the write and erase characteris-
tics of the memory cell can be improved.

Modifications

A modification of the first embodiment will be described
below. FIGS. 4A to 4C are side sectional views showing the
steps 1n fabricating a memory cell of an EEPROM according
to this modification. FIG. 3 1s a schematic plan view showmg
a memory cell region of this EEPROM. A section I—1I 1n
FIG. 5 corresponds to FIGS. 4A to 4C. The same reference
numerals as 1n the EEPROM of the first embodiment denote
the same parts, and a detailed description thereof will be

omitted.

FIG. 4A corresponds to the step shown 1n FIG. 1B of the
first embodiment. In this modification, the steps up to the
state shown 1n FIG. 4A are the same as 1n the first embodi-
ment. As shown 1n FIG. 4A, the number of openings 1n the
photoresist 6 formed on the polysilicon film 5 1s larger than
in the first embodiment.

That 1s, as shown in FIG. 4A, substantially cylindrical
photoresist openings 21 are formed between the photoresist
openings 7 and the photoresist opening 8 1n this modifica-
tion.

By using this photoresist 6 as a mask, the polysilicon film
5 1s selectively removed by dry etching. The etching 1s per-
formed until the underlying field oxide film 2 1s exposed 1n
the photoresist opening 8 and the photoresist openings 21.
Consequently, as shown 1n FIG. 4B, substantially cylindrical
openings 22 are formed, and the recesses 20 are formed 1n
the photoresist openings 7.

Thereatter, as 1n the first embodiment, the dielectric film

10 made 1

from an ONO {ilm 1s formed on the entire surface.
The polysilicon film 11 1s then formed by CVD and pat-
terned to form the composite gate electrodes 12.

As 1n the first embodiment, arsenic 1s 1on-1mplanted to
form the source and drain regions 13 and 14 (not shown), the
BPSG film 135 1s deposited and subjected to retlow, the con-
tact holes 16, 17, and 18 are formed, and the aluminum alloy
f1lm 19 1s deposited and patterned to complete a memory cell

of an EEPROM as shown in FIGS. 4C and 5.
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In the memory cell of the EEPROM according to the
modification with the above arrangement, the substantially
cylindrical openings 22 are additionally formed on the float-
ing gate electrodes 9. Accordingly, the capacitance of the
dielectric film 10 can be further increased compared to the
first embodiment. As a consequence, the write and erase
characteristics of the memory cell can be further improved.

Note that the etching rate controlled by the microloading
elfect can be increased or decreased by properly changing
the diameter of the photoresist openings 21 1n the above
modification. For example, the diameter may be made
smaller than 1n the above modification to set the same etch-
ing rate as the photoresist openings 7, and the polysilicon
film S5 may be removed to the extent to which the underlying
field oxade film 2 1s not exposed.

If this 1s the case, 1n the step shown 1n FIG. 4A, substan-
tially cylindrical photoresist openings 26 having a smaller

diameter are formed between the photoresist openings 7 and
8 as shown 1n FIG. 6A.

By using this photoresist 6 as a mask, the polysilicon film
5 1s selectively removed by dry etching. In this etching, the
polysilicon film 5 exposed 1n the photoresist openings 26 1s
also removed to form substantially cylindrical recesses 25 as

shown 1n FIG. 6B.

After the dielectric film 10 made from an ONO f{ilm 1s
formed on the entire surface, the polysilicon film 11 1s
tformed by CVD and patterned to form the composite gate
clectrodes 12.

Thereafter, arsenic i1s 1on-implanted to form the source
and drain regions 13 and 14, the BPSG film 15 1s deposited
on the entire surface and subjected to reflow, the contact
holes 16,17, and 18 are formed, and the aluminum alloy film
19 1s deposited and patterned to complete a memory cell of

an EEPROM as shown 1n FIG. 6C and the schematic plan
view of FIG. 7.

As described above, even when the recesses 25 are formed
by giving the microloading efiect to the photoresist openings
26 by decreasing the diameter of the photoresist openings
26, the capacitance of the dielectric film 10 can be increased
compared to the first embodiment. Consequently, the write
and erase characteristics of the memory cell can be
improved.

Second Embodiment

The arrangement of an EEPROM according to the second
embodiment of the present invention and a method of fabri-
cating the same will be described below. FIGS. 8A to 8D are
side sectional views showing the steps in fabricating a
memory cell of the EEPROM according to the second
embodiment. FIG. 9 1s a schematic plan view showing a
memory cell region of this EEPROM. A section I—I 1n FIG.
9 corresponds to FIGS. 8A to 8D. The same reference
numerals as in the EEPROM of the first embodiment denote
the same parts, and a detailed description thereof will be
omitted.

This second embodiment differs from the first embodi-
ment 1n that after a polysilicon film 5 1s formed, the surface
of the polysilicon film 3 1s planarized by chemical mechani-

cal polishing (CMP) before the step of forming a photoresist
6.

FIG. 8A 15 a view corresponding to the step shown 1n FIG.
2B of the first embodiment. Referring to FIG. 8A, the poly-
silicon film 5 having a thickness of about 1,000 A is formed
by LPCVD on a field oxide film 2 and a gate oxide film 4.
The steps up to the state shown 1n FIG. 8 A are the same as 1n
the first embodiment.
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Thereatter, as shown 1n FIG. 8B, the surface of the poly-
silicon film 5 1s planarized by chemical mechanical polish-
ing (CMP).

As shown 1n FIG. 8C, the photoresist 6 1s formed on the
polysilicon film 5. In the formation of this photoresist 6, a
photoresist opening 7 1s formed by forming an opening
about 0.6 um wide 1n a region for i1solating floating gate
clectrodes 9 to be formed later. Also, photoresist openings 8
are formed by forming opemings about 0.6 um wide 1n por-
tions above regions corresponding to the centers of the tloat-
ing gate electrodes 9.

The polysilicon film 5 1s dry-etched by using the photore-
sist 6 as a mask, and the etching i1s stopped when the field
oxide film 2 1s exposed 1n the photoresist opening 7. The
surface of the polysilicon film 5 1s previously planarized by
chemical mechanical polishing described above. Therelore,
when etching 1s stopped at the time the field oxide film 2 1s
exposed, the tunnel oxide film 4 1s not exposed and recesses

20 are formed in the photoresist openings 8 due to the step
between the surfaces of the field oxide film 2 and the tunnel
oxide film 4.

Accordingly, the recesses 20 can be formed with high
controllability at the same time the floating gate electrodes 9
are 1solated. This state 1s shown 1n FIGS. 8D and 9.

Thereatter, as 1n the first embodiment, a dielectric film 10
made from an ONO film (not shown) 1s formed, a polysili-
con {1lm 11 1s formed by CVD, and these films are patterned
to form composite gate electrodes 12.

Following the same procedure as 1n the first embodiment,
arsenic 1s 1on-implanted into the p-type semiconductor
substrate, a BPSG film 15 (not shown) 1s formed, and retlow
1s performed. Finally, contact holes 16, 17, and 18 are
formed, and an aluminum alloy film 19 1s formed and pat-
terned to complete a memory cell of an EEPROM.

In the second embodiment as described above, the surface
of the polysilicon film 3 1s planarized before the photoresist
6 1s formed. Theretfore, even when etching 1s performed until
the field oxide film 2 1s exposed 1n the photoresist opening 7,
the recesses 20 can be reliably formed in the photoresist
openings 8 without exposing the underlying tunnel oxide

film 4.

By sufficiently increasing the height of the step between
the surface of the tunnel oxide film 4 and the surface of the
field oxide film 2, the recesses 20 can be formed by leaving
the polysilicon film 35 behind on the bottom surfaces with
higher controllability.

Also, 1n the second embodiment, the recesses 20 can also
be formed by self-alignment when the floating gate elec-
trodes 9 are 1solated.

Furthermore, the photoresist 6 1s formed on the planarized
polysilicon film § and patterned by lithography. Therefore,
the widths of the photoresist openings 7 and 8 can be set
with high controllability during lithography.

In the above first and second embodiments, a nonvolatile
memory such as an EEPROM or an EPROM using the tloat-
ing gate eclectrodes 9 made from polysilicon as a charge
storage film 1s described. However, a stacked film of a sili-
con oxide film, a silicon nitride film, and a silicon oxide film
may be used as a charge storage film, and the present inven-
tion may be applied to an MONOS type nonvolatile memory
including this charge storage film, a control gate, a source,
and a drain. The present invention may also be applied to an
MNOS type nonvolatile memory including a charge storage
film made from a stacked film of a silicon oxide film and a
silicon nitride film, a control gate, a source, and a drain.
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When a charge storage film 1s made from an insulating film
as described above, the dielectric film 10 need not be
formed. If this 1s the case, electric charge 1s stored 1n the
interface of the silicon oxide film or the silicon nitride film.

FIG. 16 1s a schematic plan view showing an embodiment
in which the source region 13 1s formed by a diffusion layer
commonly to the unit memory cells, and the gate electrode
22 of the access transister 1s formed commonly to the unit
memory cells, over the first and second embodiments above

described.

Furthermore, 1t storage information 1s binary data, the
EEPROM can also be constituted as a so-called multi-valued
memory by setting a predetermined value of two bits or
more as a storage state. That 1s, 1f the storage state 1s n bits
(2n values, n 1s an mteger of 2 or more), 1t 1s only necessary
to set 2n different threshold voltages. For example, if the
storage state 1s two bits (four values), four different refer-
ence voltages (threshold voltages) are used 1n a one-to-one
correspondence with storage states “007, “017, “10”, and
“11”. In a read, one storage state of each memory cell of the
EEPROM 1s specified from the four threshold voltages by a
predetermined determining operation. If the storage state 1s
three bits (eight values), eight different reference voltages
(threshold voltages) are used 1n a one-to-one correspondence
with storage states “000”, “001, “010”, <0117, “1007,
“1017, 1107, and “111”. In a read, one storage state of each
memory cell of the EEPROM 1s specified from the eight
threshold voltages by a predetermined determining opera-
tion. In addition to the various effects described earlier, this
multi-valued EEPROM greatly increases the storage density
of each memory cell. Theretore, the EEPROM can well meet
demands for a higher integration degree and a finer structure.
If storage information i1s not binary data but information
constituted by 0, 1, and 2, it 15 also possible to use <0, “17,
and “27, or “007, 017, <027, “107, *“117, *127, 207, “217,
and “22” as storage states. The storage state 1s expressed by
three values 1n the former case and nine values 1n the latter
case. This multi-valued structure 1s also applicable to a
DRAM (to be described later) and other various semicon-
ductor memories as well as to the EEPROM.

A method of writing storage information when the
EEPROM described above 1s a multi-valued memory
capable of storing 2-bit information in each memory cell
will be described below. First, to write storage information
“11”, the drain region 14 of a memory cell 1s connected to
the ground potential, the source region 13 1s opened, and a
voltage of about 22 V 1s applied to the polysilicon film 11.
Consequently, electrons are injected from the drain region
14 into the tfloating gate electrode 9 through the tunnel oxide
film 4, and the threshold voltage (V) goes positive.
Accordingly, the threshold voltage of the memory cell rises
to about 4 V. This storage state 1s “11”.

To write data “107, the drain region 14 of the memory cell
1s connected to the ground potential, the source region 13 1s
opened, and a voltage of about 20 V 1s applied to the poly-
silicon film 11. Consequently, electrons are injected from the
drain region 14 into the floating gate electrode 9 through the
tunnel oxide film 4, and the threshold voltage of the memory
cell changes to about 3 V. This storage state 1s “10”.

To write data “01”, the drain region 14 of the memory cell
1s connected to the ground potential, the source region 13 1s
opened, and a voltage of about 18 V 1s applied to the poly-
silicon film 11. Consequently, electrons are injected from the
drain region 14 1nto the floating gate .electrode 9 .through the
tunnel oxide film 4, and the threshold voltage of the memory
cell changes to about 2 V. This storage state 1s “01”.
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To write data “00”, the drain region 14 of the memory cell
1s connected to the ground potential, the source region 13 1s
opened, and a voltage of about 10 V 1s applied to the poly-
silicon film 11. Consequently, the electrons injected mto the
floating gate electrode 9 are cleared from the drain region 14,
and the threshold voltage of the memory cell changes to
about 1 V. This storage state 1s “00”.

Individual steps of a read method when the EEPROM
described above 1s a multi-valued memory capable of storing
2-bit mnformation in each memory cell will be described
below with reference to FI1G. 17. First, whether the upper bit
ol storage information stored in a memory cell 1s “0” or “1”
1s checked. To this end, a voltage of about 5V 1s applied to
the source region 13 and the drain region 14 and the polysili-
con film 11 (step S1). The drain current 1s detected by a
sense amplifier, and the threshold voltage V.- 1s compared
with the threshold voltage of a comparative transistor Trl
(step S2). If the threshold voltage V. i1s larger than the
threshold voltage of the transistor Trl, 1t 1s determined that
the upper bit 1s “17. If the current of the transistor Trl 1s
smaller, 1t 1s determined that the upper bit 1s “0”.

If the threshold voltage V., 1s larger than the threshold
voltage of the transistor Trl, a similar read 1s performed by
using a transistor 1r2, and the current flowing through the
memory cell 1s compared with the current flowing through
the transistor Tr2 (step S3). If the threshold voltage V- 1s
smaller than the threshold voltage of the transistor Trl, a
similar read 1s performed by using a transistor Tr3 (step S4).

If the threshold voltage V.- 1s larger than the threshold
voltage of the transistor Tr2 in the read performed in step S3,
it 1s determined that the storage information stored in the
memory cell 1s 117 (step S5), and the information 1s read
out from the memory cell on the other hand, 1f the threshold
voltage V - 1s smaller than the threshold voltage of the tran-
sistor Tr2 1n step S3, it 1s determined that the storage infor-
mation stored 1n the memory cell 1s “10” (step S6), and the
information is read out from the memory cell.

I1 the threshold voltage of the memory cell 1s larger than
the threshold voltage of the transistor 1r3 in step S4, it 1s
determined that the storage information stored in the
memory cell 1s “01” (step S7), and the information 1s read
out from the memory cell. It the threshold voltage V. 1s
smaller than the threshold voltage of the transistor Tr3 1n
step S4, 1t 1s determined that the storage information stored
in the memory cell 1s “00” (step S8), and the information 1s
read out from the memory cell.

Third Embodiment

The arrangement of a stacked capacitor cell structure
DRAM according to the third embodiment of the present
invention and a method of fabricating the same will be
described below. FIGS. 10A to 10K are side sectional views
showing the steps i1n fabricating two adjacent DRAM
memory cells 1n the third embodiment. FIG. 11 1s a sche-

matic plan view showing these DRAM memory cell regions.
A section I—1I 1n FIG. 11 corresponds to FIGS. 10A to 10K.

First, as shown 1n FIG. 10A, the surface of a p-type silicon
semiconductor substrate 31 1s selectively oxidized by a
so-called LOCOS process to form a field oxide film 32.
Consequently, element 1solation 1s achieved on the p-type
silicon semiconductor substrate 31 to define two element
formation regions 32.

Subsequently, the surface of the element formation
regions 32 1s thermally oxidized to form a gate oxide film 34
having a thickness of about 130 A. Thereafter, a polysilicon
film 335 1s formed on the entire surface by CVD.
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The gate oxide film 34 and the polysilicon film 33 are then
patterned by photolithography and subsequent dry etching,

thereby forming gate electrodes 36. This state 1s shown in
FIG. 10B.

By using the gate electrodes 36 as masks, arsenic 1s 101n-
implanted to form source regions 37 and drain regions 38 as
n-type impurity diffusion layers. Annealing 1s then per-
formed to activate the arsenic 1ons. Appropriate 10n-
implantation conditions are an acceleration energy of about
70 kev and a dose of about 5x10'°/cm*. Appropriate anneal-
ing conditions are a temperature of 900° C. and an annealing
time ol about 30 min. Consequently, n-type MOS transistors

are formed on the p-type silicon substrate 31 as shown 1n
FIG. 10C.

Next, as shown 1n FIG. 10D, a BPSG film 39 as an 1nsu-
lating 1nterlayer 1s formed on the entire surface of the p-type
s1licon semiconductor substrate 31 by CVD, and the surface
1s planarized by reflow.

As shown 1n FIG. 10E, holes 40 for exposing portions of
the source regions 27 are formed in the BPSG film 39.
Thereatter, a polysilicon film 41 1s formed 1n the holes 40
and on the BPSG film 39 by adding a dopant gas by low-
pressure CVD. Alternatively, an undoped polysilicon film 41
may be formed on the BPSG film 39 and given conductivity
by 1on-implanting an impurity such as arsenic. This state 1s
shown in FIG. 10F.

Subsequently, a photoresist 42 1s formed on the polysili-
con film 41 by photolithography. In this photolithography, as
shown 1 FIG. 10G, a photoresist opening 43 1s formed by
forming an opening about 0.6 um wide 1n a region for 1solat-
ing lower electrodes 48 of adjacent stacked capacitor cells to
be formed later. Also, photoresist openings 44 are formed by
forming openings about 0.25 um wide 1n regions near the
centers of the lower electrodes 48 to be formed.

By using the photoresist 42 as a mask, the polysilicon film
41 15 selectively removed by dry etching. Since the width of
the photoresist openings 44 1s smaller than the half width of
the photoresist opening 43, the supply of the etchant 1s
reduced by a microloading effect when the polysilicon film
41 exposed 1n the photoresist openings 44 1s etched. As a
consequence, the etching rate 1s decreased 1n these portions.

That 1s, the progress in etching polysilicon film 41
exposed 1n the photoresist opening 43 i1s faster than the
progress 1n etching the polysilicon film 41 exposed in the
photoresist openings 44. Accordingly, the polysilicon film
41 exposed in the photoresist opening 43 1s removed {irst,
and the underlying BPSG film 39 1s exposed.

This dry etching i1s stopped when the BPSG film 39 1s
exposed 1n the photoresist opeming 43. Consequently, the
polysilicon film 41 1s separated in the position of the photo-
resist opening 43, forming the lower electrodes 48 of the
stacked capacitor cells. In the positions of the photoresist
openings 44, the polysilicon film 41 remains on the bottom

surfaces to form recesses 49 in the lower electrodes 48. This
state 1s shown 1n FIG. 10H.

Next, a silicon nitride film about 30 A thick is deposited
on the entire surface by LPCVD and oxidized 1n an oxygen

atmosphere at about 850° C., thereby forming a dielectric
film 45 made from an ONO film.

A polysilicon film 46 having a thickness of about 1,500 A

and serving as an upper electrode of the stacked capacitor
cells 1s formed on the dielectric film 45 by CVD and pat-
terned together with the dielectric film 45, thereby complet-
ing a stacked capacitor cell structure including the lower
clectrodes 48, the dielectric film 43, and the polysilicon film
46 as an upper clectrode as shown in FIG. 10I. In this
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structure, the lower electrodes 48 achieve the function of
charge storage films which capacitively couple with the
polysilicon film 46 through the dielectric film 45.

Subsequently, as shown in FIG. 10J, a BPSG film 50 1s
formed on the entire surface and subjected to reflow, and
contact holes 47 are formed to expose portions of the drain
regions 38. Thereafter, an aluminum alloy film 51 as a bit
line 1s filled 1n the contact holes 47 and deposited on the
BPSG film by sputtering. Finally, the aluminum alloy film
51 1s patterned to complete a stacked capacitor cell structure
DRAM as shown 1n FIGS. 10K and 11.

In the third embodiment as described above, 1n separating,
the adjacent lower electrodes 48 1n the stacked capacitor cell
structure DRAM, the width of the photoresist opemings 44 1s
made smaller than the half width of the photoresist opening
43. Consequently, even when the polysilicon film 41
exposed 1n the photoresist opening 43 1s etched away until
the underlying BPSG film 39 1s exposed, the polysilicon film
41 1s left behind on the bottom surfaces of the photoresist
openings 44 by the microloading etlect, forming the recesses
49 1n these portions.

Since etching 1s stopped when the BPSG film 39 1s
exposed, the bottom surfaces of the recesses 49 are reliably
positioned above the surface of the BPSG film 39 by the
microloading effect. This prevents the polysilicon film 41
from being separated by the recesses 20. Accordingly, the
lower electrodes 48 having the recesses 49 can be stably
formed.

Also, the recesses 49 are formed by self-alignment at the
same time the lower electrodes 48 are isolated. Theretfore,
the recesses 49 can be formed without increasing the number
of fabrication steps.

In each stacked capacitor cell including the lower elec-
trode 48 having the recess 49, the dielectric film 45 made
from the ONO film, and the polysilicon film 46 as the upper
clectrode, the capacitance of the dielectric film 45 1s
increased by the recess 49. As a consequence, the write and
erase characteristics of the memory cell can be improved.

Modifications

A modification of the third embodiment will be described
below. FIGS. 12A to 12E are side sectional views showing
the steps 1n fabricating two adjacent DRAM memory cell
capacitors according to this modification. FIG. 13 1s a sche-
matic plan view showing the memory cell capacitors. A sec-
tion I—I 1n FIG. 13 corresponds to FIGS. 12A to 12E. The
same relerence numerals as in the DRAM of the third
embodiment denote the same parts, and a detailed descrip-
tion thereof will be omitted.

FIG. 12A corresponds to the step shown in FIG. 10G of
the third embodiment. In this modification, the steps up to
the state shown 1n FIG. 12A are the same as in the third
embodiment. As shown 1 FIG. 12A, the number of open-
ings in the photoresist 42 formed on the polysilicon film 41
1s larger than in the third embodiment.

That 1s, following the same procedure as in the third
embodiment, the photoresist opening 43 1s formed by form-
ing an opening about 0.6 um wide 1n a region for 1solating
the lower electrodes 48 of adjacent stacked capacitor cells to
be described later. Also, the photoresist openings 44 are
formed by forming openings about 0.25 um wide 1n regions
near the centers of the lower electrodes 48 to be formed. In
this modification, substantially cylindrical photoresist open-

ings 53 are formed between the photoresist openings 43 and
44.

By using the photoresist 42 as a mask, the polysilicon film
41 1s selectively removed by dry etching. Since the width of
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the photoresist openings 44 1s made smaller than the half
width of the photoresist openings 43 and 53, the supply of
the etchant 1s reduced by a microloading effect when the
polysilicon film 41 exposed 1n the photoresist openings 44 1s
etched. As a consequence, the etching rate 1s decreased 1n
these portions.

That 1s, the progress in etching the polysilicon film 41
exposed in the photoresist openings 43 and 33 1s faster than
the progress 1n etching the polysilicon film 41 exposed in the
photoresist openings 44. Accordingly, the polysilicon film

41 exposed 1n the photoresist openings 43 and 53 1s removed
first, and the underlying BPSG film 39 1s exposed.

This dry etching 1s stopped when the BPSG film 39 1s

exposed 1n the photoresist openings 43 and 53.
Consequently, the polysilicon film 41 1s separated in the
position of the photoresist opening 43, forming the lower
clectrodes 48 of the stacked capacitor cells. In the photore-
s1st openings 53, the underlying BPSG film 1s exposed to
form substantially cylindrical opemings 54 in the lower elec-

trodes 48. Also, in the positions of the photoresist openings
44, the polysilicon film 41 remains on the bottom surfaces to

form recesses 49 1n the lower electrodes 48. This state 1s
shown 1n FIG. 12B.

Subsequently, a silicon nitride film about 30 A thick is
deposited on the entire surtace by LPCVD and oxidized 1n
an oxygen atmosphere at about 850° C., thereby forming the
dielectric film 45 made from an ONO {ilm.

The polysilicon film 46 having a thickness of about 1,500
A and serving as an upper electrode of the stacked capacitor
cells 1s formed on the dielectric film 45 by CVD and pat-
terned together with the dielectric film 45, thereby complet-
ing a stacked capacitor cell structure including the lower
clectrodes 48, the dielectric film 43, and the polysilicon film
46 as an upper electrode as shown 1n FIG. 12C.

Subsequently, as shown 1n FIG. 12D, the BPSG film 50 1s
formed on the entire surface and subjected to reflow, and the
contact holes 47 are formed to expose portions of the drain
regions 38. Thereafter, the aluminum alloy film 51 as a bit
line 1s filled 1n the contact holes 47 and deposited on the
BPSG film by sputtering. Finally, the aluminum alloy film
51 1s patterned to complete a stacked capacitor cell structure

DRAM as shown in FIGS. 12E and 13.

In this modification, the capacitance of the dielectric film
45 made from an ONO film can be further increased by the
substantially cylindrical openings 54 compared to the third
embodiment. As a consequence, the capacitive coupling
ratio can be increased.

Note that the etching rate controlled by the microloading
elfect can be increased or decreased by properly changing
the diameter of the photoresist openings 53 in the above
modification. For example, the diameter may be made
smaller than 1n the above modification to set the same etch-
ing rate as the photoresist opemings 44, and the polysilicon
film 41 may be removed to the extent to which the underly-
ing field oxide film 39 is not exposed.

I this 1s the case, 1n the step shown 1n FIG. 12A, substan-

tially cylindrical photoresist openings 35 having a smaller
diameter are formed between the photoresist openings 43

and 44 as shown 1in FIG. 14A.

By using a photoresist 42 as a mask, the polysilicon film
41 15 selectively removed by dry etching. Since the width of
the photoresist openings 44 and 35 1s made smaller than the
half width of the photoresist opening 43, the supply of the
ctchant 1s reduced by the microloading effect when the poly-
silicon film 41 exposed 1n the photoresist opemings 44 and 55
1s etched. As a consequence, the etching rate 1s decreased 1n
these portions.
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That 1s, the progress 1in etching the polysilicon film 41
exposed 1n the photoresist opening 43 is faster than the
progress in etching the polysilicon film 41 exposed in the
photoresist openings 44 and 35. Accordingly, the polysilico
film 41 exposed in the photoresist opening 43 1s removed
first, and the underlying BPSG film 39 1s exposed.

This dry etching 1s stopped when the BPSG film 39 1s
exposed 1n the photoresist opeming 43. Consequently, the
polysilicon film 41 1s separated in the position of the photo-
resist opening 43, forming lower electrodes 48 of stacked
capacitor cells. In the positions of the photoresist openings
44, the polysilicon film 41 remains on the bottom surfaces to
form recesses 49 1in the lower electrodes 48. Also, 1n the
positions of the photoresist openings 55, the polysilicon film
41 remains on the bottom surfaces to form substantially
cylindrical recesses 56 in the lower electrodes 48. This state

1s shown 1n FI1G. 14B.
Subsequently, a silicon nitride film about 30 A thick is
deposited on the entire surface by LPCVD and oxidized 1n

an oxygen atmosphere at about 850° C., thereby forming the
dielectric film 45 made from an ONO film.

T'he polysilicon film 46 having a thickness of about 1,500
A and serving as an upper electrode of the stacked capacitor
cells 1s formed on the dielectric film 45 by CVD and pat-
terned together with the dielectric film 45, thereby complet-
ing a stacked capacitor cell structure including the lower
clectrodes 48, the dielectric film 43, and the polysilicon film
46 as an upper electrode as shown 1n FIG. 14C.

Subsequently, as shown 1n FI1G. 14D, the BPSG film 50 1s
formed on the entire surface and subjected to retlow, and the
contact holes 47 are formed to expose portions of the drain
regions 38. Thereatter, the aluminum alloy film 51 as a bit
line 1s filled 1n the contact holes 47 and deposited on the
BPSG film by sputtering. Finally, the aluminum alloy film

51 1s patterned to complete a stacked capacitor cell structure
DRAM as shown 1n FIGS. 14E and 15.

Note that 1n the third embodiment, a photoresist 6 may
also be formed after the surface of a polysilicon film 3 1s
planarized as in the second embodiment. If this 1s the case,
recesses can be formed i lower electrodes of capacitors
without using the microloading effect as in the second
embodiment. Additionally, since photolithography 1s per-
formed by forming the photoresist 6 on the planarized poly-
silicon film 5, the widths of the photoresist openings 43 and
44 can be set with higher controllability.

In the second and third embodiments, an element 1solation

structure can be formed by a field shield structure or a trench
clement i1solation structure.

In the first to third embodiments, a silicon oxide film or an
ONO film 1s used as a dielectric film. However, a dielectric
f1lm 1s not restricted to these films. For example, a ferroelec-
tric film may also be used.

IT a ferroelectric film 1s used, the polysilicon film 5, 11 can
be replaced with a film made of platinum, a titanium
compound, a tungsten compound or a ruthentum compound.
It may also be formed of a double layer structure 1n which a
conductive film made of, for example, poly-silicon 1s pro-
vided under a platinum film.

Any material having a ferroelectric characteristic can be
used as a material of the above-mentioned ferroelectric film.
For example, PZT(lead zirconate titanate), PLZT(lead lan-

thanum zirconate titanate), barium titanate, palladium
titanate, barium strontium titanate and bismuth titanate can
be used as the material of the ferroelectric film. A dielectric
f1lm made of, for example, tantalic oxides or Ta,O.BSTO,
which has a high dielectric constant of more than 50, can be
used mstead of the ferroelectric film.
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The third embodiment described above may also be
applied to a multi-value DRAM having three or more values.
For example, methods of read and write to multi-value
DRAMSs are described 1n Japanese Patent Laid-Open No.
60-239994.

Furthermore, an msulating film including a silicon nitride
film or an insulating film including a silicon oxide film and a
s1licon nitride film may be used as a charge storage film.

What 1s claimed 1s:

1. A method of fabricating a semiconductor device, com-
prising:

the first step of defining an element active region by form-

ing an e¢lement 1solation structure on a semiconductor
substrate;

the second step of forming an 1nsulating film on said semi-
conductor substrate in said element active region;

the third step of forming a first conductive film on an
entire surface of said semiconductor substrate includ-
ing said insulating film, and said element 1solation
structure;

the fourth step of forming a mask pattern having first and
second openings on said first conductive film;

the fifth step etching said first conductive film until said
clement 1solation structure 1s exposed 1n said first open-
ing by using said mask pattern as a mask, thereby divid-
ing said first conductive film, and simultaneously form-
ing a recess in said second opening where said {first
conductive film forms a bottom of said recess:

the sixth step of forming a dielectric film so as to cover a
surface of said firs conductive film; and

the seventh step of forming a second conductive film on
said dielectric film opposing said first conductive film
through said dielectric film.

2. A method according to claim 1, further comprising,
after the seventh step, the eighth step of doping an impurity
into said semiconductor substrate i1n said element active
region to form a pair of impurity diffusion layers in surface
regions of said semiconductor substrate on two sides of said
first conductive film.

3. A method according to claim 1, wherein 1n the fourth
step, said mask pattern 1s so formed that a width of said first
opening 1s not less than twice a width of said second open-
ing.

4. A method according to claim 1, further comprising,
between the third and fourth steps, the ninth step of planariz-
ing said first conductive film by polishing, and

wherein 1n the fourth step, said mask pattern 1s so formed
that said second opening 1s positioned above said ele-
ment active region.
5. A method of fabricating a semiconductor device, com-
prising;:
the first step of forming a first conductive film 1n an 1nsu-
lating film region on a semiconductor substrate;

the second step of forming a mask pattern having first and
second openings of different dimensions on said first
conductive film;

the third step of etching said first conductive film by using
said mask pattern as a mask, thereby dividing said first
conductive film conforming to a shape of said first
opening so as to reach said msulating film region, and
simultaneously forming a cylindrical hole below said
second opening in which a surface of said insulating
film region 1s exposed 1n a surface of said divided first
conductive film conforming to a shape of the other
opening;
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the fourth step of forming an 1nsulating film so as to cover
a surface of said first conductive film; and

the fifth step of forming a second conductive film so as to

cover a surface of said imsulating film opposing said
first conductive film through said insulating film.

6. A method according to claim 5, wherein 1n the third

step, said recess 1s so formed as to reach said msulating film

region, thereby forming a hole 1n which a surface of said
insulating film region 1s exposed.
7. A method of fabricating a semiconductor device, com-
prising:
the first step of defining an element active region by form-
ing an element 1solation structure on a semiconductor
substrate;

the second step of forming an 1insulating film on said semi-
conductor substrate in said element active region;

the third step of forming a first conductive film on an

entire surface including said insulating film and said
element 1solation structure;

the fourth step of forming a mask pattern having at least
first and second openings on said first conductive film;

the fifth step of etching said first conductive film until said
clement 1solation structure 1s exposed in said first and
second openings by using said mask pattern as a mask,
thereby dividing said first conductive film below said
first opeming, and simultaneously forming a cylindrical
hole extending through said first conductive film below
said second opening and said first conductive film 1s
ctched until said insulating layer 1s exposed 1n said first
opening;

the sixth step of forming a dielectric film so as to cover
said first conductive film; and

the seventh step of forming a second conductive film on
said dielectric film and opposing said first conductive
f1lm through said dielectric film.

8. A method according to claim 7, further comprising,
after the seventh step, the [eight] eighth step of doping an
impurity mto said semiconductor substrate 1n said element
active region to form a pair of impurity diffusion layers 1n
surface regions of said semiconductor substrate on two sides
of said first conductive film.

9. A method according to claim 7, further comprising,
between the third and fourth steps, the ninth step of planariz-
ing said first conductive film by polishing.

10. A method according to claim 7, wherein 1n the first
step, a field shield element isolation structure in which a
shield plate electrode 1s embedded 1s formed on said semi-
conductor substrate.

11. A method of fabricating a semiconductor substrate,
comprising:

the first step of defining an element active region by form-

ing an element 1solation structure on a semiconductor
substrate;

the second step of forming a gate oxide film and a gate
clectrode on said semiconductor substrate 1n said ele-
ment active region;

the third step of doping an impurity into said semiconduc-
tor substrate in said element active region to form a pair
of impunity diffusion layers 1n surface regions of said
semiconductor substrate on two sides of said gate elec-
trode:

the fourth [stop] step of forming an insulating interlayer
on an entire surface of said semiconductor substrate;

the fifth step of forming a hole 1n said insulating interlayer
in which one of said impurity diffusion layers 1s
exposed;
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the sixth step of forming a first conductive film on said
insulating interlayer which fills said hole electrically
connected to one of said impurity diffusion layers;

the seventh step of forming a mask pattern having at least
first and second openings on said first conductive film;

the eighth step of etching said first conductive film by
using said mask pattern as a mask, thereby dividing
said first conductive film below said first opening, and
simultaneously forming a cylindrical hole extending
through said first conductive film below said second
opening, said first conductive film 1s etched until said
insulating interlayer i1s exposed 1n said first opening;

the ninth step of forming a dielectric film so as to cover a
surface of said first conductive film; and

the tenth step of forming a second conductive film so as to
cover said dielectric film opposing said first conductive
f1lm through said dielectric film.

12. A method according to claim 11, further comprising,
between the sixth and seventh steps of planarizing said first
conductive film by polishing.

13. A method according to claim 11, wherein 1n the first
step, a field shield element isolation structure i which a
shield plate electrode 1s embedded 1s formed on said semi-
conductor substrate.

14. A method of fabricating a semiconductor device, com-
prising:

forming a conductive film on a surface of an element iso-

lation structure formed on a semiconductor substrate
and on a surface of an insulating film formed in element
active rvegions defined by the element isolation struc-
lure;

forming a mask pattern having at least first and second
openings on the first conductive film; and

etching the conductive film until the element isolation
structure is exposed thrvough the first opening in the
mask pattern, and simultaneously etching the conduc-
tive film through the second opening in the mask pat-
tern to form a rvecess in which the conductive film forms
a bottom of the recess.

13. The method of claim 14, further comprising forming a
dielectric film on a surface of the conductive film.

16. The method of claim 15, further comprising forming a
second conductive film on a surface of the dielectric film.

17. The method of claim 16, wherein the second conduc-
tive film opposes the conductive film through the dielectric
film.

18. The method of claim 14, further comprising doping an
impurity into the semiconductor substrate in the element
active regions to form a pair of impurity diffusion layers in
surface vegions of the semiconductor substrate on two sides
of the conductive film.

19. The method of claim 14, wherein the mask pattern is
Jormed so that a width of the first opening is not less than
twice a width of the second opening.

20. The method of claim 14, further comprising planariz-
ing the conductive film by polishing after forming the con-
ductive film.

21. The method of claim 14, further comprising forming
the mask pattern so that the second opening is positioned
above at least one of the element active rvegions.

22. A method of fabricating a semiconductor device, com-
prising:

forming a conductive film on a surface of an element iso-

lation structure formed on a semiconductor substrate
and on a surface of an insulating film formed in element
active regions defined by the element isolation struc-
lure;
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forming a mask pattern having at least first and second
openings on the conductive film; and

etching the conductive film until the element isolation
structure is exposed through the first opening in the

° mask pattern, and simultaneously etching the conduc-
tive film through the second opening in the mask pat-
tern to form a cylindrical hole in the conductive film
below the second opening.

AL The method of claim 22, further comprising simulta-

neously etching the conductive film through a thivd opening
in the mask pattern to form a recess in which the conductive
film forms a bottom of the recess.

24. The method of claim 22, further comprising forming a
dielectric film on a surface of the conductive film.

25. The method of claim 24, further comprising forming a
second conductive film on a surface of the dielectric film.

26. The method of claim 22, further comprising etching
the conductive film so that the cyvlindrical hole formed below
the second opening exposes the element isolation structure.

27. The method of claim 22, further comprising etching
the conductive film so that a cylindrical recess is formed
below the second opening in which the conductive film forms

a bottom of the cvlindrical recess.
28. The method of claim 22, further comprising planariz-

ing the conductive film by polishing after forming the con-
ductive film.
29. A method of fabricating a semiconductor device, com-
prising:
forming a gate electrode in an element active region
defined by an element isolation structure formed on a
semiconductor substrate;
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doping an impurity into the semiconductor substrate in
the element active region to form a pair of impurity
diffusion layers in surface vegions of the semiconductor
substrate on two sides of the gate electrode;

35

forming an insulating inteviaver on a surface of the ele-
ment active region and a surface of the element isola-

tion structure;
40

forming a hole in the insulating interlayer in which one of
the impurity diffusion lavers is exposed;

forming a conductive film on a surface of the insulating
interlaver, wherein the conductive film fills the hole to

45 electrically connect to the impurity diffusion layer;

forming a mask pattern having at least first and second
openings on the conductive film; and

etching the conductive film until the insulating inteviayer
is exposed through the first opening in the mask pattern,
and simultaneously exposing the insulating intevlayer
by etching the conductive film through the second open-
ing in the mask pattern to form a cylindrical hole [in the
conductive film] below the second opening.

30. The method of claim 29, further comprising simulta-
neously etching the conductive film through a thivd opening
in the mask pattern to form a recess in which the conductive
film forms a bottom of the recess.

31. The method of claim 29, further comprising forming a
dielectric film on a surface of the conductive film.

32. The method of claim 31, further comprising forming a
second conductive film on a surface of the dielectric film.

33. The method of claim 29, further comprising planariz-
ing the conductive film by polishing after forming the con-

ductive film.
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UNITED STATES PATENT AND TRADEMARK OFFICE
CERTIFICATE OF CORRECTION

PATENT NO. : RE42,004 E Page 1 of 1
APPLICATION NO. : 11/655744

DATED : December 21, 2010

INVENTOR(S) . Sugaya

It is certified that error appears in the above-identified patent and that said Letters Patent is hereby corrected as shown below:

Column 1, line 11, delete “Apr. 4, 1998 and insert --Apr. 14, 1998--.

Column 17, line 31, in Claim 1, delete “firs” and insert -- first --.

Column 20, lines 52-53, in Claim 29, after “cylindrical hole” delete “[in the conductive film]”.

Signed and Sealed this
Twenty-sixth Day of April, 2011

David J. Kappos
Director of the United States Patent and Trademark Office
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