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SEMCONDUCTOR DEVICE AND METHOD 
FOR MANUFACTURING THE SAME 

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. 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Notice. More than one reissue application has been filed 
for the reissue of U.S. Pat. No. 8, 1 15,248. The reissue appli 
cations are application Ser: Nos. 13/616,208 (the present 
application), and 13/914,798, which is a divisional reissue 
application of 13/616,208. 

This application is a reissue application of U.S. Pat. No. 
8, 1 15,248. This application is also based upon and claims the 
benefit of priority from prior Japanese Patent Application No. 
2008-040642, filed Feb. 21, 2008, the entire contents of 
which are incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to a semiconductor device 

comprising an electrically rewritable nonvolatile memory 
cell and method for manufacturing the same. 

2. Description of the Related Art 
In a nonvolatile semiconductor device comprising a float 

ing gate electrode, the Voltage of control electrode controls 
the Voltage of floating gate electrode through a coupling 
capacitance between the floating gate and the control gate 
electrode. 
When the semiconductor Substrate is connected to ground, 

the voltage Vfg of the floating gate electrode is represented by 

where C1 is the capacitance between the floating and control 
gate electrodes, C2 is the capacitance between the floating 
gate electrode and the semiconductor Substrate, and Vcgis the 
voltage of the control gate electrode. C1/(C1+C2) is called 
the coupling ratio. 

If the dimensions of device structure are further scaled 
down in the future, a parasitic capacitance (C) will be pro 
duced between adjacent cells. In this case, Vfg is represented 

Thus, the coupling ratio is reduced. 
If the coupling ratio is reduced, it is required to apply a 

higher Voltage to the control gate electrode in order to carry 
out a rewrite operation (memory write/erase operation). 

However, when the Voltage (rewrite voltage) applied to the 
control electrode is raised for rewrite operation, the rate of 
degradation of inter-poly insulating film increases. The deg 
radation of the inter-poly insulating film results in dielectric 
breakdown, an increase in leakage current, and a decrease in 
reliability. 

In order to lower the rewrite voltage and avoid the degra 
dation of the inter-poly insulating film, it is required to 
enhance the charge injection efficiency of a tunnel insulating 
film. As a method to increase the charge injection efficiency 
of the tunnel insulating film, it has been proposed to cause the 
tunnel insulating film formed of silicon oxide to contain 
grains of silicon (Jpn. Pat. Applin. KOKAI Publication No. 
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2003-78050). When the tunnel insulating film is allowed to 
contain grains of silicon, its charge injection efficiency 
increases owing to the electron confinement effect. 

However, the above method has the following problem. 
The gate portion (the tunnel insulating film, the floating 

gate electrode, the inter-poly insulating film, and the control 
electrode) of a transistoris formed through dry etching. At the 
time of the dry etching, the sidewall of the gate portion is 
damaged by plasma and film quality of the sidewall of the 
tunnel insulating film is deteriorated. The tunnel insulating 
film is Subjected to charge injection stress. The charge injec 
tion stress causes leakage current (stress-induced leakage 
current) to occur at the sidewall having the deteriorated film 
quality of the tunnel insulating film. This leakage current 
causes electrons in the floating gate electrode to flow out, 
which results in a degradation of charge retention character 
istic. 

BRIEF SUMMARY OF THE INVENTION 

According to an aspect of the present invention, there is 
provided a semiconductor device comprising: a semiconduc 
tor substrate; and a nonvolatile memory cell provided on the 
semiconductor Substrate, the nonvolatile memory cell com 
prising: a tunnel insulating film provided on a Surface of the 
semiconductor Substrate, the tunnel insulating film including 
semiconductor grains, the semiconductor grains included in 
both end portions of the tunnel insulating film having Smaller 
grain size than the semiconductor grains included in other 
portions of the tunnel insulating film; a charge storage layer 
provided on the tunnel insulating film; an insulating film 
provided on the charge storage layer; and a control gate elec 
trode provided on the insulating film. 

According to an aspect of the present invention, there is 
provided a method for manufacturing a semiconductor 
device, the semiconductor device comprising a semiconduc 
tor substrate, and a nonvolatile memory cell provided on the 
semiconductor Substrate, the nonvolatile memory cell com 
prising a tunnel insulating film provided on a Surface of the 
semiconductor Substrate, the tunnel insulating film including 
semiconductor grains such that the semiconductor grains 
included in both end portions of the tunnel insulating film 
have Smaller grain size than the semiconductor grains 
included in other portions of the tunnel insulating film, a 
charge storage layer provided on the tunnel insulating film, an 
insulating film provided on the charge storage layer, and a 
control gate electrode provided on the insulating film, the 
method comprising: forming a tunnel insulating film on a 
Surface of the semiconductor Substrate, the tunnel insulating 
film including semiconductor grains which have approxi 
mately same grain size; and selectively decreasing grain size 
of the semiconductor grains included in the both end portions 
of the tunnel insulating film. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWING 

FIG. 1 is a plan view of a semiconductor device according 
to a first embodiment; 

FIG. 2 is a sectional view taken along line 2-2 of FIG. 1; 
FIG. 3 is a sectional view taken along line 3-3' of FIG. 1; 
FIG. 4 is a sectional view showing a structure of a tunnel 

insulating film of the embodiment in a channel length direc 
tion; 

FIG. 5 is a sectional view showing a structure of the tunnel 
insulating film of the embodiment in a channel width direc 
tion; 
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FIG. 6 shows an energy band of a tunnel insulating film 
containing grains of silicon; 

FIG. 7 shows the relationship between silicon grain size 
and energy barrier in the tunnel insulating film containing 
grains of silicon; 

FIGS. 8A and 8B are sectional views for explaining a 
method for manufacturing semiconductor device of the first 
embodiment; 

FIGS. 9A and 9B are sectional views for explaining the 
method for manufacturing semiconductor device of the first 
embodiment following FIGS. 8A and 8B; 

FIGS. 10A and 10B are sectional views for explaining the 
method for manufacturing semiconductor device of the first 
embodiment following FIGS. 9A and 9B; 

FIGS. 11A and 11B are sectional views for explaining the 
method for manufacturing semiconductor device of the first 
embodiment following FIGS. 10A and 10B; 

FIGS. 12A and 12B are sectional views for explaining the 
method for manufacturing semiconductor device of the first 
embodiment following FIGS. 11A and 11B: 

FIGS. 13A and 13B are sectional views for explaining the 
method for manufacturing semiconductor device of the first 
embodiment following FIGS. 12A and 12B; and 

FIG. 14 is a sectional view showing a semiconductor 
device according to a second embodiment. 

DETAILED DESCRIPTION OF THE INVENTION 

The embodiments of the present invention will be 
described hereinafter with reference to the accompanying 
drawings. 

First Embodiment 

FIG. 1 is a plan view of a semiconductor device according 
to a first embodiment, specifically, FIG. 1 is the plan view, 
which illustrates a plurality of nonvolatile memory cells 
(hereinafter referred to simply as memory cells) that consti 
tute a memory cell array in the semiconductor device. 

FIG. 2 is a sectional view (sectional view along the channel 
length direction) taken along line 2-2 of FIG. 1 and FIG. 3 is 
a sectional view (sectional view along the channel width 
direction) taken along line 3-3' of FIG. 1. 
The memory cell array constitutes a NAND flash memory. 

Specifically, the semiconductor device is adapted for use in 
electronic equipment, such as a music playback device, which 
is equipped with a nonvolatile memory. 

Each memory cell includes a tunnel insulating film, a float 
ing gate electrode, a control gate electrode, an interelectrode 
insulating film, and source/drain regions. The memory cell of 
the present embodiment will be further described hereinafter. 
An isolation trench is provided on a silicon Substrate 1, the 

isolation trench is filled with isolation insulating film 6. The 
isolation trench and the isolation insulating film 6 constitute 
isolation region (STI). The isolation region defines an active 
area in the silicon Substrate 1 which contains the channel 
region of the memory cell. 
A tunnel insulating films 2 are provided on the active area. 

As shown in FIGS. 4 and 5, the tunnel insulating film 2 is 
formed from a silicon oxide layer 21 that contains grains 20 of 
silicon. In the present embodiment, as shown in FIG.4, in the 
channel length direction, the silicon grains 20 in the both end 
portions of the silicon oxide film 21 have smaller grain size 
than the silicon grains 20 in other portion of the silicon oxide 
film 21. On the other hand, in the channel width direction, as 
shown in FIG. 5, the silicon grains have approximately same 
grain size. 
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4 
As in the present embodiment, if the region that includes 

silicon grains (silicon grain region) exists in the tunnel insu 
lating film, as shown in FIG. 6, due to the electron confine 
ment effect of the silicon grain, an energy barrier having a 
height of AE from a bottom of conduction band of the silicon 
Substrate is produced in an energy band of electron of the 
tunnel insulating film. This energy barrier AE allows the 
charge injection efficiency of the tunnel insulating film to be 
increased while Suppressing the occurrence of leakage cur 
rent in a low electric field. The height of the energy barrier AE 
depends upon the grain size of silicon grains as shown in FIG. 
7. 
From the standpoint of Suppressing leakage current, it is 

desirable that no silicon grains exist in the both end portions 
of the tunnel insulating film. However, when the silicon 
grains do not exist at all in the both end portions of the tunnel 
insulating film, the improvement of charge injection effi 
ciency by the electron confinement effect cannot be expected 
in the both end portions of the tunnel insulating film. Accord 
ingly, in order to increase the charge injection efficiency 
while Suppressing the occurrence of leakage current, it is 
required to set the grain size of the silicon grains 20 Smaller in 
the both end portions of the silicon oxide layer 21 than in its 
central portion as in the present embodiment. 
The both end portions of the tunnel insulating film 2 is 

damage by RIE (reactive ion etching) process in the course of 
manufacturing. Since the grain size of the silicon grains exist 
ing in the damaged portions of the tunnel insulating film is 
small, the energy barrier AE is high. Therefore, it becomes 
possible to Suppress the occurrence of leakage current (stress 
induced leakage current) due to the gate sidewall being Sub 
jected to charge injection stress. Thereby, the problem of 
degradation of charge retention characteristic is solved as the 
loss of electrons in the floating gate electrode 8 caused by the 
leakage current in the gate sidewall is Suppressed. Therefore, 
according to the present embodiment, the charge injection 
efficiency can be enhanced without degrading the charge 
retention characteristic. 
The floating gate electrode 3 is provided on the tunnel 

insulating film 2. The control gate electrode 5 is provided 
above the floating gate electrode 3. The interelectrode insu 
lating film 4 is provided between the floating and control gate 
electrodes 3 and 5. A silicon nitride film 8 used as a mask for 
processing is provided on the control gate electrode 5. Insu 
lating films other than the silicon nitride film 8 may be used as 
masks for processing. 

Reference is now made to FIGS. 8A and 8B through 13A 
and 13B to describe the method for manufacturing the semi 
conductor device according to the first embodiment. FIGS. 
8A through 13A are sectional views in the bit line direction 
(the channel length direction). FIGS. 8B through 13B are 
sectional views in the word line direction (the channel width 
direction). 

FIGS. 8A and 8B 
A silicon oxide film containing silicon grains as the tunnel 

insulating film 2 is formed on a surface of the silicon Substrate 
1. At this stage, the grain size of the silicon grains is approxi 
mately same both in the channel length direction and in the 
channel width direction. One example of Such silicon grains 
is quantum dots comprising Sidots (Jpn. Pat. Appln. KOKAI 
Publication No. 2003-78050). Another example is a Si clus 
ter. A method of forming a silicon oxide film containing Si 
clusters is, for example, to Subject SiOX having non-stoichio 
metric composition to a heat treatment at 300 to 110° C. for 
about one hour in a nitrogen ambient. 
A polycrystalline silicon film 3 to be processed into the 

floating gate electrode and a mask material 30 for isolation 
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process are deposited in sequence by chemical vapor deposi 
tion (CVD) method. The mask material 30, the polycrystal 
line silicon film 3 and the tunnel insulating film 2 are etched 
in sequence by RIE process using a first resist mask (not 
shown). Furthermore, the exposed areas of the silicon sub 
strate 1 are etched to form isolation trench 31. At this stage, 
the shape of the floating gate electrode in the channel width 
direction is determined. 

FIGS. 9A and 9B) 
An isolation insulating film (e.g., silicon oxide layer) 6 is 

deposited over the entire surface to fill the isolation trench 31, 
thereafter, the isolation insulating film 6 in the surface portion 
is removed by chemical mechanical polishing (CMP) process 
to planarize the surface. At this time, the masking material 30 
is exposed. 

FIGS. 10 and 10B 
The masking material 30 is selectively etched away and 

moreover the exposed surface of the isolation insulating film 
6 is etched away, thereby, the upper sidewall of the polycrys 
talline silicon film 3 is exposed. These removals by etching 
are carried out by using chemicals, for example. 

FIGS. 11A and 11B 
The interelectrode insulating film 4 is formed over the 

entire surface by CVD process. A polycrystalline silicon film 
5 to be processed into the control gate electrode (word line) is 
formed on the interelectrode insulating film 4 by CVD pro 
cess. When the floating gate electrode and the control gate 
electrode are made of polycrystalline silicon, the interelec 
trode insulating film 4 is called the inter-poly insulating film. 
A silicon nitride film 8 used as a mask material at the time 

of RIE processing is formed on the polycrystalline silicon 
film 5 by CVD process. 

Furthermore, the silicon nitride film 8, the interelectrode 
insulating film 4 and the polycrystalline silicon film 3 are 
Subjected to etching processing by RIE process using a sec 
ond resist mask (not shown) having a pattern which crosses at 
right angles that of the first resist mask. In this way, the control 
gate electrode (word line) 5 is formed and the shape and 
dimensions in the channel length direction of the tunnel insu 
lating film 2 and the floating gate electrodes 3 are determined. 

FIGS. 12A and 12B 
The grain size in the both end portions of the tunnel insu 

lating film 2 in the channel length direction of are selectively 
made Smaller, by oxidizing the silicon grains in the both end 
portions in the channel length direction of the tunnel insulat 
ing film 2, in which the oxidizing is carried out by using 
oxygen radical 41. Other oxidation species than the oxygen 
radical 41 may be used, but the oxygen radical 41 has the 
following advantage. 

That is, as the oxygen radical 41 is the oxidation specie that 
is easily be inactive, the diffusion of the oxygen radical 41 
stops at the both end portions of the tunnel insulating film 2. 
thereby, the grain size of the silicon grains in the both end 
portions of the tunnel insulating film 2 can be selectively 
made Smaller with ease. 

Both the end portions of the tunnel insulating film 2 have 
been damaged by the RIE process in FIGS. 11A and 11B and 
their quality has deteriorated. The silicon grains existing in 
the damaged portions will cause the occurrence of leakage 
current. However, in the present embodiment, since the sili 
congrains existing in the damaged portions are oxidized and 
consequently their grain size is made Smaller, the occurrence 
of leakage current is Suppressed. 

FIGS. 13A and 13B 
The source/drain regions 7 are formed by ion implantation 

and annealing. Thereafter, a NAND flash memory is obtained 
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6 
through known processes, such as a step of forming an inter 
layer insulating film, a step of forming wiring layer, etc. 

Second Embodiment 

FIG. 14 is a sectional view showing a semiconductor 
device according to a second embodiment. FIG. 14 is the 
sectional view in the channel length direction corresponding 
to FIG. 2. In FIG. 14, the portions corresponding to the 
portions shown in the previously mentioned drawings are 
denoted by the same reference numerals and omitted its detail 
explanation. 
The present embodiment is different from the first embodi 

ment in that a silicon nitride film 9 is provided on the side 
surface of the floating gate electrode 3. The reason for pro 
viding the silicon nitride film 9 is to prevent the floating gate 
electrode 3 from being oxidized in the oxidation step for 
making the grain size of the silicon grains Smaller in FIGS. 
12A and 12B. The prevention of oxidation of the floating gate 
electrode 3 leads to the prevention of degradation of its per 
formance as an electrode. The present embodiment can also 
provide the same advantages as the first embodiment. 
One method of forming the silicon nitride film 9 is to 

nitride the sidewall of the floating gate electrode 3 with nitro 
gen radicals after the step of FIGS. 11A and 11B. Thereafter, 
by performing the steps of FIGS. 12A and 12B, etc., as the 
first embodiment, the semiconductor device of the present 
embodiment is obtained. 
The present invention is not limited to the embodiments 

described above. 
For example, in the first and second embodiments, the size 

of silicon grains is made Small in the both end portions in the 
channel length direction of the tunnel insulating film 2, in 
contrast, the grain size of silicon grains may be made Smaller 
in both end portions in the channel width direction of the 
tunnel insulating film. Such a structure can be obtained by, for 
example, carrying out the step of oxidation for making the 
grain size of silicon grains smaller after the step of FIGS. 8A 
and 8B. Furthermore, the grain size of silicon grains may be 
made smaller in the both ends of the tunnel insulating film in 
the both directions of the channel length and width. 

In addition, in the second embodiment, the silicon nitride 
film 9 is provided on the side surface of the floating gate 
electrode 3 in the channel length direction, the silicon nitride 
film 9 may be provided on the side surface of the floating gate 
electrode 3 in the channel width direction. Such a structure 
can be obtained by, for example, nitriding the side surface of 
the floating gate electrode 3 by nitrogen radicals after the step 
of FIGS. 8A and 8B. Furthermore, the silicon nitride film 9 
may be provided on the both side surfaces of the floating gate 
electrode 3 in the both of the channel length direction and 
width. 

In addition, in the first and second embodiments, a silicon 
oxide film (insulating film) containing silicon grains (semi 
conductor grains) is used as the tunnel insulating film, other 
combination of semiconductor grains and insulating film may 
be used. For example, it is possible to use the combination of 
silicon grains and a silicon nitride film, or the combination of 
silicon grains and a high dielectric constant insulating film 
(for example, alumina film, hafnium silicate film, hafnium 
aluminate film, Hafnia film or lanthanum aluminate film). 

In addition, the first and second embodiments are directed 
to the electrically rewritable nonvolatile memory cell using 
the floating gate electrode as a charge storage layer, the 
present invention may be applied to other nonvolatile 
memory cells, such as MONOS (Metal-Oxide-Nitride-OX 
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ide-Semiconductor) nonvolatile memory cell in which a 
nitride film is used as the charge storage layer. 

Additional advantages and modifications will readily 
occur to those skilled in the art. Therefore, the invention in its 
broader aspects is not limited to the specific details and rep 
resentative 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 semiconductor device comprising: 
a semiconductor Substrate; and 
a nonvolatile memory cell provided on the semiconductor 

Substrate, 
the nonvolatile memory cell comprising: 
a tunnel insulating film provided on a surface of the semi 

conductor Substrate, the tunnel insulating film including 
semiconductor grains, the semiconductor grains 
included in both end portions of the tunnel insulating 
film having Smaller grain size than the semiconductor 
grains included in other portions of the tunnel insulating 
film; 

a charge storage layer provided on the tunnel insulating 
film; 

an insulating film provided on the charge storage layer; and 
a control gate electrode provided on the insulating film. 
2. The semiconductor device according to claim 1, wherein 

the tunnel insulating film is a silicon oxide film including 
silicon grains, a silicon nitride film including silicon grains, 
or a high dielectric constant insulating film including silicon 
grains. 

3. The semiconductor device according to claim 2, wherein 
the high dielectric constant insulating film is an alumina film, 
a hafnium silicate film, a hafnium aluminate film, a Hafnia 
film or a lanthanum aluminate film. 

4. The semiconductor device according to claim 2, wherein 
the silicon grains are quantum dots comprising Si dots or Si 
clusters. 

5. The semiconductor device according to claim 1, further 
comprising an oxidation preventing film provided on a side 
Surface of the charge storage layer on the both end portions of 
the tunnel insulating film. 

6. The semiconductor device according to claim 5, wherein 
the oxidation preventing film is provided on a side surface of 
charge storage layer in a channel length direction, a side 
Surface of charge storage layer in a channel width direction or 
on the both side surfaces. 

7. The semiconductor device according to claim 5, wherein 
the oxidation preventing film is a silicon nitride film. 

8. The semiconductor device according to claim 1, wherein 
the grain size of the semiconductor grains included in the both 
end portions of the insulating film is Smaller than the grain 
size of the semiconductor grains included in the other por 
tions of the tunnel insulating in at least one direction of 
channel length and width directions. 

9. The semiconductor device according to claim 1, wherein 
the nonvolatile memory cell is a NAND type nonvolatile 
memory cell or a MONOS type nonvolatile memory cell. 

8 
10. The semiconductor device according to claim 1, 

wherein the semiconductor Substrate is a silicon Substrate. 
11. A semiconductor device comprising a semiconductor 

substrate and a nonvolatile memory cell provided on the 
5 semiconductor substrate, the nonvolatile memory cell com 

prising a tunnel insulating film provided on a surface of the 
semiconductor substrate, the tunnel insulating film including 
semiconductor grains, the semiconductor grains included in 
both endportions of the tunnel insulating film having Smaller 
grain size than the semiconductor grains included in other 
portions of the tunnel insulating film, the semiconductor 
device prepared by a process comprising: 

forming a tunnel insulating film On a surface of the semi 
conductor substrate, the tunnel insulating film including 
semiconductor grains which have approximately same 
grain size, and 

selectively decreasing grain size of the semiconductor 
grains included in the both end portions of the tunnel 
insulating film. 

12. The semiconductor device according to claim II, made 
by the process wherein the tunnel insulating film is a silicon 
Oxide film including silicon grains, a silicon nitride film 
including silicon grains, or a high dielectric constant insu 
lating film including silicon grains. 

13. The semiconductor device according to claim II, made 
by the process wherein the grain size of the semiconductor 
grains included in the both end portions of the tunnel insu 
lating film is selectively decreased by Oxidation treatment. 

14. The semiconductor device according to claim 13, made 
by the process wherein the Oxidation treatment is carried out 
by using oxygen radical. 

15. The semiconductor device according to claim II, made 
by the process further comprising forming an insulating film 
to be processed into the tunnel insulating film and processing 
the insulating film by using RIE to form the tunnel insulating 
film. 

16. The semiconductor device according to claim II, made 
by the process further comprising forming an oxidation pre 
venting film on a side surface of the charge storage layer on 
the both end portions of the tunnel insulating film. 

17. The semiconductor device according to claim 16, made 
by the process wherein the forming the Oxidation preventing 
film includes nitriding the side surface of the charge storage 
layer by using Oxygen radical. 

18. The semiconductor device according to claim II, made 
by the process wherein the grain size of the semiconductor 
grain in the both endportions of the insulating film is smaller 
than the grain size of the semiconductor grain in the other 
portions of the tunnel insulating in at least one direction of 
channel length and width directions. 

19. The semiconductor device according to claim II, made 
by the process wherein the nonvolatile memory cell is a 
NAND type nonvolatile memory cell or a MONOS type non 
volatile memory cell. 

20. The semiconductor device according to claim II, made 
by the process wherein the substrate is a silicon substrate. 
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