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NON-VOLATILE MEMORY DEVICE 

CROSS REFERENCE TO RELATED 
APPLICATION 

0001. This is a divisional application based on pending 
application Ser. No. 1 1/605,317, filed Nov. 29, 2006, the 
entire contents of which is hereby incorporated by reference. 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. The present invention relates to semiconductor 
devices, and a method of manufacturing semiconductor 
devices. More particularly, the present invention relates to 
semiconductor devices such as a non-volatile memory device 
including a floating gate electrode, and a method of manufac 
turing the semiconductor device. 
0004 2. Description of the Related Art 
0005 Semiconductor memory devices are generally clas 
sified as either volatile or non-volatile semiconductor 
memory devices. Volatile semiconductor memory devices, 
such as dynamic random access memory (DRAM) devices 
and/or static random access memory (SRAM) devices, have a 
relatively high response speed. However, the volatile semi 
conductor memory devices lose data stored therein when 
power is shut off. On the other hand, although non-volatile 
semiconductor memory devices, such as electrically erasable 
programmable read only memory (EEPROM) devices and/or 
flash memory devices, have a relatively slow response speed, 
non-volatile semiconductor memory devices are capable of 
maintaining data stored therein even when power is shut off. 
0006. In EEPROM devices, data may be electrically 
stored (i.e., programmed) or erased through a Fowler-Nord 
heim (F-N) tunneling mechanism and/or a channel hot elec 
tron injection mechanism. Flash memory devices are gener 
ally classified as a floating gate type or a charge trap type such 
as silicon oxide nitride oxide semiconductor (SONOS) type 
devices and/or metal oxide nitride oxide semiconductor 
(MONOS) type devices. 
0007. A floating gate type non-volatile memory device 
comprises a gate structure and source/drain regions. The gate 
structure comprises a tunnel insulating layer pattern, a float 
ing gate electrode, a blocking layer and a control gate elec 
trode. A silicon oxide layer formed by a thermal oxidation 
process may be used as the tunnel insulating layer pattern. A 
dielectric layer having a multilayered structure, which 
includes a lower silicon oxide layer, a silicon nitride layer and 
an upper silicon oxide layer, may be used as the blocking 
layer. The floating gate electrode and the control gate elec 
trode may include polysilicon doped with impurities. 
0008. The tunnel insulating layer is formed on an active 
region of a semiconductor substrate. The active region is 
defined by field insulating patterns formed in surface portions 
of the semiconductor substrate. The blocking layer is formed 
on the floating gate electrode and the field insulating patterns. 
The control gate electrode extends in a direction substantially 
perpendicular to an extension direction of the active region on 
the blocking layer. 
0009. To improve a coupling ratio of the non-volatile 
memory device, i.e., a ratio of a capacitance (C) of the 
tunnel insulating layer to a sum the capacitance (C) and a 
capacitance (C) of the blocking layer, a height of upper 
surfaces of the field insulating patterns may be reduced. How 
ever, with such an approach for improving the coupling ratio, 
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although the coupling ratio may be improved, electrical dis 
turbance may occur between the active region and the control 
gate electrode, thereby deteriorating device reliability. 

SUMMARY OF THE INVENTION 

(0010. The present invention is therefore directed to semi 
conductor memory devices and methods of forming semicon 
ductor memory devices, which substantially overcome one or 
more of the problems due to the limitations and disadvantages 
of the related art. 
0011. It is therefore a feature of embodiments of the inven 
tion to provide a semiconductor device having improved reli 
ability, and a method of manufacturing a semiconductor 
device having improved reliability. 
0012. It is therefore a separate feature of embodiments of 
the invention to remove an oxide layer on a floating gate 
pattern by an anisotropic etching process and an isotropic 
etching process. 
0013. It is therefore a separate feature of embodiments of 
the invention to provide a semiconductor device and a method 
of forming a semiconductor device that maintains a sufficient 
distance between an active region and a control gate electrode 
may be sufficiently secured. 
0014. It is therefore a separate feature of embodiments of 
the invention to provide a semiconductor device and a method 
of forming a semiconductor device capable of operating with 
a lower amount electrical disturbance compared to conven 
tional devices having similar coupling ratios. 
0015. At least one of the above and other features and 
advantages of the invention may be realized by providing a 
semiconductor device, including tunnel insulating layer dis 
posed on an active region of a substrate, field insulating 
patterns disposed in surface portions of the substrate to define 
the active region, each of the field insulating patterns having 
an upper recess formed at an upper surface portion thereof, a 
stacked structure disposed on the tunnel insulating layer, and 
impurity diffusion regions disposed at surface portions of the 
active region adjacent to the stacked structure. 
(0016. The upper recess may have a curved bottom surface. 
The stacked structure may include a floating gate electrode, a 
blocking layer and a control gate electrode. The blocking 
layer may extend continuously along upper surfaces of the 
field insulating patterns. The upper recess may be filled with 
a conductive material of the control gate electrode. 
0017. At least one of the above and other features and 
advantages of the invention may be separately realized by 
providing a method of manufacturing a semiconductor 
device, including forming a tunnel insulating layer on an 
active region of a substrate, forming field insulating patterns 
in surface portions of the substrate to define the active region, 
each of the field insulating patterns having an upper recess 
formed at an upper surface portion thereof, forming a stacked 
structure on the tunnel insulating layer, and forming impurity 
diffusion regions at surface portions of the active region adja 
cent to the stacked structure. 
(0018. The upper recess may have a curved bottom surface. 
The method may include forming preliminary field insulating 
patterns to define an opening exposing the active region, 
wherein each of the preliminary field insulating patterns may 
include a lower pattern directly between respective facing 
ones of the surface portions of the substrate and an upper 
pattern protruding beyond an upper surface of the active 
region of the substrate. Forming the preliminary field insu 
lating patterns may include forming mask patterns on the 
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Substrate, patterning the Surface portions of the Substrate 
using the mask patterns to form trenches at the Surface por 
tions of the Substrate, forming a field insulating layer on the 
mask patterns and the Substrate to fill up the trenches, pla 
narizing the field insulating layer to form the preliminary field 
insulating patterns and to expose the mask patterns, and 
removing the mask patterns to form the opening. 
0019. The method may include forming a floating gate 
conductive layer on the tunnel insulating layer and the pre 
liminary field insulating patterns to fill up the opening, and 
planarizing the floating gate conductive layer to form a float 
ing gate pattern in the opening and to expose the preliminary 
field insulating patterns. Forming the field insulating patterns 
may include removing the upper patterns of the preliminary 
field insulating patterns to expose side Surfaces of the floating 
gate pattern, performing a re-oxidation process to remove 
defect sites of the floating gate pattern, performing an aniso 
tropic etching process to remove an oxide layerformed on the 
floating gate pattern by the re-oxidation process, and per 
forming an isotropic etching process to remove remaining 
portions of the oxide layer after the anisotropic etching pro 
CCSS, 

0020. The stacked structure may include a floating gate 
electrode, a blocking layer pattern and a control gate, and 
forming the stacked structure may include forming a blocking 
layer on the floating gate pattern and the field insulating 
patterns, forming a control gate conductive layer on the 
blocking layer, and patterning the control gate conductive 
layer, the blocking layer, the floating gate pattern and the 
tunnel insulating layer, thereby respectively defining the con 
trol gate, the blocking layer pattern, the floating gate elec 
trode, and a tunnel insulating pattern. The blocking layer may 
extend continuously along Surfaces of the floating gate pat 
tern and the field insulating patterns. The blocking layer may 
include a lower dielectric layer, a middle dielectric layer and 
an upper dielectric layer. The lower and upper dielectric lay 
ers may include silicon oxide, and the middle dielectric layer 
may include silicon nitride or a metal oxide having a dielec 
tric constant higher than that of silicon nitride. The metal 
oxide may include hafnium(Hf), Zirconium(Zr), tantalum 
(Ta), aluminum(Al), lanthanum(La), cerium(Ce), praseody 
mium(Pr), neodymium (Nd), Samarium(Sm), europium (Eu), 
gadolinium(Gd), terbium(Tb), dysprosium(Dy), holmium 
(Ho), erbium(Er), thulium(Tm), ytterbium(Yb) and/or lute 
tium (Lu). 
0021 Forming the control gate conductive layer may 
include filling up the upper recesses of the field insulating 
patterns. The method may include performing a first heat 
treatment process under an atmosphere containing nitrogen to 
remove defect sites of the tunnel insulating layer, and per 
forming a second heat treatment process under an atmosphere 
containing chlorine to remove remaining defect sites after 
performing the first heat treatment process. The first heat 
treatment process may be performed using a reaction gas 
including nitrogen (N2) and nitric oxide (NO). The second 
heat treatment process may be performed using a reaction gas 
including oxygen (O2) and hydrogen chloride (HCl). The first 
and second heat treatment processes may be performed at a 
temperature of about 800° C. to about 1050° C. 
0022. At least one of the above and other features and 
advantages of the present invention may be separately real 
ized by providing a method of manufacturing a semiconduc 
tor device including forming a tunnel insulating layer on an 
active region of a Substrate, forming field insulating patterns 
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in Surface portions of the Substrate to define the active region, 
forming a floating gate pattern on the tunnel insulating layer, 
forming an oxide layer on the floating gate pattern, perform 
ing an anisotropic etching process to remove a portion of the 
oxide layer, and performing an isotropic etching process to 
remove a remaining portion of the oxide layer, wherein each 
of the field insulating patterns includes an upper recess 
formed at an upper Surface portion thereof. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0023 The above and other features and advantages of the 
present invention will become more apparent to those of 
ordinary skill in the art by describing in detail exemplary 
embodiments thereof with reference to the attached drawings 
in which: 
0024 FIGS. 1 to 14 illustrate cross-sectional views of 
resultant structures obtainable while performing a method of 
manufacturing a semiconductor device according to one or 
more aspects of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 

(0025 Korean Patent Application No. 2006-101158 filed 
on Oct. 18, 2006, in the Korean Intellectual Property Office, 
and entitled: “Non-Volatile Memory Device and Method of 
Manufacturing the Same.’ is incorporated by reference herein 
in its entirety. 
0026. It will be understood that when an element is 
referred to as being “on” another element, it can be directly on 
the other element or intervening elements may be present. In 
contrast, when an element is referred to as being “directly on 
another element, there are no intervening elements present. 
As used herein, the term “and/or includes any and all com 
binations of one or more of the associated listed items. 
0027. It will be understood that, although the terms first, 
second, etc. may be used herein to describe various elements, 
these elements should not be limited by these terms. These 
terms are only used to distinguish one element from another. 
For example, a first thin film could be termed a second thin 
film, and, similarly, a second thin film could be termed a first 
thin film without departing from the teachings of the disclo 
SUC. 

0028. The terminology used herein is for the purpose of 
describing particular embodiments only and is not intended to 
be limiting of the invention. As used herein, the singular 
forms “a,” “an and “the are intended to include the plural 
forms as well, unless the context clearly indicates otherwise. 
It will be further understood that the terms “comprises' and/ 
or “comprising,” or “includes and/or “including when used 
in this specification, specify the presence of stated features, 
regions, integers, steps, operations, elements, and/or compo 
nents, but do not preclude the presence or addition of one or 
more other features, regions, integers, steps, operations, ele 
ments, components, and/or groups thereof. 
0029. Furthermore, relative terms, such as “lower' or 
“bottom' and “upper' or “top” may be used herein to 
describe one element's relationship to another elements as 
illustrated in the Figures. It will be understood that relative 
terms are intended to encompass different orientations of the 
device in addition to the orientation depicted in the Figures. 
For example, if the device in one of the figures is turned over, 
elements described as being on the “lower side of other 
elements would then be oriented on “upper sides of the other 
elements. The exemplary term “lower.” can therefore, encom 
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passes both an orientation of “lower” and “upper.” depending 
of the particular orientation of the figure. Similarly, if the 
device in one of the figures is turned over, elements described 
as “below' or “beneath' other elements would then be ori 
ented “above the other elements. The exemplary terms 
“below' or “beneath’ can, therefore, encompass both orien 
tations of above and below. 

0030 Unless otherwise defined, all terms (including tech 
nical and Scientific terms) used herein have the same meaning 
as commonly understood by one of ordinary skill in the art to 
which this invention belongs. It will be further understood 
that terms, such as those defined in commonly used dictio 
naries, should be interpreted as having a meaning that is 
consistent with their meaning in the context of the relevant art 
and the present disclosure, and will not be interpreted in an 
idealized or overly formal sense unless expressly so defined 
herein. 

0031 Exemplary embodiments of the present invention 
are described herein with reference to cross section illustra 
tions that are schematic illustrations of idealized embodi 
ments of the present invention. As such, Variations from the 
shapes of the illustrations as a result, for example, of manu 
facturing techniques and/or tolerances, are to be expected. 
Thus, embodiments of the present invention should not be 
construed as limited to the particular shapes of regions illus 
trated herein but are to include deviations in shapes that result, 
for example, from manufacturing. For example, a region 
illustrated or described as flat may, typically, have rough 
and/or nonlinear features. Moreover, sharp angles that are 
illustrated may be rounded. Thus, the regions illustrated in the 
figures are schematic in nature and their shapes are not 
intended to illustrate the precise shape of a region and are not 
intended to limit the scope of the present invention. 
0032 Hereinafter, embodiments of the present invention 
will be explained in detail with reference to the accompany 
ing drawings. 
0033 FIGS. 1 to 14 illustrate cross-sectional views of 
resultant structures obtainable while performing a method of 
manufacturing a semiconductor device according to one or 
more aspects of the present invention. More particularly, 
FIGS. 2 to 13 illustrate cross-sectional views taken along a 
first direction along which a word line of a semiconductor 
device extends, e.g., X-direction. FIG. 14 illustrates a cross 
sectional view taken along a second direction along which an 
active region of the semiconductor device extends, e.g., y-di 
rection. 

0034 Referring to FIG. 1, a pad oxide layer 102 may be 
formed on a semiconductor substrate 100 such as a silicon 
wafer, and a mask layer 104 may then be formed on the pad 
oxide layer 102. 
0035. The pad oxide layer 102 may be formed to a thick 
ness of, e.g., about 70 A to about 100 Aby, e.g., a thermal 
oxidation process or a chemical vapor deposition (CVD) 
process. More particularly, e.g., the pad oxide layer 102 may 
be formed at a temperature of, e.g., about 750° C. to about 
900° C. for a surfacetreatment of the semiconductor substrate 
1OO. 

0036. The mask layer may include, e.g., silicon nitride, 
and may be formed to a thickness of, e.g., about 1500A by, 
e.g., a low pressure chemical vapor deposition (LPCVD) 
process or a plasma-enhanced chemical vapor deposition 
(PECVD) process using, e.g., dichlorosilane (SiH,Cl), 
silane (SiH), ammonia (NH), etc. 
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0037 Referring to FIG. 2, photoresist patterns 106 par 
tially exposing Surface portions of the mask layer 104 may be 
formed on the mask layer 104 by a photolithographic process. 
Portions of the mask layer 104 and the pad oxide layer 102 
may be sequentially etched away by an etching process using 
the photoresist patterns 106 as etching masks, thereby form 
ing mask patterns 108 and pad oxide patterns 110 on the 
semiconductor substrate 100. The mask patterns 108 and the 
pad oxide patterns 110 may define first openings 112 respec 
tively exposing isolation regions 100a of the semiconductor 
Substrate 100. 

0038. In embodiments of the invention, portions of the 
mask layer 104 and the pad oxide layer 102 may be etched 
away by, e.g., a dry etching process using plasma or a reactive 
ion etching process. The photoresist patterns 106 may be 
removed by ashing and stripping processes after forming the 
mask patterns 108 and the pad oxide patterns 110. 
0039 Each of the mask patterns 108 may have inclined 
side Surfaces. For example, as shown in FIG. 2, a distance 
between upper portions of adjacent ones of the mask patterns 
108 may be wider than that between lower portions of adja 
cent ones of the mask patterns 108. 
0040. Referring to FIG. 3, an etching process using the 
mask patterns 108 as etching masks may be performed to etch 
away the isolation regions 100a of the semiconductor sub 
strate 100, thereby forming trenches 114 in the semiconduc 
tor substrate 100. The trenches 114 may extend along a third 
direction, e.g., Z-direction, and may be formed to a depth of 
e.g., about 1000 A to about 5000 A from a surface of the 
semiconductor substrate 100. 

0041 Alternatively, a thermal oxidation process on side 
walls of the trenches 114 may be additionally performed to 
cure silicon damage caused by impinging high energy ions 
during the etching process for forming the trenches 114 and 
prevent and/or reduce generation of leakage current through 
the sidewalls of the trenches 114. For example, in embodi 
ments of the invention, during the thermal oxidation process, 
trench oxide layers (not shown) may beformed to a thickness 
of e.g., about 50A to about 250 A on surfaces of the sidewalls 
of the trenches 114, e.g., corresponding Surfaces of the semi 
conductor substrate 100. 

0042. Further, liner nitride layers (not shown) may be 
formed to a thickness of about 50 A to about 100 A on the 
trench oxide layers. Such liner nitride layers may substan 
tially reduce and/or prevent diffusion of impurities (e.g., car 
bon and hydrogen), from a Subsequently formed trench-fill 
ing layer, e.g., a field insulating layer, into active regions 100b 
of the semiconductor substrate 100 defined by the trenches 
114. 

0043. In other embodiments of the present invention, the 
trenches 114 may be formed by an etching process using the 
photoresist patterns 106 as etching masks. 
0044) Referring to FIG. 4, a field insulating layer (not 
shown) may beformed on the semiconductor substrate 100 in 
which the trenches 114 are formed. The field insulating layer 
may at least fill up the trenches 114 and may completely fill 
respective spaces between opposing Surfaces of adjacent pad 
oxide patterns 110a and adjacent mask patterns 108. The field 
insulating layer may include, e.g., silicon oxide such as 
undoped silicate glass (USG), tetra-ethyl-ortho-silicate 
(TEOS), high-density plasma (HDP) CVD oxide, and the 
like. These materials may be used alone or in a combination 
thereof. For example, the field insulating layer may beformed 
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by an HDPCVD process using silane (SiH), oxygen (O) 
and argon (Ar) as plasma Source gases. 
0.045. A planarization process, e.g., a chemical mechani 
cal polishing (CMP) process, may be performed to remove a 
portion of the field insulating layer, e.g., portion of the field 
insulating layer around an outer and/or exposed boundary 
thereof, and to expose the mask patterns 108, thereby forming 
preliminary field insulating patterns 116 in the trenches 114. 
At least portions of the preliminary field insulating patterns 
116 may serve as isolation layer patterns, and may define the 
active regions 100b of the semiconductor substrate 100. 
Though not evident from the accompanying figures, portions 
of the mask patterns 108 may be removed while performing 
the planarization process. 
0046 Each of the preliminary field insulating patterns 116 
may include an upper pattern 116a and a lower pattern 116. 
The upper pattern 116a may substantially correspond to 
respective portions of the field insulating patterns 116 aligned 
with and/or above the pad oxide patterns 110. The lower 
pattern 116b may substantially correspond to respective por 
tions of the field insulating patterns 116 occupying the 
trenches 114 formed in the semiconductor substrate 100. 
0047 Referring to FIG. 5, the mask patterns 108 and the 
pad oxide layer patterns 110 may be removed to form second 
openings 118 exposing the active regions 100b of the semi 
conductor substrate 100. The mask patterns 108 may be 
removed by, e.g., an etching solution including phosphoric 
acid, and the pad oxide layer patterns 110 may be removed by, 
e.g., a diluted hydrofluoric acid solution. Referring to FIGS. 
4 and 5, and more particularly to overall shapes of the upper 
patterns 116a illustrated therein, when the mask patterns 108 
and the pad oxide patterns 110 are removed, a portion of the 
upper patterns 116a of the preliminary field insulating pat 
terns 116, e.g., portions of the upper patterns 116a around an 
outer and/or exposed boundary thereof, may also be removed. 
0048. Further, the upper patterns 116a of the preliminary 
field insulating patterns 116 may have side surfaces 116c that 
are sloped relative to the Z direction. Thus, a width, along the 
X direction, of a portion the upper pattern 116a closer to the 
semiconductor substrate 100 may be smaller than a width, 
along the X direction, of a portion of the upper pattern 116a 
relatively farther from the semiconductor substrate 100. For 
example, as shown in the exemplary embodiment illustrated 
in FIG. 6, a width, along the X direction, of the upper pattern 
(s) 116a may taper, e.g., gradually decrease, along the Z 
direction approaching toward the semiconductor Substrate 
100. In such embodiments, e.g., as shown in FIG. 5, a lower 
portion of the second opening(s) 118 may have larger width 
along the X direction than a width of an upper portion of the 
second opening(s) 118 along the X direction. More particu 
larly, a width, along the X direction, of the second opening(s) 
118 may taper, e.g., gradually decrease, along the Z direction 
approaching toward the semiconductor substrate 100. 
0049 Referring to FIG. 6, a tunnel insulating layer 120 
may be formed on the exposed active regions 100b. The 
tunnel insulating layer 120 may include silicon oxide formed, 
e.g., by a thermal oxidation process, and may be formed to a 
thickness of about 30 A to about 150 A on the active regions 
100b. For example, the tunnel insulating layer 120 may be 
formed to a thickness of about 75 A on the active regions 100b 
by a thermal oxidation process using oxygen (O) gas, water 
(HO) vapor, or a mixture thereof. 
0050. In other embodiments of the invention, the tunnel 
insulating layer 120 may be formed at a temperature of about 
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800° C. to about 1050° C., e.g., at a temperature of about 900° 
C., by, e.g., a radical oxidation process using oxygen (O2) gas 
and hydrogen (H2) gas. 
0051. In some embodiments of the invention, first and 
second heat treatment processes may be additionally per 
formed on the tunnel insulating layer 120. The first heat 
treatment process may be performed under an atmosphere 
containing nitrogen to densify the tunnel insulating layer 120, 
and to reduce and/or prevent impurities from penetrating into 
the active regions 100b. For example, the first heat treatment 
process may be performed under an atmosphere containing 
nitrogen (N) gas and nitric oxide (NO) gas. Further, defect 
sites Such as silicon dangling bonds, unstable Si-H bonds, 
etc., in the tunnel insulating layer 120 may be removed by 
performing the first heat treatment process. 
0.052 The second heat treatment process may be per 
formed under an atmosphere containing oxygen (O) gas and 
hydrogen chloride (HCl) gas to remove some and/or all defect 
sites remaining after performing the first heat treatment pro 
cess. The first and second heat treatment processes may be 
performed at a temperature of about 800° C. to about 1050° 
C., e.g., at a temperature of about 900° C. The oxidation 
process for forming the tunnel insulating layer 120 and the 
first and second heat treatment processes may be performed 
in-situ. 

0053 Referring to FIG. 7, a floating gate conductive layer 
(not shown) may beformed on the tunnel insulating layer 120 
and the preliminary field insulating patterns 116 to suffi 
ciently fill up the second openings 118. The floating gate 
conductive layer may include, e.g., polysilicon doped with 
impurities, and may beformed at a temperature of e.g., about 
580 to about 620° C. by a chemical vapor deposition process 
using, e.g., silane (SiH) gas and phosphine (PH) gas. 
0054. After forming the floating gate conductive layer, a 
planarization process, e.g., a chemical mechanical polishing 
process and an etch back process, may be performed to 
expose the preliminary field insulating patterns 116, thereby 
forming floating gate electrodes 122 in the second openings 
118. A portion of the upper patterns 116a of the preliminary 
field insulating patterns 116 may be removed during the pla 
narization process. 
0055. In other embodiments of the present invention, 
floating gate patterns may be formed by forming a tunnel 
insulating layer and a floating gate conductive layer on a 
semiconductor Substrate, and then patterning the floating gate 
conductive layer. More particularly, in such embodiments of 
the invention, a tunnel insulating layer and a floating gate 
conductive layer may be formed on a semiconductor Sub 
strate. A mask pattern including oxide or nitride may be 
formed on the floating gate conductive layer. An anisotropic 
etching process may be performed to form a floating gate 
pattern and a tunnel insulating pattern on the semiconductor 
Substrate. Further, trenches for defining an active region may 
be formed by the anisotropic etching process, and a field 
insulating layer may be formed to sufficiently fill up the 
trenches. Preliminary field insulating patterns may beformed 
by performing a chemical mechanical polishing process until 
the floating gate pattern is exposed. 
0056 Referring to FIG. 8, the upper patterns 116a of the 
preliminary field insulating patterns 116 may be removed to 
expose side Surfaces 122a of the floating gate patterns 122. 
The upper patterns 116a of the preliminary field insulating 
patterns 116 may be removed by, e.g., an anisotropic or iso 
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tropic etching process. The etching process may be per 
formed until lower edge portions 122b of the floating gate 
patterns 122 are exposed. 
0057. In some embodiments of the invention, the upper 
patterns 116a of the preliminary field insulating patterns 116 
may be removed by multiple etching processes, e.g., first and 
second etching processes. For example, the first etching pro 
cess may be performed on both cell and periphery regions of 
the semiconductor substrate 100. The second etching process 
may be selectively performed on the cell region of the semi 
conductor substrate 100. 
0058. The exposed side surfaces 122a of the floating gate 
patterns 122 may have an angle of inclination Substantially 
opposite to the slope of the side surfaces 116c of the upper 
patterns 116a. For example, as shown in FIG. 8, a width, 
along the X direction, of a portion of the floating gate pattern 
(s) 122 closer to the semiconductor substrate 100 may be 
Smaller than a width, along the X direction, of a portion of 
each of the floating gate patterns 122 relatively farther from 
the semiconductor substrate 100. More particularly, in some 
embodiments of the invention, a width, along the X direction, 
of one, some or all of the floating gate patterns 122 may taper, 
e.g., gradually decrease, along the Z direction extending away 
from the semiconductor substrate 100. In such embodiments, 
a distance, along the X direction, between adjacent ones of the 
floating gate patterns 122 may taper, e.g., gradually decrease, 
along the Z direction approaching toward the semiconductor 
substrate. 
0059 Referring to FIG.9, a re-oxidation process may be 
performed to remove defect sites of the floating gate patterns 
122 Such as silicon dangling bonds and unstable Si-H bonds 
in the floating gate patterns 122, and more particularly, in 
portions of the floating gate patterns 122 around an outer 
boundary thereof. The lower edge portions 122b of the float 
ing gate patterns 122 may be curved, e.g., rounded, by the 
re-oxidation process. 
0060 A silicon oxide layer 124 may be formed on the 
floating gate patterns 122 by the re-oxidation process. In 
embodiments of the invention, a radical oxidation process 
using oxygen (O2) gas and hydrogen (H2) gas may be per 
formed at a temperature of about 800° C. to 1050° C. e.g., 
about 900°C. In other embodiments of the invention, e.g., a 
thermal oxidation process using oxygen (O) gas, water 
(HO) vapor or a mixture thereof may be performed. 
0061 Referring to FIG. 10, an anisotropic etching process 
may first be performed to remove a portion of the silicon 
oxide layer 124 on the floating gate patterns 122. More par 
ticularly, e.g., the anisotropic etching process may be per 
formed to at least remove the silicon oxide layer 124 on upper 
surfaces 122c of the floating gate patterns 122 in order to 
expose the upper Surfaces 122c of the floating gate patterns 
122. That is, in embodiments of the invention, at least por 
tions of the silicon oxide layer 124 directly overlapping the 
upper Surfaces 122c of the floating gate patterns 122 along the 
Z direction may be removed by the anisotropic etching pro 
cess. Portions of the silicon oxide layer 124 on the side 
surfaces 122b of the floating gate patterns 122 may also be 
partially removed by the anisotropic etching process. More 
particularly, e.g., portions of the silicon oxide layer 124 on 
upper portions and/or upper edges 122d of the floating gate 
patterns may also be removed. 
0062 Referring to FIG. 11, an isotropic etching process 
may then be performed to remove Some or all of remaining 
portions of the silicon oxide layer 124 on the side surfaces 
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122a of the floating gate patterns 122. For example, as shown 
in FIG. 11, the remaining portions of the silicon oxide layer 
124 on the side surfaces 122a of the floating gate patterns 122 
may be substantially or completely removed by the isotropic 
etching process. 
0063. The anisotropic and isotropic etching processes 
may also result in field insulating patterns 126. The field 
insulating patterns 126 may electrically isolate the active 
regions from each other. Upper recesses 128 may be formed 
along an upper portion, e.g., upper Surface 126a, of the field 
insulating patterns 126. The upper recesses 128 may be 
formed as a result of the sequentially performed anisotropic 
and isotropic etching processes. More particularly, as a result 
of the isotropic etching process, each of the upper recesses 
128 may have a curved bottom surface 128a corresponding to 
a concave portion of the upper Surface 126a of one, Some or 
all of the field insulating patterns 126. The concave portion of 
the upper Surface 126a may have, e.g., a Substantially semi 
circular cross-sectional shape along the X direction. 
0064. When the silicon oxide layer 124 is removed only by 
an isotropic etching process, a distance between the active 
regions 100b and a Subsequently formed control gate elec 
trode may become too narrow. If the distance between the 
active regions 100b and the subsequently formed respective 
control gate electrode becomes too narrow, electrical distur 
bance may occur between the active regions 100b and the 
respective control gate electrode. Embodiments of the inven 
tion enable a Sufficient distance between the active regions 
100b and the respective subsequently gate electrode to be 
maintained by, e.g., removing the silicon oxide layer 124 on 
the floating gate patterns 112 by sequentially performing 
anisotropic and isotropic etching processes. Thus, embodi 
ments of the invention enable the electrical disturbance 
between the active regions 100b and the respective subse 
quently formed control gate electrode to be reduced and/or 
eliminated. 
0065 Referring to FIG. 12, a blocking layer 130 may be 
formed on the floating gate patterns 122 and the field insulat 
ing patterns 126. In embodiments of the invention, the block 
ing layer 130 may be continuously formed along Surfaces, 
e.g., side and upper Surfaces 122a, 122c, of the floating gate 
patterns 122 and along Surfaces, e.g., upper Surfaces 126a, of 
the field insulating patterns 126. 
0066 Though not shown in the accompanying figures, in 
some embodiments of the invention, the blocking layer 130 
may include multiple layers. For example, in some embodi 
ments of the invention, the blocking layer 130 may include a 
lower silicon oxide layer, a silicon nitride layer and an upper 
silicon oxide layer. In Such embodiments of the blocking 
layer 130, the lower silicon oxide layer may be formed to a 
thickness of, e.g., about 30 A to about 150 A on the floating 
gate patterns 122 and the field insulating patterns 126 by a 
medium temperature oxide (MTO) deposition or a high-den 
sity plasma (HDP) deposition. The silicon nitride layer may 
beformed to athickness of, e.g., about 30 A to about 150 A on 
the lower silicon oxide layer by a low pressure chemical vapor 
deposition. The upper silicon oxide layer may be formed to a 
thickness of, e.g., about 30 A to about 150 A on the silicon 
nitride layerby, e.g., a medium temperature oxide deposition 
or a high density plasma deposition. 
0067. In some other embodiments of the invention, e.g., 
the blocking layer 130 may include a lower silicon oxide 
layer, a metal oxide layer and an upper silicon oxide layer. 
The metal oxide layer may have a dielectric constant higher 
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than that of silicon nitride, and may be formed to a thickness 
of, e.g., about 20 A to about 100 A by an atomic layer 
deposition or a chemical vapor deposition. In Such embodi 
ments of the invention, the metal of the metal oxide layer may 
include, e.g., one or more of hafnium(Hf), Zirconium(Zr), 
tantalum(Ta), aluminum (AI), lanthanum(La), cerium(Ce), 
praseodymium(Pr), neodymium (Nd), Samarium(Sm), 
europium (Eu), gadolinium(Gd), terbium(Tb), dysprosium 
(Dy), holmium(Ho), erbium(Er), thulium(Tm), ytterbium 
(Yb), and/or lutetium(Lu), etc. More particularly, in embodi 
ments of the invention, the metal of the metal oxide layer may 
include a single metal, or a combination of different metals. 
For example, a metal oxide employable for the metal oxide 
layer may include one or more of hafnium oxide (H?O), 
Zirconium oxide (ZrO2), aluminum oxide (Al2O), hafnium 
aluminum oxide (HfAIO), lanthanum oxide (LaO). 
hafnium lanthanum oxide (HflaO), and/or aluminum lantha 
num oxide (AlIaO), etc. More particularly, in embodiments 
of the invention, the metal oxide of the metal oxide may 
include a single metal oxide, or a combination of different 
metal oxides. 

0068. In yet some other embodiments of the invention, the 
blocking layer 130 may include a lower dielectric layer, a 
middle dielectric layer and an upper dielectric layer. The 
middle dielectric layer may include a material having an 
energy band gap lower than that of the lower dielectric layer, 
and the upper dielectric layer may include Substantially a 
same material as the lower dielectric layer. The lower dielec 
tric layer may include, e.g., aluminum oxide. The middle 
dielectric layer may include, e.g., one or more of hafnium 
oxide, and/or Zirconium oxide, etc. More particularly, in 
embodiments of the invention, the lower dielectric layer may 
include a single dielectric material, or a combination of dif 
ferent dielectric materials. 

0069. Referring to FIG. 13, a controlgate conductive layer 
(not shown) may beformed on the blocking layer 130. Spaces 
between the floating gate patterns 122 and the upper recesses 
128 may be substantially and/or completely filled up with a 
conductive material included in the control gate conductive 
layer. 
0070. In some embodiments of the invention, a conductive 
material employable for the control gate conductive layer 
may include, e.g., one or more of polysilicon doped with 
impurities, metal, and/or metal silicide, etc. More particu 
larly, in embodiments of the invention, the conductive mate 
rial employable for the control gate conductive layer may 
include a single conductive material, or a combination of 
different conductive materials. For example, the control gate 
conductive layer may include a polysilicon layer and a metal 
layer, or a metal silicide layer formed on the polysilicon layer. 
A metal employable for the metal layer may include, e.g., 
tungsten, and a metal silicide employable for the metal sili 
cide layer may include tungsten silicide (WSix), titanium 
silicide (TiSix), cobalt silicide (CoSix), and/or tantalum sili 
cide (TaSix), etc. More particularly, in embodiments of the 
invention, the metal layer may include a combination of dif 
ferent metals and/or metal silicides. 

0071. In some other embodiments of the invention, the 
control gate conductive layer may include, e.g., a polysilicon 
layer doped with impurities, an ohmic layer, a metal barrier 
layer and a metal layer. A metal silicide layer may be used as 
the ohmic layer, and a metal nitride layer may be used as the 
metal barrier layer. 
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0072 Referring to FIG. 13, the control gate conductive 
layer, the blocking layer 130, the floating gate patterns 122 
and the tunnel insulating layer 120 may be sequentially pat 
terned to form stacked structures such as a gate structures 140. 
The gate structures 140 may extend Substantially perpendicu 
lar to the X direction, e.g., along they direction, on the active 
regions 100b of the semiconductor substrate 100. The pat 
terning process for forming the gate structures 140 may be 
performed until the active regions 100b are exposed. Further, 
the gate structures 140 may be disposed on channel regions of 
the active regions 100b. 
0073. Each of the gate structures 140 may include a con 
trolgate electrode 142, a blocking layer pattern 144, a floating 
gate electrode 146 and a tunnel insulating pattern 148. The 
control gate electrode 142 may include a polysilicon layer 
pattern and a metal layer pattern serving as a word line. 
0074 The gate structures 140 may be formed by an aniso 
tropic etching process. For example, a photoresist pattern 
may be formed on the control gate conductive layer, and a 
reactive ion etching process using the photoresist pattern as 
an etching mask may be then performed to form the gate 
structures 140. 

0075. In some embodiments of the invention, a mask pat 
tern (not shown) made of oxide or nitride may be formed on 
the control gate conductive layer, and a reactive ion etching 
process using the mask pattern may be performed to form the 
gate structures 140. 
0076 Surface portions of the gate structures 140 and the 
Substrate 100 may be damaged during the reactive ion etching 
process. For example, a number of defect sites may occur at 
the surface portions of the gate structures 140. Particularly, 
defect sites such as silicon dangling bonds, strained Si-O 
bonds, unstable Si-H bonds, etc. may occurat edge portions 
of the tunnel insulating pattern 148. The defect sites may 
serve as trap sites in which electrons or holes are trapped 
during a programming or erasing operation of a semiconduc 
tor device Such as a non-volatile memory device, and thus 
data retention performance and operating reliability of the 
semiconductor device may be deteriorated. In embodiments 
of the invention, a re-oxidation process may be performed to 
cure damages of the gate structures 140. An oxide layer may 
beformed on the gate structures 140 and the substrate 100 by 
the re-oxidation process. 
(0077 Referring to FIG. 14, impurity diffusion regions 150 
serving as source/drain regions may be formed at Surface 
portions of the active regions 100b adjacent to the gate struc 
tures 140 on channel regions 100c to thereby constitute a 
semiconductor device 10, e.g., a non-volatile memory device, 
on the semiconductor substrate 100. The impurity diffusion 
regions 150 may be formed by an ion implantation process 
and a heat treatment process for electrically activating the 
impurities. Further, spacers (not shown) may be formed on 
side surfaces of the gate structures 140 before and/or after 
forming the impurity diffusion regions 150. 
0078 Embodiments of the invention may sequentially 
perform anisotropic and isotropic etching processes to 
remove a silicon oxide layerformed by a re-oxidation process 
for floating gate patterns, and may thereby enable a sufficient 
or at least a minimum distance between an active region and 
a controlgate electrode to be maintained. Thus, embodiments 
of the invention may reduce and/or prevent electrical distur 
bance between the active region and the control gate elec 
trode, and may improve operating reliability of a semicon 
ductor device such as a non-volatile memory device. 
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0079 Exemplary embodiments of the present invention 
have been disclosed herein, and although specific terms are 
employed, they are used and are to be interpreted in a generic 
and descriptive sense only and not for purpose of limitation. 
Accordingly, it will be understood by those of ordinary skill 
in the art that various changes in form and details may be 
made without departing from the spirit and scope of the 
present invention as set forth in the following claims. 

1. A semiconductor device, comprising: 
a tunnel insulating layer disposed on an active region of a 

Substrate; 
field insulating patterns disposed in Surface portions of the 

substrate to define the active region, each of the field 
insulating patterns having an upper recess formed at an 
upper Surface portion thereof; 

a stacked structure disposed on the tunnel insulating layer; 
and 
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impurity diffusion regions disposed at Surface portions of 
the active region adjacent to the stacked structure, and 

wherein the upper recess has a curved bottom Surface. 
2. (canceled) 
3. The semiconductor device as claimed in claim 1, 

wherein the stacked structure includes a floating gate elec 
trode, a blocking layer and a control gate electrode. 

4. The semiconductor device as claimed in claim 3, 
wherein the blocking layer extends continuously along upper 
Surfaces of the field insulating patterns. 

5. The semiconductor device as claimed in claim 4, 
wherein the upper recess is filled with a conductive material 
of the control gate electrode. 

6-22. (canceled) 


